ACTA ACUSTICA UNITED WITH ACUSTICA

Vol. 94 (2008) 715-724

DOI 10.3813/AAA.918088

Applications of the Dual Porosity Theory to
Irregularly Shaped Porous Materials

Frangois-Xavier Bécot, Luc Jaouen
Matelys - Acoustique & Vibrations, 20/24 rue Robert Desnos, 69120 Vaulx-en-Velin, France.
francois-xavier.becot@matelys.com

Emmanuel Gourdon
Laboratoire des Sciences de 1’Habitat, DGCB URA CNRS 1652, Ecole Nationale des Travaux Publics de I’Etat,
Membre de I’ Université de Lyon, rue Maurice Audin, 69518 Vaulx-en-Velin Cedex, France

Invited paper based on a presentation at the ICA 2007 in Madrid

Summary

Non planar acoustic materials may be used in building and environmental acoustics to achieve a significant ab-
sorption at low frequencies. Examples of these materials are anechoic wedges or advanced design noise barriers.
The shape of these materials is mainly based on empirical knowledge because a fine numerical modeling (e.g.
FEM, BEM) requires large computational costs. Therefore, the optimisation of the general form and of the ma-
terial used to realise these absorbing systems is limited. The purpose of this paper is to propose an original
alternative to these limitations. The work basis relies on the theory for the acoustics of multi-scale porous materi-
als, and in particular on double porosity materials, which has been initiated by Olny and Boutin (J. Acoust. Soc.
Am. 2003, 114(1)). It is shown in this paper that this theory could be successfully applied to the modeling of non
planar sound absorbing materials. Examples are given for multi-layer systems involving perforated panels, mate-
rial samples having an irregular surface and anechoic wedges. The discussion is based on comparisons between

analytical simulations and measurements.

PACS no. 43.55.Ev, 43.55.Pe

1. Introduction

Controlling the sound at low frequencies is one of the main
challenges which has to be faced in Building, Transport
and Industry. With a view to design robust passive sound
absorbing systems, it has been shown recently that the con-
cept of double porosity could be applied to increase the
acoustic absorption at low frequencies for a given range of
materials [1]. However, this principle has been applied so
far to a limited number of cases.

The present paper proposes to illustrate the double
porosity concept on three different sound absorbing sys-
tems. The main objective is to show that this theory is
found to be a powerful tool to predict and to understand the
physical phenomena involved in sound absorbing systems
which present non-planar surfaces. The direct application
of this work is the design of innovative sound absorbents
with optimised geometry and properties.

First, the acoustical behaviour of a multi-layer system
consisting of a perforated mineral material backed with a
screen and an air gap is examined. This first example is
also used to introduce the parameters used in the double

Received 7 May 2008,
accepted 8 August 2008.

© S. Hirzel Verlag - EAA

porosity theory. Second, the acoustic absorption of a ma-
terial presenting an irregular surface made from perfora-
tions having various sizes and deepnesses is considered.
Finally, predictions of the sound absorption coefficient of
wedges typically used in anechoic rooms are compared to
measurements and discussed.

2. Some elements about the dual porosity
theory

Interested readers are referred to the founding publications
for a full theoretical description of the underlying theory.
In particular, the authors would like to recommend pub-
lications from Olny [2] and Olny and Boutin [1] which
discuss the acoustic dissipation mechanisms involved in
a medium having two scales of porosity. These develop-
ments have been based on initial works by Boutin and
Auriault [3, 4, 5, 6] who treated the more general cases
of quasi-static and dynamic regimes. All these works are
based on the homogenisation method for periodic struc-
tures (HSP) as introduced by Sanchez-Palencia [7]. Some
elements of the dual porosity principle for acoustic pur-
poses as used in the present work are given here. In order
to be complete, one should also mention the research effort
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in the domain of geophysics which has recently produced
a number of inspiring papers, e.g. [8, 9, 10, 11].

2.1. Media with a single porosity

The materials considered in the present paper comprise
two phases: a solid phase, corresponding to the squele-
ton of the porous medium, which is saturated by the fluid
phase, generally air at rest in acoustics. The wavelength
of the sound in the surrounding air A¢ is assumed to be
large compared to the size of the observed sample, hav-
ing a characteristic size L. If the characteristic size of the
micro-pores /,, inside the material is small compared to L
or Ay, the material may be considered as a porous medium
with a single scale of porosity ¢,,. In that sense, the ma-
terial may be accurately represented by considering a mi-
croscopic representative elementary volume which results
from the superposition of two homogeneous phases, a fluid
phase and a solid phase. This representation comes back
to Biot [12, 13] and has been extensively used and imple-
mented based on the book of Allard [14].

Submitted to an airborne sound excitation, the two
phases interact via viscous, inertial, thermal and possibly
structural effects depending on the nature and the mor-
phology of the material and on the frequency. In the low
frequency range, the viscous forces dominate the iner-
tial forces. At higher frequencies, viscous forces decrease
compared to inertial forces. The limit between these two
behaviours is estimated by the so-called viscous charac-
teristic frequency, noted w,. A similar description can be
made for the thermal dissipation mechanisms. Below the
thermal characteristic frequency, noted w,, the fluid mo-
tion is mainly isothermal and above w;, transformations
are adiabatic. On top of these two dissipation mechanisms,
structural dissipation mechanisms arise when the material
skeleton is deformed under the sound wave loading. When
this occurs, the displacements in the solid and the fluid
phases are strongly coupled and a supplementary dissi-
pation has to be accounted for. An estimation of the fre-
quency above which the two phases can be considered as
decoupled is given in [15]. For a material which lays on
an acoustically rigid termination and submitted to an air-
borne sound excitation, viscous dissipation usually domi-
nates the thermal and structural dissipation on the audible
frequency range (see for instance Figures 8—10 in [16]).

2.2. Media with two scales of porosity

Consider now the situation where the material has some
additional air pockets, called meso-pores, with a charac-
teristic size /,, which is intermediate between the scale
of observation L and the characteristic size of the micro-
pores 1. For a double porosity material based on a fibrous
medium (see Figure 1), this latter size /,, would corre-
spond to the average distance between the fibers. These air
inclusions may originate from air blowing during the man-
ufacturing process or perforations done within the finished
material. As a result, the nature of the air flow and the
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Figure 1. Schematic representation of the different characteristic
lengths considered for the representation of single porosity or
double porosity media. Left figure: perforated rockwool, right
figure: picture of the fiber microscopic network.

Log( A,/ 2m)|_
Log(A,/2m) \\\ 2
8
©
Lo
[}
j=2
o
Log(A_/2m) B
z
Log(/, 3
@, @y @, w(s")

Figure 2. Schematic representation of the different domains for
the nature of sound propagation in a dual porosity medium. Rep-
resented here is the case of high contrast of permeability between
the pores and the meso-pores. Only viscous effects are consid-
ered here.

dissipation mechanisms inside the material will be modi-
fied according to the relative size of /,, and /. The separa-
tion of scale implies that two different sound wavelengths
should be considered in the networks of micro-pores and
of meso-pores respectively. To fully describe these phe-
nomena, separate characteristic frequencies shall be con-
sidered: w,, and w,, will refer to meso-pores and w,,, and
wy, Will refer to the micro-pores.

The Figure 2 schematically illustrates, as represented in
Figure 3b in [1], the different sound wavelengths as func-
tions of the viscous characteristic frequencies in the case
of a large separation of scales between the two pore net-
works. Only viscous dissipation is represented here. In this
case, the ratio /,/I,, is typically comprised between 10
and 10% and a high contrast of permeability between the
two networks of pores is observed. The flow in the micro-
porous medium remains viscous on the entire homogenis-
able frequency range, while the flow in the meso-pores is
successively viscous and inertial. Moreover, there exists a
frequency at which the wavelength 4,, in the micro-porous
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medium becomes in the same order of magnitude than the
characteristic size of the air pockets /,,.

As a result, variations of the fluid motion observed at
the mesoscopic scale are also perceptible at the micro-
scopic scale. This yields an additional dissipation mech-
anisms which is interpreted as a pressure diffusion effect
between the two networks of pores [1]. This effect reaches
a maximum around the so-called diffusion frequency and
is located in a limited region of the micro-porous medium
close to the interface with the meso-pores. The strong pres-
sure gradient, and thus the large energy dissipation in this
region has been illustrated in [1] using analytical expres-
sions and in [17, 18] using a variable mesh of finite ele-
ments. At the scale of observation, these phenomena cor-
responds to an increased sound absorption which gener-
ally occurs in the low frequency range due to the involved
characteristic sizes.

For the principle of double porosity could be advanta-
geously applied, the material should present a high value
of the static air flow resistivity and a low value of the high
frequency limit of the tortuosity [2]. Typically, fibrous ma-
terials having a high density fulfil these criteria. The level
and frequency position of the maximum sound absorption
is governed by the value of the meso-porosity ¢, which is
defined as the ratio between the volume occupied by the
meso-pores to the total volume of material and, to a minor
extent, by the actual characteristic size /, and the shape
of the meso-pores. The influence of these parameters has
been numerically verified in [18, 19] for a plane wave
sound field and experimentally studied in [19, 20, 21] for
a diffuse sound field. Recently, double porosity materials
used for the control of the sound radiation of a coupled
plate cavity sytem have been studied numerically in [21]
and experimentally in [22]. Ongoing research aims now at
studying the influence of other sound fields or of the pore
shapes.

2.3. Principles of modeling and input data

The principle of modeling is common to all the configu-
rations presented in this paper. The presence of the two
networks of pores implies to use one model to represent
the dissipation in the meso-pores and one model to repre-
sent the dissipation in the micro-pores. At this stage of the
modeling procedure, the two networks of pores are con-
sidered independently and may be represented by differ-
ent dissipation models. On the one hand, the meso-porous
domain is modeled as if the micro-porous part were im-
pervious and on the other hand, the micro-porous domain
is considered as homogeneous and isotropic. The coupling
of the two networks consists in expressing the dynamic
permeability and the dynamic bulk modulus of the double
porous medium as functions of the same quantities given
for the two sub-domains [1].

A large variety of models may be used to represent the
dissipation in the porous domains. In this paper, visco-
thermal effects may be described using the single param-
eter model described in [23] and modified by [24] or us-
ing the five parameter model of [25, 26]. In addition for
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the meso-porous domain, the expression of the dissipation
can be derived analytically for parallel cylindrical pores
as described in [1] from the expressions of [15]. For other
geometries, the analogous perforation radius which gives
the same meso-porosity may be computed to allow the
use of these analytical expressions. Complementary modi-
fications needed to adapt specific coupling conditions with
multi-layer components or to specific geometries may also
be considered ; they are described below in the description
of the tested samples.

The question of the availability of the input data arises
now. The geometry of the perforations may be directly
measured or deduced from the cutting tool (see section 4).
The material parameters are required for each of the com-
ponents of the multi-layer systems. Each material consti-
tuting the layers of the system has been characterized inde-
pendently. The characterization method used relies on the
direct measurements of the open porosity ¢ [27], the static
air flow resistivity o [28], the dynamic density and the dy-
namic bulk modulus of the material, these two last prop-
erties being obtained from standing wave tube measure-
ments [29]. Parameters related to the material morphology
which allow to reproduce the visco-inertial and thermal
dissipations effects according to [23, 24, 26, 25, 30] are
then deduced from these measurements using the corre-
sponding analytical expressions [29, 31, 32]. These addi-
tional parameters are namely the high frequency limit of
the tortuosity a., the viscous and thermal characteristic
lengths, respectively A and A’, and the static thermal per-
meability k(’). However, for the materials studied here, the
thermal dissipation is negligible compared to viscous dis-
sipation and k;, parameter has been omitted.

In the following, three examples of double porosity ma-
terials are discussed: first a perforated, multi-layer ma-
terial, second a material having perforations of irregular
depths and third, a material having a non planar surface.
The model used and the parameter values for each layer
of each example are compiled in Table I and are dis-
cussed in the following. For the sake of simplicity, param-
eters values were rounded. One could also note that for
the two last foams reported in this table, the criterion of
N =~ 2A is verified. For the materials studied here, dissi-
pation was mainly visco-inertial and only five parameter
models [26, 25] were used.

3. Porous perforated panel in a multi-layer
system

This section examines two situations where the double
porosity medium is comprised in a multi-layer system. The
base configuration is the following: a mineral foam, perfo-
rated all the way through the thickness, is coupled to a
screen on its rear side, these two layers being backed by
a rigidly terminated air plenum (see Figure 3). Two sys-
tems are then considered depending on the shape and the
size of the perforations. The first system presents irregular
circular perforations and the second one has regular perfo-
rations of square cross-section. The systems are submitted

717



ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 94 (2008)

Bécot et al.: Applications of the dual porosity theory

Table I. Acoustical models and corresponding parameters for the materials used in the paper. DBM: Delany-Bazley-Miki model [23, 24],

JCA: Johnson-Champoux-Allard model [26, 25].

Material Model c 1) oo A AN kg

k N.s.m™ - - pum pum 10719 m?
Mineral panel (section 3) DBM 2300
Screen 1 (section 3) JCA 2 000 0.99 1.80 1.4 1.4
Screen 2 (section 3) JCA 1500 0.99 2.00 2.2 2.2
Foam (section 4) JCA 130 0.98 1.00 50.0 100.0 10
Melamine foam (section 5) JCA 10 0.99 1.00 100 200 150

Figure 3. Scheme of the three-layer system composed by a per-
forated panel, a screen and an air gap for normal plane wave in-
cidence.

to plane waves and to a diffuse sound field. Those systems
are commonly used in Buildings as sound absorbing ceil-
ings.

3.1. Acoustical characterisation of the system com-
ponents

The panel having cylindrical perforations consists of a
8.5 mm thick porous mineral panel backed with a screen
of thickness around 0.1 mm (screen 1 in Table I) and an
100 mm air gap. Some holes have an irregular cross section
but, from the modeling point of view, all holes will be con-
sidered to have the same diameter equal to the mean char-
acteristic size of the perforations, namely 3 mm. The total
meso-porosity of the panel ¢, is 9%. The panel with regu-
lar square perforations of 90 mm? section area has a thick-
ness of 12.5mm and is backed by 0.2 mm screen (screen
2 in Table I) and a 100 mm air gap. In this case, the meso-
porosity value, 16 %, has been calculated from the actual
value of the perforation sizes. From the modeling point of
view, the value of an analogous circular perforation radius
has been calculated to give the same value of the meso-
porosity.

For the two systems considered here, the dissipation
inside the micro-porous domain was found to be cor-
rectly reproduced using the empirical relations derived by
Delany-Bazley [23] and further modified by Miki [24].
These expressions involve only one parameter: the static
air flow resistivity o,. Visco-thermal dissipation inside
the meso-porous domain was correctly reproduced using
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the Johnson-Champoux-Allard model [25, 26] whose pa-
rameters are calculated from the perforation size or the
analogous perforation radius and the perforation rate ¢,.
An example of such calculations can be found in chapter
5 of Allard’s book [14]. Finally, the visco-thermal dissi-
pation inside the screens was modelled using a Johnson-
Champoux-Allard model [26, 25]. Values of the acousti-
cal parameters obtained after the characterization proce-
dure as described in Section 2.3, for each layer, are given
in Table I.

3.2. Modeling of the multi-layer systems

A first model, called here after “single” porosity model,
can be considered by neglecting the internal porosity of the
panel material. For this model, the visco-thermal dissipa-
tion as described in [25, 26] is calculated using a corrected
value of a,, to account for the added mass effect and the
radiation damping at each perforation end. This correction
is based on the radiation of infinitely baffled circular pis-
ton. Note that more advanced correction terms were also
proposed recently in [33]. In a second model, the inter-
nal porosity of the panel and the additional dissipative ef-
fects resulting from the coupling between the micro-scale
of porosity and the scale of the perforations are accounted
for. The method used here is the analytic approach based
on the theory presented in [1]. This second model is called
here after “double” porosity model. These two models as-
sume that the porous medium has a rigid and motionless
solid phase.

Since the screen is glued onto the perforated panel and
is very thin compared to the acoustic wavelength, the val-
ues used in the models for the porosity and for the air
flow resistivity have to be modified compared to the mea-
sured values. When considering the panel-screen system,
the porosity ¢, is changed to ¢ x ¢, and the resistivity oy
is replaced by o;/¢,.

The indicator of the acoustic performance discussed
here is the sound absorption coefficient. For plane wave
under normal incidence, the calculation is straightforward
using standard expressions which can be found for in-
stance in [14]. Diffuse sound field conditions are repro-
duced using the procedure as proposed in [34]: the mate-
rial response is calculated by adding up the material re-
sponses for a range of incidences comprised between 0
and 78 degrees. To improve the accuracy of the summa-
tion, angles are distributed according to a Gauss-Legendre
quadrature using a minimum of 20 points.
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3.3. Comparisons between measurements and simu-
lations

For the two systems, simulation results are compared for
a plane wave excitation and a diffuse sound field. For
plane wave incidence, the sound absorption coefficients
are measured in an impedance tube of 46 mm diameter.
Rigourously speaking, the entire reproductible pattern for
each of the two systems tested here is assumed to have
a size of 600x600 mm? cross section. Therefore, circular
samples of diameter 46 mm may not contain an elementary
reproduction of the entire pattern. The absorption efficient
measured in these conditions may vary from one sample to
another and should be examined with care. To overcome
this, a larger sample having a total size of approximately
12 m? was made, the surface of which contains several
elementary patterns. The complete sample was tested in
diffuse sound field conditions according to ISO 354 [35].
Measurements were carried out by an independant labora-
tory for the third octave bands of frequency from 100 Hz
band to the 4 000 Hz. Simulation results were obtained us-
ing a narrow frequency step (1 Hz). In all configurations,
the presence of the air plenum yields an interference pat-
tern whose period is proportional to the depth of the air
gap.

Results using the single and double porosity models de-
scribed previously are reported in Figure 4, for the mate-
rial having circular perforations. For plane wave incidence
(top graphs), the two models give values of the absorption
coefficient which are very similar at very low frequencies,
under 200 Hz. At these frequencies, the dissipative effects
in the microporous domain are negligible because of the
very large wavelength compared to the characteristic di-
mension of this microprous part. At higher frequencies
and up to 2 000 Hz, the single porosity model gives predic-
tions which are lower than those obtained using the double
porosity model, which means that some dissipation mech-
anisms are not included in this model. In the low frequency
range, single porosity results are closer to the measure-
ments, while the double porosity model tends to give better
predictions of the measured values at higher frequencies.
Thus, as the frequency increases, the interaction between
the two network of pores becomes more significant and the
double porosity model seems more suited to predict these
mechanisms compared to the single porosity model which
only considers the panel perforations.

For the diffuse field conditions, the double porosity
model gives predictions which correspond well with the
measured values while the single porosity model fail to
predict correctly these values. The single porosity model
clearly underestimates the measured absorption coefficient
which means that some dissipation mechanisms are not in-
cluded in this model. The size of the tested samples appear
to be crucial to show experimentally the double porosity
effects and to validate the double porosity model. In ad-
dition, the presence of oblique incidences may lead to an
increase of the coupling between the two pore networks.
For these incidences could enter the micro-porous domain
through the walls of the meso-pores and thus create an ap-
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Figure 4. Comparison between sound absorption coefficients
simulated using a single or a double porosity model and mea-
sured. System: panel with circular perforation backed by a
100 mm air gap. Top: impedance tube conditions; Bottom: dif-
fuse field conditions.

parent coupling between the perforations and the panel.
This effect is however difficult to quantify.

Figure 5 presents the measured and simulated sound ab-
sorption coefficients for the materials having square per-
forations. In the case of plane wave incidence (top fig-
ure), the two models give very similar predictions below 2
000 Hz. Beyond this frequency, none of the models man-
age to estimate correctly the measured absorption coeffi-
cients. However, the double porosity model gives predic-
tions which are closer to the measurements and in particu-
lar in the vincinity of the second dip of absorption around
3 500 Hz. This tends to prove that the dissipation is bet-
ter estimated in the double porosity model. At frequencies
above 3 500 Hz, predictions using this model are in a bet-
ter agreement with the measured values compared to those
obtained using the single porosity model. As for the ma-
terial with circular perforations, the size of the samples
tested in this configuration (in a 46 mm impedance tube)
does not allow to illustrate fully the double porosity ef-
fects.

Results for diffuse field conditions (bottom graphs)
show larger deviations between the results obtained us-
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ing the single and the double porosity models. As for the
other system, results from the double porosity model fol-
low closely the measurements in third octave bands while
results from the single porosity model clearly underesti-
mates the measured values. These results allow to validate
the double porosity model proposed here to reproduce the
coupling between the square perforations and the micro-
porous part of the material.

Finally, results presented here tend to show the dual
porosity principle could be successfully applied to predict
the sound absorption of perforated micro-porous material.
It also appears that for this material, the geometry of the
perforations plays a minor role. Finally, the deviations ob-
served between the measurements and the simulations for
impedance tube conditions, seem to be related to the repre-
sentativity of the tested samples. Increasing the size of the
sample allows to have a more complete picture of the ele-
mentary periodic pattern of the material. In this case, mea-
surements show a larger effect of the coupling between the
two pore networks and model simulations tend to confirm
the importance of including double porosity effects to im-
prove the prediction accuracy.

4. Material with perforations of various
shapes

The second series of double porosity media studied in this
paper is made from a polymer foam perforated with holes
having different radii and thicknesses. The originality of
these configurations compared to those studied in Sgard et
al. [18] lies in the fact that perforations are not compact
nor centered. It is shown here that the dual porosity theory
could be applied successfully to media which present an
intricate surface.

4.1. System characteristics and modeling

The base material has been chosen for its high static
air flow resistivity, high open porosity and low tortuos-
ity which are the double porosity key parameters to ob-
serve noticeable dissipative effects. Dissipation occuring
in the foam are found to be correctly reproduced using the
Johnson-Champoux-Allard [26, 25] model. The values of
the model parameters, reported in Table I, were obtained
using the characterization technique described by Olny et
al. in [29, 31, 32].

The tested samples comprise a series of holes whose ge-
ometries are shown in the Figure 6. Tested samples are all
30 mm thick and are laid on an acoustically rigid termina-
tion. Perforations with two different diameters have been
made: 6.6 mm and 15 mm. In addition, perforations could
have three different depths: 10 mm, 20 mm or 30 mm. As
a result, the meso-porosity may take on three different val-
ues along the thickness for the various samples (see Fig-
ure 7). For our tested samples, the number of holes and the
successive values of the meso-porosity, expressed in % and
rounded, from the sound incidence to the rigid backing are
respectively: sample (i), 1 hole and ¢,=2-2-2 ; sample (ii),

720

Bécot et al.: Applications of the dual porosity theory

Measurements
0.9 — Single porosity model
- - -Double porosity model

Sound absorption coefficient a

2000 3000 4000 5000
Frequency (Hz)

+ Measurements
0.9r — Single porosity model
- = -Double porosity model

Sound absorption coefficient o

0 1000 2000 3000 4000 5000
Frequency (Hz)

Figure 5. Comparison between sound absorption coefficients
simulated using a single or a double porosity model and mea-
sured. System: panel with square perforations backed by a
100 mm air gap. Top: impedance tube conditions; Bottom: dif-
fuse field conditions.

46 mm
&
= ;
Oe)e

Base material : (C) 30 mm thick
Perforations : @ 30 mm deep ([) 20 mm deep () 10 mm deep

Figure 6. Geometry of the perforated material samples. View of
the faces toward sound incidence.

2 holes and ¢,=4-4-2 ; sample (iii), 3 holes and ¢,=14-4-
2 ; sample (iv), 6 holes and ¢,=21-4-2.

On the modeling point of view, each of the three lay-
ers is represented by a medium having a circular perfo-
ration with a radius which gives the same value as the ac-
tual meso-porosity. Moreover, the geometric parameter Dy
introduced by Olny in [1] and the characteristic diffusion
length Ap have to be modified as done by Sgard in [18]
to cope with the fact that the actual perforations are not
realised all through the material.
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4.2. Measured and simulated absorption coefficients

The sound absorption coefficients were measured in the
same 46 mm diameter impedance tube used for the previ-
ous example. For all configurations, the elementary perfo-
ration patterns of the tested samples correspond closely to
the one which was modeled. Thus any limitations related
to the representativity of the sample size are avoided.

In Figure 8, a close correspondence between the mea-
sured (thin lines) and the predicted values (thick lines) is
observed on the entire frequency range and for all con-
figurations from (i) to (iv). Besides the frequency range
from around 1500 Hz to 2700 Hz where structural effects
appear for the single porosity sample (“SP”’) and for sam-
ple (i), both the level and the evolution of the dissipation
mechanisms are correctly captured. It should be empha-
sised that the section profile of these samples, in particular
for sample (iv), corresponds to a very irregular surface as
illustrated in Figure 7.

Therefore, these results show that the actual distribution
of the perforations inside the material is not significant,
even with fairly large perforation sizes. They also prove
that an accurate modeling of the sound absorption from
irregular surface materials could be achieved by using the
double porosity concept. This kind of materials may be
found in Buildings or in advanced noise barriers design.

5. Materials with non planar surfaces

The final examples given in this paper are two wedged
shaped materials used for sound absorption at very low fre-
quencies in anechoic or semi-anechoic laboratory rooms.
The efficiency of this type of systems is usually evaluated
in terms of the “critical frequency” which corresponds to
the frequency beyond which the absorption coefficient is
larger than 99%. The objective is to show that modeling of
this type of geometry, which usually requires large com-
putational means using finite element methods, can be effi-
ciently achieved using analytical calculations based on the
dual porosity theory. Compared to the work presented in
[36], different models are used here to represent the dissi-
pation inside the micro-porous part of the double porosity
medium.

5.1. Description of the samples and modeling

The anechoic wedges considered here are made of a stan-
dard melamine foam which has been characterised using
the method described in [29]. It comprises a heel and a
wedge whose respective dimensions are indicated by H
and L in the following. In addition, the anechoic wedges
are backed by an air plenum of thickness indicated by P.
The first anechoic wedge has the following dimensions
L=900 mm, H=200 mm, P=110 mm and is covered with
perforated metal sheet. The presence of the metal cover-
ing modifies the nature of the dissipation mechanisms in
a limited frequency range as discussed below. The second
wedge has no covering and has the following dimensions:
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Figure 7. In depth geometry of sample (iv) along the line A — A’
(see Figure 6).

0.9
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= —— Experimental SP
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0.2 --=-Experimental (iii) 1
m— Analytical (iv)
O Experimental (iv)
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Figure 8. Absorption coefficients measured and simulated of dou-
ble porosity materials with non-centred perforations. SP = single
porosity, material without perforation. Plane wave normal inci-
dence conditions.

L=630mm, H=380mm, P=100 mm. Both wedges have
a heel of squared cross section of 300 x 300 mm?.

The complete wedge is modelled using a stratification
of the inclined part of the wedge. It has been shown pre-
viously [36] that the dual porosity theory could be ap-
plied successfully to this type of geometry provided that
a sufficient number of layers are accounted for. The meso-
porosity of each layer is computed according to the actual
wedge geometry. Each layer is then considered as a double
porosity material having a meso-perforation of cylindrical
shape. The analogous perforation radius is calculated to
give the actual value of the meso-porosity. An example of
the stratification procedure is given in Figure 9. The grey
area shows the micro-porous part of the double porosity
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model. Since we examine the plane wave condition, this
pattern could be infinitely reproduced in adjacent cells. By
doing so (light grey area in the figure), the shape of an
approached wedge appears more clearly.

The visco-thermal dissipation in the heel and in the
micro-porous part of the double porosity material is re-
produced using the Johnson-Champoux-Allard model [26,
25]. This model, referred to as “rigid frame” below, as-
sumes that the skeleton of the porous material is rigid and
motionless. In some cases and certain frequency ranges,
the inertial effects may be significant. In this case, one
of the alternate “equivalent fluid” models should be used.
These models, described for instance in [37, 38, 16, 39],
consider either that the skeleton manifests no stiffness,
“limp” model, or that the skeleton is infinitely rigid but can
move as a whole, “rigid body” model [16]. These models
have been proved to yield similar calculations for material
having a porosity close to one [16]. Therefore, only the
assumption of an infinitely soft skeleton was used in the
present calculations.

5.2. Model convergence

Absorption coefficients of the complete systems were
measured in the large impedance tube of 600x600 mm?
square cross section. The cut-off frequency for these tube
dimensions is 285 Hz. However, by using an adapted ex-
citation signal and by measuring the sound pressure on
the axis of the tube, it was checked that accurate mea-
surements could be performed up to the second transverse
mode [2]. Thus, the valid frequency range spans from
20Hz to 500 Hz. The lateral dimensions of one wedge
is 300x300 mm?. Therefore, four wedges were placed in
staggered rows to fill in the tube section which allow a
good representativity of the elementary periodic pattern
compared to the modeled one. The sound pressure was
measured at four points located on the axis of the tube, the
closest position to the wedge being at a minimum distance
of 0.1 m away from the peaks.

An example of calculations using an increasing number
of layers is shown in Figure 10. One can observe that the
6 layers’ model gives predictions which follow closely the
measured values of sound absorption coefficients. Since
working with a larger number of layers is computationally
costless, the calculations shown in the following use a 11
layers’ model. For the inclined part of the wedge, discre-
tised using 10 layers, a rigid frame model was applied. For
the heel, which is represented using a single layer, either a
“limp” model or a “rigid frame” model was used.

5.3. Wedge performance predictions

Results for the wedge with no metal cover are presented
in Figure 11. It is observed that accounting for a possible
frame motion of the heel improves significantly the pre-
diction of the critical frequency compared to a “rigid mo-
tionless” model. The critical frequency is predicted within
a 15% error using this model. The overall behaviour of
the absorption coefficient at frequencies below 150 Hz is
also correctly captured. However, the exact prediction of
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Total length is
1100 mm or 1 010 mm

Figure 9. Picture of the actual anechoic wedge and illustration of
the corresponding double porosity model using 6 layers. Dashed
area: actual geometry of the wedge, black vertical lines: tube
walls, grey area: micro-porous part, ligth grey area: continuta-
tion of the periodic pattern.
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Figure 10. Sound absorption coefficients calculated for an in-
creasing number of layers (numbers include the heel). Dimen-
sions: L=900 mm, H=200 mm, P=110 mm, perforated metallic
covering.

this value depends strongly on the exact boundary condi-
tions between the material and the tube surfaces which are
difficult to quantify. Accounting for elastic effects in the
successive double porosity layers is expected to increase
further the accuracy of the predictions. This is the subject
of ongoing research.

Figure 12 compares the measured values and the predic-
tions in the case the wedge is covered with a metal sheet
whose perforation rate is approximately 25 % with hole
sizes of 2, 5 or 10 mm. It is thus considered as acousti-
cally transparent and is not represented in the model. The
effect of the metal cover mainly consists in constraining
the porous material and hence, in reducing the contribu-
tions of the inertial and structural effects in the observed
frequency range. Actually, it is observed in this figure that
the “rigid motionless” porous model predicts the critical
frequency with a satisfactory accuracy (about 1 % error)
contrary to the “limp” model (100 % error). Moreover, the
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Figure 11. Absorption coefficients of anechoic wedges mea-
sured and simulated in impedance tube conditions. Dimensions:
L=630mm, H=380mm, P=100 mm.
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Figure 12. Absorption coefficients of anechoic wedges mea-
sured and simulated in impedance tube conditions. Dimensions:
L=900 mm, H=200mm, P=110 mm, perforated metallic cover-

ing.

general behaviour of the absorption below the cut-off fre-
quency is also correctly reproduced.

6. Discussion

In this paper, the double porosity theory based on the ho-
mogenisation technique as derived in [1, 5, 6] has been
successfully applied to predict the acoustical behaviour
of porous structures having complicated surfaces. Various
materials have been used from low resistive (melamine
foam) to high resistive foam (mineral foam).

Multi-layer systems have been examined which allow
to discuss the coupling of a double porosity medium with
other media. Sound absorption coefficients of regularly or
irregularly perforated materials have been correctly repro-
duced. This has underlined the importance of testing sam-
ples which reproduce an entire elementary periodic pattern
of the perforated material in order to obtain accurate pre-
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diction of the measured sound absorption. It was shown
that, for the materials tested here, the shape of the perfo-
rations played a minor role in the prediction of the sound
absorption coefficient. This property allowed to build an
analytical model of typical wedges used in anechoic rooms
which gives satisfactory predictions as long as the mount-
ing conditions are correctly accounted for.

The main limitations of the application of this theory
to a larger number of materials concerned the correspon-
dance between the actual geometry of the meso-domain
and the one which can be modeled analytically. So far,
only cylindrical perforations may be correctly included.
Deriving the diffusion function for other geometries could
overcome this and is the subject of ongoing work.

Besides these restrictions, the various examples dis-
cussed above proved that this theory is a powerful ap-
proach to understand the physical mechanisms involved
in materials which were so far modelled using computa-
tionally demanding methods. With the analytical tools pre-
sented here, the acoustical behaviour of complicated struc-
tures under plane waves or diffuse field excitation could be
modeled and optimised. Works are currently in progress to
develop further this theory to account for more elaborate
coupling configurations.
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