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Summary

In this paper, a model for sound propagation in double porosity materials with elastic frame is proposed. The main

originality of this paper is to develop a model which is suitable for sound absorbing materials. The original idea

is to replace the fluid-phase related properties of a single porosity material in Biot transverse isotropic equations

with those of a double porosity medium. The model is then developed for 1D problem and used to derive the

surface impedance and the sound absorption coefficient of double porosity samples. To quantify the influence
of the porous sample dimensions, a numerical procedure based on a finite element simulations is proposed. It
is applied to perforated porous samples (a polymer foam and one fibrous material with two different size of

perforation) subject to a plane wave at normal incidence. Numerical results are compared to impedance tube

measurements.
PACS no. 43.20.Bi, 43.20.El, 43.20.Fn, 43.20.Ye

1. Introduction

Porous materials are widely used for sound proofing pack-
ages in automotive, transportation and building acoustics.
Due to their morphology, these materials are efficient in
the mid to high frequency ranges but exhibit weak perfor-
mances for low frequencies. Hence, sound absorption at
frequencies lower than 500 Hz is often very low for mate-
rial samples thinner than 50 mm. To overcome this lack of
efficiency for practical applications, several solutions have
been proposed in the last decade. One idea is to use mul-
tilayered systems in order to improve the global acoustic
performance. In order to control and to optimize the per-
formances, theories [1, 2] have been proposed to predict
the response of multilayered sound packages. These pack-
ages lead to configurations whose thicknesses is generally
around 10-15 cm which is close to the quarter wavelength.
The concept of mass-spring systems which consists of a
porous material covered by a heavy layer or a perforated
plate [3, 4, 5] could allow a good sound absorption at very
low frequencies limited however to a narrow frequency
band. Alternatively, hybrid solutions [6, 7, 8] have been
developed which include porous materials for the mid to
high frequency range and a separate active control system
to act at low frequencies. These promising solutions how-
ever require external supplies which increase the cost of
the treatment and the resulting electrical power may re-
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strain the applications only to gentle environmental condi-
tions.

In this work double porosity materials are considered[9,
10, 11, 12] which where originaly studied for geophysical
applications. Double porosity materials contain two pore
networks, the characteristic sizes of which are separated at
least by an order of magnitude. In this work, the smaller
size pores are called micropores and the larger ones are
denoted by mesopores. Pioneering works by Boutin et al.
[13] and Olny & Boutin [14] have revealed the potential
of these materials to design passive sound absorbing so-
lutions with good performances at low frequencies. The
added absorption effect is due to to a partial coupling be-
tween the acoustic fields in the two pore networks. Subse-
quent works [15, 16, 17] have shown that double porosity
materials in the form of perforated porous materials could
be designed to select the frequency range of maximum ef-
ficiency and they are compliant with the use of highly re-
sistive or impervious screens.

Models for sound propagation in rigid frame double
porosity materials have been proposed [13, 14], based on
homogenization theory[18, 19]. They are concerned with
materials of infinite dimension and they model double
scale materials as equivalent fluids in which one compres-
sional wave propagates. For sound absorbing materials,
properties (density p,, and compressibility K, in which
subscript dp refers to double porosity quantities) of the ho-
mogenized medium were given by Olny and Boutin [14]
as frequency dependent functions taking into account vis-
cous, thermal and pressure diffusion effects. More pre-
cisely, it was shown that the macroscopic descriptions
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depend on the contrast with static permeability between
pores and micropores. Consequently, two main macro-
scopic behaviors were proposed (low and high permeabil-
ity contrast).

Generally a good agreement with measurements was
demonstrated [20, 16]. However, notable discrepancies
have been observed in in some cases. Even if some notice-
able discrepancies can be observed. In Figure 6 of [16], a
frame resonance is observed around 1400 Hz which corre-
sponds to the porous frame deformation neglected in the
homogenized equivalent fluid model [14]. In addition the
semi-analytical model proposed in this paper underesti-
mates the absorption beyond 1200 H z. Similar comments
can be made about the results presented in Figure 5 of
[20] and on those proposed in the present work. The rigid
frame assumption was intrinsically linked to the model.
Olny mentioned in his original work [21] that finite-size
dimensions should lead to a modification of the model pa-
rameters but without entering into details.

All of these works focus on the rigid frame assumption
which restrain the application of double porosity materi-
als modeling to situations where they are rigidly backed.
Models do not account for the coupling with flexible struc-
tures, which is the case in most of the vibro-acoutics prac-
tical applications. Note that possible inertia effects [22]
may be accounted for in double porosity materials [17].
The main goal of the present work is to adapt the Biot the-
ory [23] to account for the frame deformation of double
porosity materials. Auriault and Boutin [10, 11, 12] mod-
eled of double porosity geomechanical materials with flex-
ible frame and proposed equations which are, in one way,
similar to the ones of the Biot theory. Nevertheless, the as-
sumptions and the formalism were not adapted to sound
absorption problems.

The Biot theory [23, 24] has shown its relevance to mod-
eling acoustic propagation in single porosity sound ab-
sorbing materials with a deformable frame [25, 26]. The
approach consists in modeling the porous material as the
superposition of two continua: a solid and a fluid phase.
Each one is described by a displacement field. A common
point of all these representations is that the solid phase is
modeled by its macroscopical displacement u°. It is de-
fined as the average of the microscopic solid displacement
on the solid part of the Representative Elementary Volume
(REV). The original formulation [23] considers the fluid
displacement u/ which is the average of the microscopic
fluid displacement on the fluid part of the REV. This rep-
resentation was nevertheless not valid for inhomogeneous
materials[24]. Fluid phase displacement u/ has been re-
placed by the relative flow w = ¢(u/ — u*), ¢ denoting
the porosity, defined as the ratio of the fluid volume to the
total volume of the REV. More recently Dazel et al. [27]
proposed an equivalent representation to the modified for-
mulation, valid for inhomogeneous materials, which con-
siders the total displacement &' = u*+w = (1—¢)u’ +u’.
This formulation presents the advantage of simplifying the
formalism and is used in this paper.
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The basic idea of the model proposed in this work is in-
spired by Biot’s assumption: the displacement of the solid
part is uniform at the microscopic scale. It can then be
shown that the fluid phase properties (frequency depen-
dent density and compressibility) are not modified by the
solid motion and then are the ones of the equivalent ho-
mogenized fluid medium. Moreover, with the total dis-
placement formulation [27], the parameters of the model
can be deduced from the equivalent fluid and in-vacuo
solid properties only. The idea of this work is to introduce
equivalent fluid double porosity models in Biot’s equa-
tions. This work is only concerned by propagation in lay-
ered structures and the mesopores are supposed to be or-
thogonal to the sample interfaces.

An analytical expression for the normal incidence sur-
face impedance is derived from which the absorption coef-
ficient is deduced. Inverse Finite Element Method is used
to deduce the equivalent fluid properties of double poros-
ity medium. Contrary to majority of the semi-analytical
models, the proposed model integrates the finite thickness
and lateral surface dimensions of the material. The results
are compared to experiments and a very good agreement
is observed.

Section 2 presents the theoretical model based on a
transverse isotropic formulation [28] of Biot’s equations.
A simplified one-dimensional problem is then deduced
which allows comparison with the data for normally in-
cident wave. Section 3 presents the inverse numerical pro-
cedure to obtain the in-vacuo solid and fluid parameters of
the model. Section 4 presents the comparison with exper-
imental results. Two types of microporous materials (one
foam and one fibrous material) are considered in this work,
the parameters of which have been obtained by dedicated
characterisation techniques and are given in Table I. Ex-
perimental results are presented for three double porosity
materials. One is made from foam (Named F) and two of
them are made from the fibrous material (denoted by W1
and W2). Their properties can be found in Table II.

2. Theoretical part

2.1. Transverse Isotropic Biot model for single
porosity materials

The problem is modeled in cartesian coordinates {x, y, z}.
For homogeneous single porosity materials, the equations
in {u*, u'} representation have been proposed by Khurana
et al. [28] for an anisotropy direction along z. They read

V-5 ') = —a? [, u’ — 0 [7] [eg) (12)

Eeq V- (V') = -’ [7] [ﬁeq] u —w? [ﬁeq] u'.(1b)

6° is the in-vacuo stress tensor of the solid phase and the
stress-strain relations are

6'xx = 2N5xx + A(exx + 8yy) + FSZZ’



Dazel et al.: Double porosity materials with elastic frame

ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 98 (2012)

Table 1. Values of the acoustic, elastic and damping parameters of the materials.

c ) Ay A AN kg E s v P
Foam (see F) 93 500 0.96 3.32 15 50 15 260 0.5 0.33 42
Fibrous (see W1 and W2) 88 400 0.97 1.01 23 51 13 5500 0.3 0 156
Fibrous (uncertainties) +1600 +0.01 +0.2 +2.4 +5.7 +6.4 [} [/} [} [/}
Units N.s.m™ - - 10°m  10°m 107°m? 10°Pa - - kg.m™3
Gyy = 2Ney, + A(exx + €))) + Fege, (1c) Table II. Double Porosity materials properties.
bz = Cerot Flexx+£yy), 6y =2Léy,, DP medium Unit F Wi w2
6y = 2Ly, 6'xy = 2N5xy-
Microporous material Foam Fibrous Fibrous
A, N,F C and L are the in-vacuo elastic coefficients [28]. Diameter mm 46 100 100
K., is the compressibility of the homogenized fluid phase. M§50P0re diameter mm 9.5 357 43.6
The interstitial pressure p is given by Thickness mm 238 80 80

p=—Roy Voul (1d)

(71, [ps] and [5.,] are diagonal matrices [28]. For the pur-
pose of this work, they are rewritten in the following form:

7]
[7:]

polpes) ™ = (1-29)[1]. (1e)
(1-8)n,[1] (an
= (po[T] = @[ea] ) (20[T] = po [5es] -

po is the density of the saturating fluid, p; is the density of
the frame material. [ I] is the identity matrix. The values of
the diagonal terms of the [j,,] are associated to the densi-
ties of the homogenized equivalent fluid model and can be
given by semi-phenomenological models [28, 26]. All the
parameters of equations (la-b) can then be obtained from
the in-vacuo mechanical parameters (1¢), Keg, [Peqls Ps» Po
and porosity ¢.

2.2. Transverse Isotropic Biot model for double
porosity media

In the case of double porosity material, based on the as-
sumptions of Biot’s theory. The possible frame deforma-
tion does not influence the visco-thermal dissipation in-
side the double porosity material. In this framework, pa-
rameters of equations (1) should be replaced by analogues
for the double porosity medium. A summary of the sub-
stitutions is given in Table III. The material is supposed
to be homogenizable under the same assumptions as the
ones of Olny and Boutin [14]. The REV Q is then di-
vided into three parts €, €, and €, respectively asso-
ciated to the solid, fluid part of the microporous domain
and the mesopore volume. Let V' be the volume function.
Let ¢, = V(Qf)/V (€5 U Q) be the porosity of a single
porosity material and ¢, = V' (Q,)/V () the porosity of
the mesopores. The mesopore is supposed to be aligned
with the x direction.

First, ¢4, = (1 — ¢p)dm + @, is the total porosity of the
double porosity material (i.e. the ratio of the total volume
of air to the total material one). The solid displacement
field uj, =}langleu,, )o, is defined as the average micro-

scopical displacement on €, (mic index is associated to

Table III. Parameters for the porous medium. **: in each direc-
tion.

SP model DP model
d) ¢dp = (1 - d)p)d)m + d)p
u’ u;,
u' uy, = (1= Gp)us, + Gpu”
pi o’ = (1= dpp
dp
P2 Py = [d’p +1- d)p)d’m] Po
~ ~dp = ek
Peq Peq = Pap
7 T = po/pey — (1 = 2¢pa) **
2 7= (L= du)ps = (po = duphis)
'(2¢dp - p()/ﬁe;]) o

microscopical fields). For the fluid displacement u/, one
has

f f ) f
ap = <u’”i°>9puﬂ/ - qb_; <”mz‘c>np
(1=¢)bn , ¢
+ T(Mmic>9,,~ @)
The total displacement is defined as
uifp = (1 _d’p)(l _¢m) Llf{p+gbdpu§p. 3)
%{_/

1=¢gp

po and p; in equations (le-f) remain unchanged as they
correspond to densities of air and of the frame material. It
is generally common (even if unused in the present repre-
sentation) to use the solid frame density p; which is the
density of the porous solid and p, equivalent density of
air. Their expressions are given in Table III. Assumption
ufip = 0 leads to the equivalent fluid model and ufjp is then
the displacement of the homogenized medium. Parameters
Peq and K,, of the equivalent fluid should then be respec-
tively replaced by py, and Edp. Expressions of [y %] and
[ps] are deduced from equations (1e-f) where ¢ (resp. pe,)
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should be replaced by ¢y, (resp. Edp). Elastic coefficients
of constitutive law (1c) are also modified and their values
will be investigated in section 3.

2.3. 1D propagation model

We focus on impedance tube measurements. We are inter-
ested by wave propagation along z axis and the equations
of motion read

0%u,
p ~dp s > dp
(Cap + Fop) 92 e Ugy = @7 "5ap uiip’ (4)
— &
Pdp
u'
= dp 2~dp~ 25t
Ky 02 —0 7V pay g, = 0" Pap Uy, (4b)

Cg and Fy, are the Lamé coefficients along z-axis. This
system is of Biot type and it can be shown that two com-
pression waves can propagate. They are defined by their
wave numbers k; and the ratios y; = u;p /u;p which are
given by [27]

. 2
(kB +42)+ (—1)’\/<k§2 +13,) = 4K,

k? = , (5
; > )
i=1,2, with
kdp = g k.rl =w L,
de PdP
ko = E =5 (792 6
2 =015 P=0s ) Pap- (6)
dp

In addition,

_~d (k12 - k_%2) _~dp ktzip
Hi=y" =y )
kx2 - ksl ki - kdp

Normal incidence surface impedance of a layer of double
porosity medium (thickness d) backed by a rigid wall can
then be calculated. As shown in Figure 2, origin of z axis is
fixed at the rigid backing. The displacement of solid phase
and the total displacement can be expressed through the
two compressional waves. They are zero at the rigid back-
ing, Hence, one has

u‘;p(z) = A sin(kz) + B sin(kyz), (8a)
UZP(Z) = Ay sin(k1z) + Buo sin(kzz). (8b)

A and B are unknowns amplitudes. The in-vacuo stress
and the pressure then read

6:.(z) = Py [Ak1 cos(k1z) + Bk, cos(kzz)], (9a)
p(z) = —Kgp[Akipy cos(kiz) + Bkapy cos(kaz)]. (9b)

At the air-porous interface (z = —d), the in-vacuo stress
is zero. This condition allows finding the value of the ra-
tio A/ B (independent of Py,). In addition, the normal total
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A

Displacements

Prescribed Mass

Tested sample

Imposed velocity

Figure 1. Configurations considered in the inversion procedure
of solid parameters.

Z, i Z i jx=0
i i
Config K1 > I
I < |
| |
Plane waves Tested sample
o I I
Confl!b K2 S | |
! < ! !
[ f I
% ' %4 | Zzzl lx=0
7
do d d

Figure 2. Configurations considered in the inversion procedure
of fluid parameters.

displacement (resp. pressure) is equal to the air displace-
ment (resp. pressure). Hence,

d p(z=—d")

Zs = (10)

joul,(z = —d*)

= Kep % kiko(ua — p1)
jo  kipstan(kad) — kopy tan(kid)’

with j = v—1. Calculation of the absorption coefficient is
then straightforward [26].

3. Numerical inverse procedures

Two numerical inverse procedures (associated to problems
depicted in Figure 1 and 2) are presented in this section.
Their objective is to numerically deduce the acoustic and
elastic parameters of the double porosity materials. First
procedure corresponds to the uniaxial compression load-
ing dynamic setup to determine Pg,. In-vacuo conditions
are considered. The second problem is associated to Kundt
tube measurements in two different configurations (de-
noted by K1 and K2 in Figure 2). K1 corresponds to a
layer of double porosity material with thickness d bonded
onto a rigid wall. K2 is similar to K1 but a porous layer
of thickness @’ is added between the double porosity ma-
terial and the rigid backing. Note that a porous medium is
considered instead of an air cavity (plenum) to avoid nu-
merical discrepancies due to singularities of the cotangent
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function. In the simulations, the double porosity layer is
not homogenized and both microporous domain and the
mesopore are simulated using the Finite-Element Method
(FEM). From simulation of K1 and K2, it is shown that
it is possible to deduce equivalent fluid properties of the
double porosity. Note that other combinations of configu-
rations could have been used inspired from [29]. The pro-
posed configuration has been chosen as it appears very ro-
bust and does not need restriction on dimensions d and d'.

Three types of FE models have been implemented. The
first one concerns the determination of the elastic parame-
ters of the materials and is associated with a classical solid
FE model. The second one is associated with porous struc-
tures that are assumed to be rigid and motionless (so-called
equivalent fluid medium). It is denoted by eq-FEM. The
third model is similar to the second one under the assump-
tion that the porous medium has an elastic frame ; it is de-
noted Biot-FEM. For the sake of clarity, details of the FE
model implementation are given in Appendix Al. Finally,
it may be underlined that all FE computations have been
performed using in house developed software and that all
meshes have been generated using the FreeFEM software.
The following two sections describe procedures for char-
acterizing the elastic and damping parameters, and the pro-
cedure for determining the acoustic propagation character-
istics in single porosity media.

3.1. Estimation of the mechanical parameters of the
double porosity material. P,

Assuming uniform and identical strain in the skeleton and
in the air contained in the perforation, it is possible to es-
timate the ratio = of equivalent rigidities [30],

Py,

r=?:(1—¢p). (11)

The validity of this approximation is checked numerically.
The uniaxial compression dynamic loading method has
been proposed by Pritz [31] and used by several authors
[32, 33, 34, 35, 36]. It is presented Figure 1. A sample of
porous material is placed between a driving plate (I',;,) of
an electrodynamic shaker and a top plate (I',,) which acts
as a mass (denoted m). If the mass of the porous sample
is negligible compared to m, it behaves as a spring of stiff-
ness k = ESa/h, where E is the Young’s modulus of the
sample, S is the surface of the base of the sample, 4 is the
thickness of the sample and « is a correction accounting
for the Poisson effect (@ = 1 for fibrous materials see for
example section 3.1 of reference [36]). Let T'(w) be the
transmissibility defined [31] as the ratio of the top plate’s
displacement over the driving plate’s one. One then has
two different ways to evaluate E,

2

E E — a)l’esmh
~ res — aS ’
2mhT
E~ E, = lim -2"T@) (12)
w— aS

Wyes 18 the pulsation of the resonance frequency of the
mass-spring system.
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Table IV. Results of the mechanical inversion procedure.

DP material E,(kPa) 1-9, Tres
F 248.8 0.9573 0.9586
Wi 4798 0.8724 0.867
W2 4449 0.809 0.808
DP material Too Eres €
F 0.9572 0.2% 0.01%
Wi 0.867 0.6% 0.6%
w2 0.802 0.17% 0.8%
) Mass (Fm)
5
Vacuum
)

; Imposed displacement (Fd)

Figure 3. Configuration of the FE problem for the mechanical
procedure.

Hence T'(w) is simulated by quadratic axisymmetric
finite-elements (See Figure 3). In the case of single (o
and Q, are fulfilled by the microporous material) and dou-
ble (Q is vacuum) porosity material. One main advantage
of the finite-element procedure is that one can overcome
experimental constraints. In addition it is trivial to consider
a in-vacuo problem and there is no bending of the top plate
which is a classical drawback of the experimental setup. It
is an advantage of numerical (i.e. virtual) experiments that
most of the factors can be controlled. Transmissibility is
presented Figure 4 for the fibrous and the double porosity
material W1. The effect of the perforation tends to lower
the resonance frequency of the mass-spring system.

For each material, ratios 7,., and 7. are calculated.
They correspond to the ratio (11) estimated at the reso-
nance frequency and in the limit of high frequencies (de-
termined as 5 times the resonance frequency). Results are
presented Table IV and indicates that error are lower than
1%.

3.2. Determination of equivalent fluid parameters
/7‘1[, and de

In this section, the porous frame is assumed motionless.
Therefore, the model used is eq-FEM. The double poros-
ity material is supposed to be homogenized with charac-

teristic impedance Z,, = \/ pg Ky and wave number kgp.
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10 |

2000 3000 4000 5000

Frequency [Hz]

0 1000

Figure 4. Transfer functions T'(w) simulated by FEM for the
mechanical problem for W1; Solid : Single porosity material,
Dashed: Double porosity material.

A layer of double porosity material is therefore similar to
a fluid medium.

Impedances Z; and Z, associated with configurations
K1 and K2 are first calculated. Assuming that the layers
can be homogenized, the porous layer (resp. double poros-
ity, air) is described by its characteristic impedance Z,,
(resp. Zgy, Zp) and wavenumber k., (resp. kg, ko).

For both configurations (k = 1,2), impedances at the
surface of the double porosity layer Z; ; can be deduced
from Zj,

1Zo — Zy cot(kody)

Zr1=Z , k=12 13
“1 = 2017 = Zyeot(kodo) (1)
Impedances Z;; and Z,, are given as
Z11 = —jZgcot(kgd),
Zsy = —jZeq cot(keyd'). (14)

For configuration 2, surface impedances are related as

1Zagy — Z>,1 cot(kg,d)

Zno = Zg- . (15)
V221 = Zgp cot(kgyd)
From the two above equations, we get
Z3, = 2012y 1 = Z2a(Z11 = Za). (16)
Z 4, is the square root with the positive real part and
(2
atan [ ———
Zi1
kg = ——">— 17)

d

The two quantities are computed at each frequency and the
surface impedance (and then the absorption) is obtained
using equation (14).

In order to validate the accuracy of the inversion proce-
dure for double porosity materials, it has been tested for
several experimental double porosity configurations. It is
validated on the basis of comparisons with sound absorp-
tion data measured using the recommended standard ISO
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Abs. coefficient

Difference

Frequency [Hz]

Figure 5. Sound absorption coefficient for material W1.’— —" Ex-
periments, ‘o’ Inversion proposed model, '+’ No diffusion dou-
ble porosity model, v’ Diffusion double porosity model.

Abs. coeff.

Abs. coefficient
o
o

Difference

Frequency [Hz]

Figure 6. Normal incidence sound absorption coefficient for ma-
terial W2. ’- -’ Experiments, o’ Inversion proposed model, '+’
No diffusion double porosity model, Vv’ Diffusion double poros-
ity model.

10534-2 [37] and with direct computations of sound ab-
sorption coefficients using the theory of Olny & Boutin
[14] adapted to the present axisymmetric problem (the
original theory was developed to circular mesopores in
rectangular samples). For these latter calculations, denoted
hereinafter semi-analytical models, pressure diffusion ef-
fects may also be accounted for. Two examples are given
in Figure 5 and 6 respectively for the two fibrous materials
W1 and W2.

To ease the analysis, discrepancies between the model
predictions and the data (|amgde, = Qexp |) are also given
for the three models. Note that the effect of the solid frame
deformation can be observed between 500 and 800 Hz and
cannot be captured by the models considered in this sec-
tion assume a rigid and motionless skeleton. The absorp-
tion peak observed in the measured data around 400 Hz
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is associated to double porosity phenomena. The diffu-
sion frequency [14] is estimated at 361 Hz for material W1
and at 498 Hz for material W2. Before this transition fre-
quency, pressure diffusion effects shall be dominant and
the semi-analytical model accounting for them should be
used.

As expected, for the two materials tested here, and for
the entire frequency range observed, this model allows a
better prediction. Accordingly, the analytical model with-
out diffusion effects fails to give accurate predictions.

Meanwhile, the results obtained with the inversion pro-
cedure proposed above agree with the measured data. Out-
side the frequency region where deformation of the skele-
ton dominates, the error associated to this procedure never
exceeds a value of 0.05 on the absorption coefficient. Er-
rors associated to the other two analytical models may lo-
cally reach 0.4 points of absorption. Note finally that the
main difference between the two analytical models, which
assume a material of infinite lateral extent, and the pro-
posed procedure is that the latter technique allows captur-
ing the acoustical effects due to the finite size of the sam-
ple. In fact, the deviations observed between these mod-
els are likely to be attributed to the influence of finite size
on the pressure diffusion effects which could be captured
when considering the actual geometry of the tested sam-
ple.

The solid resonance cannot be captured by the differ-
ent models. That is the reason why the comparison be-
tween models and experiments shall not be performed in
this frequency range. The model not accounting for pres-
sure diffusion has a global error close to 0.1 averaged over
the whole frequency range. It underestimates the absorp-
tion before the peak and presents a recurrent error after
that. The diffusion model gives accurate results but over-
estimates the levels at the peak of absorption and presents
small discrepancies for frequencies higher than 1500 Hz.
The inversion procedure proposed in this paper allows
finding the absorption with an error lower than 0.03 ex-
cept in the frequency range where Biot effects are signifi-
cant. Figure 6 presents results for W2. As the mesopore is
larger, finite size effects are more important and noticeable
discrepancies appear for the diffusion model.

4. Results for elastic frame double porosity
materials

Models accounting for the porous frame deformations are
now compared with experiments for three double porosity
materials (F, W1 and W2). Results are presented in Fig-
ure 7 to 10. In each one of the following graphs, absorption
curve are obtained through eq-FEM, Biot-FEM and an-
alytically using expression (10). Inversion procedure has
been used to obtain equivalent fluid parameters.

Figure 7 presents results for material W1. Solid frame
resonance is in the 500-1000 Hz frequency range. A good
agreement is obtained between the proposed analytical
model (10) and experimental results. In particular, the pro-
posed model captures the curve inflection observed in the
measured data between 600 Hz and 800 Hz. Absorption
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Abs. coefficient
© o o o
w » a [

o
N

0.1r"

0 200 400 600 800 1000 1200
Frequency [Hz]

Figure 7. Normal incidence sound absorption coefficient for
material W1; ’Solid’: eq-FEM, ’o’: ’Biot-FEM, ’+’: Semi-
analytical proposed model, ’Dashed’: Experimental data for DP
material. 'Dotted’: Experimental data for SP material.

levels at other frequencies remain the same as those pre-
dicted by the model of the previous section which assumed
a rigid and motionless frame. Note that a little discrep-
ancy is observed with Biot-FEM which is not significant
and could be removed by adjusting the elastic parameters
used in the FE model. This parameter tuning would cor-
respond to the modifications of the effective elastic and
damping properties of the sample when inserted inside
the impedance tube. Absorption coefficient is only con-
cerned with the modulus of the reflection coefficient. In
order to illustrate that the model is also able to capture
informations relative to the the complex nature of the re-
flection, Figure 8 presents its phase. A very good agree-
ment is observed. Not that to fit the simulations a correc-
tion (2.5 mm) of the tube length should have been pro-
ceeded. This correction is compatible with the uncertain-
ties of the experimental setup. For material W2, presented
Figure 9, the proposed model also shows to be robust
and compares well with the Biot-FEM model and mea-
sured data. For the foam, material F, results are presented
Figure 10. Biot effects are noticeable on the entire fre-
quence range. Therefore, for this material, the eq-FEM is
not suited to model the absorption correctly. The proposed
semi-analytical model predicts the frame resonance and
the correspondence between its prediction and the mea-
sured data is satisfactory. Note finally that, for this dou-
ble porosity material, the estimated diffusion frequency is
748 Hz and that pressure diffusion should no longer be vis-
ible at high frequencies.

5. Conclusion

In this work the adaptation of the Biot theory is proposed
to model sound propagation in double porosity material
accounting for possible frame deformation. The main idea
is to replace the fluid properties of the single porosity ma-
terial by those of the double porosity medium. A simplified
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Figure 8. Phase of the reflection coefficient for material W1;
’Solid’: eq-FEM, *0’: "Biot-FEM, ’+’: Semi-analytical proposed
model, ’Dashed’: Experimental data.
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Figure 9. Absorption coefficient for material W2; ’Solid’: eq-
FEM, ’o’: ’Biot FEM, ’+’: Semi-analytical proposed model,
’Dashed’: Experimental data.

one-dimensional model was derived. Its predictions for the
normal incidence surface impedance have been compared
with impedance tube measurements.

New approaches to the inverse numerical procedures
based on Finite-Element simulations to determine the val-
ues of the model’s parameters have been proposed in this
work. Procedure takes account for possible modifications
of the pressure diffusion effects for samples of laterally fi-
nite thickness.

Comparisons with sound absorption measurements on
three different materials (fibrous and foam) have proved
that the model is able to describe the combined acoustic
effects due to the presence of double porosity as well as
the porous frame deformation.

Further works involves extension of the validation of the
model for oblique incidence. It could also be interesting to
check if criteria to check the validity of the limp model
[38, 39] for equivalent fluid remain valid. In addition, this
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Figure 10. Absorption coefficient for material F; *Solid’: eq-
FEM, ’0’: ’Biot-FEM, ’+’: Semi-analytical proposed model,
’Dashed’: Experimental data for DP material. Dotted’: Exper-
imental data for SP material.

work has demonstrated the limitation of double porosity
models in the case of finite size samples and the need of
their extension as alternatives to FE computations.

Appendix
Al. Finite-Elements models

FE models [40] for configurations K1 and K2 are pre-
sented Figure Al. The problem is axisymmetric of axis
(AB) and the figure represents only half (right hand side)
of the complete tested sample. AD= T, is the excitation
boundary. BC= I';, corresponds to arigid backing. CD= I’
corresponds to the tube wall. The fluid normal displace-
ment is equal to O on these three boundaries. Q is an air
layer which is introduced into the model so as to take into
account evanescent modes which may result from the pres-
ence of the perforation in double porosity materials. . Q;
corresponds to the microporous domain. €, is the perfora-
tion and is fulfilled by air. Q3 is porous domain with rigid
and motionless frame which is considered in configuration
K?2. In configuration K1, Qg is removed. . The domain is
meshed through a Delaunay procedure so as to ensure a
A/9 convergence criterion and so as each triangle of the
mesh belongs to only one €;. Convergence of the model
has been checked and it appears that this criterion is suffi-
cient.

Two types of simulations were performed depending on
the assumption made for the porous domain €;. In the eq-
FEM model, the porous frame is assumed to be infinitely
rigid and motionless while in the Biot-FEM model possi-
ble frame deformation are accounted for.

In the case of eq-FEM, each domain is associated with
a fluid and the variational formulation reads

Vg € H'(Q),

1 1 1 dp
 VpVg - —pgda=—¢ -2
Lz piw? pxa K; P Cﬁag pi On

(A1)
qdrl.
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Figure Al. Configuration of the finite element model for the
impedance tube problem.

p; and K; are respectively the density and the compress-
ibility of the equivalent medium (as an example: p; = pg
in QyUQ, and p; = Eeq in Q; UQ3). The boundary integral
of the right hand side is non null on I'y which is associated
with the excitation. It has been checked on the simulation
results that the pressure field on I'y is only slightly varying
and the distance dj is enough to remove the influence of
the evanescent modes. On Iy, one has

Pr,=1+R, (A2)

19 k
ﬂE ~ur=20_-RrR¢ gdr.
r, Pi on 0 Ty

It is proposed to directly calculate R by adding this pa-
rameter to the degrees of freedom of the problem. After
discretization the boundary integral can be expressed in
the form

@(1—1%){) qdl' > B(1-R), (A3)
Po To

where B is a n x 1 vector. It is necessary to add an addi-
tional equation associated to the pressure continuity con-
dition on the boundary. Let B’ be the 1 x n boolean vector
whose unique non-null value corresponds to the degree of
freedom associated to the pressure at point A.

The final system set of equations is then of size n + 1
and reads

1 ~ ~
—[H]-[Q]| B P|_J|B
e (G- (1)

[ﬁ ] and [é] represent the kinetic and compression energy
matrices of the fluid phase. The reflection coefficient is
thereby directly calculated. Surface impedance and/or ab-
sorption coefficient can be deduced by classical relations.

Biot-FEM is obtained in a similar manner. Q; is mod-
eled by a Biot {u, p} classical formulation [41]. Solid dis-
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placement {u,, u,} should be added to the degrees of free-
dom. In Q; the variational formulation now reads

v e H'(Q),
J &°(u) : €(v) — 0’ pu-v — 7 Vp -vdQ
Q

= 4} [6°w)-n|vdl (A5)
0Q
Vg € H'(Q),
VpV ~
J 3;2‘1 - f—q —yu.Vq | dQ
Q peqw Keq
- 1 o
=+ P%—ruﬂqﬁ. (A6)
Q) Peq on

As Biot {u, p} formulation allows coupling of the contigu-
ous fluid domains naturally, the surface integrals at the
interfaces between the different subdomains are all van-
ishing. Sliding conditions are considered on I';. The pro-
cedure to calculate the reflection coefficient remains un-
changed as the porous structure is not directly connected
to I'y. One finally has

ﬁ%#@]lﬁ] 0] (u
[CY S[H-[QI|B [{P
w R
0 B |-l
0
={B (A7)
1

[IN(]and [I\N/I] represent the stiffness and mass matrices of
the solid phase. They are square matrices of size n, which
correspond to the number of displacement degrees of free-
dom. It should be noticed that [6] coupling matrix is of
size n x n, but all the columns associated to pressure de-
grees of freedom which are not in Q; are null. R is then
calculated so as to deduce surface impedances and absorp-
tion coefficients[26].
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