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Head-On Collision of a Planar Shock Wave
with Deformable Porous Foams
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Two-dimensional physical and numerical models for predicting the characteristics of the flowfield during an
unsteady interaction between a planar shock wave moving through air and a deformable saturated porous material
were developed using the representative-elementary-volume approach. The numerical model is based on a two-
phase arbitrary Lagrangian Eulerian finite difference scheme to solve the flowfield governing equations. The
multidimensional effects of the head-on collision were investigated. The physical model is validated by comparing
the numerical predictions qualitatively and quantitatively to one- and two-dimensional shock-foam interaction
experimental results. Good agreement was obtained both in one- and two-dimensional cases. It was found that wall
friction results in shear bands (i.e., localized high vorticity), which affects the flowfield characteristics. Therefore,
the common one-dimensional models are not valid in the vicinity of the shock tube sidewalls.

Nomenclature
Cα = specific heat capacities ratio for the α phase
cα = shape factor for the α phase
D∗H = dispersive heat tensor
e = specific internal energy
ēα

α = average of intensive quality for the α phase
F̃ = isotropic macroscopic Forchheimer coefficient
G = shear modulus
g = specific gravity
I = unit matrix
P = pressure
R = specific gas constant
S = interface between phases
T = temperature
T∗

α = tortuosity tensor of an α phase
t = time
ū = velocity vector
V = volume
V0 = representative elementary volume (REV)
xi = unit vector in the i th direction
x◦i = coordinate of a point in the REV relative to the

REV center in the i th direction
α = unit vector normal to the solid–gas interface
α∗II = convection heat-transfer coefficient
γ = gas-phase specific heat capacities ratio
�g = hydraulic radius of the gas-phase filled pores
εsk = volumetric strain
εsk = strain tensor
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η̄, λ̄n,s
s , µ̄n,s

s = Lame’s constants for a thermoelastic solid matrix
λ̄

′′g
g = second kinematics viscosity of the gas phase

λ̄α
α = thermal conductivity for an α phase

µ̄
g
g = first kinematics viscosity of the gas phase

ξ = unit vector perpendicular to the REV surface
ρ = density
σs = stress of the solid phase
σ ′

s = effective stress of the solid phase
φα = volumetric fraction of an α phase

Subscripts

g = gas
i, j, k = unit vectors in the orthogonal space

coordinate system
s = solid
α = α phase

I. Introduction

T HE reflection phenomenon of shock waves over different ge-
ometries and the interaction phenomenon of shock or com-

pression waves with porous media are two phenomena, which have
gained much attention in the past two decades because of their appli-
cation to many engineering fields. However, the full understanding
of the physical phenomena occurring through the interaction has
not been achieved. Many models were developed to reach such an
understanding.1−6 A comprehensive study regarding the flowfield
governing equations was conducted in the Department of Mechan-
ical Engineering in the Ben-Gurion University of the Negev, Beer
Sheva, Israel. The leading approach of this study was a multiphase
analysis based on a continuum approach of representative elemen-
tary volume (REV),4,5,7−10 rather than a single-phase approach, for
example, the mixing approach.11−13

In the multiphase approach, the porous medium is considered to
be composed of few phases, namely, the solid matrix and the fluids
that occupy its pores, which interact with each other. As a result,
multiple flowfields (depending on the number of interacting phases)
are developing inside the porous material, and description of the
flowfield characteristics for each phase can be obtained. Baer14 and
Powers et al.15 presented a one-dimensional two-phase analysis with
air as the fluid phase. In their numerical solutions, they presented
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a simplified analytical model for calculating the jump conditions
across compaction waves in rigid porous materials.

Levy9 and Levi-Hevroni10 formulated the macroscopic mass, mo-
mentum, and energy balance equations for the fluid phase and the
solid matrix, based on the REV approach.7 These macroscopic bal-
ance equations were composed of averaged flux terms together with
integrals of the microscopic exchange flux terms at the phase inter-
faces. Some unique macroscopic parameters, which emerged from
the averaging process, were the tortuosity factor that represented
a tensor associated with the solid matrix directional cosines, the
hydraulic radius of the pores, and the porosity that represented the
phases’ volume fraction, filled by the fluids.

Bear and Sorek16 developed the dominant forms of the macro-
scopic mass and momentum balance equations for a porous material
under an isothermal abrupt pressure rise. In their study, it was shown
that during the time period in which the dominant physical phenom-
ena are considered to be inertial forces (i.e., nonlinear wave forms)
the wave speed depends on the porous material structure.

Bear et al.2 and Sorek et al.8 extended the study of Bear and
Sorek16 and described the theoretical basis for the case of ther-
moelastic porous media. These studies were then followed by Levy
et al.,3 who introduced an additional Forchheimer term (an addi-
tional nonlinear macroscopic term, which was associated with the
microscopic inertial term at the solid/fluid interface) and obtained
a variety of nonlinear wave equation forms. Moreover, Levy et al.3

presented the macroscopic mass, momentum, and energy balance
equations for a saturated elastic rigid (i.e., assumed to have small
deformations only) porous medium after an abrupt pressure and
temperature jump, by conducting a dimensional analysis of these
macroscopic balance equations.

Levy et al.4 developed a one-dimensional two-phase numerical
model that was based on a total-variation-diminishing (TVD) nu-
merical scheme and solved numerically the set of the governing
balance equations.9 The numerical predictions were validated with
experimental results,17 and very good to excellent agreement was
obtained.

Levi-Hevroni10 and Levi-Hevroni et al.18 presented a one-
dimensional theoretical and numerical model for the case of shock
impact on a deformable porous material (i.e., polyurethane foam).
The hydrodynamic model was based on the assumption of large
deformation rates for the porous material (unlike Levy et al.5 and
Levy,9 who assumed a rigid porous media). As a result, Hooke’s law
was expressed, in terms of the stress rate as a function of the strain
rate, rather than the stress as a function of the strain. This change
resulted in an additional differential equation in the set of the gov-
erning equations, which, in turn, required an additional integration.
The numerical predictions were compared with the experimental re-
sults of Skews et al.,19 and good qualitative agreement was evident.
The numerical simulation resulted in two different wave config-
urations (one for the solid phase and one for the gas phase) and
therefore validated the two-phase model. The numerical simulation
also suggested that the foam was compressed and decompressed
for several cycles, in which the total stress direction is modified
respectively.

Kitagawa et al.20 studied experimentally and numerically the drag
difference between steady and shocked gas flows passing through a
porous body. Open-cell polyurethane foam was used for modeling
the effective drag coefficients (Forchheimer and Darcy constants)
in the macroscopic balance equations of Baer.1 The numerical sim-
ulations were based on a first-order MUSCL-type TVD scheme and
assumed small deformation for the solid phase. The comparison be-
tween the experimental data and the numerical prediction suggested
that when the gas is shock induced the Forchheimer term is dom-
inant and the Darcy term is negligible (as was presented in Levy9

and Levy et al.21). It was also found from the experimental data that
after the compression of the foam by the incident shock wave the
foam equivalent stress is relaxed and its stress amplitude is equal to
that of the gas pressure. This result contradicts the results obtained
by Levi-Hevroni,10 which suggests that the equivalent stress oscil-
lates the front edge of the porous foam. A possible reason for this
contradiction is the location of the pressure transducers in the shock

tube, which can lead to a fault reading of the pressure caused by
solid/fluid interface on the transducer surface.

Kitagawa et al.22 had studied experimentally the head-on inter-
action of a shock wave with low-density polyurethane foam in a
rectangle shock tube. A holographic interferometry visualization
method and a high-speed video were used to determine the wave
configuration and the foam surface location during the interaction.
The experimental data suggest that a weak three-dimensional ef-
fect (from the shock-tube sidewall) exists as result of inertial and
friction forces acting on the foam. This indicates the need for a
two/three-dimensional numerical simulation capability, and that the
one-dimensional models are valid only for predicting the flow char-
acteristics at the shock-tube endwall and at the foam front surface.

An analytical model for solving the flowfield associated with
regular reflections of oblique shock waves over rigid porous layers
has been developed by Li et al.23 The analytical model solved a set
of 17 governing equations and could predict the properties of the
fluid phase, along with the angles of the reflection and the diversion
of the fluid velocity vectors from the shock waves and the porous
surface. The predictions of the analytical model were validated by
comparing them to the experimental data of Skews24 and Kobayashi
et al.25

Based on the REV concept, Malamud et al.26 presented a two-
dimensional theoretical and a numerical model for the shock-wave
interaction with rigid porous material. Because a rigid porous
wedge was assumed, a trivial solution for the solid balance equa-
tions was obtained. As a result, only the gas-phase flowfield was
solved. The numerical predictions were validated with experimen-
tal results,17,25,27 predictions of other one-dimensional numerical
simulations,5 and an analytical model.23 Very good agreement was
evident. The numerical model was based on a modified Lagrangian
scheme, originally developed by Wilkins28 for elastic plastic flow
calculations. The modification of the numerical scheme converted
it into an arbitrary Lagrangian Eulerian (ALE) scheme and imple-
mented an Eulerian remesh technique.

In the present study, the two-dimensional two-phase model that
is based upon the REV approach was solved numerically for the
unsteady shock-wave interaction with deformable porous material.
The hydrodynamic model considers large deformations and large
deformation rates for the solid phase. The balance equations were
solved in a Lagrangian approach for both the gas and solid phases.
A remesh and interface tracking techniques were used in order to
overcome the large grid deformation and to couple the solid and gas
grids for the calculation of spatial coupling terms.

II. Theoretical Model
If we consider the porous medium to be a saturated continuum that

is composed of interacting solid and fluid phases, then the macro-
scopic set of physical laws regarding the mass, momentum, and en-
ergy balances for the fluid phase and the solid matrix can be formu-
lated by using the REV concept, presented by Bear and Bachmat.7

A dimensional analysis of the macroscopic balance equations of
Bear et al.2 and Sorek et al.8 was conducted by Levy,9 who pre-
sented the governing macroscopic mass, momentum, and energy
balance equations. The macroscopic balance equations were com-
posed of averaged flux terms together with integrals of microscopic
exchange flux terms at the solid/fluid interface. The averaging pro-
cess produced new macroscopic terms related to the porous matrix
spatial configuration.

A. Averaging Rules
The averaging technique of the various properties and balance

equations was presented by Bear and Bachmat.7 The volumetric
fraction of the α phase φα inside the REV is defined by

φα = Vα/V0 (1)

where Vα denotes volume of the α phase inside the REV and V0

is the REV volume, which is defined (for a the two phase case)
as V0 = ∑

α
Vα . The sum of the volumetric fractions of the phases

inside the REV is equal to one (
∑

α
φα = 1).
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The average of an intensive variable eα of the α phase within the
REV is given by

ēα
α = 1

Vα

∫

Vα

eα dv (2)

Averaging rules were defined for time and space derivatives, con-
sidering both the changes in the average quantity ēα

α and the relevant
fluxes through the REV boundaries.

The average of a spatial derivative is given by

∂e
α

α

∂xi
= ∂ ēα

α

∂x j
T∗

αi j + 1

φαV0

∫

Sαβ

x◦i
∂eα

∂x j
ξ j ds (3)

where x◦i denotes the coordination of a point inside the REV rela-
tive to the REV center in the i th direction and Sαβ represents the
interface between the α phase and the β phase. The tortuosity ten-
sor T∗

αi j represents the microscopic configuration of the α-phase
and the β-phase interface and therefore correlates with the tensor of
directional cosines:

T∗
αi j = 1

φαV0

∫

Sαα

x◦iξ j ds (4)

where Sαα denotes the α-phase interface on the REV boundary.
The average of a time derivative is written by

φg

∂e
g

g

∂t
= ∂φgēg

g

∂t
− 1

V

∫

Sgs

eguξ ds (5)

where u is the gas-phase velocity and ζ is a unit vector perpendicular
to the surface and Sgs denotes the gas–solid interface.

B. Three-Dimensional Macroscopic Balance Equations
The macroscopic balance equations were obtained by applying

the averaging process given in Levy et al.5 on the microscopic bal-
ance equations for a compressible Newtonian fluid. The dispersive
flux terms were considered to be negligibly small. The conservation
balance equations for the gas and the solid phases are presented
next.

1) Gas and solid mass balance equations, respectively:

D

Dt

(
φgρ̄

g
g

) = −φρ̄g
g ∇ · ūg

g (6)

D

Dt

(
φs ρ̄

s
s

) = −φs ρ̄
s
s ∇ · ūs

s (7)

where ρα , ūα are the density and velocity vector of the α phase,
respectively.

2) Gas and porous medium momentum balance equations, re-
spectively:

φgρ̄
g
g

D

Dt

(
ūg

g

) = −φT∗
g∇ P̄ g − φgρ̄

g
g gT∗

g∇Z

+ µ̄g
g

[∇2φg

(
ūg

g − ūs
s

) + ∇ · (φg∇ūs
s

)]

+ (
µ̄g

g + λ̄′′g
g

){∇[∇φg · (ūg
g − ūs

s

)] + ∇(
φg∇ · ūs

s

)}

− µ̄g
gc f φgα · ūg

g − ūs
s

�2
g

− c f

2�2
g

Fφgρ̄
g
g

(
ūg

g − ūs
s

)(
ūg

g − ūs
s

)
(8)

φgρ̄
g
g

D

Dt

(
ūg

g

) + (
φs ρ̄

g
s

) D

Dt

(
ūs

s

) = −(
φgρ̄

g
g + φs ρ̄

s
s

)
g∇Z

+ µ̄
g
g

φg

[∇2φg

(
ūg

g − ūs
s

) + ∇∇ · φg

(
ūg

g − ūs
s

)]

+ λ̄
′′g
g

φg
∇∇ · φg · (ūg

g − ūs
s

) + µ̄g
g

(∇2ūs
s + ∇∇ · ūs

s

)

+ λ̄′′g
g ∇∇ · ūs

s + ∇σ′
s − ∇ P̄ g (9)

where σ′
s denotes the effective solid stress tensor, which includes

the gaseous-phase effect, defined by Terzaghi29 as

σ′
s = (1 − φg)(σs − PI) (10)

3) Gas and solid energy balance equations, respectively:

D

Dt

{

φgρ̄
g
g

[

CgT̄ g
g +

(
ūg

g

)2

2

]}

=
{

φgρ̄
g
g

[

CgT̄ g
g +

(
ūg

g

)2

2

]}

∇ · ūg
g

− α∗II
(
T̄ g

g − T̄ s
s

) + T∗
g P̄gūs

s∇φg − T∗
g∇

(
φg P̄gūg

g

)

+ ∇ · [φgD∗II∇(
Cgρ̄

g
g T̄ g

g

) + φgλ̄
g
g∇ T̄ g

g

]

−
[

µ̄g
gc f φgα · ūg

g − ūs
s

�2
g

+ c f

2�2
g

Fφgρ̄
g
g

(
ūg

g − ūs
s

)(
ūg

g − ūs
s

)
]

ūs
s

(11)

D

Dt

{

φs ρ̄
s
s

[

Cs T̄ s
s +

(
ūs

s

)2

2

]}

=
{

φs ρ̄
s
s

[

Cs T̄ s
s +

(
ūs

s

)2

2

]}

∇ · ūs
s

+ α∗II
(
T̄ g

g − T̄ s
s

) + T∗
g P̄gūs

s∇ · (φs P̄ gūs
s

) − T∗
g P̄gūs

s∇φg

− ∇ · (σ ′
s ūs

s

) − ∇ · [φs λ̄
s
s∇ T̄ s

s

] +
[

µ̄g
gC f φgα · ūg

g − ūs
s

�2
g

+ c f

2�2
g

Fφgρ̄
g
g

(
ūg

g − ūs
s

)(
ūg

g − ūs
s

)
]

ūs
s (12)

Hereafter we will refer to the macroscopic properties, and hence we
will omit the average sign of any quantity (i.e., ēα).

C. Assumptions
The three-dimensional macroscopic balance equations were

rewritten for the case of dominant nonlinear terms, as in the case
of shock-wave interaction with a deformable porous medium. The
assumptions used for the model were made on the basis of the di-
mensional analysis of Levy9 and the parametric research of Levy
et al.30 and are listed next.

The model assumptions are as follows:
1) The gas is ideal and perfect (i.e., inviscid, thermally noncon-

ductive and obeys to a perfect gas equation of state).
2) The dispersive and the diffusive mass fluxes of the gaseous

phase, and the dispersive flux of the solid phase, are much smaller
than the corresponding advective fluxes and can, therefore, be ne-
glected.

3) The dispersive momentum fluxes of the gaseous and the solid
phases are much smaller than their advective fluxes and can, there-
fore, be neglected.

4) The conductive and the dispersive heat fluxes of the gaseous
phase are negligibly small when compared to their advective heat
fluxes.

5) The microscopic solid/fluid interfaces are material surfaces
with respect to the mass of both the gaseous and the solid phases.

6) The solid matrix is flexible and is assumed to be elastic perfectly
plastic.

7) The stress–strain relationships for the solid matrix, at the mi-
croscopic level, and for the solid matrix, at the macroscopic level,
have the same form.

8) The material of which the skeleton of the porous material is
made is incompressible.

9) The specific heat capacity at constant volume of the fluid C f

is constant.
10) There are no external energy sources.
11) The energy associated with viscous dissipation is negligibly

small.
12) The rate of the heat transferred between the gaseous and solid

phases is negligibly small. Therefore, energy changes in the solid
are negligibly small.
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13) The solid phase is isothermal.
14) The last assumption is two-dimensional flow.

D. Two-Dimensional Governing Equations
Based on the assumptions just mentioned and in order to im-

plement a Lagrangian numerical scheme, the macroscopic balance
equations were rewritten in the following nonconservative form.

Mass balance equations for the gaseous and solid phases,
respectively:

D(φρg)

Dt
= −φρg∇ug (13)

D[(1 − φ)ρs]

Dt
= −[(1 − φ)ρs]∇us (14)

Momentum balance equations for the gaseous and solid phases,
respectively:

D

Dt
(φρgug) = −φρgug∇ug − φT∗

g∇ Pg − F̃gsφρg|ugs|ugs (15)

D

Dt
[(1 − φ)ρsus] = −(1 − φ)ρsus∇us + ∇σs − (

I − φT∗
g

)∇ Pg

+ F̃gsφρg|ugs|ugs (16)

Energy balance equation for the gaseous phase:

D

Dt

[

φρ

(

e + u
u
2

)]

g

= −
[

φρu

(

e + u
u
2

)]

∇ · u

− φT∗
gug∇ Pg − F̃gsφρgugsugsus (17)

Because it was assumed that the solid phase is isothermal, the solid-
phase energy equation was not solved.

E. Constitutive Model
The hydrodynamic model for the solid phase assumes an elastic

perfectly plastic material. This assumption and the common high
strain rate that is developed in a deformable porous material un-
der dynamic load dictates a rate depended strain-stress model. The
macroscopic strain rate tensor for the solid matrix is defined as

ε̇i js = 1

2

(
∂ui

∂x j
+ ∂u j

∂xi

)

s

(18)

where ui denotes the velocity in the i th direction. The solid-phase
stress tensor was defined by

σi js = −Psδi j + τ i js (19)

The solid matrix macroscopic pressure is defined as

Ps ≡ − 1
3σkk = − 1

3 (σ11 + σ22 + σ33) (20)

The Hooke’s law with respect to time, together with Eqs. (18) and
(19), is written as

τ̇ i js = 2G
(
ε̇i j − 1

3 ε̇kkδi j

)
(21)

The solid-phase stress tensor σ̇i js , as appears in Eq. (19), can be
derived by simply integrating τ̇ i js with respect to time:

τ i js =
∫

τ̇ dt (22)

The von Mises yield criteria are written as

τ 2
1 + τ 2

2 + τ 2
3 ≤ 2

3 (Y 0)2 (23)

where Y 0 denotes the yield stress. Because an elastic per-
fectly plastic material was assumed, if the inequality (23) does
not sustain, the solid stress tensor is multiplied by the factor

Fig. 1 Normalized pressure as a function of solid porosity as was
described by Eq. (24).

√
(2/3)Y 0/

√
(τ 2

1 + τ 2
2 + τ 2

3). The hydrostatic stress is independent
of plastic deformation and therefore could be calculated from the
equation of state. Recall that it was assumed that the energy change
of the solid phase is negligibly small; therefore, the equation of state
for the solid phase can be written in the form31

P = Ēsηmax

[− ln(1 − η/ηmax) − B(η/ηmax)
n
]

(24)

In this equation, Ēs denotes the macroscopic elastic modulus, η de-
notes the volumetric strain that was defined as η = 1 − ρ̄0

s /ρ̄s , and
ηmax denotes the maximal volumetric strain. Because the porous
material is assumed to be microscopically incompressible, ηmax is
simply defined by ηmax = φ deg. The material properties n and B
are determined as 1.445 and 1.689, respectively, according to ex-
perimental results presented by Zaretsky and Ben-Dor.31 Kitagawa
et al.22 found a characteristic hysteresis cycle during the foam stress
loading and unloading. This hystresis phenomenon was neglected in
the present work. The normalized pressure P/P0 that was used by
the simulation as a function of solid porosity is presented in Fig. 1.
The Yield stress Y 0 and the shear modulus G are given by32

G = 3
8 Es(1 − φs)

2, Y 0 = 0.05Es(1 − φs)
2 (25)

The equation of state for the gaseous phase is taken to be the perfect-
gas equation:

Pg = ρg RTg = (γ − 1)ρgeg (26)

F. Wall Effects
The planar interaction of a shock wave moving in a finite space

(i.e., shock tube) can be affected by two- and three-dimensional ef-
fects (i.e., wall-friction effects). In most cases the influence of the
walls on the shock wave, which propagates in the gas phase, is negli-
gible in comparison to that on the solid phase. Although the physics
of the foam/wall interaction is quite complicated, a simple model
that describes the friction force as function of the foam stress on the
wall was assumed for a qualitative description of the phenomena.
The simple effective Coulomb friction model was used to account
for the effect of the wall friction on the porous sample. The model
assumes that the wall-friction force FD is proportional to the normal
force acting on the surface N , that is, FD ∝ N . The normal force N
is proportional to the foam stress tensor components normal to the
wall surface, that is, N ∝ Ps − S1s , where S1s is the deviator com-
ponent. Therefore, the friction force per unit area A is expressed
as

FD/A = µs(Ps − S1s) (27)

The friction coefficient µs usually depends on the wall/foam ma-
terial. A representative value of 0.01 was considered for all of the
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calculations that will be presented in this study. The wall-friction
model was implemented in the numerical code, and its influence on
the predictions of the numerical simulations was validated with the
experimental results that were published by Kitagawa et al.22 As
will be shown, good qualitative agreement was evident.

III. Numerical Model
In the present work, a Lagrange numerical scheme, originally

developed by Wilkins28 for elastic-plastic flow, was modified and
extended to solve the two-dimensional two-phase interaction of a
shock wave with a deformable porous material. The modified nu-
merical scheme is composed of an ALE scheme with an Eulerian
remesh technique and an interface-tracking scheme.

The prediction of the flowfield characteristics for each time step is
achieved by a Lagrangian solution of the balance equations (12–17).
Because the gas and the solid phases are capable of moving inde-
pendently in space, the numerical grid was remeshed to the original
grid, and the transferred terms between the phases were calculated.
Another advantage of remesh technique is to avoid the large nu-
merical strains during each time step because of the nonsymmetric
movement of the grid vertices. An interface-tracking scheme was
used to determine the exact position of the solid-phase interface dur-
ing the calculation. A detailed description of the numerical model
can be found in Malamud et al.26

All of the numerical simulations that were conducted and pre-
sented in this work were fully two dimensional, with square nu-
merical cells of 1 by 1 mm. A symmetry boundary condition over
the y = 0 line and a free-slip boundary condition over all shock tube
walls were assumed. For the results presented in Sec. IV.B, the wall-
friction model (presented in Sec. II.F) was implemented at the wall
boundary of the solid phase.

IV. Comparisons Between the Numerical Predictions
and Experimental Data

To validate the physical and the numerical models, it was decided
to compare the prediction of the numerical simulations with avail-
able experimental data. In the following section, the validation of
the numerical simulations predictions for one- and two-dimensional
cases will be presented.

A. Comparisons with One-Dimensional Experimental Results
Figure 2 presents a comparison between the predictions of the

numerical simulation with experimental results of Skews et al.19 for
the pressure histories on the shock-tube endwall as obtained when
a planar shock interacts with polyurethane foam. The polyurethane
Young modulus Es and Poisson ratio ν were presented by Gibson
and Ashby31 and were determined as 45 MPa and 1

3 , respectively.
The initial conditions for the experiment and simulation are pre-
sented in the first line of Table 1.

The pressure that operates on the shock-tube endwall is a compo-
sition of both the gas-phase and the solid-phase transmitted waves
as arrived and interact with the shock tube end wall. Its ampli-
tude depends on the relative interaction area between the wall and
the phases. In this study, it was assumed that the equivalent pres-
sure that operates on the shock-tube endwall can be estimated by
Peq = φPg + (1 − φ)Ps . As can be seen in Fig. 2, the numerical pre-
diction of the shock-wave endwall pressure is in good agreement
with the experimental data of Skews et al.,19 both with the wave
amplitude and its qualitative shape.

B. Comparison with Three-Dimensional Experimental Results
Kitagawa et al.22 conducted experiments in a rectangular

shock tube for the head-on interaction of a planer shock wave

Table 1 Initial conditions for the experiments of Skews et al.19 and Kitagawa et al.22 and the corresponding
numerical simulations

Figure Mi T0, K P0, kPa Foam length, mm F̃ Porosity φ0 ρ̄0
s , kg/m3 T ∗

2 1.4 290 83.0 70 1100 0.98 26 0.6
3, 4, 6, 7 1.25 300 100.0 1200 700 0.974 28 0.5

with polyurethane foam. Holographic interferometery of the
polyurethane foam during the interaction with the shock wave was
presented (Fig. 3). Based on Fig. 3, Kitagawa et al.22 demonstrate
the wall effect and claim that one-dimensional models are not reli-
able and therefore should not be considered. As can clearly be seen,
the foam is distorted in a typical λ shape form (marked as area 1 in
Fig. 3), which is coupled to the stress wave moving in the foam. An-
other area of low density is also clearly shown (marked as area 2 in
Fig. 3), closer to the foam front. This typical structure can be related
to the high strained area near the shock-tube sidewall, resulted from
the foam wall friction and distorted the wave configuration. To sim-
ulate this interaction, the initial conditions for the simulation were
taken from Kitagawa et al.22; however, because the geometrical and
physical constants of the foam were not published it was decided
to use the same constants as used to predict the one-dimensional
case described in Sec. IV.A. The initial conditions and geometrical
constants used in the simulation are presented in the second line of
Table 1.

A comparison between the x–t diagram for the center of the foam
front as was extracted from the experimental results presented by
Kitagawa et al.,22 and the numerical simulation is presented in Fig. 4.
Good agreement is evident. This indicates that the theoretical model
can predict the gas/foam interaction correctly. As can be seen, the
foam front moves with approximately constant velocity.

Fig. 2 Comparison between the predictions of the numerical simu-
lation and the experimental results of Skews et al.19 for the pressure
histories on the shock-tube endwall as were obtained for the head-on
interaction of shock wave with polyurethane foam.

Fig. 3 Holographic interferometery of a polyurethane foam during
and unsteady interaction with a shock wave.22
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Fig. 4 Comparison for the center of foam front position in time ob-
tained by Kitagawa et al.22 (+) and the numerical simulation (——).

Fig. 5 Proposed solid-phase shock-wave diagram for the three-
dimensional shock-wave interaction with a deformable foam.

The experimental data presented by Kitagawa et al.22 were ob-
tained using a holographic interferometery and therefore present
a three-dimensional picture of the interaction. In Fig. 5, a three-
dimensional waves’ configuration diagram is proposed for the head-
on interaction of the shock wave with polyurethane foam in a rect-
angular shock tube. Because of the rectangular shape of the shock
tube and the friction force acting on the polyurethane foam by the
shock-tube sidewalls, three-dimensional waves’ interactions were
developed at the shock-tube sidewalls corners. These interactions
influence farther upstream on the shock-wave configuration. The
shock wave moving from right to left in the gaseous phase (marked as
Mg in Fig. 5) induces a nonuniform interactions (caused by sidewall
friction) with the solid phase, which results in a relatively weak pos-
itive solid-phase velocity field. The elastic wave (marked as Me in
Fig. 5) appears behind the transmitted shock wave; Me will there-
fore be a nonplanar wave. The reflected waves from the interaction
between the elastic wave Me and the shock-tube sidewalls (marked
as Mr1 in Fig. 5) formed a rectangular pyramid, caused by the rect-
angular shape of the shock tube. When the reflected waves Mr1

interact with the precursor of the plastic wave (marked as Mp in
Fig. 5), more reflections occur and are propagating to the shock-
tube sidewalls, which then perform more reflections and multiple
interactions’ configuration moving upstream. Because of the elastic
movement of the foam, a relaxation zone will be formed between
the elastic-plastic zone and the foam front. The relaxation zone can
also be seen in Fig. 3 (marked as area 2). The predictions of the
density field obtained for 1 ms after the shock impact on the foam
is presented in Fig. 5. From the proposed three-dimensional waves’
configuration diagram it can be seen that the typical λ shape of the
foam is formed as a result of the interactions between the reflected
waves Mr1 and the precursor of the plastic wave Mp .

The predictions of the two-dimensional simulations for this in-
teraction are presented in Figs. 6 and 7. As can be seen, the nu-
merical simulation qualitatively predicts the typical λ shape defor-
mation of the foam, marked as area 1 in Figs. 3 and 6. Similarly,
the area of minimum density values, marked as area 2 in Figs. 3

Fig. 6 Predicted solid density contours (top figure) and a magnification
of theλ shape region (marked as zone 1 in the top figure) for the unsteady
interaction between a planar shock wave and polyurethane foam.

and 6, can be observed. Although Kitagawa et al.’s experimen-
tal data22 demonstrated three-dimensional behavior, our predicted
two-dimensional flowfield demonstrated fairly well the projection
of the three-dimensional typical λ shape structure in the symmet-
rical two-dimensional plane and therefore validates our proposed
three-dimensional waves’ configuration diagram shown in Fig. 5.
In addition, conducting the same simulations without solid wall-
friction model did not yield the typical λ shape structure in the solid
phase. Therefore, based on the observations just mentioned it can
be concluded that the origin of the typical λ shape deformation in
the solid phase is the existence of solid wall friction, whereas the
wall friction for the gaseous phase was assumed to be small and
therefore neglected.

Solid-phase pressure field and y and x stress components as pre-
dicted for the conditions just mentioned are presented in Figs. 7a,
7b, and 7c, respectively. It is clear that the solid flowfield could be
divided generally into four areas: 1) gas-induced flow area, which
is relatively not affected by three-dimensional effects, and the gas
flow is induced by the transmitted shock wave that propagates in
the gas phase and it impacts on the solid-phase behavior; 2) high
compression area, which is characterized by a compression wave
and an elastic-plastic front area; 3) a relaxation area, which is char-
acterized by a minimum density and stress (Fig. 5); and 4) foam
front area, where the gas is penetrating into the foam. The density
minima in the solid phase causes a pressure and density minima in
the gas flowfield as well, because of the growth of local porosity.
The obtained results are similar to the one-dimensional investiga-
tion of Levi-Hevroni.10 The foam front moves faster then the gas
density minima area. Therefore, the gas that was initially inside the
foam emerges out from the foam front, and a contact surface can
be observed.18,19 While taking the wall-friction effect into consid-
eration, the influence of the shock-tube geometry can also be no-
ticed in the two-dimensional numerical simulations. Although only
two-dimensional numerical simulations were conducted, a three-
dimensional waves’ diagram for this interaction is proposed and
presented in Fig. 5. As can be seen, the predictions of the two-
dimensional numerical simulations demonstrate the validity of the
proposed model. The waves’ interaction and their two-dimensional
effects can be notable in Figs. 6 and 7 (i.e., solid-phase density, pres-
sure, and stresses field). However, it was found out that examining
the shear wave’s configuration, via a vorticity flowfield, will sim-
plify the explanations for the multidimensional effects. Figure 7d
presents the solid-phase vorticity field, defined by

ω = ∇ × u (28)

Two major shear bands are clearly seen in Fig. 7d. The first is created
as a result of the gas flow behind the transmitted shock wave moving
in the gas phase. The gas flows behind this shock-wave transfer
momentum to the solid phase. As a result, the foam starts to move.
Because of the foam movement and its interaction with the shock-
tube sidewall, a shear band in the solid phase is formed. This shear
band interacts with the elastic-plastic front and reflects toward the
shock tube sidewall. The second shear wave is generated by the
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a)

b)

c)

d)

Fig. 7 Numerical prediction of a) solid pressure, b) y-direction stress component, c) x-direction stress component, and d) vorticity contours.

Fig. 8 Gas pressure trajectories on the shock-tube sidewall vs time at
X = 0.2 and 0.25 m from the foam interface initial position, with and
without wall-friction model (—— and – – –, respectively).

elastic plastic front and propagates back to the foam front. These
major shear bands interact with the elastic-plastic region and create
a local disturbance in the flowfield near to the plastic zone, which
finally distorts the foam in the typical λ shape as photographed by
Kitagawa et al.,22 presented in the proposed wave diagram model
(shown in Fig. 5) and predicted by the present two-dimensional
numerical simulation.

The predictions of the numerical simulations for the gas pressure
and the foam stress (defined as the second invariant of the complete
stress tensor, i.e., the stress tensor plus the hydrostatic pressure) on
the shock-tube sidewall are presented in Figs. 8 and 9, respectively.
In these figures, the solid and the dashed lines present the predictions

Fig. 9 Predicted foam stress trajectories on the shock-tube sidewall vs
time at X = 0.2 and 0.25 m from the foam interface initial position, with
and without wall-friction model (—— and – – –, respectively).

of the numerical simulations with solid-phase wall-friction model
and with free-slip boundary condition, respectively. In each figure,
two traces (referred as prob1 and prob2) of the gas pressure and the
foam stress traces are presented. The locations of theses probes are
on the shock-tube sidewall, 0.2 and 0.25 m from the initial foam
interface position. As can be seen, the influence of the solid-phase
wall-friction model on the measurements of the gas-phase pressure
is negligible. Two distinct compression periods are presented. The
first results from the incident shock wave moving in the gas, and
the second (starting at 1.9 ms) results from the pores densification
because of the solid movement. As for the solid stress, the stress
wave arrives to prob1 after 3.2 ms, and it is identical for both cases,
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that is, calculations with and without wall-friction model. However,
as can be seen different slopes (resulting from the expanded elastic-
plastic front with the wall-friction model, i.e., the λ shape) and peaks
are obtained. The difference in the wave shape is clearly shown. It
is also noted that in the lack of solid wall friction, the densification
front velocity is faster.

Because of the large deformation of the foam, its front passes
prob1 and prob2 after 3.8 and 4.75 ms (see Fig. 4). These passes
are noticeable by the probes (see Figs. 8 and 9) by short periods of
oscillation, and then both the gas pressure and the solid stress traces
have the same values.

V. Conclusions
A two-dimensional two-phase numerical study was performed to

simulate the unsteady head-on collision of planar shock-wave inter-
action with deformable open cell foam. A simple general physical
model was proposed for the three-dimensional waves’ configuration
in the solid phase, that is, the deformable foam. The numerical pre-
dictions were validated with experimental results of Skews et al.19

for the one-dimensional case, and Kitagawa et al.22 for the two- and
three-dimensional effects of the waves’ configuration of the solid
phase. Good agreements were evident in both cases. The predictions
of the numerical simulation demonstrated the influence of the solid
wall-friction model on the history of the foam stress at the shock-
tube sidewall. It was obtained that its influence on the gas pressure
histories is negligible.

From the predictions of the numerical simulations, it appears that
the flow-field of the foam could be divided into four zones, namely,
gas-induced flow, elastic-plastic front area, relaxation area, and the
foam front area. The dimensional effect was presented, character-
ized by a regular refection from the shock-tube sidewalls.

Based on the numerical simulation and its good comparison with
Kitagawa et al.’s three-dimensional experimental data,22 it was con-
cluded that our proposed three-dimensional waves’ configuration
diagram is valid and that the origin of the typical λ shape deforma-
tion is the existence of solid wall friction. To describe the flowfield
correctly, a three-dimensional numerical model is required because
the results obtained by Kitagawa et al.22 are strongly affected by
three-dimensional shock interactions.
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