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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[ #afeA.

Fellah, M. Fellah, W. Lauriks, and C. Depollier, J. Acoust. Soc. At 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 presente2D03©
Acoustical Society of AmericaDOI: 10.1121/1.1567275

PACS numbers: 43.20.Bi, 43.20.HANN ]

I. INTRODUCTION low frequency range such as flow resistivityand thermal
The ultrasonic characterization of porous materials satu.Pem]eab'“ty%3 Fhe porosity is a key parameter_playmg an
rated by airlike plastic foams, fibrous, or granular materials"’m)orte_mt role in the_propagatlo_n at all frequencies. AS SL.JC.h’
is of a great interest for a wide range of industrial applica-m_ studies _Of acoustical properties of porous materials, it is
tions. These materials are frequently used in the automotivgIglhly deswaoble to k,’e able to measure th|§ parameter.

and aeronautics industries or in the building trade. The de- Beranek descr!bed an apparattﬂporosmetg)r “Se‘?' to
termination of the properties of a medium from waves that"€asure the porosity of porous materials. This device was
have been reflected by or transmitted through the medium i@2sed on the equation of state for ideal gases at constant
a classical inverse scattering problem. Such problems af§mperaturei.e., Boyle’s law. Porosity can be determined
often approached by taking a physical model of the scattef®y measuring the change in air pressure occurring with a
ing process, generating a synthetic response for some akfown change in volume of the chamber containing the
sumed values of the parameters, adjusting these paramet&@mple. In the Beranek apparatus, both pressure change and
until reasonable agreement is obtained between the syntheff®!lume change are monitored using a U-shaped fluid-filled
response and the observed data. Two important parameteiRanometer. An alternate technique for measuring porosity is
which appear in theories of sound propagation in porou® dynamic method proposed by Leonatdechniques that
materiald ™ are the porosity and the tortuosity. Porosity is use water as the pore-filling fluid, rather than air, are com-
the relative fraction, by volume, of air contained in the con-mon in geophysical studiés:'® Mercury has been used as
nected pores in the material. Unlike other parameters inthe pore-filling fluid in other applications. However, for
cluded in the description of different various phenomena ocmany materials, the introduction of liquids into the material
curring in the acoustical propagation of porous material ais not appropriate. Recently a similar device to that of Be-
high frequency range such as tortuosityiscous character- ranek, involving the use of an electronic pressure transducer,
istic length® and thermal characteristic lengthor in the  was introduced by Champoust al® This device can be
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used to measure very slight changes in pressure accuratejomain, they act as operators and in the asymptotic domain
and the output can be recorded by a computer. (high frequency approximation their expressions are

The tortuosity a.,, namely the structure factde, by — given'™* by
Zwikker and Kostert! or the parameter g> by

1/2
Attenborougl?, is an important parameter which intervenes a(t):%( S(t)+ — i) tllz), (1)
in the description of the inertial interaction between the fluid A\ mpy
and the structure in the porous material at high frequency 2(y—1) p |\
range. In the case of cylindrical pores making an angle B(t)=(5(t)+ - ( t‘”z). 2
with the direction of propagationy,.=1/cog 9. The tortu- A mPr ps

osity can be evaluated by electrical measuremeénts, by In these equationsg(t) is the Dirac function, Pr is the
using a superfluidHe as the pore fluid It can also be evalu-  Prandtl numbery andp; are, respectively, the fluid viscosity
ated by acoustical techniques as an ultrasonics measuremeitd the fluid density, ang is the adiabatic constant. The
of transmitted waves>**° relevant physical parameters of the model are the tortuosity
In this work, we present a method of measuring the poof the medium a.. initially introduced by Zwikker and
rosity and the tortuosity from the measurement of acousti®osten!! the viscous and the thermal characteristic lengths
wave reflected by a slab of porous material at oblique inci-A and A’ introduced by Johnsoet al® and Allard® In this
dence. This method is based on a temporal model of thenodel the time convolution af” *2 with a function is inter-
direct and inverse scattering problems for the propagation gfreted as a semi derivative operator following the definition
transient ultrasonic waves in a homogeneous isotropic slabf the fractional derivative of order given in Samko and
of porous material having a rigid frame initially introduced coIIeague%O
by two of the author¢Z.E.A.F and C.D in Refs. 1-4. The
viscous and thermal losses of the medium are described by D'[x(t)]= 1
the Johnsoret al® and Allar® model modified by a frac- I(=v»)
tional calculus based method in order to be used in time . .
: : o ; wherel'(x) is the Gamma function.
domain. Reflection and transmission scattering operators of a ; : .
: : X L In this framework, the basic equations of our model can
slab of porous material are derived for an oblique |nC|denc%e written as
and thus the responses of the medium to an incident acoustic
pulse are obtained. v,
The outline of this paper is as follows. In Sec. Il, atime  pf@(t)* —~=—V,p and
domain model is given, and the basic equations of wave
propagation in porous material are written for an obliguewhere * denotes the time convolution operatign,is the
incidence. Section Ill is devoted to the direct problem and tcacoustic pressurey is the particle velocity, an&, is the
the expressions of the reflection and transmission kernels ibulk modulus of air. The first equation is the Euler equation,
the time domain at oblique incidence. Finally in Sec. IV, anthe second one is the constitutive equation.
experimental validation with ultrasonic measurement is  For a wave propagating at oblique incidence in the plane
treated for two plastic foams having different values of flow (x02 and making an anglé along thex-axis, these equations
resistivity. The porosity and tortuosity are measured via rebecome
flected waves for different incidence angles.
dvy(X,z,1) N 2pfaoo( 7 )

Pra="""5 A TPt

f;(t—u)‘v‘lx(u)du, ©)

O, b _

K, ot =V, (4)

1’2Jt v (x,z,t")at’ it
0 Ji—t’

1. MODEL ap(x,z,t)
| A T

In the acoustics of porous materials, a distinction can be
made between two situations depending on whether the 5, (x zt) dpra.. [ 7
frame is moving or not. In the first case, the dynamics of thepsa.. at N ( )
waves due to the coupling between the solid frame and the
fluid are clearly described by the Biot thedf.In air- ap(x,z,t)
saturated porous media the structure is generally motionless = — Q7 (5)
and the waves propagate only in the fluid. This case is de-
scribed by the model of equivalent fluid which is a particular 1 ap(x,z,t)  2(y—1) 7
case in the Biot model, in which the interactions between th ot KA ( )
fluid and the structure are taken into account in two fre- 2 a
guency response factors: the dynamic tortuosity of the me- dv(x,z,t)  dv(x,z1)

dium a(w) given by Johnsoret al® and the dynamic com- = X 9z

!

”T a,(x,z,t" ) ot’

0 Jt—t’

TPt

!

mft ap(x,z,t")lat’

0 Ji—t’

mpi Py

pressibility of the air included in the porous materjz(w)

given by Allard® In the frequency domain, these factors mul-where vy, v, are the components of the particle velocity
tiply the density of the fluid and its compressibility respec-along the axex’ andz

tively and represent the deviation from the behavior of the In these equations, the convolutions express the disper-
fluid in free space as the frequency increases. In the timeive nature of the porous material. They take into account the
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Incident wave

Co Co

(€)

. ) Xxcosf zsind
p'(x,z,t)=p'(t— )

where ¢y is the velocity of the free fluid X<0); cg
:\/Ka/Pf-

In the region G=x=<L, the pressure wave is given by
Reflected wave

: 0ol t xcosf' zsing’ 10
X p (X!ZY )_ p C/ C/ ’ ( )
T — wherec’ is the velocity in the porous material €Xx<L),
and the refraction anglé@’ is given by the Descartes-Snell
FIG. 1. Geometry of the problem. Iaw:G
sing sing’
memory effects due to the fact that the response of the me- o o (11)
dium to the wave excitation is not instantaneous but needs 0
more time to take effect. To simplify the system of equatiort§), we can then use
the following property:
d sing 4 12
lIl. DIRECT PROBLEM 72 oy ot (12)
The direct scattering problem is that of determining thewhich implies
scattered field as well as the internal field, that arises when a P sing o p sing o
known incident field impinges on the porous material with ~ “Yz_  >11Y %Vz an op__sin? _p. (13
known physical properties. To compute the solution of the 92 Co ot 9z Co ot
direct problem one needs to know the Green's .funétmtfn From Egs.(7) and(13), we obtain then the relation
the modified wave equation in the porous medium. In that _ 1o 1
case, the internal field is given by the time convolution of the ~ %Vz _ sir” ¢ atb J L (14)
Green’s function with the incident wave, and the reflected 9z ch a1z at’

and transmitted fields are deduced from the internal field an . .
the boundary conditions. In this section some notation is in—%y using Eqs(®), (8), .and§1.4), the equation systeitt), (7)
and(8) can thus be simplified to

troduced. The geometry of the problem is shown in Fig. 1. A
homogeneous porous material occupies the regisfaix O vy (X,Z,t) M (x,2,1) ap(x,z,t)

<L. This medium is assumed to be isotropic and to have & — et v (15
rigid frame. A short sound pulse impinges at oblique inci-

dence on the medium from the left, it gives rise to an acous- dp(x,z,t)  #¥?p(x,z,t)

tic pressure fieldp(x,z,t) and an acoustic velocity field ot + a2
v(x,z,t) within the material, which satisfying the system of . 11
Egs.(5), which can be written as __duxz) N sir 6 athl L Ip(x,z,1)
X c gt~z a
A (X,2Z,t Y2 (X, 2, ap(x,z,t
N x<(9t ), (;t(l/2 ) p(ax ) @ 16
From Eqgs(15) and(16), we derive the generalized lossy
v A(X,Z,t) Y ,(x,z,1) ap(x,z,t) wave equation in the time domain along thaxis
T Az T T g @
?p(x,z,t)  #’p(x,z,t) _ ¥%p(x,z,t)
dap(x,z,t) . ap(x,z,t) A (X,Z,1) ax® at? o2
172 ==
v Ax,2,0) ® —C—— 70 (17
7z where the coefficientd, B andC are constants, respectively,
with given by
2Pf%(’7)1’2 1 2a. [pm[1 y-1
a:pfaoo! b: - ) A:— — n2 B: e pfn — 4+ 7
A pf Cg(aoc SI 0)1 Ka T \A \/E['A’ )
1 2(y-1 v
d=-— and f:(Y—’)(L) ) and (19
Ka KaA piPy

In the regionx<0, the incident pressure wave is given — c_ M_
by K.AA'\Pr
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The first one is related to the velocity of the projected wavegiven in Ref. 1, we obtain the reflection and transmission
along thex-axis c=cq/+\/a..—sir? 6. The other coefficients scattering operators for a slab of porous material at oblique
are essentially dependent on the characteristic lengythsd  incidence
A’, and express the viscous and thermal interactions be-

2n
tween the fluid and the structure. The consBugfoverns the R(t)= 1-E Z 1-E
spreading of the signal whil€ is responsible of the attenu- 1+E/a=0 \1+E
ation of the wave. Obviously, a knowledge of these three L L
coefficients allows the determination of the parameters X[ F|t,2n —) —F(t,(2n+2) —” (23
A, andA’. One way to solve Eq(l7) with suitable initial ¢ ¢
and boundary conditions is by using the Laplace transform. _ AE 1—E\2" L L
The approach is quite simple although the inverse Laplace T(t)= (1+E)? éo 1+E) Flt+ C_o’(2n+ 1)5),

transform requires tedious calcglA suitable setting for the (24)
introduction of the time domain solution of the modified
wave propagation equatigi?) is provided by the following ~ With

model. P

If the incident sound wave is launched in the region o\ 1-
=<0, then the expression of the pressure field in the region at = —0‘*_ (25)
the left of the material is the sum of the incident and re- Ja.. cosé

flected fields Theses expressions take into account rikraultiple reflec-

tion in the material.
), x<0. In most cases of porous materials saturated by air, the
(19) multiple reflection effects can be negligible because of the
high attenuation of sound waves in these media. This de-

Here,p; (x,t) is the field in the regiox<0, p' andp’ denote  ,on4s on the thickneds and the flow resistivityo of the
the incident and the reflected fields, respectively. In addltlonporous material.

atran_smitteq field is produced in the region at the right of the |, e case where the multiple reflections can be ne-
material. This has the form glected, the kernel of transmission is given by

X cosé

) X COS6O
pl(x,t)zp'(t— +p’(t+
Co

L (x—L)cosé AE L L
ps(x,t)=p‘(t——— —) x>L (20) Tt ——— - =
c Co T(t) (1+E)2F Hc’c ,
[ps(x,t) is the field in the regiox>L andp' is the trans- and the kernel of reflection by
mitted field]. 5
The incident and scattered fields are related by the scat- R(t)=r(t)+ (), (26)
tering operatorgi.e., the reflection and transmission opera-, i
torg for the material. Theses are integral operators repre-
sented by (1=
t ) r(t)—(1+E a(t)
r — | B it _
p"(x,t) fOR(T)p (t T+ c dr and 27)
- . X cosf 4E(1-E) 2L
=R(t)* p'(t)*é(t+ o ) (21 %(t):—W—F t’?
¢ . L (x—L) r(t) is the instantaneously response of the porous material
pi(x,t)= j 'NI'(T)p'(t— T— —— )dr corresponding to the reflection contribution at the first inter-
0 ¢ G face x=0).
_ i L (x—L)cosé In the case of a semi-infinite rlledium when- o, it can
=TO*p'()* 6| t— = C (22 be shown that F(t,2L/c)—0 andR(t)—r(t). This means

that 2R(t) is equivalent to the reflection at the rear interface
In Egs.(21) and(22) the functionsR andT are the reflection (x=L), which is the bulk contribution to the reflection. The
and transmission kernels, respectively, for incidence from th@art of the wave corresponding it¢t) is not subjected to the
left. Note that the lower limit of integration in Eq&1) and  dispersion but is simply multiplied by the factor {E)/(1
(22) is chosen to be 0, which is equivalent to assume that the- E). This shows that although tortuosity is a bulk param-
incident wave front first impinges on the materialtat0. eter, it may be evaluated from the wave reflected at the first
The scattering operators given in E¢81) and(22) are  interface when the porosity is known and vice versa. Al-
independent of the incident field used in the scattering exthough generally speaking it is easy to evaluate the tortuosity
periment and depend only on the properties of the material§rom transmitted wavés'**°?Xthis is not the case for poros-
To derive the reflection and transmission coefficientsjty because of its weak sensitivity in transmitted modeg-
the boundary conditions of the flow velocity at the interfacesure 2 shows two simulated transmitted signals for a plastic
x=0 andx=L are needed.Using the same calculus steps foam M1. The first ondsolid line) corresponds to the value
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FIG. 2. Transmitted simulated signals fgr=0.98 (solid line) and for ¢

. FIG. 4. Experimental set-up of the ultrasonic measurements in reflected
=0.49 (dashed ling

mode P.G.: pulse generator, H. F. F-P. A: high frequency filtering-pre-
amplifier, D.O: digital oscilloscope, C: computer, T: transducer, S: sample.
of porosity ¢»;=0.98 and the second oridashed ling cor-

responds top,=0.49. The parameters of the plastic foam o _

M1 (thickness 1.1 cmgp=0.92, @.,.=1.25,A=50um and different values of the incidence angle The expression of
A'=150um, flow resistivityc=38 000 Nn *s) have been the reflection coefficient at the first interface is given by

determined using conventional methdd<"'*2'Readers can P a2y
see the slight difference between the two curves for a 50%  (t, )= @ COSH— v Sf 4 5(t). (28)
difference in porosity values, which is due to the dispersion a,, COSH+ d)Vaoc—Slﬁz 0

phenomenon that is governed by viscous, thermal and iner- o two values of the incidence angle and 6,, it is
tial effects contributed byr.., A and A’ and plays a more g55y 10 calculate the expression of the tortuosity function of
important role in the Green functidf(t,k) than ¢. the reflection coefficients;=r(t)[,, andr,=r(t)|,, corre-

In Fig. 3 we show by numerical simulation, the differ- . :
ence between the reflected wave at the first interface and thsé) onding to the angleg; and 6, , respectively,
(1—ry)(1+r,)cosb,

total reflected wave. The difference between the two curves z )

is marginal. This means that the wave reflected by the slab (1+1,)(1—r,)c0S0, Sir? 6, —sin’ 6,

may be approximated by the reflected wave by the first in- = . (29
terfacer (t) with a good level of accuracy. It is easy to verify (1=r,)(1+r,)cosh,)|?

that this appr(_)ximation Iis valid for any !ncidence angldn (1+r,)(1—r,)coS6, a

the next section, we will show, by a simple measurements,

how it is the possible to determine the porosity and the torKnowing the value of the tortuosity, we deduce the expres-
tuosity by measuring reflected wave by a slab of porous masion of the porosity function of; andr; by the expression
terial.

a(1—r;)cosé,

¢:(1+ri) \/Cl’oo_Sin2 o; ’

_ . ' As an application of this model, some numerical simu-
In this section, we measure the tortuosity and the porosfations are compared to experimental results. Experiments
ity knowing the reflection coefficient at the first interface for gre carried out in air with two broadband Ultran NCT202

i=1,2. (30)
IV. ULTRASONIC MEASUREMENT

0.15
1 b
0.1
3 3 os
© 0.05¢ -
QO [}
3 : 0
g W =
£ £ o5
-0.05¢ / 1t
~0.1 ‘ : : : : : :
4] 10 20 30 40 50 0.86 0.87 0.88 0.89 0.9
Time (micro sec) Time (ms)

FIG. 3. Reflected wave at the first interface 0 (solid line) and the total FIG. 5. Experimental incident signé&olid line) and experimental reflected
reflected wavddashed ling signal (dashed ling by the material M2 ¢=0 deg).
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transducers having a 190 kHz central frequency in air and a
bandwidth at 6 dB extending from 150 kHz to 230 kHz. A
goniometer used in optic has been employed for the position-
ing of the transducers. Pulses of 400 V are provided by a
5052PR Panametrics pulser/receiver. The received signals
are amplified up to 90 dB and filtered above 1 MHz to avoid
high frequency noise. Electronic perturbations are removed
by 1000 acquisition averages. The experimental setup is
shown in Fig. 4. The distance between the transducers and
the samples is 20 cm. The duration of the signal plays an
important role, its spectrum must verify the condition of high
frequency approximation referred to in the previous section.

150 200 250 300 350

Frequency (KH2) The parameters of the first investigated plastic foam M2

are: resistivity c=2500 Nm #s, thickness 4.1 cmA

FIG. 6. Spectrum of experimental incident sigsblid line) and spectrum =230um, andA’ = 690 um. Figure 5 shows the incident

of experimental reflected signadashed lingfor #=0 deg.

Amplitude (a.u.)

1.5r

signal generated by the transdudeolid line) and the re-
flected signal by the plastic foam M&ashed ling for nor-
mal incidence. Figure 6 shows their spectra. From the spectra

of the two signals, the reader can see that they have practi-
cally the same bandwidth which means that there is no dis-
persion. The reflected signal from the foam M2 is very small
compared with the incident signal because of the low value
of its flow resistivity o.

Figure 7 represents the incident signal generated by the
transduce(solid line) and the reflected signal by the plastic
foam M2 (dashed ling for an incidence angle/=53 deg.
Figure 8 depicts their spectra, showing that there is also
no dispersion in the diffusion process. This concurs with
the theory below which predicts that the reflected wave
from the first interface X=0) is measured and simply at-

1.26 1.2T7_ (1.2)8 129 13 tenuated by the factora(, cos6— ¢/a.,— sir? 6)/(a.. cosé
Ime {ms +¢\a,—sir? 6). Table | gives the experimental data of the

FIG. 7. Experimental incident signé&olid line) and experimental reflected reflection coefficient for different values of the incidence

signal (dashed ling by the material M2 ¢=53 deg).

Amplitude (dB)

angle ¢ and Table Il give the values of the tortuosity and
porosity calculated using of Eq&9) and (30) for each pair

of incidence angles. The average value of the tortuosity ob-
tained from these measurementsuis=1.07+0.09 and the
average value of the porosity #=0.97+0.01.

Figure 9 shows the experimental data of the reflection
coefficient for different values of the incident angle and
the simulation of the variation of the reflection coefficient
with the incident angl® for the values of the tortuosity.,
=1.07 and porosityp=0.97. The value of the porosity of
the plastic foam M2 given by the porosiméfeis ¢=0.98
+0.02, and the value of the tortuosity given by classical
method>*1%21is o, =1.06+0.08. The reader can see the
slight difference between the values of the porosity and tor-
tuosity measured using this method and the other classical
methods: 3418192 jgure 10 shows the comparison between

100 150 200 250 300 350
Frequency (KHz)

the simulated reflected signal at the first interface calculated
for a,,=1.07 and¢=0.97, and the experimental reflected

FIG. 8. Spectrum of experimental incident sigisoblid line) and spectrum signal foro=17 deg_ Figure 11 shows the same comparison
of experimental reflected signédashed lingfor #=53 deg. for 6=53 deg.

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003

TABLE |. Experimental data of the reflection coefficient for different values of the incidence @ngtam
M2).

Incidence angle (deg 0 8 14 17 23 30 35 41 53.5

Reflection coefficient 0.033 0.0326 0.0322 0.0315 0.0300 0.0265 0.025 0.0164 0.005

Fellah et al.: Pulse propagation in porous media 2429



TABLE Il. Values of the tortuosity and porosity calculated for each pair of
incidence angleg,; and 8, (foam M2. 0.05¢
Incidence angle9, /6, (deg Tortuosity Porosity

@ 3
0/8 1.080 0.976 rY
0/14 1.054 0.961 8 o
0/17 1.068 0.967 s
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 -0.05;
814 1.039 0.954 991 992 993 994 995
8/17 1.063 0.965 Time (ms)
8/23 1.069 0.968
8/30 1.085 0.975 FIG. 10. Comparison between experimental reflected sigudid line) and
8/35 1.070 0.968 simulated reflected signétlashed lingfor M2 (6=17 deg).
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 0.05¢
17/35 1.071 0.968
17/41 1.105 0.982
17/53.5 1.069 0.968 3
23/30 1.103 0.983 o
23/35 1.070 0.968 8 0
23/41 1.109 0.983 2
23/53.5 1.069 0.968 g
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 ~0.05}
35/53.5 1.069 0.968 . . ‘
41/53.5 1.068 0.968 1.26 127 1.28 1.29 1.3

Time (ms)

FIG. 11. Comparison between experimental reflected sigudid line) and
simulated reflected signétlashed lingfor M2 (#=53 deg).
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FIG. 9. Simulation of the variation of the reflection coefficiésslid line)
with the incident angle? and experimental data of the reflection coefficient FIG. 12. Experimental incident signedolid line) and experimental reflected
(stap for the material M2. signal (dashed ling by the material M3 ford=13 deg.
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FIG. 13. Spectrum of experimental incident sigfsadlid line) and spectrum

of experimental reflected signédashed lingfor =13 deg.
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FIG. 14. Experimental incident signedolid line) and experimental reflected

signal (dashed ling by the material M3 ford= 49 deg.
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FIG. 15. Spectrum of experimental incident sigfsalid line) and spectrum

of experimental reflected sign&ashed lingfor =49 deg.

TABLE IV. Values of the tortuosity and porosity calculated for each pair of
incidence angle®, and 6, (foam M3).

Incidence angle#, /6, (deg Tortuosity Porosity
(@
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

The difference between the simulated reflected signal
and experimental reflected signal is relatively weak which
leads to the conclusion that the values of the tortuosity and
porosity obtained are satisfactory.

Another plastic foam M3 (thickness 2.1 cm,A
=23 um, andA’ =69 um) with a higher value of the flow
resistivity o=125 000 Nm s has been investigated. Figure
12 shows the incident and reflected signals fiar 13 deg
and Fig. 13 shows their spectra. Here also, we can conclude
from the two spectra that there is no dispersion. Figure 14
shows the incident and reflected signals 3¢ 49 deg. Fig-
ure 15 shows their spectra. For this plastic foam M3, the
reflected signal is more important than the one of the foam
M2 because of its high value of the flow resistivity. The
approximation that the reflected signal is essentially due to
the reflection at the first interface is well verified in this case.

Table 1l gives the experimental data of the reflection
coefficient for different values of the incidence angland
Table IV gives the values of the tortuosity and porosity cal-
culated with Eqs(29) and(30) for each pair of the incidence
angles. The average value of the tortuosity obtained.is
=1.72+0.02 and the average value of the porosity obtained

TABLE IIl. Experimental data of the reflection coefficient for different values of the incidence ah@@am

M3).

Incidence angle (deg 0 13.5

23

32.5 39.7 49.8 54 60.3

Reflection coefficient 0.2274 0.221

0.2106  0.1905 0.1668 0.1163 0.0864 0.024
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eter introduced by Beranek and improved by Champoux
et al. or the other ultrasonic methods developed by Leclaire
et al.

The method is based upon the propagation equation in
time domain in a slab of porous material having a rigid frame
at asymptotic domaithigh frequency rangeA time domain
model of wave propagation in such material is worked out
from the concept of fractional calculus. The kernels of the
reflection and transmission scattering operators are derived
giving simple relations between these operators and the pa-
rameters of the medium. Because of the high attenuation in
10 20 30 40 50 60 70 such media, the reflected wave by the porous material can be

Angle (deg.) approximated by the reflected wave at the first interface. As a

FIG. 16. Simulation of the variation of the reflection coefficiéslid line) consequence, It gives a S|mple relation between the porosity,

with the incident angle and experimental data of the reflection coefficient [OMtUOSIty, incident .angle and reflected wave, proving in such
(stap for the material M3. a way that all physical parameters of acoustic material can be

evaluated from acoustic measurements.
An experimental validation of the theoretical expression

is ¢»=0.82+0.04. Figure 16 shows the simulated variation of Of the reflection scattering operators illustrates the high level

the reflection coefficient at the first interface for the value of®" correspondence between numerical and experimental re-
the tortuositya..=1.72 and porosity=0.82 and experi- sults and show that this time domain model is well suited for

mental data of the reflection coefficient. The value of thetn® cha:gcterlzatlon of porous media via acoustic wave
propagation.

porosity of the plastic foam M3 given by the porosimé&tés
¢$=0.8+0.1, and the value of the tortuosity obtained by
classical meth0d§'4’19'21is a,=1.7%= 0.1. Figure 17 shows ACKNOWLEDGMENT

the comparison between the simulated reflected signal at the

first interface calculated fow.,=1.72 and¢=0.8, and the The authors would like to express all thanks to the re-
experimental reflected signal fat=13 deg. The difference Viewers of the paper for their critical remarks.

between the two results is small which leads to the conclu-
sion that the values of the tortuosity and porosity obtained

are satisfactory.
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