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Porous media like air-saturated polymer foams with open cells, have a nontrivial frequency-dependent
absorption that arises due to viscous and thermal effects at the scale of the rigid frame microstructure. In order
to produce multiple scattering at ultrasonic frequencies, mesoscale scatterers are introduced in the porous
medium host. The effective wave number of such a multiscale medium should take into account the peculiar
absorption at the microscale and the multiple scattering at the mesoscale to describe precisely the propagation
of a coherent acoustic wave. For this purpose, a simple model is developed. First, an equivalent fluid model,
derived from a homogenization method, is used to describe the acoustic propagation in the host porous medium
itself. Second, the scattering by the inclusions is described with a multiple scattering approxigimatapen-
dent scattering approximatipnThis simple model allows to obtain the total effective wave number of the
porous medium with mesoscale scatterers. After some validating results on the multiple scattering by an array
of rigid cylinders in air, experiments on the multiple scattering by rigid cylinders embedded in a porous
medium are presented and compared to the developed simple model. Incidentally, it appears that for the host
medium itself, the equivalent fluid model is not capable to describe the high-frequency behavior whilst a
multiple scattering approach witithin) viscous and thermal boundary layers around the scatterers is accurate
in the whole frequency range.
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The multiple scattering of classical waves in inhomoge-literature [5]. Since our experiments are concerned with
neous media has been extensively studied these past 50 yeaparse distributions of scatterers, we have chosen the so-
[1-7]. For elastic waves, weakly dissipative host media forcalled independent scattering approximatidi$A) [25],
scatterers are often used: water, solid plg&@sl(. How-  theoretically valid for low densities of randomly located
ever, in the case of host media like porous absorbing matescatterers. This approximation only requires the scattering
rials implying a strong dissipation, the nontrivial frequency amplitude of one scatterer in the forward direction and the
dependent absorption that arises in such media has to kgensity of scatterers in the medium. Concerning the absorp-

taken into account to describe the acoustic wave propagatiofion, it is taken into account by considering viscous and ther-
For acoustic porous materials, at long wavelengthi.e.,  mal effects at the microscopic scale.

when the latter is much larger than the characteristic dimen- |n the first part, we present results from experiments at
sion of the microstructuré¢the microscopic scajethe propa-  ultrasonic frequencies in a random array of rigid cylinders
gation is well described by the homogenized theory of poplaced parallel in air. In this case, viscous and thermal effects
rous materialg11-21, which is analogous in some respects occur mainly in the boundary layers at the cylinder surface.
to the theory of electromagnetic wave propagation in dielecwhen these effects are taken into account in the ISA, it
tric materials[22]. If we introduce scatterers with a mesos- yields a modified ISAISAB) with a small correction to the
copic scale much larger than the microscopic scale in theffective wave number. Measurements of the coherent wave
porous medium, the propagation can be described by a mukttenuation and velocity are compared to the theory. This
tiscale approach; the multiple scattering by the scatterers alidates the chosen multiple scattering approximation for a
the mesoscale can be described by a multiple scattering agtiing ratio up to 0.1 and for wavelengths ranging from 40 to
proximation and takes place in a homogenized porous ak cylinder radius.
sorbing medium described by the above mentioned homog- |n the second part, the random array of rigid parallel cyl-
enized theory of porous materials. This regime, wher@nders is embedded in a porous material—an air-saturated
dissipation and scattering take place, has not been extegolyurethane foam with open cells and low flow resistivity.
sively studied. Paradoxically, this latter is of real interest dU@\Ccording to the homogenized theory, as |0ng as the wave-
to the numerous opportunities to meet such a problem, e.giength is large compared to the characteristic microscale, this
in biological ultrasonicg23] and in seismic§24]. latter material can be considered as an equivalent fluid pos-
In this paper, we want to investigate the effective mediumsessing nontrivial frequency dependent absorption. Then, the
properties when both multiple scattering and absorption efeffect of the rigid cylinders on the coherent wave propaga-
fects are present. Concerning multiple scattering, several efion can be taken into account using the ISA with the equiva-
fective medium approximations have been proposed in theant fluid as the host medium. Comparisons of this simple
multiscale approach with measurements for two different
filling ratios of rigid cylinders are done. Results show that
*Electronic address: vincent.tournat@univ-lemans.fr the presence of scatterers has a significant effect on both the

1539-3755/2004/1@)/02660910)/$22.50 70 026609-1 ©2004 The American Physical Society



TOURNAT et al. PHYSICAL REVIEW E 70, 026609(2004)

attenuation and phase velocity of the coherent wave. For the In the case of a plane wave incident on a two-dimensional
highest frequencies, as confirmed by the experimental rg2D) cylindrical scatterer at rest, the acoustic pressure can be
sults, the equivalent fluid idealization of the host porous mewritten
dium is no longer completely valid and additional scattering

+o0 +oo
effects by the microstructure manifest themselves. It appears _ N imioy _
that these effects may be taken into account in the present p(r.0) = zo Pm= n%ol (2 = Omo)[Im(Kor)

multiscale description, by modeling the host medium with an
ad hocutilization of ISAB. The resulting description enables + DiHum(kor) Jcogme), (4)

us to accurately match the experimental data in the wholgperep  are the scattering coefficients. Expressing the self-
frequency range, taking into account both aspects of absor%‘nergyi( ) in terms of the scattering coefficienB,, it

tion and scattering. yields [26]
+oo
I. PRELIMINARY EXPERIMENTS AND MULTIPLE i _
SCATTERING APPROXIMATION ANALYSIS a)= 4n|m2:0 (2 80D ®

A quantity that is of interest for the propagation of an  without absorption, the classical Neumann boundary con-

acoustic wave in a multiple scattering medium is the congitions for rigid scatterers are used, and the scattering coef-
figurationally averaged Green's function, related to theficients are given by

propagation of the coherent amplituffg. This function can

; Jr(koR
be written as Dy,=- T(ko ) , (6)
> 1 Hm(kOR)
(C)w,k) = (1 whereR is the cylinder radius, and/, andH/, are the first

kfz)(“’) —K =Y.k derivatives of the cylindrical Bessel and Hankel functions.

With absorption, the equivalent surface admittance can be
. ) - used to take into account the viscous and thermal effects
uniform-medium wave number, the angular frequenck  \yhich occur in the boundary layers and are generally ne-

the wave vector, an&(w,lz) is the self-energy. glected out. New scattering coefficierids, including these

The self-energy®(w,K) that arises because of the local €ffects are obtained as follows. In the case of a plane wave
deviations of the medium wave number from the uniform-incident on a motionless flat surface of large heat capacity,
medium valuek,, contains information about the multiple the equivalent surface admittang@erelates the pressure and

scattering. In particular, if in a regime, the self-energy has nghe normal derivative of the pressure bik,p=dp/Jn and

o H H —loty.
k dependence, it becomes possible to define an effective mggs the following form(26] (conventione™"):

dium, seen as a homogeneous medium by the coherent am- 1-i |<(2)l
plitude[5]. Owing to Eq.(1), the propagation of the coherent B= 7ko (y=Dé+|1- E O | (7
amplitude is described by an effective wave numkesuch
that wherevy is the air specific heat rati@, the thermal boundary
layer thicknessg, the viscous boundary layer thickness, and
K=kj—2(w) (2) ko, the normal component of the air wave vector. Assuming
) . that the scatterer is cylindrical, rigid, and of large heat ca-
and the problem is reduced to determining the complex Selfpacity, an expression for the admittangg seen by a com-
energy. ponentm of the field in Eq.(5) can be obtained by identify-

The independent scattering approximation assumes th‘mg in Eq. (7) the normal wave numbég,, with the radial
there is no correlation between the scatteféisin this ap-  |ya.e numberk. Sincekzzkg—mz/rz the following admit-
proximation, the self-energy, the quantity which is used to5ce is obtained: ' ’

renormalize the effective wave number of the multiple scat- 2
tering medium, is expressed 1-i
. pressed B35 Bn==oko| (Y= D+ 558, |- ®)
I 2 KR
=n(kolt|ko), 3 . . . .
(o) = nkoltlko ® The condition to use this admittangg, is that the surface
where n is the density of scatterers in the medium, andshould appear locally flat, i.eq, and 6,<R. Applying the

(kotlko) the term of forward scattering of tite matrix for a ~ Mixed boundary conditions a&=R,

single scatterer. In this section, we consider a random array , J Pm

of rigid cylinders placed parallel in the air and we apply the = 1 BrkoPm = o (9)
above theory. The governing equation of the host medium

(air) is the Helmholtz equation and two different boundaryit is possible to determine the scattering coefficients:
conditions on the cylinder are considered in the mogiel: / :

Neumann boundary condition without absorpti@iny,imped- D.=— I koR) + 1 FmIm(KoR) (10)

m

ance boundary condition with absorption. H/(koR) + i BrHm(koR)

where (---) denotes the configurational averadg, is the
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The use of these new coefficients in the previous ISA 1 2f 1 f
formula, Eq.(5), takes into account the viscous and thermal a,=1+f, —=—, —==_. (15
. . A R A" R
losses at the boundaries of the scatterers. In the following,
ISAB will denote this modified ISA. Thus it is verified that, to the first order in volume fraction

Using Egs.(5) and(2), the effective wave numbdg, can  f, the low frequency limit of the multiple scattering approach
be explicitly evaluated. Eventually, the phase velocitpf ~ (ISAB) and the high frequency limit of the homogenization
the coherent wave is approach EFM) are the same.

Relko) '

and the transmission coefficieAtby a slab of thickness,
neglecting the reflections at the slab interfaces is

v= (11) B. Experiments

The sample consists of a disordered arrangement of par-
allel rigid cylinders embedded in air. The disorder is obtained
by building a roughly regular array of parallel cylinders. The

A=gmielL (12)  cylinder radius is 0.4 mm and the filling ratio is=0.1. For
the ultrasonic excitation and detection, the same wide band-
width (20—200 kHz transducers are used. The signal to
A. Long-wavelength limit noise ratio is improved by repetitive averaging of the de-

The physical consistency of the present multiple scattertected signals using a digital oscilloscope. A rough estima-
ing approach IS8 may be checked in a nontrivial manner in tion of the separations between cylinders is about 2 mm,
the long-wavelength limik,R— 0, by comparison with the Which is not small compared to the wavelength
known high-frequency limit of the homogenized method, de(17—-1.7 mm. Thus it is knowna priori that the long-
scribed in Appendix A and denoted as the equivalent fluidvavelength theoryEFM) will not be capable to describe the
model (EFM) [20]. propagation.

On the one hand, when the wavelength becomes very An interesting quantity to plot is the transmission coeffi-
large compared to the cylinder radius, Rayleigh scatteringient of the coherent amplitude through the slab sarfgee
occurs (monopole and dipole radiatipn The self-energy EQ. (12)]. The coherent acoustic amplitude, which propa-
summation5) may be limited tan=0, 1, and théBessel and gates in the sample as in an effective homogeneous medium,
Hankel functions in Eq(10) may be developed using known is obtained experimentally by averaging the transmitted
expansions. To the leading orderkgR the result is pulse over 40 positions of the samp83. Notice also that the

diameter of the transducé# cm) is not small compared to

kﬁz k%{l +f[1 (1 +i)(25” (y- 1)@)”, (13) the wavelengthg17—1.7 mm, and this corresponds to an
R R additional averaging. However, it remains a part of incoher-
where the filling ratiof =n7R? is defined as the specific vol- ent field in the averaged_ signal, which causes fluct_uc_':ltions in
ume of solid cylinders, the results of th_e expenmer_wtal transmission coefficient and

On the other hand, the EFM description may be applied t(;he phase velocity. As the discontinuity of impedance at _the
the same problem, assuming that the wavelength is mucﬁample surfacgs has a very _weak .effect on the transm_ltted
larger than a “coarse graining” characteristic cell size, whichCOheref1t amplitude for this filling ratio, the back propaga_tlng
smoothes out the microstructure. Then assuming in additiofy 2ves I af‘d out the sample are neglected. Th_e transmission
that the frequency may be taken sufficiently high, so that th coefficient is then supposed to be the attenuation of the co-

ferent amplitude over the thickness of the sanjgl@. In
boundary layers appear locally plat&,, 4,<R), the EFM Fig. 1, the experimental transmission coefficient is plotted

e oot osens o ocanflrss requency, fom 50t 180 i, and compred 0 e
ten forlfz [15.20,21.29 ymp P Estimation of the ISA and the ISA[Egs.(2), (5), (6), and
e e (12) and Egs.(2), (5), (10), and(12), respectively. Notice
s s (8, S that the ratiod, ,/R varies in this frequency range from 1/25
ke=kg a| 1+(1+i) At (v~ 1); , (14 to01/80, thus ensuring the validity of the relati8).

For both the transmission coefficient and the phase veloc-
wherea.,, A, andA’ are three independent geometrical pa-ity of the coherent amplitude, plotted in Fig. 2, the ISA and
rameters, described in Appendix A. To compare this resulthe ISAB fit the experimental data. The correction included
with that of the ISA3, Eq. (13), we note that the latter is in the ISAB which takes into account the effect of the vis-
thought to be exact only in a corresponding dilute limit. Thiscous and thermal boundary layers is too weak compared to
is because the effect of the correlations between the scattehe noise of the experimental data to allow direct validation.
ers, not included in the 1SB, will affect the higher order However, a slight improvement is observed in the low fre-
terms that cannot be discarded when the concentration irguency range for both transmission coefficient and phase ve-
creases. For our check of consistency, a dilute approximatiolocity measurements.
is thus to be introduced in Eql14). For dilute arrays of The lower values obtained by the IBAare due to the
parallel cylinders and a propagation normal to the cylindersyiscous and thermal losses. As can be expected, the differ-
the following are exact results, to the first order in the filling ence between the two models is more important in the low
ratio f [27]: frequencies because of the larger extent of the viscous and
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thermal boundary layers. We note that the satisfactory agreelers(2D problem) or sphereg3D problen). Second, experi-
ment between experimental data and Sistifies the use mental results for the attenuation and velocity of a coherent
of the independent scattering approximation, up to filling ra-wave in slabs of rigid cylinders placed parallel in a polymer
tios on the order of =0.1. The ISA will be used next in the foam are presented and compared to the developed multi-
similar problems with an equivalent fluid porous mediumscale approach.

replacing the air, and different kind of scatterers.

A. Multiple scattering description
Il. MULTIPLE SCATTERING IN POROUS

According to the equivalent fluid model, the long-
ABSORBING MEDIA

wavelength sound propagation in a rigid frame porous mate-

In this section, the problem of the propagation of acoustidial is formally the same as in a fluid with complex,
waves in a multiple scattering and absorbing porous mediurffequency-dependent, densjifw) and bulk moduluK(w).
is treated(see Fig. 3 We consider a host fluid material The precise definition and modeling of these effective quan-
A—generally an equivalent fluid porous material—in whichities is recalled in Appendix A. From the effective density
scatterer8—fluid, equivalent fluid, or rigid—have been im- and bulk modulus, it is possible to determine the equivalent
mersed randomly and with a low densitess than 10% of fluid wave numbek(w)=w/\K(w)/p(w) and characteristic
the total volume typically. impedanceZ(w) = \/p(w)K(w).

First, the different cases are treated analytically by the In the following, subscript$\, B will be used to distin-
multiscale approach, with scatterers given by parallel cylin-guish the quantities related to the host and scatterer materials

336 i §
DR

w
w
~

(9]
[%5]
N

FIG. 2. Phase velocity of the
coherent amplitude in the slab
composed of parallel rigid cylin-
ders of radius 0.4 mm with a fill-
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o
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(9%

326 ing ratio of f=0.1. Experimental
SA curves(Expt. 1 and Expt. Rare
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Layer of multiple scattering

and absorbing medium

l Host material

(material A)

FIG. 3. Problem under
consideration.

Incident plane wave

/ > Scatterers

(material B)

A, B. The expression of the scattering coefficients &, 4mi 2
now need to be generalized by taking into account the propa- Saplw) = — > (2m+ 1)d,,. (19
gation in materiaB and the appropriate boundary conditions Ka m=0

at the interface between materiédland B. As discussed in Using Eqs.(18) and(19), the effective wave number of the

Appendix A, the usual continuity conditions of pressure and,jtipje scattering and absorbing medium is then determined
normal velocity still apply, with appropriate definition of the ;. iha 2D or 3D case as

“macroscopic” pressure and velocity. Thus, in the 2D prob-

lem, the scattering coefficients are given (sge Appendix ke = [K& — 3 2p(w) ]2 (20
B
) or
Z , , ke = [ki_ Sap(@)]2. (21)
2 In(kaR)I;(keR) = I (KaR) I (keR) _ o
_ 48 These results can be directly applied to different problems:
D= . (16 : ) X AP
, Zn , fluid scattererqlike holes filled with aij in a porous me-
Hin(KaR)Jm(ksR) = {Hm(kAR)Jm(kBR) dium, porous scatterers in a fluid medium, and porous scat-

B terers in a different porous matrix. For the case of rigid scat-

In the 3D problem, the scattering coefficients #see terers embedded in a porous medium, one must consider that
Appendix B the characteristic impedance raffq/Zg vanishes and use
the simplified expressiond9) and (B10) of the scattering
Zi. ' ' ' coefficients.

Z*BJm(kAR)Jr,n(kBR) = Im(KaR)jm(kgR)
dn=

(17 B. Experiments

Z
hi(KaR)jm(ksR) = ;hm(kAR)j;n(kBR) Without resonant scattering, strongest effects of the mul-
B tiple scattering in a porous medium are obtained with rigid
Then considering a medium with a random distribution ofscatterers due to the “infinite” impedance mismatch between
scatterers the self-energy is, in the frame of the independetite scatterers and the matrix host material. Besides, resonant

scattering approximatiofb,25], scattering is difficult to achieve due to the low quality factor
of porous absorbing media. For these reasons, rigid scatterers
+o0 have been chosen.
Sop(®) = 4Ni 2 (2= 870)Dpy (18) _
m=0 1. Samples and experimental setup

Samples are polymer foam slabs of 5 cm thickness in
and which full metallic cylinderg1.6 mm in diameterhave been
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TABLE I. Polymer foam parameters used for the computation ofintermediate frequencies for the transmission coefficient. At

the equivalent fluid model. low frequency, the four plotted models which are to be next
detailed fit correctly the experiments.
a., ¢ A(um)  A'(um) ko(m?) ko(m?) Due to the ultrasonic transducers low efficiency under

20 kHz and above 180 kHz, experimental data outside the
range 20—180 kHz are noisy.
The dashed thin line corresponds to the equivalent fluid

. o . model(EFM) applied to the only porous material, using the
embedded in a parallel manner but with disordered |°Cat'°”§3arameters of Table | and formulas Ega4) and (A5) to

Values of the characteristic parameters of the polymer foamgetermine the equivalent wave number. It is obvious that for
taking place in the EFMsee Appendix A are collected in  fraquencies higher thar 100 kHz, this model does not de-

Table |. These parameters have been obtained by other phySizrihe correctly the propagation in the porous material, the
cal or low-frequency acoustical methods and slightly opti-yansmission coefficient being overestimated. Indeed, at
mized numerically(in the range of their uncertaintie$o  inege frequencies, the acoustic waveleng#8 mm and
ensure the best fit with experiments. Two different sample%ss becomes comparable to the characteristic size of the
are useddenoted by sample 1 and samplec@rresponding  micro-structure, i.e., the size of the pores 1-2 mm. It is
to two different filling ratios of scatterer$;=0.052 andf;  ynowna priori that the EFM will not be capable to describe

=0.024, respectively, or equivalently to the following scat-his regime where scattering by the microstructure of the
terers densitiesy; = 26000 nm? andn,=12000 m?2. porous material itself takes place.

The experimental setup is identical to the one of Sec. IB.  EFor the low frequency part of the frequency band
However, the additional spatial averaging, by translating 'aF'(20—100 kH2 where scattering by the porous material itself
erally the lsamples, has not ‘?ee” performed. A reference Sl90es not play an important role, the immersion of the cylin-
nal associated to the acoustic propagation between the ultrgyic, rigid scatterers strongly decrease both the transmission
sonic emitter and receiver~20 cm in the air only is first a4 the phase velocity of the coherent wave in the medium
registered. Thgn, the same signal is sent to a slab made of t'@leigs. 4 and % This behavior is well described by the ana-
porous material Wlthogt the_scatterers, plaqed between thl?tical approach developed in this paper for rigid parallel
transducers. The received signal spectrum is used to dete&ylinders in a porous medium, i.e., with the help of EG®)
mine the velocity dispersion curve and the transmission cozpq (20) (where the host mediurA is the EFM medium of

efficient of the slab. Finally, the sample slab made of thergpe ) and Eq.(B9), for R=0.4 mm anch,=26000 m? (it
porous material with the embedded rigid cylinders is substijg important to notice thaR and n, are directly measured

tuted to the previous sample. The associated velocity dispefyantities and were not adjusjed@his approach is plotted in
sion and transmission curves are thus obtained. dashed thick lines and is denoted by the EFM+ISA theory.
The same analysis can be done for the experiments per-
formed with the sample Zf,=0.025 that are plotted in
The transmission coefficient and velocity dispersion curveFigs. 6 and 7. The filling ratid, of sample 2 being less than
for the sample 1(f;=0.052 are plotted in Figs. 4 and 5. the filling ratio f; of sample 1, the effect of multiple scatter-
There exists a strong influence of the scatterers on both phaggg by the rigid cylinders has a weaker effect on the trans-
velocity and transmission coefficient. It is especially the casenission by the slab and on the phase velocity. Once again,
in the low-frequency part for the velocity plots and in the due to the scattering by the porous material microstructure

1.053 0.98 450 1000 1.8810% 4x10°8

2. Experimental results and additional modeling

1.0 ; ; ; 7
I Expt.in porous medium
- = - Equivalent fluid model
€ o8 —isAp
2 7/ Expt.in porous medium + scatterers
2 U == Equivalent fluid model + ISA
g Ny = ISAB + ISA
3 06 ™ FIG. 4. Transmission coeffi-
cC> cient of the sample 1 made of a
G W . porous material where parallel
9 04 L TTTT N rigid cylinders of radius R
g =0.8 mm have been included with
g the filling ratio f=0.052.
|: 0.2 ”
iy
I///////////////////
0.0 : =
| | |
02 04 06 08 10 12 14 16 18x10°
Frequency (Hz)
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330
328
D 326
E
% 824 FIG. 5. Phase velocity of the
o coherent amplitude in the sample
Q 22 S 1 made of a porous material where
@ AW | Expt.in porous medium parallel rigid cylinders of radius
&8 320 - - - Equivalent fluid model |- R=0.8 mm have been included
i — ISAB . with the filling ratio f=0.052.
318 N Expt..ln porous medium + scatterers|
== Equivalent fluid model + ISA
= |SAP + ISA
316

0.2 0.4 0.6 0.8 1.0 1.2 1.4 16 18x10°
Frequency (Hz

itself, the EFM does not fit correctly the experimental curvesthe case of polyurethane foams, scatterers are not easily iden-
in the high frequency part of the band. In the low frequencytified, and it is complicated to know priori their character-
part of the band, the associated EFM+ISA the@sjth n, istic size and density. We have found that it is possible to
=12 000 m?) fits perfectly the experimental deviations obtain with the 1SA8 the effective wave number of such
from the values of the porous medium due to the presence aghedia, by searching two equivalent parameters, a scatterer
the rigid cylinders. radiusR and a scatterer density. A minimization method

For frequencies low enough that the wavelengths are largbetween experiments and |8Aheory has been applied for
compared to the intercylinder distance, the samples with enthe imaginary part of the polymer foam wave number, and
bedded cylinders can be presumably well described by thgivesR=7.3xX10° m andn=4.2x 10° m™2.
EFM theory, but with renormalized values ef,,A,A’. This ISAB, applied to the porous medium itself, is plotted
However, in our experimental configuration for which thein Figs. 4—7 in a continuous thin line. Agreement between
acoustic wavelengths are less than 3 mm, this could only bexperiments and I1SA is observed for the whole frequency
checked at much lower frequencies than those presentednge. Then it is possible to substitute this [BAew effec-
here, because the intercylinder characteristic distance is estive wave number as the matrix wave number in the ISA, in
mated to be more than 3 mm. order to describe the scattering by the additional mesoscale

In order to take into account the scattering that occurs irscatterers. Especially for the transmission coefficient of the
the porous medium itself above approximately 100 kHz, itsample 2 in Fig. 6, this last modification improves greatly the
appears that aad hocutilization of ISAB is possible. matching between theory and experiments at high frequen-

Exact computation of ISR can be achieved when scat- cies, when scattering from both the porous medium itself and
terers are identical and with well defined shapes. However, ifrom the imbedded rigid cylinders is strong.

1.0 ‘ ! I
I Expt.in porous medium

— - - - Equivalent fluid model
c 08 —sAs e
g 7/ Expt.in porous medium + scatterers
ey == Equivalent fluid model + ISA
8 = |SAB + ISA
o oer FIG. 6. Transmission coeffi-
g cient of the sample 2 made of a
‘B porous material where parallel
g A R . 772 S S T/ s S rigid cylinders of radius R
o | b e i 0 Ty i T TiTTe-- =0.8 mm have been included with
S the filling ratio f =0.024.
I: 0.2

0.0

02 04 06 08 10 12 14 16  1.8x10°
Frequency (Hz)
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324 d : - . .
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.(c“ - - - Equivalent fluid model R_—0.8 mr_n_ have_ been included
o — ISAB with the filling ratio f =0.024.
322 | Expt.in porous medium + scatterers|-—-
== Equivalent fluid model + ISA
4 = |SAR + ISA
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| | | | |
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For higher densities of scatterers, the independent scatter- Using this approach, it is possible to account at the same
ing approximation may fail to describe the effective proper-time for the strong dissipation at the microscopic scale and
ties of the porous samples and other effective medium theder the multiple scattering at the mesoscopic scale. The so-
ries should be implemented, like, for instance, in Refscalled “high frequency” limit[20] of the homogenized
[24,3Q. theory approach for both micro and meso scales is only a

particular case of the developed approach, corresponding to a
limited frequency band which is both “low frequency” in the

[l. CONCLUSIONS sense of scattering effeatwavelength much greater than the
characteristic micro and meso scalaad high frequency in

Modeling of multiple scattering of acoustic waves in po- the sense of dissipation effeatsmall viscous and thermal
rous media, including absorption, is performed in two differ- boundary layer thickness at the microsgale
ent problems. In the first ongec. ), the microstructure of
the medium is made of scatterers with well defined shapes APPENDIX A: EQUIVALENT FLUID MODEL FOR
(parallel rigid cylinders The absorption is included in the ACOUSTIC PROPAGATION IN POROUS MEDIA
ISA through a concept of equivalent surface admittance to

take into account viscous and thermal effects. Associated ex- L€t L be a typical averaging length of the microstructure
periment is performed and agrees well with the ISA. of a rigid frame, air-saturated, porous material, such that this

In the second problertSec. 1), the microstructure of the Material appears homogenedasd isotropi¢ at this scalé-.
porous medium is complicated and cannot be described ea¥/hen consideringin the framework of linear acoustis
ily with a multiple scattering approximation. The EFM is Wavelength verifying the long wavelength conditider L, it
used to describe the acoustic propagation in the host materi§®n P& shown by spatial averaging methods that an effective
and the ISA to take into account the multiple scattering byVave number appears, such that
the included mesoscale scatter¢Ed=M+ISA mode). Ex- pdp
periments have been performed with a porous medjam kﬁzkg—o,
polymer foam in which rigid parallel cylinders have been Ke/Ka
immersed randomly. In the frequency range 20-100 kHzwherep, is a complex effective density of the air determined
the developed model agrees well with the experimentspy inertial and viscous interactions, ar, is a complex
Above ~100 kHz, scattering by the microstructure of the effective bulk modulus of air determined by thermal ex-
host porous material itself influences the acoustic propagachangegK, is the adiabatic bulk moduljsindeed, it can be
tion. This effect is taken into account by ad hocutilization  shown that in harmonic regimes'!, the two first order mac-

of |SAB where an equivalent radius and an equivalent denroscopic linear equations for wave propaga’[ion are
sity can be found. The obtained host wave number allows us

(A1)

>

to describe precisely the propagati¢including scattering —iwp(w)v =-Vp, (A2)
and absorptionin the porous medium itself in the whole

frequency range of the experiment. Finally, this wave num- 1 .

ber is substituted into the description of the acoustic propa- —i =-V.v, (A3)

® p
gation through the medium with additional mesoscale scat- Ke(w)
terers(ISAB+ISA), which also improves the agreement with where v and p are the macroscopic velocity and pressure
experiments in the whole frequency band 20—-180 kHz.  obtained by microscopically averaging the corresponding
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fields in the fluid. EquatiortA2) is an effective Euler equa- denote by corresponding subscrigtsand B the quantities

tion, which takes into account the inertial and viscous inter+elated to the host and scatterer materials.

actions between solid and fluid. Equati@®) is an effective o

equation of state which takes into account the thermal ex- 1. 2D problem of cylindrical scatterers

changes between solid and fluid. At the open boundary be- The acoustic pressure field outside the scatterer is written

tween the equivalent fluid material and the air, the continuityas a function of the distanceo the scatterer’s center and the

of the normal stress and normal flow will apply. The two angle 6 between the incident plane wave direction and the

continuity conditions reduce to the usyakssure and nor- observation direction:

mal velocity continuity conditiongrovided the macroscopic

variables are conveniently defined: the pressure is defined as

an “air phase averageand the velocity is defined as #dtal

volume average (=¢X air phase averagewhere ¢ is the

porosity). (B1)
Simple and relatively accurate scaling functions describgyhere 8, is the Kronecker symbok, the wave number of

the frequency dependence @fandK,, knowing a finite set  the matrix materialJ,, and H,, the cylindrical Bessel and

of geometrical parameter(s), a.., Ko, A, ky, A") associated  Hankel functions of the first kind, and,, the scattering co-

with the porous space. These functions have, in the generafficients. The first term in brackets corresponds to the de-

case, the following form$15,19: composition of the incident plane wae¥4”, and the second

400

PA(r,0) = 2 i™(2 = 80)[In(Kar) + DyHn(Kar) Jcogmé),

m=0

Dot ( 1 \/T ) to the scattered amplitude.
pelw) = 1-—1/1-—ix], (A4) Inside the scatterer, the acoustic pressure field is a sum of
¢ X 2 Bessel functions of the first kind},, with the associated am-
plitudesB,,;:

Ka N VIR .
Ke(w)—g{v—(y—l)(l-ix—, 1—?|x) ] ,

pe(r,8) = X iMBy(2 — 8100 dm(ker)cogmd).  (B2)
m=0

(A5)
with the following notations: The first boundary condition at the matrix-scatterer inter-
facer =R is the stresgor the acoustic pressyreontinuity:
8Koar., 8kja.,
M = I = R) = R). B3
The second boundary conditionratR is the normal flux
wapoko | wpoklPT c_ontinuity(vA)r:(vB)r, which_ gives, owing to the Euler rela-
X=—-, =) tion applied to porous medisee Eq(A2)],
n¢ n¢
. : . . 1 Jdpa 1 dpg
Here, ¢ is the porosity(ratio of the fluid volume to the total ——— (R =————(R). (B4)
volume), «a., is the Johnson, Koplik, and Dashen tortuosity pal@) ar pg(w) ar

factor[15], ko, not to be confused with the air wave number, |y order to find the scattering coefficierids,, the expres-
is Darcy’s viscous permeability) is the Johnson, Koplik, sjon of the acoustic pressure field EqB1) and (B2) are
and Schwartz pore size paramel2L, 28, k; is the Lafarge  supstituted in the two boundary conditions E¢83) and
et al.thermal permeability19], andA" is the Champoux and  (B4). Due to the orthogonality of the c@mé), the latter con-

Allard pore size parametgR9]. Thermodynamic properties itions apply separately to the different componemtgnd
of the saturating fluid—air—are given by, the ambient \;g|q

density, K, the adiabatic bulk modulusy the specific heat
ratio, » the dynamic viscosity, and Pr the Prandtl number. In

ZA ’ ’
acoustics, it is customary to use the air flow resistivity zBJm(kAR) In(kaR) = In(KaR) Im(keR)

=7lko, in place of the permeability. This parameter is di- Dm= 7 . (BY)
rectly measurable by means of dc air flow resistance mea- H; (kaR)Jm(kgR) = —AHm(kAR)Jr’n(kBR)
surements. Zg

2. 3D problem of spherical scatterers

APPENDIX B: DERIVATION OF THE SCATTERING In the case of spherical embedded scatterers, the analyti-
COEFFICIENTS FOR POROUS SCATTERERS IN POROUS  cal development is similar. The acoustic pressure field out-
MEDIA side and inside the scatterer is written in the spherical coor-

In order to derive the scattering coefficients of simpleOllnate system:

shape scatterers, it is convenient to express the acoustic pres- e

sure field in the appropriate coordinate system, cylindrical Pa(r,8) = 2, i™(2m+ 1)[jn(kar) + dyphy(Kar)IP(cOS 6),
for the 2D problem of cylindrical scatterers, and spherical for m=0

the 3D problem of spherical scatterers. As in Sec. Il A, we (B6)
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oo In the special case of rigid scatterers, the rdjj6Zg is set
Pa(r,6) = > i kel ) Pr(COS 6), (B7)  to zero and the expressio(B5) and(B8) reduce to
m=0

wherej,, andh,, are the spherical Bessel and Hankel func-
tions of the first kind, andP,,, the Legendre polynomials of

the first kind. _ _ In(kaR) 89)
With the help of the boundary conditions EqB3) and m H/(kaR)’
(B4), the scattering coefficients in the 3D case are derived:
Zp. . . .
> Im(KaR)jm(keR) = jm(kaR)m(keR)
B
dm= Z . (B8) _jn(kaR) B10)
N KeR)im(keR) = (KR keR) "R (
B
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