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An ultrasonic reflectivity method of evaluating the acoustic parameters of porous materials saturated
by air ~or any other gas! is discussed. The method is based on experimental detection of waves
reflected at normal incidence by the first and second interface of the material. This method is based
on a temporal model of direct and inverse scattering problems for the propagation of transient
ultrasonic waves in a homogeneous isotropic slab of porous material with a rigid frame@Fellah
et al., J. Acoust. Soc. Am.113, 61–73~2003!#. Generally, the conventional ultrasonic approach can
be used to determine tortuosity, and viscous and thermal characteristic lengths via transmitted
waves. Porosity cannot be estimated in transmitted mode because of its very weak sensitivity. First
interface use of the reflected wave at oblique incidence leads to the determination of porosity and
tortuosity @Fellah et al., J. Acoust. Soc. Am.113, 2424–2433~2003!# but this is not possible at
normal incidence. Using experimental data of reflected waves by the first and second interface at
normal incidence simultaneously leads to the determination of porosity, tortuosity, viscous and
thermal characteristic lengths. As with the classic ultrasonic approach for characterizing porous
material saturated with one gas, both characteristic lengths are estimated individually by assuming
a given ratio between them. Tests are performed using weakly resistive industrial plastic foams.
Experimental and numerical results, and prospects are discussed. ©2003 Acoustical Society of
America. @DOI: 10.1121/1.1621393#

PACS numbers: 43.20.Bi, 43.20.Hq@ANN# Pages: 2561–2569
e
e

tiv
e

rs
lin
ls

or
m

th
o

pu
i

ob-
with
the
nts.

not
s a
ob-

ave
ting
with
er-
e-
to

tra-
cers

ng
are

ion
rier
I. INTRODUCTION

The propagation of sound in fluid-saturated porous m
dia with rigid solid frames is of great interest for a wid
range of industrial applications. With air as the pore fluid,1–3

applications can be found in noise control, nondestruc
material characterization, thermoacoustically controlled h
transfer, etc.

Many applications, such as medical imaging or inve
scattering, require a study of the behavior of pulses trave
into porous media. When a broadband ultrasound pu
passes through a layer of a medium, the pulse wave f
changes as a result of attenuation and dispersion of the
dium. The classic method for predicting a change in
wave form of a signal passing through a medium relies
the system’s impulse response. According to the theory
linear systems, the output signal is a convolution of the in
signal and the system impulse response. Many media,

a!Electronic mail: fellah@lyon.inserm.fr
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cluding porous materials and soft tissues, have been
served to have an attenuation function that increases
frequency. As a result, higher frequency components of
pulse are attenuated more than lower frequency compone
After passing through the layer, the transmitted pulse is
just a scaled down version of the incident pulse, but ha
different shape. Dispersion refers to the phenomenon
served when the phase velocity of a propagating w
changes with frequency. Dispersion causes the propaga
pulse wave form to change because wave components
different frequencies travel at different speeds. An und
standing of the interaction of ultrasound with a porous m
dium in both time and frequency domains, and the ability
determine the change of wave form when propagating ul
sound pulses, should be useful in designing array transdu
and in quantitative ultrasound tissue characterization.

To cope efficiently with the specific problems appeari
in transient acoustic field propagation, new approaches
required.4,5 At present, most analyses of signal propagat
are carried out in the frequency domain using the Fou
2561561/9/$19.00 © 2003 Acoustical Society of America
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transform, and the results are translated to the time dom
and vice-versa. However this has several limitations. T
first is that the transformation is difficult to compute acc
rately enough numerically for nonanalytical functions. F
example, using the Fourier transform to obtain time dom
results for a lossy material is a more complicated appro
than using true time domain analysis, and the numerical
sults are less accurate. The second disadvantage is th
working in the frequency domain, some numerical inform
tion is lost or hard to recover. For example, in the case
noisy data it may be difficult to reconstruct the chronologi
events of a signal by phase unwrapping. Consequently,
difficult to obtain a deep understanding of transient sig
propagation using the frequency domain method.

A time domain approach differs from a frequency ana
sis in that the susceptibility functions describing viscous a
thermal effects are convolution operators acting on velo
and pressure, and therefore a different algebraic forma
must be applied to solve the wave equation. The time dom
response of the material is described by an instantane
response and a ‘‘susceptibility’’ kernel responsible f
memory effects. The attraction of a time domain based
proach is that analysis is naturally bounded by the finite
ration of ultrasonic pressures and is consequently the m
appropriate approach for the transient signal.

In this work, we present a reflectivity method for me
suring the physical parameters describing the propagatio
ultrasonic pulses in air-saturated porous materials. T
method is based on a temporal model of direct and inve
scattering problems for the propagation of transient ul
sonic waves in a homogeneous isotropic slab of porous
terial with a rigid frame, initially introduced by the authors6

The principle of this method is to measure the wave reflec
by the first and second interface of a slab of porous mate
and to solve the inverse problem in order to estimate
physical parameters~porosity, tortuosity, viscous and therm
characteristic lengths!. The advantage of this method ov
classic ultrasonic methods is that all these parameters ca
determined simultaneously using experimental reflected
~the ratio between the viscous and thermal character
lengths is fixed as in classical acoustical methods7,8!.

The outline of this paper is as follows. Section II reca
a time domain model and the basic equations of wave pro
gation in porous material. Section III is devoted to the dir
problem and the expression of reflection and transmiss
kernels in the time domain at normal incidence. In Sec.
the sensitivity of porosity and tortuosity, as well as visco
and thermal characteristic lengths are discussed, showing
effect of each parameter on the waves reflected by the
and second interface. Section V contains the inverse prob
and the appropriate procedure, based on the least sq
method, which is used to estimate the acoustic parame
Finally in Sec. VI, experimental validation using ultrason
measurement is discussed for air-saturated industrial pla
foams.

II. MODEL

In porous material acoustics, a distinction can be m
between two situations depending on whether the fram
2562 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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moving or not. In the first case, the wave dynamics due
coupling between the solid frame and the fluid are clea
described by the Biot theory.9,10 In air-saturated porous me
dia, the structure is generally motionless and the wa
propagate only in the fluid. This case is described by
equivalent fluid model which is a particular case in the B
model, in which fluid-structure interactions are taken in
account in two frequency response factors: dynamic tortu
ity of the mediuma~v! given by Johnsonet al.11 and dy-
namic compressibility of the air in the porous materialb~v!
given by Allard.1 In the frequency domain, these factors mu
tiply the fluid density and compressibility, respectively, a
show the deviation from fluid behavior in free space as f
quency increases. In the time domain, they act as opera
and in the asymptotic domain~high frequency approxima
tion! their expressions are given4,6 by

ã~ t !5a`S d~ t !1
2

L S h

pr f
D 1/2

t21/2D , ~1!

b̃~ t !5S d~ t !1
2~g21!

L8 S h

pPrr f
D 1/2

t21/2D . ~2!

In these equations,d(t) is the Dirac function, Pr50.71 is the
Prandtl number, h51.84.1025 kg m s21 and r f51.23
kg m23 are, respectively, fluid viscosity and fluid densit
and g51.4 is the adiabatic constant. The relevant physi
parameters of the model are the medium tortuositya` , and
viscous and thermal characteristic lengthsL andL8. In this
model the time convolution oft21/2 with a function is inter-
preted as a semi-derivative operator according to the de
tion of the fractional derivative of ordern given in Samko
et al.12

Dn@x~ t !#5
1

G~2n!
E

0

t

~ t2u!2n21x~u!du, ~3!

whereG(x) is the gamma function.
In this framework, the basic equations4,6 for our model

can be written as

r f ã~ t !*
]v i

]t
52“ i p,

b̃~ t !

Ka
*

]p

]t
52“"v, ~4!

where* denotes the time convolution operation,p is acoustic
pressure,v is particle velocity, andKa5141 820 Pa is the
bulk modulus of air. The first equation is the Euler equatio
the second one is the constitutive equation.

For a wave propagating along thex axis, these equation
become

r fa`

]v~x,t !

]t
12

r fa`

L S h

pr f
D 1/2E

0

t ]v~x,t8!/]t8

At2t8
dt8

52
]p~x,t !

]x
, ~5!

1

Ka

]p~x,t !

]t
12

g21

KaL8 S h

pPrr f
D 1/2E

0

t ]p~x,t8!/]t8

At2t8
dt8

52
]v~x,t !

]x
. ~6!
Fellah et al.: Characterization of porous materials
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In these equations, the convolutions express the dis
sive nature of the porous material. They take into account
memory effects due to the fact that the medium’s respons
wave excitation is not instantaneous but needs more tim
take effect.

The generalized lossy wave equation in the time dom
is derived from the basic equations~5! and~6! by elementary
calculation as follows:

]2p~x,t !

]x2
2A

]2p~x,t !

]t2
2BE

0

t ]2p~x,t !/]t82

At2t8
dt82C

]p~x,t !

]t

50, ~7!

where coefficientsA, B, andC are constants given by

A5
r fa`

Ka
, B5

2a`

Ka
Ar fh

p S 1

L
1

g21

APrL8
D ,

~8!

C5
4a`~g21!h

KaLL8APr
,

respectively. The first one concerns the velocityc
51/Ar fa` /Ka of the wave in the air in the porous materia
a` gives the refractive index of the medium which chang
the wave velocity fromc05AKa /r f in free space toc
5c0 /Aa` in the porous medium. The other coefficients e
sentially depend on the characteristic lengthsL andL8 and
express fluid-structure viscous and thermal interactions.
constantB governs signal spreading whileC is responsible
for wave attenuation.

III. DIRECT PROBLEM

The direct scattering problem involves determining t
scattered field as well as the internal field, arising whe
known incident field impinges on a porous material w
known physical properties. Green’s function13 for the modi-
fied wave equation in the porous medium must be known
order to compute a solution for the direct problem. In th
case, the internal field is given by the time convolution
Green’s function with the incident wave, and the reflec
and transmitted fields are deduced from the internal field
boundary conditions.

In this section some notation is introduced. The probl
geometry is given in Fig. 1. A homogeneous porous mate
occupies region 0<x<L. This medium is assumed to b
isotropic and to have a rigid frame. A short sound pu
impinges normally on the medium from the left. It genera
an acoustic pressure fieldp(x,t) and an acoustic velocity
field v(x,t) within the material, which satisfy Eqs.~5! and
~6!.

FIG. 1. Problem geometry.
J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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To derive the reflection and transmission scattering
erators, it is assumed that the pressure field and flow velo
are continuous at the material boundary,

p~01,t !5p~02,t !, p~L2,t !5p~L1,t !,
~9!

v~02,t !5fv~01,t !, v~L1,t !5fv~L2,t !,

wheref is the porosity of the medium and the positive a
negative superscript denotes the limit from left and rig
respectively. Assumed initial conditions are

p~x,t !u t5050,
]p

]t U
t50

50, ~10!

which means that the medium is idle fort50.
If the incident sound wave is generated in regionx<0,

then the expression of the acoustic field in the region to
left of the material is the sum of the incident and reflect
fields,

p1~x,t !5pi S t2
x

c0
D1pr S t1

x

c0
D , x,0. ~11!

Here,p1(x,t) is the field in the regionx,0, pi andpr denote
the incident and reflected fields, respectively. In addition
transmitted field is produced in the region to the right of t
material. This has the form

p3~x,t !5ptS t2
L

c
2

~x2L !

c0
D , x.L. ~12!

@p3(x,t) is the field in regionx.L andpt is the transmitted
field.#

The incident and scattered fields are related by scatte
operators~i.e., reflection and transmission operators! for the
material. These are integral operators represented by

pr~x,t !5E
0

t

R̃~t!pi S t2t1
x

c0
Ddt

5R̃~ t !* pi~ t !* dS t1
x

c0
D , ~13!

pt~x,t !5E
0

t

T̃~t!pi S t2t2
L

c
2

~x2L !

c0
Ddt

5T̃~ t !* pi~ t !* dS t2
L

c
2

~x2L !

c0
D . ~14!

In Eqs.~13! and~14! functionsR̃ andT̃ are the reflection and
transmission kernels, respectively, for incidence from
left. Note that the lower limit of integration in Eqs.~13! and
~14! is given as 0, which is equivalent to assuming that
incident wave front first impinges on the material att50.
The operatorsR̃ and T̃ are independent of the incident fiel
used in the scattering experiment and depend only on
properties of the materials.
2563Fellah et al.: Characterization of porous materials
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Using boundary and initial conditions~9! and ~10!, re-
flection and transmission scattering operators can
derived,6 taking into account then-multiple reflections in the
material:

R̃~ t !5S 12E

11ED (
n>0

S 12E

11ED 2nFFS t,2n
L

c D
2FS t,~2n12!

L

c D G , ~15!

T̃~ t !5
4E

~11E!2 (
n>0

S 12E

11ED 2n

FS t1
L

c0
,~2n11!

L

c D .

~16!

In these equations,E5f/Aa` and F are the medium’s
Green function13 given by

F~ t,k!5H 0 if 0<t<k

J~ t !1DE
0

t2k

h~ t,j!dj if t>k
~17!

with

J~ t !5
b8

4Ap

k

~ t2k!3/2
expS 2

b82k2

16~ t2k! D , ~18!

whereh(t,j) has the following form:

h~t,j!52
1

4p3/2

k

A~t2j!22k2

1

j3/2

3E
21

1

expS 2
x~m,t,j!

2 D ~x~m,t,j!21!
mdm

A12m2

~19!

and wherex(m,t,j)5(DmA(t2j)22k21b8(t2j))2/8j,
b85Bc0

2Ap, c85C•c0
2 andD25b8224c8.

In most cases of air-saturated porous materials, mult
reflection effects may be negligible because of the high
tenuation of sound waves in these media. This depend
the thicknessL and physical properties of the porous ma
rial. For porous material with high flow resistivity, only th
wave reflected by the first interface is seen experiment
and all other reflection contributions are neglected. So,
taking into account only the first reflections at interfacesx
50 andx5L, the expression of the reflection operator w
be given by

R̃~ t !5r ~ t !1R~ t !, ~20!

with

r ~ t !5S 12E

11ED d~ t !, R~ t !52
4E~12E!

~11E!3
FS t,

2L

c D .

~21!

r (t) is the instantaneous response of the porous material
responding to the reflection contribution at the first interfa
(x50). R(t) is equivalent to reflection at the second inte
facex5L. The part of the wave corresponding tor (t) is not
subjected to dispersion but simply multiplied by the fac
2564 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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(12E)/(11E). The experimental detection of the reflectio
contribution by the second interface depends strongly on
sample’s thickness and acoustic properties~porosity, tortuos-
ity, viscous and thermal characteristic lengths!. It may be
interesting to be able to measure the second reflection
tribution, because it could offer an alternative method
determining acoustic parameters which are now measu
acoustically only in transmission mode.6 In fact the wave
reflected by the second interface depends on the mediu
Green functionF which is expressed in terms of the ultra
sonic parameters. This wave is diffusive compared to
wave reflected by the first interface.

IV. ACOUSTIC PARAMETER SENSITIVITY

In this section, numerical simulations of waves reflect
by a slab of porous material are run by varying the indep
dent geometrical parameters of a porous medium descr
acoustically using the theory developed in Sec. III. 50
variation is applied to the governing parameters. A first n
merical simulation is produced. The incident signal used
the simulation is given in Fig. 2~a!. Its spectrum is given in
Fig. 2~b!. The numerical values chosen for the physical p
rameters correspond to quite common acoustic materials
follows: thicknessL51 cm, tortuositya`51.05, viscous
characteristic lengthL5300 mm, thermal characteristic
lengthL85900 mm, and porosityf50.97. The result of the
simulation is a signal as shown in Fig. 3~a!. Amplitude is
given by an arbitrary unit and the point number given in t

FIG. 2. ~a! Incident signal.~b! Spectrum of the incident signal.
Fellah et al.: Characterization of porous materials
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abscissa is proportional to time. In Fig. 3, the two sign
correspond to the waves reflected by the first and sec
interface, respectively. The speed of the first wave is
speed of free air 340 m s21 and the speed of the secon
wave, which propagates inside the porous material,
331 m s21 (c5c0 /Aa`).

Figure 3~b! shows the results obtained after reduci
porosity by 50% of its initial value. The first signal~solid
line! corresponds to the simulated reflected signal
f50.97 and the second one~dashed line! to f50.48. The
values of the other parameters have been kept constanL
51 cm, a`51.05,L5300mm, andL85900mm!. The sen-
sitivity of porosity in reflected mode can be seen for a 50
change. There is an important change of amplitude in the
waves~first and second interface!. By reducing porosity, the
amplitudes of the wave reflected by the first and second
terface increase by 775% and 800% of their initial valu
respectively. This result can be predicted by the fact t
when porosity decreases, the porous material becomes
resistive and the incident wave is then more reflected by
porous material.

When the thickness decreases by 50% of its initial val
the reflected signal also changes. The values of the ultras
parameters have been kept constant (a`51.05, f50.97,
L5300 mm, L85900 mm!. Figure 4 shows a comparison o
two reflected signals with two different thicknesses. The fi
one ~solid line! corresponds to a thickness of 1 cm and t
second one~dashed line! to 0.5 cm. By reducing the thick

FIG. 3. ~a! Simulated reflected signal.~b! Comparison between simulate
reflected signals corresponding tof50.97 ~solid line! andf50.48 ~dashed
line!.
J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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ness of the material, the distance propagated by the se
reflected wave in the porous material falls and is less atte
ated. It leads to an increase of amplitude of 40% of its init
value in the second reflected wave.

Now let us look at the effect of tortuosity. Figure
shows a comparison of two simulated reflected signals,
first ~solid line! corresponding toa`51.05 and the second
~dashed line! to a`51.57. In this simulation, the values o
the thickness, porosity, viscous and thermal character
lengths have been kept constant (L51 cm, L5300 mm,
L85900mm, andf50.97!. From the two signals of Fig. 5, i
can be seen that tortuosity plays an important part in
flected waves. By increasing the value of tortuosity, t
speed of the wave reflected by the second interface has fa
from 331 to 270 m s21. However, the amplitude of the two
waves increases, the wave reflected by the first interface
creases by 420% of its initial amplitude and the wave
flected by the second interface increases by 250% of its
tial amplitude. On increasing tortuosity, the inertial couplin
between fluid and structure also increase, the porous mat
becomes more resistive, and then the reflected operators@Eq.
~21!# of the first and second interface increase. At the sa
time, the wave reflected by the second interface is m
delayed and its amplitude is less amplified compared w
the wave reflected by the first interface. This can be

FIG. 4. Comparison between simulated reflected signals correspondin
L51 cm ~solid line! andL50.5 cm~dashed line!.

FIG. 5. Comparison between simulated reflected signals correspondin
a`51.05 ~solid line! anda`51.57 ~dashed line!.
2565Fellah et al.: Characterization of porous materials
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plained by additional inertial losses in the second reflec
wave due to the propagation phenomenon.

Figure 6 shows the sensitivity of viscous characteris
lengthL on the reflected wave by the second interface~the
reflected wave by the first interface is not affected byL!. The
signal plotted as a solid line corresponds toL5300 mm and
the dashed line transmitted signal toL5150mm. The values
of the other parameters have been kept constant (L51 cm,
a`51.05,L85900mm, andf50.97!. It can be seen that th
amplitude of the reflected wave by the second interface
fallen by 85% of its initial value. A very small change occu
at the speed of the wave reflected by the second interface
to the dispersion phenomenon governed byL. This length
appears in the second term in the asymptotic expressio
dynamic tortuosity at high frequencies@Eq. ~1!#, and as
shown by this numerical simulation,L plays a less importan
role in reflected waves than tortuosity, which appears in
first order of expression of the tortuosity operatorã(t) @Eq.
~1!#. In transmission mode, viscous characteristic len
plays an important role in dispersion, especially for resist
porous materials.

Figure 7 shows a comparison of two simulated reflec
signals corresponding to two different thermal characteri
lengthsL8 ~only the reflected wave by the second interface

FIG. 6. Comparison between simulated reflected signals at the secon
terface corresponding toL5300 mm ~solid line! and L5150 mm ~dashed
line!.

FIG. 7. Comparison between simulated reflected signals at the secon
terface corresponding toL85900 mm ~solid line! andL85450 mm ~dashed
line!.
2566 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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presented in Fig. 7, the reflected wave by the first interfac
not affected byL8!. The first one~solid line! corresponds to
L85900 mm and the second one~dashed line! to L85450
mm. A small change is only observed in the wave reflec
by the second interface, in which its amplitude has fallen
8% of its initial value.

From this study, we can gain an insight into the sen
tivity of each physical parameter used in this theory. T
parameters which are involved in propagation and dispers
phenomena such as viscous and thermal character
lengthsL andL8 are only involved in the wave reflected b
the second interface wave form. This wave propagates in
the porous material and is thus subjected to viscous and t
mal interactions between fluid and structure, responsible
damping the acoustic wave in porous material. However,
wave reflected by the first interface is immediately reflec
by the material and does not propagate inside the por
medium. This wave is not sensitive to parameters describ
dispersion phenomena such asL andL8.

We also note from these simulations that some para
eters such as porosityf, tortuositya` , and thickness play
an important role simultaneously in both waves reflected
the first and second interface wave forms compared to o
parameters which act on the wave form of just one of the t
waves.

V. INVERSE PROBLEM

The propagation of acoustic waves in a slab of poro
material in the asymptotic domain is characterized by fo
parameters, namely, porosityf, tortuositya` , viscous char-
acteristic lengthL, and thermal characteristic lengthL8, the
values of which are crucial for the behavior of sound wav
in such materials. So, it is of some importance to deve
new experimental methods and efficient tools for their e
mation. Therefore, a basic inverse problem associated
the slab may be stated as follows: by measuring sign
transmitted and/or reflected outside the slab, find the va
of the medium’s parameters. The inverse problem has b
solved in transmission mode in Ref. 6 and an estimate
a` , L, and L8 has been made, giving a good correlati
between experiment and theory. Porosity has not been
mated in transmitted mode because of its very weak se
tivity. The inverse problem for reflected waves has be
solved only for the wave reflected by the first interface
oblique incidence, giving good results for tortuosity and p
rosity in plastic foams.14 The determination of porosity an
tortuosity is not possible at normal incidence from the
flected wave at the first interface. Viscous and thermal ch
acteristic lengths have not been estimated, because the
not depend on the wave reflected by the first interface. It m
be interesting to develop a method to measure all the par
eters in one mode~reflection or transmission!, although it
seems to be impossible in transmitted mode.6 However for
weakly resistive porous materials, such as some pla
foams and fibrous materials, it may be possible to detect
wave reflected by the second interface experimentally,
this gives the same physical information as the transmi
wave, so we can then hope to use these experimental
~waves reflected by the first and second interface! to estimate

in-

in-
Fellah et al.: Characterization of porous materials
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all the physical parameters describing propagation. A st
of the sensitivity of the physical parameters involved in t
reflected signal shows that it may be possible to obtain
effect of each parameter in one or two reflected waves.

As shown in Sec. V, solution of the direct problem i
volves a system of two operators expressed as function
f, a` , L, andL8. The inversion algorithm for finding the
values of the slab parameters in reflected mode is base
an appropriate procedure: find the values of the parame
f, a` , L, andL8 such that the reflected signal describes
scattering problem in the best possible way~e.g., in the least-
squares sense!. Because of the weak sensitivity ofL8 in the
porous material’s reflected response, theL8/L ratio is set to 3
~L8/L is classically set from 2 to 3 for plastic foams7,8!.

The inverse problem is to find values for parametersf,
a` , andL which minimize the function

U~f,a` ,L!5E
0

t

~pexpt
r ~x,t !2pr~x,t !!2dt,

where pexpt
r (x,t) is the experimentally determined reflecte

signal,pr(x,t) is the reflected wave predicted from Eq.~13!.
However, because the equations are nonlinear, the analy
method of solving the inverse problem using the conv
tional least-squares method is tedious. In our case, a num
cal solution of the least-squares method can be found w
minimizesU(f,a` ,L) defined by

U~f,a` ,L!5 (
i 51

i 5N

~pexpt
r ~x,t i !2pr~x,t i !!2, ~22!

where pexpt
r (x,ti)i51,2,...,N is the discrete set of values of th

experimental reflected signal andpr(x,t i) i 51,2,...,N is the dis-
crete set of values of the simulated reflected signal. Sec
VI discusses solution of the inverse problem based on
perimental reflected data.

VI. ULTRASONIC MEASUREMENT

In application of this model, some numerical simulatio
are compared with experimental results. Experiments
performed in air using a broadband Ultran NCT202 tra
ducer with a central frequency of 190 kHz in air and a ba
with of 6 dB extending from 150 to 230 kHz. This transduc
is used simultaneously as a transmitter and receiver to de
the reflected wave. Pulses of 400 V are provided by
5052PR Panametrics pulser/receiver. The signals rece
are amplified to 90 dB and filtered above 1 MHz to avo
high frequency noise~energy is totally filtered by the sampl
in this upper frequency domain by the wave reflected by
second interface!. Electronic interference is eliminated b
1000 acquisition averages. The experimental setup is sh
in Fig. 8. Signal duration is important in solving the inver
problem; its spectrum must verify the condition of high fr
quency approximation4,6 referred to in Sec. II.

Consider a sample of plastic foam, M1, of two differe
thicknesses, the first~M1-a! with a thickness of 1.0060.01
cm and the second~M1-b! 0.6260.01 cm. Sample M1 was
characterized using classic methods6,14 given the following
physical parameters:f50.9460.005, a`51.0760.005,
L520065 mm, L85600615 mm.
J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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Consider the sample M1-a: Figure 9 shows the exp
mental incident signal generated by the transducer. A
solving the inverse problem numerically, we find the follow
ing optimized valuesf50.94560.005, a`51.06560.005,
L521065 mm, andL85630615 mm. Using these values
we present in Figs. 10~a!, ~b!, and ~c! the variations in the
minimization functionU given in Eq. ~22! with porosity,
tortuosity, and viscous characteristic length, respectively
Fig. 11, we show a comparison between an experime
reflected signal and simulated reflected signals for the o
mized values of porosity, tortuosity, viscous and therm
characteristic lengths. The difference between the two cur
is slight, which leads us to conclude that the optimized v
ues of the physical parameters are correct.

Let us now solve the inverse problem for sample M1
The experimental incident signal generated by the transd
is shown in Fig. 12. The optimized values of these para
eters aref50.93860.005, a`51.0760.005, L517065
mm, andL85510615 mm. Figure 13 shows a comparison o
an experimental reflected signal and a simulated signal
tained by optimization from the inverse problem. He
again, the correlation of theoretical prediction and expe
mental data is good.

Using another plastic foam M2~thickness 1 cm!, the
incident signal generated by the transducer is given in F

FIG. 8. Experimental setup of the ultrasonic measurements in refle
mode. PG: pulse generator, HF F-PA: high frequency filtering -pre-ampli
DO: digital oscilloscope, C: computer, T: transducer, S: sample.

FIG. 9. Experimental incident signal generated by the transducer for
plastic foam sample M1-a.
2567Fellah et al.: Characterization of porous materials
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the
14. The results, after solving the inverse problem for va
tion of the minimization function with porosity, tortuosit
and viscous characteristic lengths, are:f50.9760.005,a`

51.07560.005,L538065 mm, andL851140615 mm. In
Fig. 15, we show a comparison of an experimental reflec
signal and a reflected simulated signal using optimized
ues of physical parameters. Classic methods6,14 give the fol-
lowing characteristics;f50.9760.05, a`51.0760.005,
L536065 mm, andL851080615 mm.

It can be seen that for the three samples, M1-a, M1
and M2, the optimized values obtained using this method

FIG. 10. ~a! Variation of the minimization functionU with porosity for
a`51.065 andL5210 mm ~sample M1-a!. ~b! Variation of the minimiza-
tion functionU with tortuosity forf50.945 andL5210mm ~sample M1-a!.
~c! Variation of the minimization functionU with viscous characteristic
length forf50.945 anda`51.065~sample M1-a!.
2568 J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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FIG. 11. Comparison between experimental reflected signal~solid line! and
simulated reflected signal~dashed line! for the plastic foam sample M1-a
(a`51.065,f50.945, andL5210 mm!.

FIG. 12. Experimental incident signal generated by the transducer for
plastic foam sample M1-b.

FIG. 13. Comparison between experimental reflected signal~solid line! and
simulated reflected signal~dashed line! obtained by optimization from the
inverse problem, for the plastic foam sample M1-b (a`51.070,f50.938,
andL5170 mm!.
Fellah et al.: Characterization of porous materials
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close to those produced using classic methods.6,14

This method seems to be efficient for estimating
physical parameters needed to describe sound propagati
air-saturated porous media such as plastic foams. Howe
when the reflected wave by the second interface canno
detected experimentally because of strong damping of
acoustic wave inside the porous material, it will be not p
sible to estimate the transport parameters since the refle
wave at the first interface gives just a relation betweena`

andf at normal incidence.

VII. CONCLUSION

A method for measuring transport parameters in por
materials simultaneously, using measurements of waves
flected at the first and second interface, has been propo
This method is based on a temporal model of direct a
inverse scattering problems affecting the propagation of tr
sient ultrasonic waves in a homogeneous isotropic slab
porous material with a rigid frame.

Generally, porosity and tortuosity can be evaluated
the wave reflected at the first interface at oblique incidenc14

but this is not possible at normal incidence. Viscous a
thermal characteristic lengths can be estimated only by tr
mitted waves. Porosity cannot be determined from trans
ted waves because of its weak sensitivity in this mode. T
advantage of the proposed method is that all the parame
can be determined at normal incidence~the ratio between
viscous and thermal lengths is fixed as in classical method7,8

based on transmission measurement!.
The main principle of this method is the experimen

detection of reflected contributions from the first and t
second interface of the medium. The properties of these
contributions are used to estimate the four acoustical par
eters needed for ultrasonic propagation in porous mate
with a rigid frame, by solving the inverse problem.

Studying the sensitivity of each reflected wave para
eter demonstrates the importance of each contribution~first

FIG. 14. Experimental incident signal generated by the transducer for
plastic foam sample M2.
J. Acoust. Soc. Am., Vol. 114, No. 5, November 2003
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and second interface! for the inversion. Numerical and ex
perimental validation for weak resistive air-saturated ind
trial plastic foams is given to validate this method.
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