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An ultrasonic reflectivity method is proposed for measuring porosity and tortuosity of porous
materials having a rigid frame. Porosity is the relative fraction by volume of the air contained within
a material. Tortuosity is a geometrical parameter which intervenes in the description of the inertial
effects between the fluid filled the porous material and its structure at high frequency range. It is
generally easy to evaluate the tortuosity from transmitted waves, this is not the case for porosity
because of its weak sensitivity in transmitted mode. The proposed method is based on measurement
of reflected wave by the first interface of a slab of rigid porous material. This method is obtained
from a temporal model of the direct and inverse scattering problems for the propagation of transient
ultrasonic waves in a homogeneous isotropic slab of porous material having a rigid frame@Z. E. A.
Fellah, M. Fellah, W. Lauriks, and C. Depollier, J. Acoust. Soc. Am.113, 61 ~2003!#. Reflection and
transmission scattering operators for a slab of porous material are derived from the responses of the
medium to an incident acoustic pulse at oblique incidence. The porosity and tortuosity are
determined simultaneously from the measurements of reflected waves at two oblique incidence
angles. Experimental and numerical validation results of this method are presented. ©2003
Acoustical Society of America.@DOI: 10.1121/1.1567275#

PACS numbers: 43.20.Bi, 43.20.Hq@ANN#
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I. INTRODUCTION

The ultrasonic characterization of porous materials sa
rated by airlike plastic foams, fibrous, or granular materi
is of a great interest for a wide range of industrial applic
tions. These materials are frequently used in the automo
and aeronautics industries or in the building trade. The
termination of the properties of a medium from waves t
have been reflected by or transmitted through the medium
a classical inverse scattering problem. Such problems
often approached by taking a physical model of the scat
ing process, generating a synthetic response for some
sumed values of the parameters, adjusting these param
until reasonable agreement is obtained between the synt
response and the observed data. Two important param
which appear in theories of sound propagation in por
materials1–13 are the porosity and the tortuosity. Porosity
the relative fraction, by volume, of air contained in the co
nected pores in the material. Unlike other parameters
cluded in the description of different various phenomena
curring in the acoustical propagation of porous materia
high frequency range such as tortuosity,11 viscous character
istic length,5 and thermal characteristic length,12 or in the
2424 J. Acoust. Soc. Am. 113 (5), May 2003 0001-4966/2003/1
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low frequency range such as flow resistivity11 and thermal
permeability,13 the porosity is a key parameter playing a
important role in the propagation at all frequencies. As su
in studies of acoustical properties of porous materials, i
highly desirable to be able to measure this parameter.

Beranek10 described an apparatus~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 occurring wit
known change in volume of the chamber containing
sample. In the Beranek apparatus, both pressure change
volume change are monitored using a U-shaped fluid-fil
manometer. An alternate technique for measuring porosit
a dynamic method proposed by Leonard.14 Techniques that
use water as the pore-filling fluid, rather than air, are co
mon in geophysical studies.15,16 Mercury has been used a
the pore-filling fluid in other applications.17 However, for
many materials, the introduction of liquids into the mater
is not appropriate. Recently a similar device to that of B
ranek, involving the use of an electronic pressure transdu
was introduced by Champouxet al.18 This device can be
13(5)/2424/10/$19.00 © 2003 Acoustical Society of America
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used to measure very slight changes in pressure accura
and the output can be recorded by a computer.

The tortuositya` , namely the structure factorks by
Zwikker and Kosten,11 or the parameter q2 by
Attenborough,9 is an important parameter which interven
in the description of the inertial interaction between the flu
and the structure in the porous material at high freque
range. In the case of cylindrical pores making an angleq
with the direction of propagation,a`51/cos2 q. The tortu-
osity can be evaluated by electrical measurements,16 or by
using a superfluid4He as the pore fluid.5 It can also be evalu-
ated by acoustical techniques as an ultrasonics measure
of transmitted waves.1,3,4,19

In this work, we present a method of measuring the
rosity and the tortuosity from the measurement of acou
wave reflected by a slab of porous material at oblique in
dence. This method is based on a temporal model of
direct and inverse scattering problems for the propagatio
transient ultrasonic waves in a homogeneous isotropic
of porous material having a rigid frame initially introduce
by two of the authors~Z.E.A.F and C.D! in Refs. 1–4. The
viscous and thermal losses of the medium are describe
the Johnsonet al.5 and Allard6 model modified by a frac-
tional calculus based method in order to be used in t
domain. Reflection and transmission scattering operators
slab of porous material are derived for an oblique incide
and thus the responses of the medium to an incident aco
pulse are obtained.

The outline of this paper is as follows. In Sec. II, a tim
domain model is given, and the basic equations of w
propagation in porous material are written for an obliq
incidence. Section III is devoted to the direct problem and
the expressions of the reflection and transmission kerne
the time domain at oblique incidence. Finally in Sec. IV,
experimental validation with ultrasonic measurement
treated for two plastic foams having different values of flo
resistivity. The porosity and tortuosity are measured via
flected waves for different incidence angles.

II. MODEL

In the acoustics of porous materials, a distinction can
made between two situations depending on whether
frame is moving or not. In the first case, the dynamics of
waves due to the coupling between the solid frame and
fluid are clearly described by the Biot theory.7,8 In air-
saturated porous media the structure is generally motion
and the waves propagate only in the fluid. This case is
scribed by the model of equivalent fluid which is a particu
case in the Biot model, in which the interactions between
fluid and the structure are taken into account in two f
quency response factors: the dynamic tortuosity of the
dium a~v! given by Johnsonet al.5 and the dynamic com
pressibility of the air included in the porous materialb~v!
given by Allard.6 In the frequency domain, these factors mu
tiply the density of the fluid and its compressibility respe
tively and represent the deviation from the behavior of
fluid in free space as the frequency increases. In the t
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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domain, they act as operators and in the asymptotic dom
~high frequency approximation! their expressions are
given1–4 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

pPr r f
D 1/2

t21/2D . ~2!

In these equations,d(t) is the Dirac function, Pr is the
Prandtl number,h andr f are, respectively, the fluid viscosit
and the fluid density, andg is the adiabatic constant. Th
relevant physical parameters of the model are the tortuo
of the medium a` initially introduced by Zwikker and
Kosten,11 the viscous and the thermal characteristic leng
L andL8 introduced by Johnsonet al.5 and Allard.6 In this
model the time convolution oft21/2 with a function is inter-
preted as a semi derivative operator following the definit
of the fractional derivative of ordern given in Samko and
colleagues20

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 equations of our model c

be written as

r f ã~ t !*
]v i

]t
52¹i p and

b̃~ t !

Ka
*

]p

]t
52¹"v, ~4!

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

For a wave propagating at oblique incidence in the pla
~xoz! and making an angleu along thex-axis, these equation
become

r fa`

]vx~x,z,t !

]t
1

2r fa`

L S h

pr f
D 1/2E

0

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

At2t8
dt8

52
]p~x,z,t !

]x
,

r fa`

]vz~x,z,t !

]t
1

]r fa`

L S h

pr f
D 1/2E

0

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

At2t8
dt8

52
]p~x,z,t !

]z
, ~5!

1

Ka

]p~x,z,t !

]t
1

2~g21!

KaL8 S h

pr f Pr
D 1/2E

0

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

At2t8
dt8

52
]v~x,z,t !

]x
2

]v~x,z,t !

]z
,

where vx , vz are the components of the particle veloci
along the axesx8 andz.

In these equations, the convolutions express the dis
sive nature of the porous material. They take into account
2425Fellah et al.: Pulse propagation in porous media
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memory effects due to the fact that the response of the
dium to the wave excitation is not instantaneous but ne
more time to take effect.

III. DIRECT PROBLEM

The direct scattering problem is that of 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
direct problem one needs to know the Green’s function3 of
the modified wave equation in the porous medium. In t
case, the internal field is given by the time convolution of t
Green’s function with the incident wave, and the reflec
and transmitted fields are deduced from the internal field
the boundary conditions. In this section some notation is
troduced. The geometry of the problem is shown in Fig. 1
homogeneous porous material occupies the region 0<x
<L. This medium is assumed to be isotropic and to hav
rigid frame. A short sound pulse impinges at oblique in
dence on the medium from the left, it gives rise to an aco
tic pressure fieldp(x,z,t) and an acoustic velocity field
v(x,z,t) within the material, which satisfying the system
Eqs.~5!, which can be written as

a
]vx~x,z,t !

]t
1b

]1/2vx~x,z,t !

]t1/2 52
]p~x,z,t !

]x
, ~6!

a
]vz~x,z,t !

]t
1b

]1/2vz~x,z,t !

]t1/2 52
]p~x,z,t !

]z
, ~7!

d
]p~x,z,t !

]t
1 f

]1/2p~x,z,t !

]t1/2 52
]vx~x,z,t !

]x

2
]vz~x,z,t !

]z
. ~8!

with

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 regionx<0, the incident pressure wave is give
by

FIG. 1. Geometry of the problem.
2426 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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pi~x,z,t !5pi S t2
x cosu

c0
2

z sinu

c0
D , ~9!

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

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

pi~x,z,t !5pi S t2
x cosu8

c8
2

z sinu8

c8 D , ~10!

wherec8 is the velocity in the porous material (0<x<L),
and the refraction angleu8 is given by the Descartes-Sne
law:6

sinu

c0
5

sinu8

c8
. ~11!

To simplify the system of equations~5!, we can then use
the following property:

]

]z
52

sinu

c0

]

]t
, ~12!

which implies

]vz

]z
52

sinu

c0

]vz

]t
and

]p

]z
52

sinu

c0

]p

]t
. ~13!

From Eqs.~7! and ~13!, we obtain then the relation

]vz

]z
52

sin2 u

c0
2 S a1b

]21/2

]t21/2D 21

*
]p

]t
. ~14!

By using Eqs.~6!, ~8!, and~14!, the equation system~6!, ~7!
and ~8! can thus be simplified to

a
]vx~x,z,t !

]t
1b

]1/2vx~x,z,t !

]t1/2 52
]p~x,z,t !

]x
, ~15!

d
]p~x,z,t !

]t
1 f

]1/2p~x,z,t !

]t1/2

52
]vx~x,z,t !

]x
1

sin2 u

c0
2 S a1b

]21/2

]t21/2D 21

*
]p~x,z,t !

]t
.

~16!

From Eqs.~15! and~16!, we derive the generalized loss
wave equation in the time domain along thex-axis

]2p~x,z,t !

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

]t2 2B
]3/2p~x,z,t !

]t3/2

2C
]p~x,z,t !

]t
50, ~17!

where the coefficientsA, B andC are constants, respectivel
given by

A5
1

c0
2 ~a`2sin2 u!, B5

2a`

Ka
Ar fh

p S 1

L
1

g21

APrL8
D ,

and ~18!

C5
4a`~g21!h

KaLL8APr
.

Fellah et al.: Pulse propagation in porous media



v

b

-
re

rm
ac

d

n
re

on
th

ca
a
r

th

th

ex
ia
ts
e
s

ion
que

the
the
de-

ne-

rial
er-

ce
e

m-
first

l-
sity
-

stic
e

The first one is related to the velocity of the projected wa
along thex-axis c5c0 /Aa`2sin2 u. The other coefficients
are essentially dependent on the characteristic lengthsL and
L8, and express the viscous and thermal interactions
tween the fluid and the structure. The constantB governs the
spreading of the signal whileC is responsible of the attenu
ation of the wave. Obviously, a knowledge of these th
coefficients allows the determination of the parametersa` ,
L, andL8. One way to solve Eq.~17! with suitable initial
and boundary conditions is by using the Laplace transfo
The approach is quite simple although the inverse Lapl
transform requires tedious calculi.3 A suitable setting for the
introduction of the time domain solution of the modifie
wave propagation equation~17! is provided by the following
model.

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

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

c0
D1pr S t1

x cosu

c0
D , x,0.

~19!

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

p3~x,t !5ptS t2
L

c
2

~x2L !cosu

c0
D , x.L ~20!

@p3(x,t) is the field in the regionx.L and pt is the trans-
mitted field#.

The incident and scattered fields are related by the s
tering operators~i.e., the reflection and transmission oper
tors! for the material. Theses are integral operators rep
sented by

pr~x,t !5E
0

t

R̃~t!pi S t2t1
x

c0
Ddt

5R̃~ t !* pi~ t !* dS t1
x cosu

c0
D , ~21!

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 !cosu

c0
D . ~22!

In Eqs.~21! and~22! the functionsR̃ andT̃ are the reflection
and transmission kernels, respectively, for incidence from
left. Note that the lower limit of integration in Eqs.~21! and
~22! is chosen to be 0, which is equivalent to assume that
incident wave front first impinges on the material att50.

The scattering operators given in Eqs.~21! and~22! are
independent of the incident field used in the scattering
periment and depend only on the properties of the mater

To derive the reflection and transmission coefficien
the boundary conditions of the flow velocity at the interfac
x50 andx5L are needed.1 Using the same calculus step
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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given in Ref. 1, we obtain the reflection and transmiss
scattering operators for a slab of porous material at obli
incidence

R̃~ t !5S 12E

11ED (
n>0

S 12E

11ED 2n

3FFS t,2n
L

c D2FS t,~2n12!
L

c D G , ~23!

T̃~ t !5
4E

~11E!2 (
n>0

S 12E

11ED 2n

FS t1
L

c0
,~2n11!

L

c D ,

~24!

with

E5

fA12
sin2 u

a`

Aa` cosu
. ~25!

Theses expressions take into account then-multiple reflec-
tion in the material.

In most cases of porous materials saturated by air,
multiple reflection effects can be negligible because of
high attenuation of sound waves in these media. This
pends on the thicknessL and the flow resistivitys of the
porous material.

In the case where the multiple reflections can be
glected, the kernel of transmission is given by

T̃~ t !5
4E

~11E!2 FS t1
L

c
,
L

c D ,

and the kernel of reflection by

R̃~ t !5r ~ t !1R~ t !, ~26!

with

r ~ t !5S 12E

11ED d~ t !

and ~27!

R~ t !52
4E~12E!

~11E!3 FS t,
2L

c D .

r (t) is the instantaneously response of the porous mate
corresponding to the reflection contribution at the first int
face (x50).

In the case of a semi-infinite medium whenL→`, it can
be shown1 that F(t,2L/c)→0 andR̃(t)→r (t). This means
that R(t) is equivalent to the reflection at the rear interfa
(x5L), which is the bulk contribution to the reflection. Th
part of the wave corresponding tor (t) is not subjected to the
dispersion but is simply multiplied by the factor (12E)/(1
1E). This shows that although tortuosity is a bulk para
eter, it may be evaluated from the wave reflected at the
interface when the porosity is known and vice versa. A
though generally speaking it is easy to evaluate the tortuo
from transmitted waves1,3,4,19,21this is not the case for poros
ity because of its weak sensitivity in transmitted mode.1 Fig-
ure 2 shows two simulated transmitted signals for a pla
foam M1. The first one~solid line! corresponds to the valu
2427Fellah et al.: Pulse propagation in porous media
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of porosityf150.98 and the second one~dashed line! cor-
responds tof250.49. The parameters of the plastic foa
M1 ~thickness 1.1 cm,f50.92, a`51.25, L550mm and
L85150mm, flow resistivitys538 000 Nm24 s) have been
determined using conventional methods.1,3,4,19,21Readers can
see the slight difference between the two curves for a 5
difference in porosity values, which is due to the dispers
phenomenon that is governed by viscous, thermal and i
tial effects contributed bya` , L andL8 and plays a more
important role in the Green functionF(t,k) thanf.

In Fig. 3 we show by numerical simulation, the diffe
ence between the reflected wave at the first interface and
total reflected wave. The difference between the two cur
is marginal. This means that the wave reflected by the s
may be approximated by the reflected wave by the first
terfacer (t) with a good level of accuracy. It is easy to veri
that this approximation is valid for any incidence angleu. In
the next section, we will show, by a simple measureme
how it is the possible to determine the porosity and the
tuosity by measuring reflected wave by a slab of porous
terial.

IV. ULTRASONIC MEASUREMENT

In this section, we measure the tortuosity and the por
ity knowing the reflection coefficient at the first interface f

FIG. 2. Transmitted simulated signals forf50.98 ~solid line! and for f
50.49 ~dashed line!.

FIG. 3. Reflected wave at the first interfacex50 ~solid line! and the total
reflected wave~dashed line!.
2428 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
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different values of the incidence angleu. The expression of
the reflection coefficient at the first interface is given by

r ~ t,u!5
a` cosu2fAa`2sin2 u

a` cosu1fAa`2sin2 u
d~ t !. ~28!

For two values of the incidence angleu1 and u2 , it is
easy to calculate the expression of the tortuosity function
the reflection coefficientsr 15r (t)uu1

and r 25r (t)uu2
corre-

sponding to the anglesu1 andu2 , respectively,

a`5

S ~12r 2!~11r 1!cosu2

~11r 2!~12r 1!cosu1
D 2

sin2 u12sin2 u2

S ~12r 2!~11r 1!cosu2

~11r 2!~12r 1!cosu1
D 2

21

. ~29!

Knowing the value of the tortuosity, we deduce the expr
sion of the porosity function ofu i and r i by the expression

f5
a`~12r i !cosu i

~11r i !Aa`2sin2 u i

, i 51,2. ~30!

As an application of this model, some numerical sim
lations are compared to experimental results. Experime
are carried out in air with two broadband Ultran NCT20

FIG. 4. Experimental set-up of the ultrasonic measurements in refle
mode P.G.: pulse generator, H. F. F-P. A: high frequency filtering-p
amplifier, D.O: digital oscilloscope, C: computer, T: transducer, S: samp

FIG. 5. Experimental incident signal~solid line! and experimental reflected
signal ~dashed line! by the material M2 (u50 deg).
Fellah et al.: Pulse propagation in porous media
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FIG. 6. Spectrum of experimental incident signal~solid line! and spectrum
of experimental reflected signal~dashed line! for u50 deg.

FIG. 7. Experimental incident signal~solid line! and experimental reflected
signal ~dashed line! by the material M2 (u553 deg).

FIG. 8. Spectrum of experimental incident signal~solid line! and spectrum
of experimental reflected signal~dashed line! for u553 deg.
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
transducers having a 190 kHz central frequency in air an
bandwidth at 6 dB extending from 150 kHz to 230 kHz.
goniometer used in optic has been employed for the posit
ing of the transducers. Pulses of 400 V are provided b
5052PR Panametrics pulser/receiver. The received sig
are amplified up to 90 dB and filtered above 1 MHz to avo
high frequency noise. Electronic perturbations are remo
by 1000 acquisition averages. The experimental setup
shown in Fig. 4. The distance between the transducers
the samples is 20 cm. The duration of the signal plays
important role, its spectrum must verify the condition of hig
frequency approximation referred to in the previous secti

The parameters of the first investigated plastic foam
are: resistivity s52500 Nm24 s, thickness 4.1 cm,L
5230mm, andL85690mm. Figure 5 shows the inciden
signal generated by the transducer~solid line! and the re-
flected signal by the plastic foam M2~dashed line! for nor-
mal incidence. Figure 6 shows their spectra. From the spe
of the two signals, the reader can see that they have pr
cally the same bandwidth which means that there is no
persion. The reflected signal from the foam M2 is very sm
compared with the incident signal because of the low va
of its flow resistivitys.

Figure 7 represents the incident signal generated by
transducer~solid line! and the reflected signal by the plast
foam M2 ~dashed line! for an incidence angleu553 deg.
Figure 8 depicts their spectra, showing that there is a
no dispersion in the diffusion process. This concurs w
the theory below which predicts that the reflected wa
from the first interface (x50) is measured and simply a
tenuated by the factor (a` cosu2fAa`2sin2 u)/(a` cosu
1fAa`2sin2 u). Table I gives the experimental data of th
reflection coefficient for different values of the inciden
angle u and Table II give the values of the tortuosity an
porosity calculated using of Eqs.~29! and~30! for each pair
of incidence angles. The average value of the tortuosity
tained from these measurements isa`51.0760.09 and the
average value of the porosity isf50.9760.01.

Figure 9 shows the experimental data of the reflect
coefficient for different values of the incident angleu, and
the simulation of the variation of the reflection coefficie
with the incident angleu for the values of the tortuositya`

51.07 and porosityf50.97. The value of the porosity o
the plastic foam M2 given by the porosimeter18 is f50.98
60.02, and the value of the tortuosity given by classi
method1,3,4,19,21is a`51.0660.08. The reader can see th
slight difference between the values of the porosity and
tuosity measured using this method and the other class
methods.1,3,4,18,19,21Figure 10 shows the comparison betwe
the simulated reflected signal at the first interface calcula
for a`51.07 andf50.97, and the experimental reflecte
signal foru517 deg. Figure 11 shows the same comparis
for u553 deg.
05
TABLE I. Experimental data of the reflection coefficient for different values of the incidence angleu ~foam
M2!.

Incidence angleu ~deg! 0 8 14 17 23 30 35 41 53.5

Reflection coefficientr 0.033 0.0326 0.0322 0.0315 0.0300 0.0265 0.025 0.0164 0.0
2429Fellah et al.: Pulse propagation in porous media
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FIG. 9. Simulation of the variation of the reflection coefficient~solid line!
with the incident angleu and experimental data of the reflection coefficie
~star! for the material M2.

TABLE II. Values of the tortuosity and porosity calculated for each pair
incidence anglesu1 andu2 ~foam M2!.

Incidence angleu1 /u2 ~deg! Tortuosity Porosity

~a!
0/8 1.080 0.976
0/14 1.054 0.961
0/17 1.068 0.967
0/23 1.07 0.969
0/30 1.086 0.975
0/35 1.071 0.968
0/41 1.100 0.981
0/53.3 1.039 0.954
8/14 1.039 0.954
8/17 1.063 0.965
8/23 1.069 0.968
8/30 1.085 0.975
8/35 1.070 0.968
8/41 1.100 0.981
8/53.5 1.069 0.968
14/17 1.099 0.980
14/23 1.081 0.972
14/30 1.081 0.972
14/35 1.073 0.969
14/41 1.104 0.982
14/53.5 1.070 0.977

~b!
17/23 1.075 0.970
17/30 1.092 0.977
17/35 1.071 0.968
17/41 1.105 0.982
17/53.5 1.069 0.968
23/30 1.103 0.983
23/35 1.070 0.968
23/41 1.109 0.983
23/53.5 1.069 0.968
30/35 1.04 0.961
30/41 1.112 0.983
30/53.5 1.065 0.969
35/41 1.164 0.998
35/53.5 1.069 0.968
41/53.5 1.068 0.968
2430 J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
FIG. 10. Comparison between experimental reflected signal~solid line! and
simulated reflected signal~dashed line! for M2 (u517 deg).

FIG. 11. Comparison between experimental reflected signal~solid line! and
simulated reflected signal~dashed line! for M2 (u553 deg).

FIG. 12. Experimental incident signal~solid line! and experimental reflected
signal ~dashed line! by the material M3 foru513 deg.
Fellah et al.: Pulse propagation in porous media
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FIG. 13. Spectrum of experimental incident signal~solid line! and spectrum
of experimental reflected signal~dashed line! for u513 deg.

FIG. 14. Experimental incident signal~solid line! and experimental reflected
signal ~dashed line! by the material M3 foru549 deg.

FIG. 15. Spectrum of experimental incident signal~solid line! and spectrum
of experimental reflected signal~dashed line! for u549 deg.
J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003
The difference between the simulated reflected sig
and experimental reflected signal is relatively weak wh
leads to the conclusion that the values of the tortuosity
porosity obtained are satisfactory.

Another plastic foam M3 ~thickness 2.1 cm,L
523mm, andL8569mm) with a higher value of the flow
resistivity s5125 000 Nm24 s has been investigated. Figu
12 shows the incident and reflected signals foru513 deg
and Fig. 13 shows their spectra. Here also, we can conc
from the two spectra that there is no dispersion. Figure
shows the incident and reflected signals foru549 deg. Fig-
ure 15 shows their spectra. For this plastic foam M3,
reflected signal is more important than the one of the fo
M2 because of its high value of the flow resistivity. Th
approximation that the reflected signal is essentially due
the reflection at the first interface is well verified in this cas

Table III gives the experimental data of the reflecti
coefficient for different values of the incidence angleu and
Table IV gives the values of the tortuosity and porosity c
culated with Eqs.~29! and~30! for each pair of the incidence
angles. The average value of the tortuosity obtained isa`

51.7260.02 and the average value of the porosity obtain

TABLE IV. Values of the tortuosity and porosity calculated for each pair
incidence anglesu1 andu2 ~foam M3!.

Incidence angleu1 /u2 ~deg! Tortuosity Porosity

~a!
0/13.5 1.9 0.86
0/23 1.680 0.816
0/32.5 1.700 0.820
0/39.7 1.715 0.824
0/49.8 1.712 0.823
0/54 1.709 0.822
0/60.6 1.729 0.827
13.5/23 1.592 0.796
13.5/32.5 1.665 0.814
13.5/39.7 1.695 0.821
13.5/49.8 1.701 0.822
13.5/54 1.704 0.823
13.5/60.3 1.722 0.827
23/32.5 1.714 0.823

~b!
23/39.7 1.729 0.826
23/49.8 1.719 0.824
23/54 1.719 0.824
23/60.3 1.735 0.828
32.5/39.7 1.743 0.829
32.5/49.8 1.72 0.824
32.5/54 1.721 0.824
32.5/60 1.739 0.828
39.7/49.8 1.709 0.823
39.7/54 1.713 0.824
39.7/60.3 1.738 0.821
49.8/54 1.695 0.829
49.8/60.3 1.761 0.829
54/60.3 1.801 0.832
24
TABLE III. Experimental data of the reflection coefficient for different values of the incidence angleu ~foam
M3!.

Incidence angleu ~deg! 0 13.5 23 32.5 39.7 49.8 54 60.3

Reflection coefficientr 0.2274 0.221 0.2106 0.1905 0.1668 0.1163 0.0864 0.0
2431Fellah et al.: Pulse propagation in porous media
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is f50.8260.04. Figure 16 shows the simulated variation
the reflection coefficient at the first interface for the value
the tortuositya`51.72 and porosityf50.82 and experi-
mental data of the reflection coefficient. The value of t
porosity of the plastic foam M3 given by the porosimeter18 is
f50.860.1, and the value of the tortuosity obtained
classical methods1,3,4,19,21is a`51.760.1. Figure 17 shows
the comparison between the simulated reflected signal a
first interface calculated fora`51.72 andf50.8, and the
experimental reflected signal foru513 deg. The difference
between the two results is small which leads to the con
sion that the values of the tortuosity and porosity obtain
are satisfactory.

V. CONCLUSION

A method for the measurement of the porosity and
tortuosity simultaneously from the measurements of reflec
waves at two oblique angles of incidence has been propo
Generally, it is easy to evaluate the tortuosity from transm
ted waves, this is not the case for porosity because o
weak sensitivity in transmitted mode. This method is an
ternative to the usual method involving the use of a poros

FIG. 16. Simulation of the variation of the reflection coefficient~solid line!
with the incident angleu and experimental data of the reflection coefficie
~star! for the material M3.

FIG. 17. Comparison between experimental reflected signal~solid line! and
simulated reflected signal~dashed line! for M3 (u513 deg).
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eter introduced by Beranek and improved by Champo
et al. or the other ultrasonic methods developed by Lecla
et al.

The method is based upon the propagation equatio
time domain in a slab of porous material having a rigid fram
at asymptotic domain~high frequency range!. A time domain
model of wave propagation in such material is worked o
from the concept of fractional calculus. The kernels of t
reflection and transmission scattering operators are der
giving simple relations between these operators and the
rameters of the medium. Because of the high attenuatio
such media, the reflected wave by the porous material ca
approximated by the reflected wave at the first interface. A
consequence, it gives a simple relation between the poro
tortuosity, incident angle and reflected wave, proving in su
a way that all physical parameters of acoustic material can
evaluated from acoustic measurements.

An experimental validation of the theoretical expressi
of the reflection scattering operators illustrates the high le
of correspondence between numerical and experimenta
sults and show that this time domain model is well suited
the characterization of porous media via acoustic wa
propagation.
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