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The inverse problem for waves reflected by porous material is solved at oblique incidence, and an
inverse scattering calculation of porosity and tortuosity is given for air-saturated plastic foam
samples. The interaction of the sound pulse with the fluid-saturated porous material is described by
a time-domain equivalent fluid model. The sensitivity of the porosity and tortuosity is studied and
it shows their effect on the reflection coefficient at the first interface. This study shows that porosity
is much more sensitive than tortuosity to reflection, especially when the incident angle is less than
its critical value, at which the reflection coefficient vanishes. Some advantages and perspectives of
this method are discussed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1629386#
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I. INTRODUCTION

Porous media filled with air,1–3 such as fibrous mats
plastic foams, and various felts, are used extensively in
automobile, aeronautical, and building industries to attenu
sound waves. Lately, low frequency~i.e., in the 20–600 kHz
range! ultrasonic techniques have amply proven their wo
as powerful tools by which to probe the acoustic proper
of these materials.

Determining the properties of a medium using wav
reflected by or transmitted through the medium is an inve
scattering problem.4–8 Such problems are often approach
by taking a physical model of the scattering process, ge
ating a synthetic response for a number of assumed pa
eter values, and adjusting these parameters until a reaso
level of correspondence is attained between the synthetic
sponse and the data observed.

Ultrasonic materials can often be characterized by m
suring the attenuation coefficient and phase velocity in
frequency domain9–11 or by measuring transmitted and r
flected waves in the time domain.4–8,12 In the frequency do-
main, measurement of the attenuation coefficient may
more robust than measurement of the phase velocity. In th
situations, application of the Kramers–Kronig dispersi
relations13 may allow the phase velocity to be determin
from the measured attenuation coefficient.

To efficiently cope with the specific problems that occ
in transient acoustic field propagation, new approaches
required.12,14 At present, most signal propagation analys

a!Electronic mail: fellah@lyon.inserm.fr
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are performed in the frequency domain using the Fou
transform, and the results are translated into the time dom
and vice versa. However this has several limitations. T
first one is that transformation is difficult to compute nume
cally with sufficient accuracy for nonanalytical function
For example, using the Fourier transform to obtain tim
domain results for a lossy material is a more complica
approach than using a true time-domain analysis, and
numerical results are less accurate. The second disadvan
is that by working in the frequency domain, some numeri
information is lost or hard to recover. For example, in t
case of noisy data it may be difficult to reconstruct the ch
nological events of a signal by phase unwrapping. Con
quently, it is difficult to obtain a deep understanding of tra
sient signal propagation using the frequency-domain meth

A time-domain approach differs from frequency analy
in that the susceptibility functions that describe viscous a
thermal effects are convolution operators that act on the
locity and pressure fields and therefore a different algeb
formalism must be applied to solve the wave equation. T
time-domain response of the material is described by an
stantaneous response and a ‘‘susceptibility’’ kernel resp
sible for memory effects. In the past, many authors have u
fractional calculus as an empirical method to describe
properties of viscoelastic materials, e.g., Caputo15 and Bag-
ley and Torvik.16 The observation that asymptotic expre
sions of stiffness and damping in porous materials are p
portional to fractional powers of frequency suggests t
time derivatives of fractional order might describe the beh
ior of sound waves in this kind of material, including rela
ation and frequency dependence.
4 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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7915J. Appl. Phys., Vol. 94, No. 12, 15 December 2003 Fellah et al.
In this article, we solve the inverse problem for a slab
porous material with a rigid frame via reflected waves
different incident angles. An optimization procedure bas
on the least-square method is used that gives an estima
the porosity and tortuosity of air-saturated porous materi
This method is based on a temporal equivalent fluid desc
tion of the propagation of sound in fluid-saturated poro
material. This model was initially introduced by the autho6

to describe the memory effect of the wave during its pro
gation in the time domain. The advantage of this method
its simplicity compared to classical methods~summarized in
this article!.

The article is outlined as follows. In Sec. II, the param
eters for ultrasonic transport in air-saturated porous mate
are defined and the classical experimental techniques us
estimate them are given. Section III describes a time-dom
model and the basic equations of wave propagation in po
material. Section IV is devoted to the direct problem a
expression of the reflection and transmission kernels in
time domain at oblique incidence. The sensitivity of the p
rosity and tortuosity and of the incident angle is discuss
showing the effect of each parameter on the reflection c
ficient at the first interface. Section VI contains the numeri
solution of the inverse problem based on the least-squ
method. Experimental validation that relies on ultraso
measurement is discussed for air-saturated industrial pla
foams.

II. ULTRASONIC TRANSPORT PARAMETERS
IN AIR-SATURATED POROUS MATERIAL

The quantities involved in sound propagation in poro
materials can be defined locally, on a microscopic sc
However, this type of study is generally difficult because
the complicated geometry of the frames. Only the mean
ues of the quantities involved are of practical interest. Av
aging must be performed on a macroscopic scale using
umes with dimensions sufficiently large for the average to
significant. At the same time, these dimensions must
much smaller than the wavelength. Even on a macrosc
scale, a description of sound propagation in porous mate
can be very complicated, since sound also propagates w
the frame of the material. If the frame is motionless, t
porous material can be replaced, macroscopically, by
equivalent fluid. If the porosity is low, the equivalent flu
has the same properties as air in porous material on a m
roscopic scale.

In 1987, a substantial contribution was made by John
et al.,17 who put forth a theory of dynamic fluid flow~i.e., as
a function of frequency! in porous media, thereby introduc
ing the concept of dynamic tortuosity and permeability
well as viscous characteristic length. Originally, their r
search mainly focused on geophysical and petroleum ind
try applications. The Johnsonet al. model was used for dif-
ferent kinds of porous materials.1,4–13,17–24For gas-saturated
porous media, Allard1 produced an analogous theory for the
mal effects by introducing the concept of thermal charac
istic length. Lafargeet al.22,23extended this theory by addin
the concept of thermal permeability which plays an imp
tant role in low frequency approximations.
Downloaded 05 Jan 2004 to 195.221.243.132. Redistribution subject to A
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A. Porosity

One important parameter which appears in theories
sound propagation in porous materials is porosityf. Porosity
is the relative volume fraction of the air contained in t
material. Unlike other parameters included in the descript
of different various phenomena occurring in acoustic pro
gation of porous media at a high frequency range, such
tortuosity,17 viscous characteristic length,17 and thermal char-
acteristic length,1 or at a low frequency range, such as flo
resistivity17 and thermal permeability,22,23 porosity is a key
parameter that plays an important role in propagation at
frequencies. As such, in studies of the acoustic propertie
porous materials, it is extremely useful to be able to meas
this parameter.

Beranek25 described an apparatus~a porosimeter! used to
measure the porosity of porous materials. This device w
based on the equation of state for ideal gases at cons
temperature~i.e., Boyle’s law!. Porosity can be determine
by measuring the change in air pressure that occurs wi
known change in volume of the chamber containing
sample. In the Beranek apparatus, changes in both pres
and volume are monitored using a U-shaped fluid-filled m
nometer. An alternative technique for measuring porosity
dynamic method proposed by Leonard.26 Techniques that use
water as the pore-filling fluid, rather than air, are common
geophysical studies.27,28 Mercury has been used as the por
filling fluid in other applications.29 However, for many ma-
terials, the introduction of liquids into the material is n
appropriate. A similar device to that of Beranek’s, that
volves the use of an electronic pressure transducer, wa
troduced by Champouxet al.30 This device can be used t
measure very slight changes in pressure accurately, and
output can be recorded by a computer. Recently, a sim
alternative method for measuring porosity via waves
flected at the first interface of a slab of air-saturated por
material was proposed by the authors, and it gave good
sults for plastic foams7,8,31 and random bead packing.32

B. Tortuosity

Tortuositya` is an important geometrical parameter i
cluded in the description of inertial coupling between t
fluid and the structure of porous material in the high fr
quency range. This parameter represents the refraction in
for porous materials.6 The concept of tortuosity is not recen
and it is found with different notations and meanings in p
vious studies. It is the structure form factorks according to
Zwikker and Kosten33 or parameter q2 according to
Attenborough.34 In the case of cylindrical pores at angleq to
the direction of propagation,a`51/cos2 q. In Carman’s
book,35 tortuosity is related to (cosq)21. An electrical
method for measuring tortuosity was developed
Carman,35 Brown,36 and Johnsonet al.,28 which, however,
can only be used if the frame does not conduct electric
The porous material is saturated with a conducting fluid, a
the resistivity of the saturated material is measured betw
two electrodes using the relation
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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a`5f
r c

r f
, ~1!

wherer c andr f are the measured resistivities of the satura
material and the fluid, respectively. From relation~1!, it can
be seen that the tortuosity is independent of the shape o
pore cross sections. By introducing the concept of dyna
tortuosity for common porous materials with arbitrary po
shape, Johnsonet al.17 gave another definition of tortuosity

a`5 lim
^um

2 &V

^um&V
2 , v→`, ~2!

wherev is the angular frequency andum is the microscopic
velocity for a steady flow of inviscid fluid. The symbol^ &V

denotes the average of the fluid volumeV and the term̂ um&
is interpreted as macroscopic velocity. Johnsonet al.17 pro-
posed a method for measuring tortuosity using superfl
4He as the pore fluid.

Tortuosity takes a low value (a`51) for porous mate-
rial with straight pores, and high values (a`52,3) for po-
rous media with high resistivity. This parameter can also
evaluated using ultrasonics for measurement in the freque
domain,9–11 from the attenuation or phase velocity, or in th
time domain by solving the inverse problem in th
transmitted4–6 or reflected mode7,8,31,32

III. MODEL

In porous material acoustics, a distinction can be m
between two situations depending on whether the fram
moving or not. In the first case, wave dynamics due to
solid frame–fluid coupling are clearly described by B
theory.37,38 In air-saturated porous media, the structure
generally motionless and the waves propagate only in
fluid. This case is described by the equivalent fluid mo
which is a particular case of the Biot model, in which fluid
structure interactions are taken into account in two freque
response factors: dynamic tortuosity of the mediuma~v!
given by Johnsonet al.17 and dynamic compressibility of th
air in the porous materialb~v! given by Allard.1 In the fre-
quency domain, these factors multiply the fluid’s density a
compressibility, respectively, and represent the deviation
the fluid’s behavior in free space as the frequency increa
In the time domain, they act as operators and in
asymptotic domain~high frequency approximation! with
their expressions given4–8,12by

ã~ t !5a`S d~ t !1
2

L S h

pr f
D 1/2

t21/2D , ~3!

b̃~ t !5S d~ t !1
2~g21!

L8 S h

pPrr f
D 1/2

t21/2D . ~4!

In these equations,d(t) is the Dirac function,Pr is the
Prandtl number,h andr f are fluid viscosity and fluid density
respectively, andg is the adiabatic constant. The releva
physical parameters of the model are the medium’s tortuo
a` initially introduced by Zwikker and Kosten,33 and vis-
cous and the thermal characteristic lengthsL andL8 intro-
Downloaded 05 Jan 2004 to 195.221.243.132. Redistribution subject to A
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duced by Johnsonet al.17 and Allard.1 In this model time
convolution of t21/2 with a function is interpreted as
semiderivative operator according to the definition of t
fractional derivative of ordern given in work by Samko and
colleagues39

Dn@x~ t !#5
1

G~2n!
E

0

t

~ t2u!2n21x~u!du, ~5!

whereG(x) is the gamma function.
In this framework, the basic equations of our model o

tained from the conservation of momentum and conserva
of mass can be written as

r f ã~ t !*
]v i

]t
52¹i p

and

b̃~ t !

Ka
*

]p

]t
52¹"v, ~6!

where the asterisk* denotes the time convolution operatio
p is the acoustic pressure,v is the particle velocity, andKa is
the bulk modulus of air. The first equation is the Euler equ
tion, the second one is the constitutive equation.

In the plane~xoz! constitutive Eqs.~6! can be written as

r fa`

]vx~x,z,t !

]t
1

2r fa`

L S h

pr f
D 1/2

3E
0

t ]vx~x,z,t8!/]t8

At2t8
dt852

]p~x,z,t !

]x
,

r fa`

]vz~x,z,t !

]t
1

2r fa`

L S h

pr f
D 1/2

3E
0

t ]vz~x,z,t8!/]t8

At2t8
dt852

]p~x,z,t !

]z
, ~7!

1

Ka

]p~x,z,t !

]t
1

2~g21!

KaL8 S h

pr f Pr
D 1/2

3E
0

t ]p~x,z,t8!/]t8

At2t8
dt852

]vx~x,z,t !

]x
2

]vz~x,z,t !

]z
,

where vx and vz are the components of particle veloci
along axesx andz.

In these equations, the convolutions express the dis
sive nature of the porous material. They take into acco
memory effects due to the fact that the medium’s respons
wave excitation is not instantaneous but instead needs s
time to take effect.

IV. DIRECT PROBLEM

The direct scattering problem involves determining t
scattered field as well as the internal field that arises whe
known incident field impinges on the porous material w
known physical properties. To compute the solution of t
direct problem one needs to know the Green’s function4,40 of
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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7917J. Appl. Phys., Vol. 94, No. 12, 15 December 2003 Fellah et al.
the modified wave equation in a porous medium. In this ca
the internal field is given by the time convolution of th
Green’s function with the incident wave, and the reflec
and transmitted fields are deduced from the internal field
the boundary conditions.

Here in Sec. IV some notation is introduced. The pro
lem geometry is shown in Fig. 1. A homogeneous poro
material occupies region 0<x<L. This medium is assume
to be isotropic and to have a rigid frame. A short sound pu
impinges at oblique incidence on the medium from the le
giving rise to an acoustic pressure fieldp(x,z,t) and an
acoustic velocity fieldv(x,z,t) within the material, which
satisfy the system of Eqs.~7! and can be written as

a
]vx~x,z,t !

]t
1bD1/2@vx~x,z,t !#52

]p~x,z,t !

]x
, ~8!

a
]vz~x,z,t !

]t
1bD1/2@vz~x,z,t !#52

]p~x,z,t !

]z
, ~9!

d
]p~x,z,t !

]t
1 f D1/2@p~x,z,t !#

52
]vx~x,z,t !

]x
2

]vz~x,z,t !

]z
, ~10!

with

FIG. 1. Problem geometry.

FIG. 2. Variation of the reflection coefficient at the first interfacer with the
incident angleu for fixed porosity valuef50.9 and for different values of
tortuosity a`51.99 ~solid line!, 1.75 ~star!, 1.5 ~dashed line!, 1.24 ~dash-
dotted line!, and21 ~circle!.
Downloaded 05 Jan 2004 to 195.221.243.132. Redistribution subject to A
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a5r fa` , b5
2r fa`

L S h

r f
D 1/2

,

d5
1

Ka
,

and

f 5
2~g21!

KaL8 S h

r f Pr
D 1/2

.

In the region ofx<0, the incident pressure wave is give
by

pi~x,z,t !5pi S t2
x cosu

c0
2

z sinu

c0
D , ~11!

where c0 is the velocity of the free fluid (x<0); c0

5AKa /r f .
In the region of 0<x<L, the pressure wave is given b

p~x,z,t !5pS t2
x cosu8

c8
2

z sinu8

c8 D , ~12!

FIG. 3. Variation of the reflection coefficient at the first interface with t
incident angle for fixed tortuosity valuea`51.1 and for different values of
porosity f50.99 ~solid line!, 0.75 ~star!, 0.50 ~dashed line!, 0.25 ~dash-
dotted line!, and 0.01~circle!.

FIG. 4. Experimental setup of ultrasonic measurements in reflected m
PG: Pulse generator, HFFPA: high frequency filtering preamplifier, D
digital oscilloscope, C: computer, T: transducer, S: sample.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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wherec8 is the velocity in the porous material (0<x<L),
and the refraction angleu8 is given by Descartes–Snell law1

as

sinu

c0
5

sinu8

c8
. ~13!

To simplify the system of Eqs.~7!, we can then use the
following property:

]

]z
52

sinu

c0

]

]t
, ~14!

which implies

]vz

]z
52

sinu

c0

]vz

]t

and

]p

]z
52

sinu

c0

]p

]t
. ~15!

From Eqs.~9! and ~15!, we then obtain the relation,

]vz

]z
52

sin2 u

c0
2 ~a1bD21/2!21*

]p

]t
. ~16!

Using Eqs.~8!, ~10!, and ~16!, the equation system@Eqs.
~8!–~10!# can thus be simplified to

a
]vx~x,z,t !

]t
1bD1/2@vx~x,z,t !#52

]p~x,z,t !

]x
, ~17!

FIG. 5. Variation of cost functionU with the tortuosity for plastic foam M1.

TABLE I. Measured values of porosity and tortuosity using classical me
ods ~after Refs. 4–6 and 9–11!.

Material M1 M2 M3

Tortuosity 1.1 1.1 1.5
Porosity 0.95 0.99 0.86
Downloaded 05 Jan 2004 to 195.221.243.132. Redistribution subject to A
d
]p~x,z,t !

]t
1 f D1/2@p~x,z,t !#

52
]vx~x,z,t !

]x
1

sin2 u

c0
2 ~a1bD21/2!21*

]p~x,z,t !

]t
.

~18!

From Eqs.~17! and ~18!, we derive the generalized loss
wave equation in the time domain along thex axis as

]2p~x,z,t !

]x2 2A
]2p~x,z,t !

]t2 2BD3/2@p~x,z,t !#

2C
]p~x,z,t !

]t
50, ~19!

where coefficientsA, B, andC are constants given, respe
tively, by

A5
1

c0
2 ~a`2sin2 u!,

B5
2a`

Ka

Ar fh

p S 1

L
1

g21

APrL8
D ,

and

FIG. 6. Variation of cost functionU with the porosity for plastic foam M1.

FIG. 7. Variation of cost functionU with the tortuosity for plastic foam M2.

-
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C5
4a`~g21!h

KaLL8APr
. ~20!

The first one is related to the velocity of the wave projec
along thex axis, c5c0 /Aa`2sin2 u. The other coefficients
are essentially dependent on the characteristic lengths,L and
L8, and express viscous and thermal interactions betw
the fluid and structure. ConstantB governs signal dispersio
while C is responsible for wave attenuation. Obviously, the
three coefficients can be used to determine parametersa` ,
L, andL8. One way in which to solve Eq.~19! with suitable
initial and boundary conditions is by using the Laplace tra
form. The approach is quite simple although the inve
Laplace transform involves tedious calculations.40 A suitable
setting for introducing a time-domain solution of the mod
fied wave propagation, Eq.~19!, is provided by the following
model.

If the incident sound wave is launched in regionx<0,
then the expression of the pressure field in the region on
left of the material is the sum of the incident and reflec
fields,

p1~x,t,u!5pi S t2
x cosu

c0
D1pr S t1

x cosu

c0
D , x,0.

~21!

Here, p1(x,t,u) is the field in regionx,0, andpi and pr

denote the incident and reflected fields, respectively.
The incident and reflected fields are related by the s

tering operator~i.e., the reflection operator! for the material.
This is an integral operator represented by

pr~x,t,u!5E
0

t

R̃~t,u!pi S t2t1
x cosu

c0
Ddt

5R̃~ t,u!* pi~ t !* dS t1
x cosu

c0
D . ~22!

In Eq. ~22! function R̃ is the reflection kernel for incidenc
from the left. Note that the lower limit of integration in Eq
~22! is set to 0, which is equivalent to assuming that t
incident wave front impinges on the material att50.

The expression for the reflection-scattering operator t
ing into accountn-multiple reflections in the material i
given by

R̃~ t,u!5S 12E

11ED (
n>0

S 12E

11ED 2nFFS t,2n
L

c D
2FS t,~2n12!

L

c D G , ~23!

with

E5
fA12sin2 u/a`

Aa` cosu
, ~24!

andF is the medium’s Green function4,40 given by

F~ t,k!5 H 0 if 0<t<k,
J~ t !1D*0

t2kh~ t,j!dj if t>k, ~25!

with
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J~ t !5
b8

4Ap

k

~ t2k!3/2expS 2
b82k2

16~ t2k! D , ~26!

whereh(t,j) has the following form:

h~j,t!52
1

4p3/2

1

A~t2j!22k2

1

j3/2

3E
21

1

expS 2
x~m,t,j!

2 D
3@x~m,t,j!21#

mdm

A12m2
, ~27!

and x(m,t,j)5@DmA(t2j)22k21b8(t2j)#2/8j, b8
5Bc0

2Ap, c85C.c0
2 and D5b8224c8. In most cases of

air-saturated porous materials, multiple reflection effects m
be negligible because of the high attenuation of sound wa
in these media. This depends on the thicknessL and physical
properties of the porous material. For common air-satura
porous materials, only the wave reflected by the first int
face is seen experimentally32 and all contributions from the
bulk of the porous material are neglected. So, by taking i
account only the first reflections at interfacesx50 and x
5L, the expression of the reflection operator will be giv
by

R̃~ t,u!5r ~ t,u!1R~ t,u!, ~28!

with

r ~ t,u!5S 12E

11ED d~ t !

and

R~ t,u!52
4E~12E!

~11E!3 FS t,
2L

c D , ~29!

with r (t,u) the instantaneous response of the porous mate
corresponding to the reflection contribution at the first int
face (x50). R(t,u) is equivalent to reflection at interfac
x5L, which is the bulk contribution to reflection. The pa
of the wave corresponding tor (t,u) is not subjected to dis-
persion but simply multiplied by the factor (12E)/(1
1E).

The reflection coefficient at the first interface vanish
for a critical angleuc ,

r ~ t,u!50⇒sinuc5Aa`~a`2f2!

a`
2 2f2 .

Figure 2 shows the variation of the reflection coefficient
first interfacer with incident angleu for fixed porosity value
of f50.9, and for different values of tortuosity,a`51.99
~solid line!, 1.75 ~star!, 1.5 ~dashed line!, 1.24 ~dash-dotted
line!, and 1~circle!.

Figure 3 shows the variation ofr with the incident angle,
for a fixed tortuosity ofa`51.1, and for different values o
porosityf50.99 ~solid line!, 0.75~star!, 0.50~dashed line!,
0.25 ~dash-dotted line!, and 0.01~circle!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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When the incident angle isu,uc , the reflection coeffi-
cient decreases slowly with the incident angle, and when
u.uc , the reflection coefficient increases quickly with th
angle. It can also be seen from Figs. 2 and 3 that the se
tivity of porosity variation is more important than the sen
tivity of tortuosity on the reflection coefficient at the fir
interface.

V. INVERSE PROBLEM

The propagation of acoustic waves in a slab of poro
material in the high frequency asymptotic domain is char
terized by four parameters: porosityf, tortuosity a` , vis-
cous characteristic lengthL, and thermal characteristi
lengthL8, the values of which are crucial to the behavior
sound waves in such materials. It is of some importance
work out new experimental methods and efficient tools
estimation of them. The basic inverse problem associa
with the slab may be stated as follows: from measuremen
the signals transmitted and/or reflected outside the slab,
the values of the medium’s parameters. The inverse prob
has been solved in transmission mode in Refs. 4–6 an
estimate ofa` , L, andL8 made therein that gives a goo
correlation between experience and theory. Porosity was
estimated in this mode because of its weak sensitivity.
rosity was estimated in reflected mode in our previo

FIG. 8. Variation of cost functionU with the porosity for plastic foam M2.

FIG. 9. Variation of cost functionU with the tortuosity for plastic foam M3.
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studies7,8,31,32by solving the inverse problem at normal8 and
oblique incidence31 for a fixed value of tortuosity. Porosity
and tortuosity were measured7,32 simultaneously for plastic
foams and air-saturated random packings of beads by m
suring reflected waves for each pair of incident angles.

In this article, we determine the porosity and tortuos
by solving the inverse problem for waves reflected by
first interface, and by taking into account experimental d
for all measured incident angles.

The inverse problem is to find values of parametersf
anda` , which minimize the function

U~f,a`!5(
u i

(
t i

@pr~x,u i ,t i !

2r ~u i ,t i !* pi~x,u i ,t i !#
2, ~30!

wherepr(x,u i ,t i) represents the discrete set of values of
experimental reflected signal for different incident anglesu i ,
r (u i ,t i) is the reflection coefficient at the first interface, a
pi(x,u i ,t i) is the experimental incident signal. The ter
r (u i ,t i)* pi(x,u i ,t i) represents the predicted reflected sign
The inverse problem is solved numerically by the lea
square method.

Experiments were performed in air with two broadba
Ultran NCT202 transducers with 190 kHz center frequen
in air and 6 dB bandwith that extends from 150 to 230 kH
An optical goniometer was used to position the transduc
Pulses of 400 V were provided by a 5052PR Panamet
pulser/receiver. The signals received were amplified to 90
and filtered above 1 MHz to avoid high frequency nois
Electronic interference was removed by 1000 acquisition
erages. The experimental setup is shown in Fig. 4. The
ration of the signal plays an important role: its spectru
must verify the condition of the high frequency approxim
tion referred to in Sec. IV.

FIG. 10. Variation of cost functionU with the porosity for plastic foam M3.

TABLE II. Reconstructed values of porosity and tortuosity by solving t
inverse problem.

Material M1 M2 M3

Tortuosity 1.12 1.1 1.6
Porosity 0.96 0.99 0.85
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Let us consider three samples of plastic foam, M1, M
and M3. Their tortuosity and porosity were measured us
classical methods4–6,9–11 ~Table I!. We solved the inverse
problem for these samples via waves reflected at the
interface and for different incident angles. Figures 5 and 6
and 8, and 9 and 10 show variation of the cost function,U,
with the tortuosity and porosity for samples M1, M2, a
M3, respectively. The reconstructed values of porosity a
tortuosity corresponding to the positions of the minima
these cost functions are given in Table II. Figures 11–
show comparisons between simulated reflection coefficie
at the first interface using reconstructed values of the po
ity and tortuosity~solid line! and experimental data for th
reflection coefficient at the first interface~circle! for plastic
foams M1, M2, and M3, respectively. The corresponde
between experiment and theory is good, which leads u
conclude that this method based on solution of the inve
problem is appropriate for estimating the porosity and tor
osity of porous materials with a rigid frame.

FIG. 11. Comparison between the simulated reflection coefficient at the
interface using reconstructed values of the porosity and tortuosity~solid
line! and experimental data for the reflection coefficient at the first interf
~circle! for plastic foam M1.

FIG. 12. Comparison between the simulated reflection coefficient at the
interface using reconstructed values of the porosity and tortuosity~solid
line! and experimental data for the reflection coefficient at the first interf
~circle! for plastic foam M2.
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VI. CONCLUSION

In this article, an inverse scattering estimate of the p
rosity and tortuosity was given by solving the inverse pro
lem for waves reflected by the first interface, and by tak
into account experimental data for all measured incid
angles. The inverse problem is solved numerically by
least-square method. The reconstructed values of the por
and tortuosity are close to those using classical metho
Generally, it is easy to evaluate the tortuosity from transm
ted waves, but that is not the case for porosity because o
weak sensitivity in transmitted mode. This method is an
ternative to the usual method that involves the use of a
rosimeter, introduced by Beranek, and improved by Cha
poux et al. or the other ultrasonic methods based
transmitted mode.

The direct problem is based upon the propagation eq
tion in the time domain in a slab of porous material with
rigid frame in the high frequency asymptotic domain. Inte
action of the sound pulse with the fluid-saturated porous m
terial was described by a time-domain equivalent flu
model.

The sensitivity of the porosity and tortuosity was studi
and it showed their effect on the reflection coefficient at
first interface. This study has shown that porosity is mu
more sensitive than tortuosity to reflection, especially wh
the incident angle is less than its critical value, at which
reflection coefficient vanishes.

We hope, in the future, to extend this method to poro
media with an elastic frame, such as cancellous bone s
rated with viscous fluid, in order to estimate other parame
which play an important role in acoustic propagation. T
advantage of the data concept using waves reflected by
first interface is its simple analysis, and similar to the tra
mitted wave concept which, however, is more complicat
The wave reflected by the first interface is not subject
dispersion but is simply attenuated, its frequency and tem
ral bandwidths are the same as the incident signal, and
perimental detection of it is easy for resistive media co
pared to transmitted data.

st

e

st

e

FIG. 13. Comparison between the simulated reflection coefficient at the
interface using reconstructed values of the porosity and tortuosity~solid
line! and experimental data for the reflection coefficient at the first interf
~circle! for plastic foam M3.
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