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Summary

Acoustical porous materials containing specific porous inclusions are studied. An extension of double porosity

model based on the homogenization hypotheses introduced by Boutin [1] is presented. To apply and extend

Olny’s model [2, 3], some hypotheses together with the identification of the different regimes rely directly on the

nature of the inclusion must be respected that is why the filling material is chosen to respect those assumptions
(for example high contrast of permeability,. .. ). The inclusions are supposed periodic and the frame rigid. The
idea here is to use the diffusion effect already observed in double porosity case and to add poro-elastic inclusions

to deal with the main disadvantage of double porosity case, i.e the presence of an hole. This hole leads to bad

absorption bahavior at very low frequency and loss of performances in transmission. Experimental verifications

are given by using different Kundt tubes. The semi-phenomenological model is thus validated.

PACS no. 43.55.Ev

1. Introduction

Porous materials are widely used in acoustics to improve
the sound absorption coefficient. Perforations in the thick-
ness direction can be made to increase the sound absorp-
tion coefficient of these materials. It creates double poros-
ity into the material. This double porosity concept has been
studied by several authors [1, 2, 4, 3, 5]. Thus, theoretical
aspects have been investigated [1, 2, 3]. Numerical aspects
and practical applications have also been studied [4, 5] and
have shown that, under certain conditions, it is possible to
enhance considerably the sound absorption coefficient.

Indeed, the acoustical sound absorption of double po-
rosity materials can be larger than simple porosity materi-
als: it depends strongly on the permeability of the porous
substrate, on the material thickness and on the frequency
range. Owing to this concept, new absorpbing materials
can be designed to decrease the noise in the low frequency
range [6, 7, 8]. However, the increase of absorption is
usually obtained above a certain frequency value. At very
low frequency, the sound absorption coefficient of a dou-
ble porosity material decreases compared with the sound
absorption coefficient of a single porosity material. More-
over, due to perforations, there is a loss of performances
in transmission. This last problem can be important when
a complex field is involved [9].
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In [3], it has been underlined that, in the case of dou-
ble porosity and when the permeability contrast is high,
a pressure diffusion effect can be observed. In this case,
the absorption coefficient is increased significantly in a
range around a theoretical frequency, called the diffusion
frequency.

As described by Horoshenkov in [10], there is growing
interest in innovative solutions concerning materials for
acoustical applications. Moreover, inhomogeneous mate-
rials have been considered in [11, 12]. In particular, a study
about porous heterogeneous acoustic materials made up of
inclusions in the thickness direction, has been addressed
by Groby et al. [13], concerning the case of inclusions in
a periodical slab. In [13], a theoretical model for the pres-
sure field equations based on the Green’s functions is de-
scribed and is followed by experimental verifications. The
explored frequency range is very wide and comprehensive
of the typical ultrasound frequencies. In our case, the range
of interest is tuned for the typical acoustical applications
(50 — 4000 Hz, or narrowed to 50 — 500 Hz for some ap-
plications); moreover, the theoretical model is based on
the homogenization hypotheses introduced by Boutin et
al. [1].

The aim of the present study is to show that it is possi-
ble to use the pressure diffusion effect already observed
in the double porosity case and to add poro-elastic in-
clusions into the perforations to deal with the main dis-
advantages of double porosity materials, i.e. loss of per-
formances in transmission and very poor performances at
very low frequencies. Semi-phenomenological model and
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Figure 1. The three scales of the considered heterogeneous
medium.

experimental results for the case of absorption are shown
in the present paper. An example confirming the positive
effect of inclusions in the case of transmission is also pre-
sented; this topic will be addressed extensively in forth-
coming papers.

In the case of double porosity, the pressure diffusion ef-
fect is obtained through a highly resistive microporous ma-
terial. In fact, such a characteristic provides a large differ-
ence between the resistivity of the microporous material
and the resistivity of the air in the pores, that can be ap-
proximated to zero. As shown in [14] the same effect can
be reproduced in the case of specific porous inclusions fill-
ing the holes, through a high difference in the air flow re-
sistivity between the two involved microporous materials.

To apply and extend Olny’s model [2, 3], some hypothe-
ses together with the identification of the different regimes
rely directly on the nature of the inclusion must be re-
spected that is why the filling material is chosen to respect
those assumptions (for example high contrast of perme-
ability,...).

The paper is organized in the following way. Section
2 describes the semi-phenomenological model which is
an extension of double porosity model and points out the
acoustical and geometrical characteristics, that are neces-
sary to obtain the supposed effects of sound absorption in-
crease and pressure diffusion. Section 3 describes experi-
mental results and model validation.

2. Semi-phenomenological model

Consider an heterogeneous medium composed of two
poroelastic materials. Three scales are needed to describe
the structure (Figure 1).

In what follows, it is assumed that there is a high per-
meability contrast between the two microporous domain
1 and 2. In all this study, we assume that the microporous
domain 1 has a higher resistivity than the poroelastic inclu-
sion (microporous domain 2) to obtain permeability con-
trast necessary for the increase of absorption.

LetL,!,, I, i = 1,2, be, respectively, the three charac-
teristic sizes for each level of representation: macroscopic,
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mesoscopic, and microscopic. In concrete terms, /,, and
1, are respectively given by the order of magnitude of the
micro- and mesoheterogeneities, whereas the wavelength
in the heterogeneous material can be used to evaluate L. It
should be underlined that for double porosity material an
estimate of this wavelength is provided by the wavelength
in the pores. To obtain a separation of scales between meso
and macro scales, one should have the ratio /,/L small.
Indeed, the meso-heterogeneities must be small compared
with the macroscale to apply homogeneization. So, as the
poro-elastic inclusion represents an heterogeneity, the le
ngth L is chosen as the double porosity case (the meso-
heterogeneity is now the inclusion). In what follows, the
subscripts p, m, h are used to distinguish variables, respec-
tively, related to poroelastic inclusions, micopores, and to
the heterogeneous medium. In this system, one assumes
the existence of two representative elementary volumes
REVm and REVp defined, respectively, from the micro-
pores and poroelastic inclusions structures. Poroelastic in-
clusions and micropores are supposed to be air-filled, and
interconnected. Let ¢,,; and ¢,,» be respectively the poros-
ity of material 1 and the porosity of material 2. The poros-
ity of the heterogeneous medium ¢, can be written in func-
tion of porosities related to poroelastic inclusions and mi-
cropores (see Figure 1 for the definition of the terms),

d) _ Qfml Qspl QfmZ QspZ
T Q  Qnm Q,
= (1 - ¢p)¢m1 + ¢p¢m2: (D

where ¢, denotes the porosity to the fictive medium con-
sisting of the microporous domain 1 mesoperforated with
air where the microporous domain 2 (poroelastic inclu-
sion) has been replaced by air. In order to represent
the multiscale heterogeneous medium as a homogeneous
equivalent one, the first assumption [3] that has to be made
is that the characteristic size of the phenomenon is large
compared with the “largest" heterogeneities. So a first sep-
aration of scales (macro/meso) must exist,

lP
— 1. 2
7 < 2)

Moreover, a separation of scales between micro- and
mesoscales must also exist [3],
lml

L
M1, 2« 3)
1, 1,

A semi-phenomenological model of the wave propagation
at audible frequencies is presented in the case where (i)
the medium is periodic, (ii) there is a double separation of
scales between micro and meso size on the one hand and
between meso and macro size on the other hand, (iii) the
motion of the skeleton can be neglected. In what follows,
a temporal dependency e/®’ is assumed.

The considered periodic cells are represented in Fig-
ure 2. They consist in a heterogeneous material. Indeed,
a poroelastic inclusion is considered. In the case in which
the poroelastic inclusion is air Olny et al. [2, 3] established



Gourdon, Seppi: Extension of double porosity model

Poroelastic inclusions (Domain 2)
v

0]

Figure 2. Considered periodic cells: circular or square cross-
section for the poroelastic inclusion.

a generalized Darcy’s law similar to single porosity media
involving a dynamic permeability I1g, and a bulk modulus
K, depending on the mesogeometry.

If one is interested in the propagation in the direction
parallel to the axis z, similarly to what has been done in
[2, 3], the characteristic impedance Z, and the propaga-
tion constant k in the heterogeneous medium can be deter-
mined with homogeneization by

Ze=pKi and k=wy/ 2 €
K,

where the effective density pj, is related to the dynamic
permeability I1, by

_n
joll,,”

Ph ®)
where 7 denotes the dynamic viscosity of the interstitial
fluid. The surface impedance Z, of a material of thickness
e and backed by a material of surface impedance Zg can
then easily calculated by

Z, =2 Z,. —jZscot(ke)

“Zs i Zecolke) ©

The normal incidence sound absorption coefficient is then
given by

"o 4Real[z;]
"~ (Real[z;] + 1)? + Imag[z,]?

(N

with z;, = Z,,/(pacq), where p, and ¢, are the density and
sound speed in the medium in which the incident wave
propagates.

Visco-inertial effects and thermal effects are modelized
by using a direct extension of Olny’s model to porous ma-
terials containing porous inclusions by considering that the
meso-pores of the double porosity material are filled here
with a porous material. Indeed, we modify the expressions
of the viscous and thermal permeabilities based on the sub-
stitution of pores variables with porous inclusion variables
under the hypotheses that the Olny’s model [2, 3] assump-
tions are respected. Those assumptions can be respected
by choosing a specific filling material.
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For visco-inertial effects, the materials are considered
in parallel and for thermal effects we add a diffusion func-
tion to take into account the diffusion effects. It should be
underlined that, to apply and extend Olny’s model [2, 3],
some hypotheses together with the identification of the dif-
ferent regimes rely directly on the nature of the inclusion
that is why in the following the filling material is chosen
to respect those assumptions (for example high contrast of
permeability,...). The authors have checked carefully those
different assumptions to be sure to be able to extend the
Olny’s model in this particular case. This last point has
not be detailed here because it is just necessary to follow
publication [3]. Further discussions and details about the
model which has to be taken for any porous inclusion will
be given in another paper.

2.1. Visco-inertial effects

Similarly to [2, 3], in the case of circular cylindrical inclu-
sions of poroelastic inclusions, the dynamic permeability
IT, of the whole heterogeneous material in the direction
normal to the material is given by

m,=(01- ¢p)Hm1 + ¢pnm2 (8)

where I1,; ,i = 1,2, denotes the dynamic permeability of
the single porosity microporous medium i.

An approach based on a semiphenomenological model
is chosen for the calculation of each I1,,; , i = 1, 2. This ap-
proach consists in using the acoustical parameters of the
Johnson et al’s semiphenomenological model [15] (¢,
omi the micro-resistivity, @epm; the tortuosity and A,,; the
viscous characteristic length , i = 1, 2). Thus, the dynami-
cal permeability of each microporous domain is [15]:

I1,,;(0)
) My @ '
Jowm T/ LI 00

where I1,,;(0) is the static permeability of the i-th single
porosity medium, given by I1,,;(0) = /06,

I, (w) =

i=12 (9

Wymi = Umid)mi/(poaoomi) (10)

denotes the viscous characteristic frequency of the i-th mi-
croporous medium and M,,; = 8oomifi/ (gl)miamiAﬁqi) and
po is the static air density.

2.2. Thermal effects

Similarly to [2, 3], in the case of circular cylindrical inclu-
sions of poroelastic inclusions and for high permeability
contrast between the two microporous domain 1 and 2, the
macroscopic dynamical bulk modulus K} can be given by

by Fi(w) ]~
1 - .
K@ "% @)

Ky = (11)

K, and K, are respectively the dynamical bulk moduli
of the single porosity domain 1 and the single porosity do-
main 2.
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An approach based on a semiphenomenological model
is chosen for the calculation of K,,;, i = 1,2. Several ap-
proaches are possible. The first one consists in using the
acoustical parameters of the Champoux-Allard’s semiphe-
nomenological model [16] (¢,,; and A,; the thermal char-
acteristic length). Thus, the dynamical bulk modulus of the
microporous domains are [16]

Kni(w) = 12)
yPO/d)mi
-1
. Sk .A:f,.Cppow
r=@-=10 [1—JA:3[CPW 1+JT]

C, denotes the specific heat at constant pressure, y the ratio
of the specific heats and x the conductivity of the air.

A second approach (that is used in the present pa-
per) consists in using the acoustical parameters of the
Champoux-Allard-Lafarge semiphenomenological model
[17] (¢mi> A, and ©,,(0)). In this case, the dynamical
bulk modulus of the microporous domains are [17]

yPO/d)mi

Kpi(w) = Y o
y—ilr— I)FJL"

(13)

where P, is the static ambient pressure, 6; = \/k /(poC,m)
is the thermal boundary layer thickness and ©,,; denotes

the dynamic thermal permeability of the i-th microporous
domain, that can be computed as

0,0
Opi(w) = © ., i=1,2, (14)
[P RYA S
where
Otmi = KPmi [ (p0CpOpi(0)) (15)

denotes the thermal characteristic frequency of the i-th mi-
croporous domain and M,,; = 80,,,(0)/ (quiA'j,.).

F, is the ratio of the average pressure in the micropores
to the pressure in the poroelastic inclusion. This function
describes the pressure diffusion effects occurring when the
wavelength in the porous domain becomes of the same or-
der of magnitude as the size of meso-heterogeneities (the
size [,). This function is associated with a characteristic
frequency

(1= P
= "7 16
“! = $mom D(O) (16)
where D(0) can be estimated by [3]
D(0) ~ (1 — )17, amn

with [, the size of the meso-heterogeneities (/, = 2R for

circular cross-section or [, = b for square cross section).

e For frequencies such that ® < w,, F; tends to 1 as @
decreases, the pressure is uniform in the whole material
[3]. Thus, no pressure diffusion effect occurs and it is
sufficient to replacing Fy by 1 in Equation (11).
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e For frequencies such that @ > wy, F; tends to 0 as
® increases: the micro-pores do not participate in the
macroscopic response of the material [3].

e For frequencies around wy, F; is complex and describes
dissipation effects specific to multi-scales porous mate-
rials: the pressure diffusion effects [1, 3].

So, for frequencies such that @ ~ @y, the pressure in the

micro and mesoscopic domains are of the same order of

magnitude but differ.

In a first approximation, we apply and extend Olny’s
model [2, 3]: we consider that the filling material is chosen
to respect the assumptions of the Olny’s model (for exam-
ple high contrast of permeability). We consider that there
is a high contrast permeability which ensures that diffusion
process will appear exactly as the double porosity case.
The resistivity of the filling material is much smaller than
the resistivity of the porous domain 1. For diffusion, ev-
erything happens as if the same phenomenon of diffusion
appears: the contrast of permeability is high so it is as if
for diffusion phenomenon the meso-heterogeneity repre-
sents a hole. The authors are aware that it is an approxima-
tion which is not exact since Fy is the ratio of the average
pressure in the micropores to the pressure in the porous
inclusions but for specific filling materials the physics ap-
pears to be quite similar that is why the authors have cho-
sen this approximation. The authors have checked that by
using a specific filling material, the assumptions of Olny’s
model are respected. Further discussions and details about
the diffusion function which has to be taken for any porous
inclusion will be given in another paper.

So, when the dissipative effects of pressure diffusion oc-
cur, F; can take the form [3]

D
Fy(w) = 1 _jw%%’ (18)

where D(w) is a function whose properties can be com-
pared with the ones of the thermal permeability introduced
by Lafarge et al [17]. It is associated with the pressure
diffusion effects [2, 3] which can occur in the heteroge-
neous material depending on its physical properties (high
permeability contrast necessary) and frequency. Those ef-
fects arise through a variation of the pressure in the micro-
pores at the mesoscopic scale and an increase of the imag-
inary part of the macroscopic bulk modulus of the material
thereby inducing a dramatic increase of the sound absorp-
tion. A semi-phenomenological expression of D(w) is [3]
given by

D() = PO (19)

. - M,
Je+y/1+i75 2

and the static value of D, D(0), is a geometric parameter.

The form parameter M, introduced in Equation (19) is

8D(0)

d = /\2— (20)
d(l - ¢p)
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Qspl
0Qp1

Ng=2 21
Qg1 refers to the part of the mesoscopic representative
elementary volume occupied by the microporous domain
1 and 09 is the area of the interface between the mi-
croporous domain 1 and the microporous domain 2 in
the mesoscopic representative elementary volume. So for
straight circular cross-section,
a’> — 7R?

Ag = — (22)
As discussed in [2], for finite thickness materials, the the-
oretical model must be corrected so that the surface 0,
should also include the surface of the microporous domain
in contact with the exterior air when the heterogeneous
material is backed by a rigid wall. With this thickness cor-
rection, for rigid wall termination

_ 2e(a* — TR?)
‘7 2exR + (a® — 7R?)

(23)

For a circular cross-section, the geometric parameter
D(0) can be evaluated analytically [5, 18]

2 1 3 b,
D(0) = Z—” <ln <¢T> -5 +20, - 7") (24)
p

with ¢, = 7R*/a*> where a is the size of the cell (Fig-
ure 2).

When only one layer is considered (independently from
its nature, double porosity or heterogeneous material), the
surface impedance Zg in equation (6) can be considered
infinite. Thus equation (6) is reduced to

Zy = —jZccot(ke). (25)

When several layers are considered, equation (25) has
to be used for the first layer, backed by a rigid wall. When
other layers are added side by side, for each new layer
equation (6) has to be recalculated to obtain the new sur-
face impedance for the layer, until the last external layer.
With this method, a multi-layer porous material charac-
terized by a number of layers as large as wanted can be
calculated.

Thus, for the coupling between a double porosity mate-
rial layer and a heterogeneous or single porosity material,
the whole can be treated like a multi-layer porous material.
The calculation of Ay, M, and all the parameters asso-
ciated with double porosity or heterogeneous material, is
done for each layer. It should be underlined that the diffu-
sion surface corresponds to the interface surface between
the microporous domain 1 and the air or the small resis-
tive micro-porous domain 2. For example, with the hybrid
configuration shown in Figure 3, the surface of diffusion to
take into account for the first layer is dQ; (double poros-
ity), and 0€), for the second layer (melamine inclusion).
In the case where the two layers present a high contrast

Document downloaded by @DAEL, 2026-10-04 02:18:40 - personal use only

ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 96 (2010)

........ a0,
eesesesd(y

— )

[ Melamine

Figure 3. Example of a hybrid configuration with a multi-layer
porous material.

of permeability, the surface 0Q; has to be taken into ac-
count. The surface between melamine and air has not to
be taken into account since the permeability contrast is not
high. Then impedance calculations at each interface from
an extremity of the multi-layer porous material to another
allow to calculate the acoustical properties.

3. Experimental results and model valida-
tion

In this Section, experimental verifications are presented.
The heterogeneous case is the main issue of the present
study. The case of double porosity is used as a reference.
In fact, the performance of the heterogeneous material is
compared with the performance of the double porosity
configuration.

3.1. Materials and testing

A consistent number of experimental data and analytical
calculations will be presented and compared in following
sections.

3.1.1. Materials choice

The materials initially used are named ul60 and mela-
mine. The first one is a foam composed of recycled ma-
terials, the second one is a well-known white melamine.
White melamine is used for inclusions and ul60 is used
for supporting material. Their properties have been experi-
mentally characterized in the Entpe Labs and are presented
in Table I. ¢ is experimentally measured as described in
[19]. The resistivity ¢ is experimentally measured using
the standard method ASTM [20]. a.., A, A’ and ©(0) have
been indirectly determined by using analytical formu-
las [21] deduced from Johnson-Champoux-Allard mod-
els [15, 16] or Johnson-Champoux-Allard-Lafarge [17]. p;
has been classically measured. For E, v and #g, the reso-
nant mass-spring method has been used. The method is
based on the measurement of frequency response of rect-
angular sample linked to a vibrating support. A metalic
plate of mass M is fixed on the top of the sample to obtain
the resonant mass-spring system. Different shape factors
are used. Analysis of the frequency responses leads to the
damping coefficient and to an apparent Young modulus.
The true Young modulus is linked to the apparent Young
modulus by a multiplicative coefficient which depends on
the shape of the sample and on the Poisson ratio. For a
given shape factor, this correction coefficient depends only
on ratio Poisson [22].
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Table 1. Material properties.

Material & o(Nsm™) oo A (m) A (m) O0)(m?) p1(kgm™3) E(kPa) v Ns
ul6o 0.90 47700 1.29 24x107% 200x 1075 2.9x 107? 159.8 500 0.4 0.180
melamine 0.99 10000 1.00 100 x 107 200 x 107 3.3 x 107° 8.5 235 0.3 0.066
rockwool  0.97 50000 107 175x107% 175x 10°% 3.3x107°° 130 4400 0 0.1

The two materials have been chosen for the following
reasons:

e high resistivity contrast between the two materials al-
low to satisfy the hypotheses on which the double
porosity model is based on;

e ul60 is a good absorbing material and inclusions of
melamine can improve its performances at low frequen-
cies.

In addition, the microporous ul60 is a good candidate, that
respects the condition of flow viscosity [5] in the measured
frequency domain (approximatively under 4500 Hz).

In fact, from equation (10), w,,, = 27733rad/s, there-
fore in the range w < w,,, and the flow can be considered
viscous. From a theoretical point of view, the possibility to
obtain an absorption gain due to pressure diffusion mech-
anisms is effective.

Moreover, a second microporous material acting as a
frame in the heterogeneous configuration, has been used
for verification. It is a common rockwool and is here re-
ferred just as rockwool.

3.1.2. Testing instruments

The testing instruments used for the measurements of
sound absorption consisted of

e a custom built standing wave tube (here named Small
Kundt Tube, SKT - Figure 4), having a circular cross-
section of a 46mm diameter, on which two microphone
positions are available on the top of the tube in front of
the sample and one on the back. In this way, both ab-
sorption and dynamic density / bulk modulus measure-
ments are possible, in a range approximately between
150 and 4300 Hz;

e a B&K type 4106 standing wave tube (here named
Medium Kundt Tube, MKT - Figure 5), having a cir-
cular cross-section of a 100 mm diameter, on which
four microphone positions are available on the top of
the tube. In this way, both absorption and transmission
measurements are possible. For absorption, the avail-
able frequency range falls approximately between 150
and 2000 Hz; topics about transmission will be dis-
cussed in a further paper;

e an home made 5.5m long standing wave tube (here
named Big Kundt Tube, BKT - Figure 6), having a
square cross-section of 600 mm x 600 mm. Two pecu-
liarities of the BKT are important for the present study:
the measurable frequency range, that comprehends low
frequencies (approximately between 50 and 500 Hz),
and the dimension of the cross-section, that permits an
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Figure 6. Big Kundt Tube. Left: rail and microphone in the inte-
rior, right: preparation of a sample of ul60.

investigation of samples characterized by series of peri-
odical cells. More details about the ENTPE big standing
wave tube can be found in [23], p. 77-80 and in [2].

3.2. Experimental results

In this section, the results of the experimental measure-
ments are presented. Two configurations have been tested,
e double porosity, with ul60 as microporous material;

e heterogeneous, with ul60 as main microporous mate-

rial filled up by melamine as inclusion.

The heterogeneous case is the main issue of the present
study. The case of double porosity is used as a reference.
In fact, the performance of the heterogeneous material is
here compared with the performance of the double poros-
ity configuration. Moreover, the semi-phenomenological
model is first verified through comparison with the exper-
imental results in the case of double porosity. As a second
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air air

ul60 ul60

(1) Double porosity, square
cross-section with u160

(2) Double porosity, circular
cross-section with u160

melamine melamine

1160 1160

(3) Heterogeneous,  square  cross-
section with w160 and melamine

(4) Heterogeneous, circular cross-
section with ul60 and melamine

Figure 7. Sketch of cross-section geometries for a sample in the
SKT or in the MKT, representing a single cell.

Figure 8. Example of an heterogeneous sample (u160 - mela-
mine) in the Medium Kundt Tube.

step, the semi-phenomenological model and the compari-
son are extended to the heterogeneous case. The first ex-
perimental tests were performed in the Small and Medium
Kundt Tubes. In those cases the external cross section of
the sample is circular and only one periodic cell can be
considered (Figure 7), due to the small dimensions and ge-
ometry of the sample. Therefore, the hypotheses of the ho-
mogenization theory are not completely satisfied, however
this simple configuration was first a good approximation of
a larger layer. The effect of different sized cross sections,
i.e. the mesoporosity variation, have been tested but are
not presented in the present paper. Indeed, the information
obtained was useful to prepare the tests in the Big Kundt
Tube, that require much more time for the preparation of
the sample and for the measurement.

Experimental tests in the Big Kundt Tube are impor-
tant to verify the validity of the homogenization theory
[2, 3]. Only when a consistent number of cells is present,
the theoretical hypotheses are valid. In the case of double
porosity or heterogeneous materials with inclusions, the
results obtained in the Small Kundt Tube for a single cell
appears to be in good agreement compared with models
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Figure 9. 90 mm thick u160 sample in the Big Kundt Tube: the
frame.

Figure 10. 90 mm thick double porosity (u160) sample in the Big
Kundt Tube. Left: exterior view, right: interior view.

Figure 11. 90 mm thick heterogeneous (u160 - melamine) sample
in the Big Kundt Tube. Left: exterior view, right: interior view.

but it should be verified that they are preserved in the pas-
sage from a single cell to a complete layer.

3.2.1. ul60 as a frame material

The case with ul60 as original microporous material to be
filled with melamine is here presented.

The cross section of the Big Kundt Tube is a 600 mm x
600 mm square (see Table IV). The size of the cell (10 mm
x 10 mm) has been chosen to have a similar aspect ratio
if compared with the samples of the middle Kundt tube.
The size of the perforation has been chosen among the tool
sizes available. A radius of 29mm represents a good com-
promise in mesoporosity (0.264): large enough to permit
the diffusion effects, but not too large to prevent losses at
low frequency.

The measured absorption coefficients are presented in
Figure 13. The small dips appearing in all the curves at
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Table II. Small Kundt Tube geometries.

’ External cross section Internal cross section | Mesoporosity | Thickness
Configuration . ) . )
Shape Dimension (mm) | Shape Dimension (mm) (-) (mm)
A circular r=23 square =10 0.060 45
B circular =23 square =14 0.118 45
C circular r=23 square [=25 0.376 45
D circular 7= 23 circular r=14.5 0.397 45

Table III. Medium Kundt Tube geometries.

. External cross section Internal cross section | Mesoporosity | Thickness
Configuration ) ) ] )
Shape Dimension (mm) | Shape Dimension (mm) (-) (mm)
A circular r =50 square | =21 0.056 45.5
B circular r =50 square [ =30 0.115 45.5
C circular =50 square [ =55.5 0.392 45.5
D circular r =50 circular =23 0.212 45.5

Table IV. Big Kundt Tube geometry for the samples characterized by a frame of u160.

Rimber o el Cell external cross section

Shape Dimension (mm)

Cell internal cross section | Mesoporosity

Shape Dimension (mm) (-)

6x6 square { =100 ‘

circular r =29 ‘ 0.264 ’

Figure 12. Preparation of the 90 mm thick heterogeneous (u160
- melamine) hybrid sample in the Big Kundt Tube. The mate-
rial covers all the cross section (it is just for convenience and to
better show the principle that the material does not cover all the
cross section on the photography). Left: double porosity - het-
erogenous, right: heterogenous - double porosity.

the same frequencies, making them slightly discontinuous,
can be explained by an internal problem in the acquisi-
tion card (it is not plate resonances). Indeed, after having
checked every component of the experiment, it has been
found that the acquisition card has a problem at those fre-
quencies.

The results show the typical pattern for the double
porosity curve, and a good improvement of the absorption
coefficient for the heterogeneous material. In fact, above
350 Hz double porosity provides an higher absorption co-
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efficient, but the inclusions permit a good improvement of
the absorption coefficient if compared with double poros-
ity at low frequency and almost no loss to the original u160
layer. In general, on a larger frequency range, the hetero-
geneous material shows the best performance.

The hybrid solutions, built up by placing side by side a
double porosity 45 mm thick layer and an heterogeneous
45 mm thick layer, appear as an interesting compromise.
In this case, the measured absorption coefiicients are be-
tween the double porosity and the heterogeneous case.
The resulting curve is mainly driven by the first layer
encountered by standing wave, but an improvement can
be seen if compared with the original cases. As already
pointed out, the optimization depends on the frequency
target. For example, the hybrid configuration (a 45 mm
thick double porosity layer in the front and a 45 mm thick
ul60 - melamine heterogeneous layer in the back) is bet-
ter than the double porosity layer for the measured fre-
quency range, but is still worse than the original ul60 be-
low 230 Hz. The vice versa configuration is very close to
the regular heterogeneous solution: some absorption can
be gained above 250 Hz, but there is a small loss below
200 Hz.

3.2.2. Rockwool as a frame material

The case with rockwool as original microporous material
to be filled with melamine is here presented. With this ma-
terial, two different mesoporosities have been investigated,
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Table V. Big Kundt Tube geometry for the samples characterized by a frame of rockwool.

Figure 13. Big Kundt Tube, 90 mm thick layer, influence of the
inclusions. (a) Cases of double porosity (grey square) and ul60-
melamine heterogeneous material (balck square), compared to
the homogeneous ul60 (black circle). (b) As in (a), with two hy-
brid solutions: a 45 mm thick double porosity layer in the front
and a 45 mm thick thick ul160-melamine heterogeneous layer in
the back (black triangle) and the vice versa (inversed black trian-
gle).

as resulting from a 90 mm thick sample characterized by a
6x6 or by a 7x7 periodical cells geometry (Table V and
Figure 14). The results (Figure 15) show a similar behav-
ior to the one observed for the case of ul60: the typical
pattern for the double porosity curve, and a good improve-
ment in absorption for the heterogeneous material. It has
also been shown that in the case of 7x7 holes (i.e. when
mesoporosity is increased if compared with the case of
6x6 holes) the configuration is closer to an optimized so-
lution in the frequency range 0-500 Hz. In fact, for these
frequencies, the heterogenous curve is always above the
double porosity one.
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Numb ¢ cell Cell external cross section | Cell internal cross section | Mesoporosity
umber of cells
Shape Dimension (mm Shape Dimension (mm -
p p
6x6 square [ =100.0 circular r=29 0.264
7T square [ =85.7 circular =29 0.360
i
(a)
0.9
=08 LA
go 7
% 06 .’\/’J\W
S05
§-0 4
é 0 .3
8 0.2
04 Figure 14. 90 mm thick 6x6 periodical cells rockwool sample in
0 ‘ | ‘ | | | | | | | the Big Kundt Tube. Left: double porosity, right: heterogenous
0 50 100 150 200 250 300 350 400 450 500 . . . .
Frequency (Hz) (with inclusions of melamine).
"
oo The hybrid solutions provide the same effects as dis-
- osf TAAD cussed previously.
é 0.7
E osr ) ’,',./MMN 3.3. Validation of the semi-phenomenological model
§ osf
g ol In the following part, the semi-phenomenological model
§ ol described previously is compared with the experimental
3 0'27 data, for the measurements described above. The rigid
' frame Johnson-Lafarge model is used as base for the an-
Als . . . .
’ alytical prediction. The acoustical parameters (Johnson-
% s 10 80 A e e Lafarge model) are presented in Table I. For the case of
double porosity, the model described in [5] (from which

the semi-phenomenological model described previously is
derived) is used.

3.3.1. Periodical cells in the Big Kundt Tube

The model described previously has been used to pre-
dict the sound absorption coefficient for the configura-
tions tested in the Big Kundt Tube, with ul60 as mi-
croporous material acting as a frame. There is a good
agreement between experimental data and prediction in
Figure 16. The homogenization hypotheses of the semi-
phenomenological model are represented with a good ap-
proximation in the experimental data by the presence of
the 6x6 network of cells. The analytical calculation refers
to the case of a circular-shaped inclusion into a square-
shaped cell, as in Equation (24): the geometrical con-
figuration (Table IV) is well represented. A thickness of
91 mm is considered instead of the 90 mm nominal thick-
ness, due to tolerances and mounting conditions. The dif-
fusion effect is taken into account by equation (18). For
the case of double porosity the model described in [5] is
taken into account; for the case of inclusions, the analyti-
cal equations can be found in previous part of the paper.
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Figure 15. Big Kundt Tube, rockwool as frame microporous material, 90 mm thick layer: influence of the inclusions. (a) Configuration
with 6 x 6 perforations, cases of double porosity (grey square) and rockwol-melamine heterogeneous material (black square) compared
to the homogeneous rockwool (black circle). (b) As in (a), with two hybrid solutions: a 45 mm thick double porosity layer in the front
and a 45 mm thick rockwool-melamine heterogeneous layer in the back (black triangle) and the vice versa (inversed black triangle).
(c) Configuration with 7 x 7 perforations, cases of double porosity (grey diamond) and rockwol-melamine heterogeneous material
(black diamond) compared to the homogeneous rockwool (black circle). (d) As in (c), with two hybrid solutions: a 45 mm thick double
porosity layer in the front and a 45 mm thick rockwool-melamine heterogeneous layer in the back (black triangle -<-) and the vice versa

(inversed black triangle ->-).

Hybrid solutions are thus considered (two layers are
involved): the total impedance of a 90 mm thick hybrid
layer is obtained by Equation (25) applied to the first
45 mm thick layer (for example double porosity layer in
Figure 12a) and equation (6) for the second 45 mm thick
layer (for example double porosity layer in Figure 12a).
The small difference between the semi-phenomenological
model and the experimental curves in Figure 16 can be as-
cribed to the axial tolerance of the perforations. In fact,
some small misalignments are produced in practice, their
effect being a small increase of the geometrical area that
acts in the diffusion process and therefore a small in-
crease of the sound absorption coefficient. In fact the dif-
fusion surface will increase because for example the in-
terface between microporous domain 1 and the air will
increase. Discrepancies between semi-phenomenological
model and experimental data can be explained by the way
the coupling is handled in the formulation.

Moreover, eventual small gaps of air between the two
layers due to tolerances during the mounting phase, in gen-
eral do not deteriorate the absorption properties. Consid-
ering these two issues, the use of inclusions should result
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in a robust methodology also for practical applications.
The intersections between predicted curves in Figure 16a
are approximately at the same frequencies than the cor-
responding intersections between experimental curves: the
semi-phenomenological model predicts well the frequency
ranges when a configuration (double porosity, heteroge-
neous, etc.) is performing better than another one.

The good agreement already experienced for single
layer configurations (Figure 16a) is confirmed for the hy-
brid configurations also: Figure 16b.

3.3.2. Single cell in the Small Kundt Tube

The analytical calculation refers to the case of a square-
shaped (configurations A, B, C from Table II) or circular-
shaped (configuration D in Table II) perforation or in-
clusion into a circular-shaped cell. The expression for
D(0) (equation (24) which is valid for a circular meso-
heterogeneity into a square porous cell) must now be
adapted. Equivalent areas are considered: the dimension
a represents the size of a square whose area is the same as
the one of the circular cross-section of the Tube.
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Table VI. Homogenization conditions and static permeability contrast for the different tested samples.

M it le | Int ! ti Diffusion fi
Kundt Tube type | Configuration eRepanasiyeeste | Ienseale hakle Permeability contrast (HISioR Thegniency
l, (mm) I/l (-) fa=waq/27 (Hz)
Big Kundt Tube 6 x 6 cells 29.0 6.9-1073 HIGH 1070
Small Kundt Tube A 5.0 8.0-1072 LOW 1868
Small Kundt Tube B 7.0 5.7-1072 LOW 2891
Small Kundt Tube C 12.5 3.2-1072 HIGH 11118
Small Kundt Tube D 14.5 2.8-1072 HIGH 12348
Medium Kundt Tube A 10.5 3.8.1072 LOW/HIGH 381
Medium Kundt Tube B 15.0 2.7-1072 LOW/HIGH 598
Medium Kundt Tube C 27.8 1.4-1072 HIGH 2546
Medium Kundt Tube D 23.0 1.7-1072 LOW/HIGH 1044
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Figure 16. Big Kundt Tube, 90 mm thick layer composed of ul160
and melamine, validation. (a) Comparison between experimen-
tal (solid line) and analytical (thin line) data: single porosity
ul60 (black circle), double porosity ul60 (grey square), het-
erogeneous ul60-melamine (black square). (b) Comparison be-
tween experimental (solid line) and analytical (thin line) data:
single porosity ul60 (black circle), hybrid configuration with
double porosity ul60 in front and heterogeneous ul60-melamine
on the back (black triangle), hybrid configuration in vice versa
(inversed black triangle).

The validity of this criterion is confirmed by Tarnow
paper [18], where the geometrical expression of equation
(24) is calculated. In [17], referring to the flux analogy, the
boundary conditions are imposed on a circular cell, with
equivalent area, because the direct analytical integration
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does not exist for the case of a square cell. The results

shown in this Section confirm that this choice represent a

good approximation. Additional details are discussed in

the conclusions. For configurations A and B, there is a

good agreement between experimental data and analytical

prediction (Figure 17 and 18), provided that the diffusion
function Fy is set to 1. On the other hand, the prediction
is worse when the complete expression for F,, equation

(18), is taken into account. These considerations are valid

for both cases of double porosity and melamine inclusions.

Physically, the diffusion effect is not well represented in

the Small Kundt Tube. This fact can be explained by the

following reasons:

e the layer is not periodic as in the Big Kundt Tube, but
only one cell is considered, therefore one of the hy-
potheses of the homogenization theory is not respected;

o the external cross section is circular and not square, thus
enlarging the difference between the real sample and an
ideal periodic layer;

e in all the experimental cases, the separation between
micro and meso scales is sufficient to satisfy the sec-
ond homogenization hypothesis [3] that imposes at least
In/1, < 107! (Table VI), but the permeability contrast
in some cases is not high enough.

The last explanation is more clear if the description in
[3] is considered: for [, /!, ~ 10!, there is a low static
permeability contrast between pores and micropores; for
In/lp, & 1073, there is a high static permeability contrast.
Table VI shows that the first situation occurs clearly in the
Big Kundt Tube; in the Small Kundt Tube, two different
situations must be considered, due to the value of /,,/1,
that is not a priori clearly referable to one of the two situ-
ations. For configurations A and B (small perforation and
inclusion), [,,/1, is closer to the order 107!: in fact the
prediction with F; = 1 is good (Figure 17). Moreover, the
diffusion effect appears to be more consistent when the in-
ternal cross-section is enlarged (configurations C and D,
Figure 8). In this case, the separation of scales between
micro and meso is more clear and the diffusion effect ap-
pears, due to the larger contact surface between ul60 and
melamine (or between ul60 and air). The analytical pre-
dictions are satisfactory if the complete expression for Fy
is considered.
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Figure 17. Small Kundt Tube, 45 mm thick layer, validation for configurations A and B. (a) Configuration A, double porosity: com-
parison between experimental data (thick black square) and anaytical model in case of F; = 1 (thin black square) and F, = F;(w)
(thin black filled square). (b) Configuration A, heterogeneous material: comparison between experimental data (thick black square)
and anaytical model in case of F, = 1 (thin black square) and F, = F,(w) (thin black filled square). (c) Configuration B, double
porosity: comparison between experimental data (thick black diamond) and anaytical model in case of F; = 1 (thin black diamond)
and F; = Fy(w) (thin black filled diamond). (d) Configuration B, heterogeneous material: comparison between experimental data

(thick black diamond) and anaytical model in case of F,; = 1 (thin black diamond) and F, = F,() (thin black filled diamond).

The prediction of a high/low static permeability con-
trast, that is here evaluated through theoretical observa-
tions, will be confirmed in a further paper by the numer-
ical calculations. In fact, a FEM model is a closer repre-
sentation of the reality from this point of view, because the
diffusion effect is a direct consequence of the geometrical
modeling.

Another estimation of the diffusion effect is given by the
wavelength in the microporous material. The key point in
the case of high permeability contrast, is that the wave-
length in the microporous domain is of the same order of
magnitude as the mesoheterogeneities [3]. The situation is
depicted in Figure 19: with this criterion in the case of the
Big Kundt Tube, the diffusion effect is expected already
at low frequencies. On the other hand, in the Small Kundt
Tube the criterion gives similar results to the analysis of
the ratio /,,/1,. For configurations A and B an eventual dif-
fusion effect would exist only at higher frequencies in the
range of interest; enlarging the mesoheterogeneities size,
the diffusion can arise at lower frequencies.

In conclusion, even if the periodicity hypothesis is
not verified for a single circular-shaped cell, the semi-
phenomenological model gives a good prediction, pro-
vided that the physical conditions of the experiment are
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taken into account. The experimental analysis in the Small
Kundt Tube showed anyhow interesting results, when
a comparison between different configurations is done,
involving different geometrical sizes and single poros-
ity/double porosity/heterogeneous case. The geometrical
conditions must be analyzed very carefully when a semi-
phenomenological model is concerned, especially about
the involvement of the pressure diffusion effects. For a real
application, it is strongly suggested to verify in the Big
Kundt Tube the data obtained in the Small Kundt Tube,
because in the latter the physical hypotheses of the ho-
mogenization theory are not guaranteed.

3.3.3. Single cell in the Medium Kundt Tube

The effect described in the previous section is confirmed
by the experimental/analytical comparison in the Medium
Kundt Tube (Figures 20 and 21). The analytical calcula-
tion refers to the case of a square-shaped (configurations
A, B, C from Table III) or circularshaped (configuration D
in Table IIT) perforation or inclusion into a circular-shaped
cell.

For configurations A, B and D, it is not possible to de-
fine a clear situation between low or high permeability
contrast. In fact, as shown by Table VI, the ratio /,,/1,, is
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Figure 18. Small Kundt Tube, 45 mm thick layer, validation for configurations C and D. (a) Configuration C, double porosity: compar-
ison between experimental data (thick black triangle) and anaytical model in case of F; = F,;(w) (thin black triangle). (b) Configura-
tion C, heterogeneous material: comparison between experimental data (inversed thick black triangle) and anaytical model in case of
F, = F;(w) (inversed thin black triangle). (c) Configuration D, double porosity: comparison between experimental data (inversed thick
black triangle) and anaytical model in case of F, = F,(w) (inversed thin black triangle). (d) Configuration D, heterogeneous material:
comparison between experimental data (inversed thick black triangle) and anaytical model in case of F, = F,(®) (inversed thin black

triangle).
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Figure 19. Wavelength in the u160 (rigid frame model) compared
with the size of mesoheterogeneities: SKT refers to Small Kundt
Tube, MKT to Medium and BKT to Big; A-B-C-D represent the
configurations described in Tables II and III.

always of the order of 1072, Especially for configurations
A and B, the situation is between the two cases, as Fig-
ure 20 shows and resembles the case described by Olny
[2]. The comparison between the wavelength in the micro-
porous domain and the mesoheterogeneities size confirms
that the diffusion should arise at the tested frequencies.
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There is a pressure diffusion effect, but with the calcu-
lated diffusion frequency w, (equation (16)) the analyti-
cal model does not provide a very good estimation. On the
other hand, some diffusion is present because - differently
than the configurations A and B in the Small Kundt Tube -
the mesoporous dimensions are increased, the permeabil-
ity contrast is not really low and considering F; = 1 is not
sufficient to provide a good estimation too. In this case,
the model is not validated: we assume that the effective wy
is not well estimated (this hypothesis seems to be a good
one by checking numerical results and has to be explored
in further studies).

An easier estimation can be obtained for configura-
tion C, where the permeability contrast is higher and suf-
ficient to show the modelized pressure diffusion effect,
even if for double porosity the agreement is slightly worse
(but in any case the best prediction can be obtained this
way). In conclusion, the cases in the Big Kundt Tube can
be faced easily with the general semi-phenomenological
model. The homogenization hypotheses are respected. Re-
ferring to Figures 16, 17, 18, 20 and 21, Table VII pro-
vides a summary of the physical conditions to be consid-
ered in order to obtain a satisfactory match between an-
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Figure 20. Medium Kundt Tube, 45.5 mm thick layer, validation for configurations A and B. (a) Configuration A, double poros-
ity: comparison between experimental data (thick black square) and anaytical model in case of F, = 1 (thin black filled square).
(b) Configuration A, heterogeneous material: comparison between experimental data (thick black square) and anaytical model in case
of F; = 1 (thin black filled square). (c) Configuration B, double porosity: comparison between experimental data (thick black diamond)
and anaytical model in case of F,; = 1 (thin black filled diamond). (d) Configuration B, heterogeneous material: comparison between
experimental data (thick black diamond) and anaytical model in case of F,; = 1 (thin black filled diamond).

Table VII. Homogenization conditions and diffusion function for the different tested samples.

Kundt Tube type | Configuration | Permeability contrast Dl?‘i?;/g‘:?;?;cy Diffusion function lefvuslloenstfil:(;;leeélcy
Big Kundt Tube 6 x 6 cells HIGH 1070 Fy= Fy(w) YES
Small Kundt Tube A LOW 1868 Fiy=1 YES
Small Kundt Tube B LOW 2891 F;=1 YES
Small Kundt Tube C HIGH 11118 Fy= Fy(w) YES
Small Kundt Tube D HIGH 12348 Fy= Fy(w) YES
Medium Kundt Tube A LOW/HIGH 381 Fy = Fy(w) NO
Medium Kundt Tube B LOW/HIGH 508 Fa= Fy(w) NO
Medium Kundt Tube (@ HIGH 2546 Fy = Fy(w) YES
Medium Kundt Tube D LOW/HIGH 1044 Fy= Fy(w) NO

alytical prediction and experimental data. The separation
between high and low permeability contrast is not obvious
in some cases, but a general trend can be predicted when
the interscale ratio is taken into account. This criterion is
confirmed by the curves provided in the different figures:
for low permeability contrast the diffusion function has to
be fixed to 1, and for high permeability contrast it has to
follow the complete semi-phenomenological model, in or-
der to get a good prediction. The behavior of some samples
in the Medium Kundt Tube for which the situation is not
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clear require to have a better estimation for the diffusion
function.

3.3.4. Periodical cells in the Big Kundt Tube - case of
rockwool

In this case the semi-phenomenological model described
in a previous part has been used to predict the sound ab-
sorption coefficient for the configurations tested in the Big
Kundt Tube, with rockwool as microporous material act-
ing as a frame.
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Figure 21. Medium Kundt Tube, 45.5 mm thick layer, validation for configurations C and D. (a) Configuration C, double porosity:
comparison between experimental data (thick black triangle) and anaytical model in case of F;, = F,(w) (thin black triangle) and
F,; = 1 (thin black filled triangle). (b) Configuration C, heterogeneous material: comparison between experimental data (thick black
triangle) and anaytical model in case of F; = F,(w) (thin black triangle) and F; = 1 (thin black filled triangle). (c) Configuration
D, double porosity: comparison between experimental data (thick black inversed triangle) and anaytical model in case of F; = F;(w)
(thin black filled inversed triangle) from which f, = 1044 Hz. (d) Configuration D, heterogeneous material: comparison between
experimental data (thick black inversed triangle) and anaytical model in case of F; = F,(®) (thin black filled inversed triangle) from

which f; = 1044 Hz.

The results underlined in a previous section are con-
firmed (Figure 22): there is a good agreement between
experimental data and analytical prediction, since the ho-
mogenization hypotheses are represented with a good ap-
proximation in the experimental data by the presence of a
6x6 and 7x7 networks of cells. The semi-phenomenolo-
gical model provides a good comparison for all the con-
figurations considered: 6x6 and 7x7, double porosity and
heterogeneous material, two hybrid solutions.

As in case of ul60, the small difference between the an-
alytical and the experimental curves in Figure 22 can be
ascribed to the axial tolerance of the perforations. Some
small gaps of air between the layers can lead also to this
effect (as already underlined in a previous section, when
comparing the flexibility of rockwool to the one of ul60),
giving a slight overestimation of the experimental absorp-
tion curve.

As in case of ul60, the intersections between predicted
curves are approximately at the same frequencies as the
corresponding intersections between experimental curves:
the semi-phenomenological model gives a good prediction
when a comparison is done between different curves (e.g.
cases of optimization).
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4. Conclusions

The semi-phenomenological model has been validated and
has provided in general good agreement with the exper-
imental results, for both cases of double porosity and in
particular of specific heterogeneous inclusion. The results
show that it is possible to extend the double porosity model
to inclusions: the modified version of the double porosity
model for heterogeneities with specific inclusions can be
used with success, with the same characteristics and limits
of the original double porosity model. For both cases, care
must be taken about the physical interpretation of the pres-
sure diffusion effects. In particular, it is important to ver-
ify: if the homogenization hypotheses are respected (pe-
riodicity and micro/meso/macro characteristic sizes) and
how the permeability contrast is (high or low), through the
analysis of the micro and meso dimensions, the analysis of
the micro wavelength and the analysis of the diffusion fre-
quency.

In some cases, as described in previous Sections, the
pressure diffusion effects are not well estimated. It would
be important to have a better prediction of the effective
behavior of the pressure in the system.
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Figure 22. Big Kundt Tube, 90 mm thick layer composed of rockwool and melamine, validation. (a) 6 x 6 periodical cells, comparison
between experimental (solid line) and analytical (thin line) data: single porosity rockwool (black circle), double porosity rockwool
(grey square), heterogeneous rockwool-melamine (black square). (b) 6 x 6 periodical cells, comparison between experimental (solid
line) and analytical (thin line) data: single porosity rockwool (black circle), hybrid configuration with double porosity rockwool in
front and heterogeneous rockwool-melamine on the back (black triangle), hybrid configuration in vice versa (inversed black triangle).
(c) 7 x 7 periodical cells, comparison between experimental (solid line) and analytical (thin line) data: single porosity rockwool
(black circle), double porosity rockwool (grey diamond), heterogeneous rockwool-melamine (black diamond). (d) 7 x 7 periodical
cells, comparison between experimental (solid line) and analytical (thin line) data: single porosity rockwool (black circle), hybrid
configuration with double porosity rockwool in front and heterogeneous rockwool-melamine on the back (black triangle -<-), hybrid

configuration in vice versa (inversed black triangle ->-).

Some trials have already been done, in order to calculate
an analytical value of D(0) for different cross-sections (ge-
ometries more complicated than the square-circular case),
but with no success. A simple investigation should be
interesting. Using the flux analogy, a FEM calculation
should be performed to obtain numerically the value of
D(0). Extending this concept, the calculation could be per-
formed for several geometries and dimensions, in order to
create a simple abacus for D(0). Also for this reason, the
numerical calculation described in a next paper will pro-
vide important information.

However, when the physical hypotheses are fully re-
spected, the model is in agreement with experimental mea-
surements (BKT). In other cases (SKT and MKT), the
agreement is obtained provided that high/low permeability
contrast and pressure diffusion frequency are taken into ac-
count: the model can give a first trend, which has to be con-
firmed by doing other experimental measurements which
can respect the physical hypotheses (like the BKT).
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To conclude, heterogeneous materials with inclusions
provide the following advantages: an increase of sound ab-
sorption coefficient above a certain frequency due to diffu-
sion effects; a smaller decrease of sound absorption coeffi-
cient at very low frequency compared with double porosity
material and a better behavior in transmission compared
with double porosity materials (to be discussed in details:
see Appendix A).

Heterogeneous materials with specific inclusions repre-
sent a valid alternative to double porosity materials.

Further studies will involve, as well as all the aspects
cited above, a numerical verification.
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Appendix
Al. Example of Transmission Loss Mea-
surements

Transmission Loss has been measured for some configura-
tions described in previous sections. The measurement has
been done in the Medium Kundt Tube, using an anechoic
termination. The experimental data presented in Figure A1
refer to configurations A and B of Table III, with ul60 as
frame microporous material and melamine for the inclu-
sions (Table I). When the mesoporosity is increased, per-
formances in transmission are decreased, however when
the inclusion is concerned, the behavior is almost as good
as for the single porosity material. For both cases, the TL
is higher for the case of inclusions than the case of double
porosity, for the whole frequency range.

In this case the sample is not backed by any plate; other
configurations will be shown in a forthcoming paper.
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