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ABSTRACT

The available information about the acoustic properties
of current building industry materials, specifically porous
materials, is scarce, and the models that describe their
properties are mostly empirical or oversimplified, e.g., the
equivalent fluid models. This study works with a glass
wool sample, described through the Biot model, which
explains the interaction between the fluid and the porous
matrix in more detail, where the equivalent density and
bulk modulus of the material are obtained through the
Johnson-Champoux-Allard model. The models consider
the anisotropy of the airflow resistivity and elastic param-
eters of the porous material, and they are followed by a
sensitivity study. The models are implemented through a
finite element modeling tool, and the results of the study
show the most important parameters in this specific situa-
tion. The final model may provide a more general tool for
optimizing the materials.

Keywords: Fibrous materials, orthotropy, finite element
modelling, airflow resistivity.

1. INTRODUCTION

Porous materials are important in the building industry
when it comes to heat insulation, sound absorption and
sound insulation. The acoustic behavior of these mate-
rials is understood to a certain extent due to the models
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that have been developed. The simplest of these are the
empirical equivalent fluid models [1,2]. Through time,
a diphasic model developed by Biot [3, 4], and semi-
phenomenological models [5-8] have been developed to
describe the wave propagation in porous materials more
accurately. The capacity of the models depends directly
on the parameters that can be characterized from these
materials: the more parameters the model has, the more
details of the behavior of the material can be explained.
More complex models can show specific acoustic behav-
iors not seen with simpler models, and these behaviors
can be exploited when understood. However, the more ad-
vanced models require parameters that are not commonly
available or easy to characterize.

Strictly speaking, porous materials used for sound ab-
sorption and sound insulation are anisotropic and inhomo-
geneous due to the manufacturing process [9]. For many
applications, it is safe to assume that the porous materi-
als are isotropic and homogeneous, and the predictions
will have good enough correspondence to measured re-
sults. However in some important situations, this is not
the case. Moreover, including the anisotropic nature of
porous materials can give more room for product develop-
ment and optimization. In the case of melamine foam, it
is a material generally assumed isotropic even though the
small effects of its anisotropy can be measured as in [10].
Glass wool is known to be transversely isotropic, and con-
sidering this in a model, can lead to results which show
the actual differences in the acoustic performance depend-
ing on the incidence angle [11, 12]. Stone wool fibers’
anisotropy is not quite as in glass wool [13], the material’s
fibers differ in diameter distribution, anisotropy parame-
ter, and other aspects, and this can be of importance in the
sound performance.
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As aforementioned, anisotropic parameters can be
difficult to characterize experimentally, leading to scarce
available information about the parameters. If we want
to use the more complex models, we have to combine
sources and/or estimate the missing parameters. This is
yielding uncertainty and perhaps inaccurate results [14].

This work is preliminary research of a project which
aims to describe the wave propagation in porous materials
through a reliable finite element model based on the Biot
theory [3,4]. It takes into account anisotropic parameters,
more specifically the airflow resistivity and the poroe-
lastic parameters, while still assuming that the materials
are homogeneous. The intention is to develop one single
model in finite element modeling that contemplates the
anisotropy in all the aforementioned parameters, which is
currently not available or easily found. This paper ap-
plies a version of the Johnson-Champoux-Allard (JCA)
model with a transversely isotropic airflow resistivity, and
the Biot model with transversely isotropic elastic param-
eters [6, 11]. Now a combined implementation of both
anisotropic airflow and elastic parameters is starting to be
investigated. By comparing the effect of anisotropic air-
flow in JCA and anisotropic elastic properties we try to
investigate if both aspects are important, and in what way.

The aim of this paper is to assess the impact of the
anisotropy of these parameters, using information from a
glass wool sample [15]. The consequence of it is building
a strong base that helps put together both models and al-
low to include the anisotropy of any parameters needed in
further investigations.

This paper is organized as follows. The first section
gives an introduction to the relevant theory of the equiv-
alent fluid model from Johnson-Champoux-Allard (JCA)
[5-7], as well as the Biot theory [3,4, 16], the anisotropic
versions of both models, and the connection between these
two models. The following sections include the prelimi-
nary results of the models applied to a glass wool sample,
along with a sensitivity study and a discussion about these
results.

2. THEORY AND METHOD
2.1 Theory

A semi phenomenological equivalent fluid model, the
Johnson-Champoux-Allard (JCA) [5,6,11,15] model, and
a diphasic model, the Biot-Allard [4, 6] model (denoted
Biot hereafter) are used for describing the wave propaga-
tion. The JCA model yields an equivalent density p., and
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equivalent bulk modulus K. The Biot model yields the
characteristic impedance Z,. and the complex wavenum-
ber k. These four properties (peq, K, Z¢, k) can be used to
calculate the sound absorption coefficients c.

2.1.1 The JCA model with orthotropic airflow resistivity

The JCA model [5,6, 11, 15] is an equivalent fluid model,
which considers the frame or skeleton as motionless and
only models the motion in the fluid phase. It is used to
describe the visco thermal dissipative effects through five
parameters from the porous material: porosity ¢, specific
airflow resistivity r, tortuosity oo, viscous characteris-
tic length A, and thermal characteristic length A’. As
pointed out in [6], anisotropic porous media’s parame-
ters which describe the viscous inertial interactions be-
tween both phases can be considered as diagonal tensors
in three orthogonal directions. In the case of glass wool,
the model can consider a specific scenario of anisotropy
such as transversely isotropic (TI) properties. As Nennig
indicates [6, 15], the equivalent bulk modulus in the JCA
model of a TI fluid, will not be affected by anisotropy,
therefore yields

P
F,eq v 0/¢
. A2Cp pow

-1
’7—(’7—1) |:1_jA’2g:pow 1+j 16k :|
ey

where +y refers to the ratio of specific heats, x is the ther-
mal conductivity, po the density of air and C), the specific
heat at constant pressure. It is also mentioned that air flow
resistivity can be represented as a second-order diagonal
tensor, r = diagrX where k = T, I, T are transverse and
isotropic directions, according to Nennig which treats the
specific case of a TI material. In a general case, the di-
rections can be assumed as the x, y, and z axis. Thus in
this paper the equivalent density is assumed to be depen-
dent on the orthotropic airflow resistivity r = (ry, 7y, 75),
resulting in the tensor

pz 0 0
Peq = 0 Py 0 3 ()
0 0 p.

where each density value is

Py = P0Co 14— rw¢
¢ JWpPooo

where 7 is the dynamic viscosity, and the densities p,, p.
will have a corresponding form.
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2.1.2 The Biot model with transversely isotropic elastic
parameters

The Biot model [3, 4, 16] considers the interaction be-
tween a solid and a fluid phase, e.g. the mineral wool
and the air, respectively. The theory assumes that there
is a coupling between the two phases, unlike the previous
model which assumes that the solid phase is motionless.
Biot [16] uses Darcy’s law to represent the anisotropic
permeability properties of the material when defining the
field equations for the distribution of stress and deforma-
tion of a porous viscoelastic anisotropic solid. Darcy’s law
is included in Biot’s model through a symmetric matrix to
which he refers to as the flow resistance matrix. This ma-
trix, along with the stress components and the equilibrium
equations defined, are used to define the displacements be-
tween the fluid and porous phases. In this specific case,
the anisotropy of the airflow resistivity would be consid-
ered as part of the equivalent density that was obtained in
the JCA model. In this paper, the anisotropic airflow re-
sistivity will only be considered in the JCA model, and
the anisotropic elastic parameters will be considered only
in the Biot model. Both types of anisotropy (airflow re-
sistivity and elastic parameters) are not included in the
Biot model in most of the literature that makes use of the
model.

The finite element model software used is COMSOL
Multiphysics [17], where the theory for implementing the
Biot model is developed as follows: The poroelastic wave
equations as expressed by Biot are

—pavw’u + pfw2w —-V.o0=0
—prwiu —w?p (W)W + Vpy =0
Hr

WK

“

Qoo

pf+
¢f

PC(W)

where u, w are the displacement of the solid and fluid
phase, respectively. The average density is the combined
density of the solid and fluid phases together expressed as
Pav = Pd + ¢ps, where py is the fluid pore pressure and
¢ is the porosity. The complex density p. is formed by
the py and p1y which are the density and viscosity of the
fluid, o is the tortuosity, and « the permeability. The
total stress tensor of the solid phase is . This stress ten-
sor in a transversely isotropic analysis, along with strain
components e;; result in relations where the elastic pa-
rameters can be found [6]. The strain components are
eij = 1/2(0uj /dx; + 6u?/dx;) when considering the X-
axis to be the normal axis, the stress-strain relations for
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the frame in vacuum are

Opz = Fe,, + Feyy + Cegy
Gyy = Aess + (2G + A)eyy + Feg,
G.. = (2G + A)e,, + Aeyy + Fegy )
Gye = 2G'eyy
6rr = 2G ey,

Gy = 2Gey,

where A, F, G, C, and G’ are the rigidity coefficients. If the
Young’s modulus is considered transversely isotropic as it
is in this paper, then the Young’s modulus is expressed as
E, = E, = F and E, = E’', with the Poisson ratios
being vy, = V,Vyy = Uy, = v/, therefore the relation be-
tween the rigidity coefficients and the elastic coefficients
is

B E(E'v + Ev'?)
 (1+v)(E' — E'v —2EV?)
Fo EE"V
E' — E'v — eEv'? ©)
o E?(1-v)
 E'— FE'v—2Eu"?
E
G=—7—.
2(1+v)

According to COMSOL, the formulation for the dis-
placements u, w is not convenient from the numerical
point of view, so the approach for the Biot model is
through solving for the fluid pore pressure variable p; in-
stead of the fluid displacement w, since pressure is a scalar
and displacement is a vector, the u-p formulation would
mean having fewer degrees of freedom. The wave equa-
tions in (4) become

Pf

pe(w)

W =

2
—PayrW U —

(Vps = pyw’u) =V -0 =0

) L
——(Vpy — :
UJQPC(OJ)( Pf — pPrw ll)

If the terms are arranged in terms of the variables u and p
for the first row and we take the divergence for the second
row

2

Py Pr

2 _
—(Pav — @ V- (oa(u) — appsl) = pc(w)fo
29 . Pf 2 . s 1 _
w*V (pc(w)u)+w V-w+V-( T(W)fo)—o,
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by using the expression from the volumetric strain €,,; =
V - u and fluid displacement

~V-w=" ot ape, ©

where Biot’s modulus M is calculated from the porosity
¢, fluid compressibility x , Biot-Willis coefficient o and
the drained bulk modulus of the porous matrix K, as

1 ap — ¢
Mo ox5 + K,
But when both thermal and viscous losses are included,
as it is in this case, the viscosity in the complex density
seen in Eq. (4) and the compressibility from Eq. (10)
are frequency dependent. The losses due to viscosity are
considered by the viscosity expression and the losses due
to thermal conduction by the fluid compressibility expres-
sion [6].

The frequency dependent complex viscosity is given
by

(1-ap). (10)

diwaZ ppy
U(w):l/'\/(l‘f‘w)a (11)

and the frequency-dependent complex fluid compressibil-
ity is given by

! TPa | (1 8 | 4 WA Prpy
( + wA2Prpy + 164

(12)
where Pr = A/A’ is the Prandtl number. These two ex-
pressions are used in the JCA model to find the bulk mod-
ulus and equivalent density as in Eq. 1 and Eq. 3.

Then, in Eq. 8, the bottom row, simplifies to

1
W2V - (pp(i)u> — W2 <Mpf +aBonl> +

and finally, Biot’s wave equations, first row of Eq. 8,
and Eq. 13 can be written in terms of the variable u and

Dy as:

13)

—w? | pav — i u— V- (o4(u) — appsl)
" pe(w) ’

Pf
= v
pe(w) T (14
w? 1
——p;+V-———(Vp; —w?psu
il pc(w)( f ra)
= w?apEyo
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2.2 Method
2.2.1 Data compilation

The material considered is glass wool, the data used for
the simulations has been obtained from Nennig et. al [15].
The data is presented in Table 1. Nennig et. al worked
on a transverse isotropic equivalent fluid model that com-
bines limp and rigid frame behaviors, choosing the rigid
or limp approach depending on the propagation direc-
tion, e.g. limp approach for the transverse direction and
rigid for the normal direction. All the material parameters
needed for the models in this paper are characterized and
reported in their work. They report transversal isotropy
data for r, A, and E, therefore this information can be used
in both the JCA and Biot anisotropic models.

Table 1. Table of parameters with the information
from [15]. * Poisson’s ratio is assumed to be zero for
fibrous materials as in [18].

Source Nennig

Material Glass wool

Parameter

h [mm)] 50.8 FEor E, [Pa] 670
¢ 0.98 E, [Pa] 142000
Qo 1.0 E, [Pa] 142000
A [pum] 295 VOr Vg 0*
A [pm] 708 vy 0*

p [kg m™3] 16 v, 0%

n 0.1 Gor G, [MPa] 3520
rorry [Pasm™2] 38000 G, [MPa] 3520
ry [Pas m~2] 16720 G, [MPa] 3520
r, [Pasm™2] 16720

2.2.2 Implementation in COMSOL

An impedance tube scenario was modelled by having
a cylindrical geometry of 0.10 m diameter and 0.30 m
length of air with sound hard boundaries, simulating the
impedance tube and referred to as the air domain, where
the pressure acoustics COMSOL node was used. The
porous domain would have the same diameter and also
sound hard boundaries, considering the back end of the
tube and no air gap after the porous domain. For the
JCA model, the anisotropic acoustics node is used. In this
node the equivalent density and bulk modulus has to be
input directly, therefore the values are the formulas for
bulk modulus and equivalent density that depend on fre-
quency, as in Egs. 1 and 3. For the density, a symmetric
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matrix is chosen and filled out with the formulas includ-
ing the appropriate direction of the airflow resistance. The
absorption coefficient is calculated by comparing the inci-
dent and outgoing power at the “entrance” of the tube as
a = 1 — (Pyyt/Pin). The Biot model in COMSOL was
implemented by using the poroelastic waves node on the
porous domain. The Biot model with thermal and viscous
losses was selected as well as a drained matrix, orthotropic
configuration, which allows to input the elasticity param-
eters in 3x3 matrices. Regarding the boundary conditions,
two scenarios were simulated. First a sample clamped to
the tube walls, to include the resonance effects that can
be observed in impedance tube measurements under such
mounting conditions [19]. The second scenario includes
a sample with periodic boundary conditions which simu-
lates an infinitely large sample is done using Floquet peri-
odicity, although the effects of the clamped sample cannot
be seen here, this configuration allows to study different
angles of incidence in the sample, to understand better the
effect of anisotropy of the material. The absorption coef-
ficient is calculated as in JCA by comparing the input and
output power in the system.

2.2.3 Sensitivity and parameter study

A sensitivity study was carried out to understand the im-
pact that the change in a parameter will have in the absorp-
tion coefficient.This shows to what parameters is the sys-
tem more prone to change and leads to conclusions around
which parameters’ data can be assumed safely and which
ones have to be carefully characterized [14,20]. The sen-
sitivity study assumes that the material is isotropic and
under normal incidence conditions.

3. RESULT AND ANALYSIS

The results for the simulations can be seen in Fig. 1,
where the comparison between models is done as well as
the boundary conditions and anisotropy conditions. These
are at the same time compared to the measured results re-
ported in Nennig’s paper [15]. At a first glance, it is in-
teresting to see that the JCA models results, both the in-
finite isotropic and anisotropic, are perfectly overlapped.
This is due to the incidence angle being normal, so the
anisotropy of the airflow resistivity is neglected. The air-
flow resistivity of the other directions was modified con-
siderably and the results remained the same. The differ-
ence of the JCA models from the measured results and the
Biot models is noticeable. The high absorption coefficient
seen in the frequencies prior to 1 kHz for the Biot model
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and the measurements is due to the effects of the skeleton
or solid phase that is neglected by the JCA model. There-
fore the contribution of the JCA model in the Biot model
would be important when considering incidence angles or
a more detailed anisotropy. Next, the Biot model results
seen in this same figure include a clamped sample and the
isotropic and anisotropic results. The isotropic results are
smoother than the anisotropic, this is due to the effects
of the elastic parameters as it can be seen the measured
results adjust better to the anisotropic model. In the sen-
sitivity study shown in Fig. 2, it can be seen that the pa-
rameters that are more important under the set conditions
(isotropic and normal incidence) are the porosity, the ther-
mal characteristic length, and the density. The airflow re-
sistivity is not one of the most important, and when the
analysis comparing the isotropy and anisotropy of the ma-
terial under oblique incidence was carried out, the change
in the values for the airflow resistivity did not change on
the absorption coefficient results.

1.00
p— Ty
0.90 . | ™ —
0.80
3
E 0.70
]
& 0.60
8
° 0.50 =] CA-Inf-Iso
2 0.40 -5 JCA-Inf-Ani
g 0.30 —Biot-Clamped-Iso
< 020 ---Biot-Clamped-Ani
0.10 —Biot-Inf-Ani
' I = Measured N
100 1,000

Frequency [Hz]

Figure 1. Sound absorption for different conditions
of the glass wool comparing the two models JCA and
Biot, the boundary conditions as clamped or infinite,
and the isotropic and anisotropic conditions as well.
The simulations are compared with the measured re-
sults reported by [15]

The results in Fig. 3 show the comparison of the mod-
els considering a normal incidence and a 60° incidence
angle. This value was chosen from the results in Fig. 4,
where the maximum absorption happens around 60° in
both models. Fig. 3 shows first that the difference in the
angle incidence for JCA shows only a higher absorption,
but the behavior of the curve is almost the same, show-

AN

Associozione
Italiana
di Acusfica



forumacusticum 2023

L al  — = = = = = 16k
-ﬂ A
- "= = = 250
.:"' = :]]:rg [ e o

Figure 2. Sensitivity analysis for the glass wool sam-
ple.

ing that the changes in the airflow resistivity due to the
transversal anisotropy are not so important for this ma-
terial. The material choice is important for this conclu-
sions, since it has been seen in the parameter study used
in previous work [14] that parameters may be much more
sensitive between materials, such as stone wool. This in-
vites to more research about the effects of the anisotropic
airflow resistivity in stone wool. Next, the comparison be-
tween the anisotropy in the Biot model and the incidence
angle as seen in Fig. 3 shows that the anisotropy not only
shows small behaviors that are otherwise ignored, as the
hip around 200 Hz. It also shows that if the incidence
angle is changed, some effects like the dip seen around
2000 Hz might disappear and the absorption coefficient
can increase almost to 1. The increase in absorption is
greater in higher frequencies than in lower ones. The Biot
model without clamping conditions (infinite sample), with
anisotropic parameters and a normal incidence is the clos-
est curve to the measurements. Nevertheless, since the
measurements are also done inside an impedance tube, it
would be of interest to have information about other mea-
surements that can include changes in the incidence angle,
as well as extending the model to calculate the results with
random incidence. A simulation considering transversal
incidence is added to the comparison, where it is clear
that the behavior of the material is very different, espe-
cially around the frequencies from 300 Hz to 600 Hz, this
effect is expected to be seen then under oblique incidence,
especially grazing incidence. In Fig. 4 the absorption co-
efficient depending on the incidence angle can be seen,
the study was done for several frequencies for isotropic
and anisotropic conditions in an infinite sample. The top
image which is done through the JCA model, shows that
as previously said, the highest absorption comes after 60°,
but it can be seen that for lower frequencies, the maximum
absorption comes almost at grazing incidence. Since this
is the JCA case, it means that the airflow resistivity in the
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y and z directions start to get more importance as long as
the incidence is not normal, and that the lower frequencies
will be the more influenced by this. This effect seems to
be very similar if the material is isotropic or anisotropic.
The effect of the oblique incidence seems to be very simi-

1.00
0.90
0.80
]
£ 0.70 ,
S —JCA-Inf-Ani
& 0.60
bt JCA-Inf-Ani60
© 0.50
5 —Biot-Inf-Ani
= 0.40
= ——Biot-Inf-Ani60
2 030
2 Biot-Inf-AniTransversal
0.20
Measured N
0.10
—Measured T
100 1,000

Frequency [Hz]

Figure 3. Sound absorption JCA model infinite sam-
ple in anisotropic conditions in normal incidence and
oblique 60° incidence, Biot model infinite sample
in anisotropic conditions in normal incidence and
oblique 60° incidence, as well as transversal inci-
dence, and compared to the two measurements pro-
vided by Nennig [15] impedance tube normal inci-
dence measurements in the normal (N) and transver-
sal (T) planes of the glass wool.

lar if the material is isotropic or anisotropic except on the
lower frequencies for the JCA model. As for the bottom
panel, the Biot model, it can be seen that the absorption in-
creases when the incidence approaches grazing incidence,
which is when the effects of the anisotropy are showing a
bigger difference in Fig. 3.

4. DISCUSSION

The simulations of the JCA and Biot method for finite and
infinite samples considering different anisotropic param-
eters for each model resulted in satisfactory first results
for this project. The results showed that for this specific
sample, in the JCA model, the effects of the anisotropy
of the airflow resistivity are small and will only be seen
through oblique incidence. This means that when com-
paring with measured data, it will be preferred to have
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Figure 4. Angles of incidence vs. absorption co-
efficient for both the JCA model in isotropic and
anisotropic conditions (top) and the Biot model in
isotropic and anisotropic conditions (bottom).

results which include oblique incidence if we want to see
anisotropic airflow resistivity effects. More information
has to be gathered with respect to these results with other
porous materials such as melamine foam or stone wool.
The difference in absorption between the JCA and Biot
model is considerable, as seen in Fig. 1. Considering
the Biot model, under anisotropic conditions there are de-
tails in the results that are otherwise smoothed out when
isotropy is assumed. In this Biot model case, the increase
in the incidence angle show that the highest absorption for
high frequencies happens around 60°, but this increase is
not as notable as the one seen in the JCA model. The ef-
fects of the anisotropic parameters in both models have
the same direction and are similar in size, which could
mean that these effects add up when considered in one
single model. The Biot model adjusts better to the pre-
sented measured results, but a full characterization which
includes anisotropy can lead to a better model of the ma-
terial, and this can help understand which are the most
important parameters and how do they affect the acoustic
behavior in the material. In many applications the use of
the JCA model is enough, but as shown in Fig. 1, it can be
clearly seen that for some specific details the Biot model
can give more accurate results. Also reducing the mea-

Turin, Ttaly « 11™

10™ Convention of the European Acoustics Association
— 15" September 2023 « Politecnico di Torino

4611

surements to an impedance tube can leave out information
from the material that can be important, and measuring in
a reverberant room may be difficult, methods like the one
reported in [21] can provide a quick and accurate solu-
tion to the mentioned limitations. With a robust model,
simulations can offer a better approach to get quick and
accurate results, and complex scenarios can be simulated
and studied better e.g. open plan offices, where a good
decay is important and it depends on understanding what
happens with the absorption under grazing incidence of
the absorption panels of the place. Much more research
considering other materials is needed to get proper robust
conclusions, but for this to happen it is required to have
materials fully characterized so the models are in order.
An initial step is to join the JCA model to the Biot model
in the software in COMSOL Multiphysics, so the equiva-
lent density and bulk modulus which are the output of the
JCA model, can be the input of the Biot model, all of this
in one single model without having to work with them sep-
arately. It is important to state that this analysis is based
on the results for one sample of glass wool. The sam-
ple analysed by [15] is an extreme case of mineral wool
for sound absorption applications. Since its density and
Young’s modulus values differ a lot from actual absorbers
used in the building industry environment, where the ma-
terials used have far higher stiffness and density values.
This would potentially lead to a lower importance of the
elastic parameters, since the case will be far closer to the
rigid skeleton case in the equivalent fluid models, such as
JCA.

5. CONCLUSIONS

The JCA and Biot models were used to simulate a sam-
ple of glass wool with anisotropic properties, different for
each model. Clearly the Biot model shows the effects of
both phases and therefore the results are more accurate to
a real measurements than the JCA model, but they may
complement each other well since one can hold informa-
tion for the anisotropic airflow resistivity and the other for
anisotropic elastic parameters. For this very specific ma-
terial the incidence angle helps see better the effects of
the anisotropic airflow resistivity and anisotropic elastic
parameters, since the effects are very small. The behavior
of glass wool may not be the same as in other porous ma-
terials so more research is needed, nevertheless it can be
difficult since a good characterization of many parameters
is needed for each material.
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