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Abstract
The acoustical macro-behavior of mineral open-cell foam samples is
modelled from microstructure morphology using a three-dimensional
idealized periodic unit-cell (3D-PUC). The 3D-PUC is based on a regu-
lar arrangement of spheres, allowed to interpenetrate during the foam-
ing process. Identification and sizing of the 3D-PUC is made from
X-ray computed microtomography and manufacturing process infor-
mation. In addition, the 3D-PUC used allows to account for two scales
of porosity: the interconnected network of bubbles (meso-porosity)
and the inter-crystalline porosity of a gypsum matrix (micro-porosity).
Transport properties of the micro- and the meso- scales are calculated
from first principles and a hybrid micro-macro method is used in order
to determine the frequency-dependent visco-thermal dissipation prop-
erties. The double porosity theory provides the visco-thermal coupling
between the meso- and micro- scales [J. Acoust. Soc. Am. 114, 7389
(2003)]. Finally, the results are successfully compared with experi-
ments for two different mineral foam samples. The main originality of
this work is to maintain a direct link between the microstructure mor-
phology and the acoustical macro-behavior all along the multi-scale

modelling process, without any adjusted parameter.

PACS numbers: 43.50.Gf, 43.55.Ev, 43.20.Gp



I. INTRODUCTION

Linking the microstructure of a material to its macroscopic properties is of great interest
for understanding the functional properties of a material and for its optimization. During
the last years, the micro-macro methods have been the subject of numerous investigations

and are currently the subject of much attention!'>.

Nowadays, three-dimensionnal X-ray
computed microtomography (uCT) and numerical modelling tools enable solving various
transport problems through porous media. Does the combination of these techniques allow
to understand the material behavior and optimize the microstructure in order to enhance

the performances? This might be the main question leading studies on relationships

between structure and properties of porous media.

Gasser et al.! treated the three-dimensional case of face-centered nickel hollow spheres
packings with a view of absorbing sound inside the turboengines of aircrafts. The geometric
simplicity of the structure directly provides the local geometry parameters for the numerical
models. A special care was given to properly model solder joints.

Perrot et al.? presented a hexagonal lattice of solid fibers with circular cross-section shape
for the dynamic viscous permeability of an open cell aluminum foam. They used X-ray
computed microtomography to characterize the purely geometrical macroscopic parameters,
with porosity and thermal length as input parameters of the two-dimensional model.
The orientation of the solid fibers controlled the static viscous permeability which was
underestimated by the simple two-dimensional model.

Lee et al.® paid attention to the three-dimensional hexagonal closed pack structure which
has not appeared in the acoustic literature previously; and showed that multi-periodic
composite structures, defined as periodically-layered media wherein each layer is composed
of periodic unit-cell, could lead to frequency stop-bands.

Venegas and Umnova? modeled the acoustic properties of simple [(i) an irregular packing of
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lead shots] and double porosity unconsolidated granular materials, with low [(ii) expanded
perlite] and high [(iii) activated carbon| permeability contrasts. (i) The analytical model
developed by Boutin and Geindreau® from the standpoint of self-consistent and periodic
structures homogenizations was found to be fairly applicable to the irregular packing of
lead shots. (ii) SEM images were used to characterize the cell size of the microporous
network when dealing with the sample of expanded perlite, whereas the diameter of the
perforations interconnecting cells was somewhat arbitrarily set to half of the smallest face
of the truncated octahedron. This describes all the relevant parameters of the microporous
domain to numerically determine the corresponding transport parameters. The Boutin and
Geindreau model was used to describe the mesoporous domain, taking half of the average
between the upper and lower limit of the 80% band grain size as an input parameter.
The coupling between the micro- and meso- porous domains was provided by Only and
Boutin double porosity theory”; with an analytical calculation of the pressure diffusion
function. A reasonably good agreement was found between this hybrid modeling strategy
and the experimental data. A better agreement was obtained by fitting the analytical
double porosity model to the data, with the microporous domain simply replaced by
circular cylinders. (iii) The analytical double porosity model was also used for the activated
carbon samples. The mesopore radius was obtained from optical granulometry; whereas
the micropore one was derived from a fitting routine procedure.

Perrot at al.> numerically determined the high-frequency transport parameters and the
acoustic properties of polyurethane foam samples, including polydispersity, anisotropy, and
membrane effects. The porosity and permeability were used as input data for the scaling of
a three-dimensional open cell.

No direct link between microstructure and acoustical macro-behavior was therefore given

in all of these research works for disordered real porous materials.

The major purpose of this work is to make a detailed study of two different gypsum foams

which consists of three steps. First, the gypsum foam microstructure is characterized by
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using a morphology inspired representative elementary volume combined with microtomog-
raphy. Second, the gypsum foam transport properties are numerically computed by solving
the local homogenized equations in the (micro- and) meso- porous structures characterized
in the first step. In addition, the acoustical macro-behavior is analytically determined

from these computations. Third, pore scale predictions are compared to experimental values.

Foamed gypsum structures are porous materials composed of interpenetrating bubbles
that connect through a (micro porous) solid matrix to form three-dimensional networks.
Gypsum foams may find large applications for many industrial applications including
building materials because of their mechanical, thermal, fire resistant, and acoustical
properties. Owing in the progress in manufacturing methods, gypsum foams can now be
produced with controlled microstructure®, which might be optimized for acoustic purposes.
Specifically for noise control engineering, manufacturing methods can be used for the
generation of porous gypsum materials with essentially two types of microstructures that

facilitate sound absorption and transmission loss (for further details, see Sec. II).

There are mainly two types of methods for modelling the acoustical macro-behavior of
a porous media from its microstructure, Fig. 1. On the first hand, a direct dynamic method
can be used for calculating the frequency-dependent transport parameters at each frequency
of interest® on a uCT of a real porous sample, Fig. 1 (left). The so-called direct method
has the advantage to preserve a realistic representation of the microstructure but it is time
and memory consumming. More importantly, it does not explain how the microstructural
features lead the macroscopical results. Thus, these limits suggest that this last strategy is
not the most suitable for optimization purposes. On the other hand, a hybrid method can
be used for determining the dynamic behavior from asymptotic analysis'™ on an idealized
periodic unit cell (PUC), Fig. 1 (right). This type of method relies on approximate but
robust semi-phenomenological models!® 3, the macroscopic input parameters being com-

puted from a geometrical model of the microstructure. This hybrid method is fast and



provides the macroscopic parameters that have physical meaning and which can be very
helpfull for apprehending the micro-physical basis behind the acoustical macro-behavior!?.
This approach is thus more adapted for optimization, however the identification of the PUC
is not trivial. Indeed, one can find a PUC representative of the physical parameters at the
engineering scale which does not correspond to the real porous media. That is, there is
uniqueness of the micro-macro solution, contrary to the macro-micro one. A main difficulty
relies on getting an agreement between the input parameters of the microstructural model
and the measured parameters from the real microstructure. Thus, from this point of view,
the main issue is to identify the shape and characteristic sizes of the PUC.

The paper is organized as follows. The identification procedure of the representative peri-
odic unit cell is described in Section II. Then, we briefly recall the basic equations used to
calculate the acoustical macro-behavior in Section 3. This theoretical summary deals with
the hybrid micro-macro method, the single porosity model and the double porosity model.

Finally, we present and discuss the results of our study for two materials in Section IV.

FIG. 1. Example of real computed microtomography scan (left) versus idealized periodic

unit cell (right).
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FIG. 2. (color online) Microstructure of porous gypsum at meso- and micro-scale.

II. MICROSTRUCTURE CHARACTERIZATION

Looking at the microstructure (Fig. 2 and 3), the first step is to choose a periodic unit
cell (PUC) and size it. The proposal and the sizing of the PUC will be presented in this

section.

FIG. 3. Examples of binarized slice tomography of gypsum foams. a) Material A, b) Material
B.

A. 3D-PUC proposal

Gypsum foams considered in this study result from a foaming process. There are nu-

merous foaming processes but the principle is always to make growing gas bubbles within a
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liquid matrix. In three dimensions, the most simple idealized cell is a regular positionning of
spheres with identical sizes. Using a model with an increasing complexity, this type of regu-
lar arrangement is first chosen. If it shows limitations, a complexification will be considered.
According to the geometric modelling adopted, growing bubbles will tend to interconnect
pores and create a network of open pores. The main question remains as to the following
type of arrangement (simple cubic, body-centered cubic, face-centered-cubic). The physics
of foams suggests that the body-centerd cubic (BCC) arrangement is the most appropriate
since it tends to the Kelvin cell (tetrakaidecahedron) when pores are growing. The Kelvin

cell is well known for modelling high porosity foams as polyurethane or polymer foams'®.

The BCC cell is illustrated in Fig. 1 (right).

B. Sizing the PUC
1. Porosity

A plate of gypsum has a micro-porous matrix. During the foaming process, a meso-
porous network is created. We distinguish the micro-porous matrix (Fig. 2 (right)), and
the meso-porous network (Fig. 2 (left)), called bubble porosity. The X-ray tomography
does not have enough resolution to identify the micro-porous matrix of gypsum but allows
to access to the porosity of bubbles. The voxel resolution is 5 ym. The porosity of bubble
(meso) network ¢, is directly calculated from each extracted slice and averaged over the
total volume. A limitation of this method is that there is no distinction between the open
and the closed porosity. The closed porosity is considered negligible compared to the open
one for the studied materials. In addition, as the gypsum matrix is porous, the pores can

be considered as interconnected. Examples of binarized slices are shown in Fig. 3

2. Pore size

The pore size distribution is extracted from particle size analysis. The principle of

the algorithm is summarized below. First a binarization is performed. The thresholding



is performed from the analysis of the histogram of the gray levels after applying a noise
correction filter and increasing the contrast. It is manually adjusted to ensure that the
number of artefacts is limited. Starting from the binarized three-dimensional (3D) image,
an erosion operation, as defined in mathematical morphology, is iteratively carried out until
finding the centers of the pores. The smallest radius of each pore is given by the number of
iterations and the size of the voxels. Then, starting from these centers of pores, a dilation
operation is applied for the number of iterations previously determined while growing a
spherical pore. Finally, the pores are enlarged to complete the voxels of pore space initially
binarized. The pore volumes are approximated by spheres with an equivalent radius. This
equivalent radius relatively well matches to the smallest radius since the real pore shapes
are close to spheres. Some voxels belong to several pores. The voxels belonging to two pores
constitute the interconnection volume!¢:17,

The median diameter, D,50 is used instead of the arithmetic average, because the median
mitigates the disturbing influence of the extremal values (low number of very small or
very large pores). The pore size diameters must be weighted by the volumes to give a

representative pore size distribution. A good way to check the representativeness of the

pore size distribution is to compare with measurements on 2D micrographs.

3. Throat size

The throat size is a main parameter leading the acoustical macro-behabiour since it
controls the static air flow resistivity and the viscous charateristic length. Contrary to
the mean pore size diameter, the automatic estimation of the throat size is not that easy
from three-dimensional tomography post-processing. Since the stack of binarized slices is
available, it is possible to manually scroll through the slices to measure the throat size by
looking for the maximum diameter of each throat. This approach will be called the manual

method.



Another way to estimate the throat size is to consider the interconnection volume and
reach it by an ellipsoid as depicted in Fig. 4. The previously described algorythm also
provides interconnection volumes V;. Then the interconnection volumes can be approximated

by ellipsoids with axis (Dy, Dy, Dy/r). The throat diameter D; writes:

/3
Dt =2 Y E‘/ﬂ’ (1)

This method will be called the automated one.

The first method is somewhat subjective since it depends on the operator and the second
one needs an estimation of the axis ratio r. The manual throat size determination can be
used to estimate this ratio r. Then, Eq. 1 can be applied on all interconnection volumes.
This second method provides a better statistical representativity and allows to check the
relevance of the manual throat size distribution (shape, spreading). Both of these methods

will be used in this work.

D,/r

FIG. 4. Scheme of interconnection.

III. ACOUSTICAL MACRO-BEHAVIOR: THEORETICAL SUMMARY

The macroscopic description of long-wavelength acoustic propagation and dissipation
phenomena through an interconnected fluid filled rigid porous media may be modeled as an
equivalent fluid characterized by two complex frequency-dependent functions: the dynamic

density pe,(w) which takes into account the visco-inertial interaction between the motionless
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frame and the saturating fluid, and the dynamic bulk modulus ’I?eq(w), which takes into

account the thermal interaction. The symbol 7~ defines complex quantities.

A. Hybrid micro-macro method

Contrary to the direct approach which solves the linearized Navier-Stokes and the heat
equations in harmonic regime, the hybrid method relies on approximate but robust semi-
phenomenological models (Johnson-Champoux-Allard (JCA), Johnson-Champoux-Allard-
Lafarge (JCAL))'® '3, These models are very attractive because they avoid computing
the solution of the full frequency range values of the effective density/bulk modulus. The
principle is to solve the local equations governing the asymptotic frequency-dependent visco-
thermal dissipation phenomena on the proposed PUC. All the macroscopic parameters of

interest can be determined from only three asymptotic calculations:

e The open porosity ¢ is defined as the fraction of the interconnected pore fluid volume
to the total bulk volume of the porous aggregate. A second parameter which is widely
used to characterize the macroscopic geometry of porous media is the hydraulic radius,
defined as twice the ratio of the total pore volume to its surface area. This charac-
teristic length may also be referred to as the thermal characteristic length A’ in the
context of sound absorbing materials'?2. Both of these parameters are estimated by
direct spatial integration on the volume and surface elements of the three-dimensional

reconstructed periodic unit cell.

e The static airflow resistivity o (or static viscous permeability kg = /o, where 7 is
the dynamic fluid viscosity) is computed from the steady Stokes problem'® also known
as the low Reynolds number viscous flow equations (the symmetry properties of the
microstructure under consideration implies that the second order permeability tensor
is isotropic and reduced to a scalar kg). The static viscous tortuosity «g, another
transport parameter significant of the viscous flow, might also be computed from

the same boundary value problem. It was however not considered here, since direct
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experimental evaluations of this parameter is still an open problem.

e The viscous characteristic length A and the high frequency limit of the tortuosity
Q. are calculated using a perfect (non viscous) incompressible fluid which formally
behaves according to the electric conduction'®. They are determined from solutions of
the Laplace’s equation. A should be interpreted as a weighted volume-to-surface ratio
for the throat region. One way to interpret the high frequency limit of the tortuosity is
to see that the effective traveled distance for the wave between two points is increased

by /@ due to the tortuosity of the path.

e The static thermal permeability k), also known as the inverse of the trapping constant
[' in the context of physical chemistry - where surface exchanges play an important
role - was computed by means of thermal conduction problem where the solid skeleton
is considered as a thermostat. There is a formal analogy with diffusion-controlled
reactions?’. An additionnal macroscopic parameter, the static thermal tortuosity af,

might be derived from the same boundary value problem.

B. Single porosity model

The two complex frequency-dependent functions (the dynamic density p.,(w) and the

dynamic bulk modulus f(/eq(w)) are then analytically derived from computed macroscopic

parameters, on the three-dimensional periodic unit cell, using approximate but robust JCAL

semi-phenomenological model'®1?. It might be useful to recall that the main ingredients to

build this model are to account for the causality principle and therefore for the Kramers-

Kronig relations between real and imaginary parts of the frequency-dependent dynamic

density and dynamic bulk modulus. The considered macroscopic parameters, in these mod-

els, are those which correctly match the frequency dependence of the leading terms on

the exact results for the high- and low- frequency behaviors. The models for the effective

response functions were shown to agree with those calculated directly or independently mea-

sured. An important feature of this theory is that all of the parameters in the models can
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be independently calculated, most of them being in addition directly measurable in non
acoustical experimental situations. The dynamic density and dynamic bulk modulus have
a two-asymptotic-state behavior. The visco-inertial dissipations are governed by viscous
forces at low frequencies and by inertial forces at high frequencies. These two behaviors are
separated by a characteristic angular frequency which can be approximated by the analytical
value associated to cylinders of circular cross-section shape and given by w, = v¢/ (koaso)
(v is the kinetic viscosity). Similarly, the thermal dissipations are considered isothermal at
low frequencies and adiabatic at high frequencies. The regime transition is characterized
by a thermal characteristic angular frequency, for which the analytical value is w; = /¢ /ky,

(V' =v/Pr, Pr being the Prandtl number).

C. Double porosity model

The microstructure, illustrated in Fig. 2, shows a mesoscopic network and a micro-
porous matrix. The complex frequency-dependent functions of the mesoscopic scale
(ﬁeq,meso (W), Keq,meso (w)) and the microscopic scale (ﬁeq,micm (w), Keq,micm (w)) can be
computed by a micro-macro method as described Sec. III.A and coupled by a double porosity

model”. The equivalent fluid properties of the double porosity media (ﬁeqdp (W), Kegap (w))

write:

_ 1

peq,dp (w) = (1 _ ¢ ) 1 ’ (2)
S meso + —
Peq,micro (w) Peq,meso (W)

1
(1 - ¢meso) Fd 1 7 (3)

Keq,micro (w> Keq,meso (w)

with Fj the dynamic diffusion function. Note that the diffusion is neglected in this work

and Keq,dp (w) =

since the characteristic pressure diffusion frequency f; is approximately 12 000 Hz for the

two considered materials, which is higher than the frequency range of interest (0 - 5 000

Hz).
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f _ i (1 - Qbmeso)PO
d 2 (bmicroo'microD(O) ’

with P, the atmospheric pressure and D(0) is a transport parameter similar to a static per-

(4)

meability which depends on the geometry”.

Note that diffusion could be taken into account by calculating the parameter D(0) which
reduces to a calculation of permeability in the complementary cell of the PUC used for mod-
elling the meso-porous bubbles network (Fig. 1 right). This calculation could be achieved
according to the steady Stokes problem?®.

The porosity ¢4, and the permeability kg g4, of the double porosity media are given by:

¢dp - ¢meso + (1 - ¢meso) ¢micr07 (5>
and
kO,dp - kO,meso + (]- - ¢meso) kO,micro- (6)

IV. RESULTS AND DISCUSSION
A. Microstructure

Two mineral foam samples corresponding to different manufacturing processes were in-
vestigated. The porosity of the mesoscopic network, the pore size distribution and the
throat size distribution have been measured according to Sec. II.B. The volumes extracted
by microtomography are respectively 900 x 900 x 900 and 700 x 700 x 700 voxels with
a resolution of 5 um. The bubble porosity was examined, and it was found that the first
material appeared to be homogeneous (@peso = 0.70 + 0.02), whereas the second one showed
a very slight graded porosity (¢meso = 0.55 1+ 0.03). This was seen on the evolution of the
porosity, extracted on 2D slices, when plotted as a function of the depth. Respectively 6602
and 11676 pores have been detected in the acquired volume for material A and B. And
around 200 throat sizes have been manually measured on the stack of binarized slices for

both of the experimental samples. Estimation of throat sizes from interconnection volumes
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have been carried out with an ellipsoid axis ratio » = 15 for each of the experimental samples
under study. Corresponding pore size and throat size distributions are shown in Fig. 5 and
6. The median pore size diameters D,50 are 460 & 140 pm and 300 £ 70 pm, respectively
for materials A and B. The mean throat size diameters D; are respectively 110 4+ 40 um
and 70 £ 30 pum. Throat size distributions, obtained by the two methods described in Sec.
I1.B.3, give comparable results. The comparison between the manual cumulative distribu-
tion and the automated one suggests that the manual measurement method was appropriate

to throat size determination.
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B. Acoustical macro-behavior

The two materials have been initially characterized as homogeneous single porosity
materials. The porosity ¢ was measured from the perfect gas law properties using the
method described by Beranek??. The static airflow resisitivity o (and the static viscous
permeability kg) have been measured according to standard ISO 9053. The dynamic density
and the dynamic bulk modulus are measured from impedance tube technique and the
viscous A and the thermal A’ characteristic lenghts, the high frequency limit tortuosity a
and the static thermal permeability k{ are derived from these two dynamic quantities by
analytical determinations®>?*. The analytical determination of the four last parameters is
based on a single porosity behavior. Since the characteristic size of the micro-scale (porous
matrix) is of the order of magnitude of micrometer, its airflow resistivity is very high and
its diffusion frequency f,; is also relatively high (= 12000 Hz). As a first approximation,
this double porosity material can therefore be considered as a single porosity one with
equivalent macroscopic parameters. All results are given in Tab. I and II for materials A
and B, respectively. The experimental values and uncertainties have been determined from

three different samples.

First, we examined the single porosity model including only mesoscopic scale. The
simulated single porosity parameters are deduced from the hybrid method of Section III.A,
where only the meso-porosity is considered in the PUC model. The simulated airflow
resistivities are about 98 100 N.s.m* and 383 000 N.s.m* respectively for materials A and
B. These values are in good agreement with the results obtained from direct measurements
performed on the real mineral foam samples. Simulated porosities are underestimated since
only the meso-porous bubbles network is taken into account. The high frequency limits of
tortuosities are in good compliance with measurements. Unfortunately, simulated viscous

and thermal characteristic length are overestimated using this first geometrical model.
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However, the micro-porosity of the gypsum matrix ¢, is given by the mixing ratio.
Its order of magnitude is 0.6. The gypsum matrix porosity is deduced from the measurement

of gypsum matrix mass density p and the gypsum mass density in its crytalline form pepystai:

¢micro =1- i ; (7)

)
Perystal

where the gypsum mass density in its crystalline form is given by perystar = 2300 kg.m=3.

This micro-porous matrix can be considered by using a double porosity model as described
in Sec.III.C. The dynamic functions of the micro-porous matrix have been simulated using
a simple micro-macro (cf. Sec.II.A) model based on a pack of fibers with fiber diameters
d in the order of the micron and submicrometric throat sizes w (see Fig. 7). The use of
this simplified 2D cell is justified by the small size of throats involving that the acoustic
behavior is mainly controlled by the airflow resistivity. This microstructure parameters d
and w have been evaluated from micrographs (cf. Fig. 2). The equivalent fluid properties

of the double porosity model can be reavaluated according to Eqs. 2 and 3.

FIG. 7. Two dimensionnal PUC of micro-porous matrix based on a pack of fibers.

The porosity and the static viscous permeability can thus be calculated with Eq. 5 and 6.
The four other macroscopic parameters are estimated from dynamic quantities, peq qp (W) and

Kegap (W), in the same way as experimental values?*?*. This "numerical characterization”

allows to compare macroscopic parameters of the different models in Tab.I and II. This
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unit cell is called ”Double porosity cell”. The porosities are now well evaluated. The static
airflow resistivities and the high frequency limit tortuosities are still in good compliance with
experimental values. The thermal characteristic length of material A has the good order of
magnitude. The surprisingly high value of the thermal characteristic length of material B
is due to the predominance of viscous effects which complicates its characterization. When
considering a very high resistive material, the determination of thermal parameters A’ and
k{ is less accurate. This explains the very high value of uncertainty of A’. This value must
be considered with care. At this stage, we remark that the viscous characteristic length is

the only parameter which remains overestimated for both materials.

Because viscous boundary layer decreases with frequency whereas the characteristic
cell sizes of the single-porosity unit cell remain constants for a given material, inertial
transport progressively dominates the whole response-functions at higher frequencies. As
the characteristic sizes of the single porosity unit cells remain unchanged, the A computed
coefficient is on the order of the throat radius R, = D;/2 for each foam model. Contrary
to simulation results with the single porosity model, in this frequency regime, A obtained
experimentally is much lower than R;. Since the computed resistivity (for both materials
A and B), which is controlled by the throat size, is in good agreement with measurements;
this tends to promote the existence of a second network of smaller interconnecting paths
between the main pore sizes, clearly visible on high resolution micrographs (Fig. 2), to be

explicitly implemented in the local geometry model.

Adding to the model n secondary small windows of diameter Dy (with a ratio r = D,/ D)
to the primary windows may decrease the viscous length A without significant modifications
of the resistivity o. Indeed, the simulations performed on material A, give the resistivity o
equal to 88 843 N.s.m™* (n = 4,7 = 4) for a relatively small number of secondary rather

large windows, and 90 215 N.s.m™ (n = 16, = 6) for a relative large number of secondary
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rather small windows; while the viscous length A were respectively decreasing to 50 pm
and 32 pum. The viscous lengths were therefore reduced to half of their original values
when several secondary window sizes were introduced without significant modifications of
the other macroscopic parameters. Thus, a simple means to take into account the effect of
secondary windows on the overall transport parameters of the unit cell is to modify only A
estimates by considering a parallel network of constant cross section tubes connected to the
main pore;
r?+n

Ay = Am’ (8)

where A/, is an analytic estimate of the viscous length obtained when considering the role
of n secondary throat sizes of ratio r and A is the computed viscous length before the in-
troduction of the secondary throat size network. When applied on single porosity cell, this
unit cell is called ”Single porosity - two throat sizes” in Tab. 1. A further examination
of scanning electron micrographs corresponding to material A (Fig. 2) yields the following
approximate values: n = 3,7 = 4; and A;; = 42um. When coupled to double porosity cell,
this unit cell is called "Double porosity - two throat sizes” and A, = 28um. These values
correspond to a secondary window size having typically 5 pixels of diameter. With thus a
posteriori evaluation, a resolution of 5 pixels / characteristic diameter was presumably not
enough to capture quantitatively the secondary throat size network from X-ray computed
microtomography?!. This lack of resolution could be overcome using nanotomography in-
stead of microtomography. But some representativeness issues of the corresponding volume
would therefore persist. This confirms the interest of our 3D-PUC based method. Note that
if an accurate way to quantify this secondary characteristic throat size was available, this
would be possible to explicity introduce it in the model.

These successive improvements directly affect the sound absorption coefficients of material
A and B (Fig. 8 and 9, respectively). The ”Double porosity” cell improves the correlation
between simulations and experiments over the entire frequency range since it corrects the
porosity for both materials. The consideration of secondary throat size improves the de-

scription of the selectivity effect of material A. The consideration of secondary throat size
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has no effect on material B and is therefore not shown in Tab. II and Fig. 9.

For the two materials A and B we estimated the experimental viscous transition fre-
quencies f, = 0¢/(2mpoaise) of 4 400 Hz and 24 500 Hz, with py = 1.23 kg/m?; indicating
that in the frequency range of interest [0 - 5000 Hz] the acoustical behavior of material B
is essentially governed by viscous effects, whereas both viscous and inertial effects have to
be taken into account to properly model acoustical properties of sample A. This explains
why the improvement of the double porosity model compared to the single porosity one in
the prediction of the viscous characteristic length (Tab. II) does not affect significantly the
overall frequency-dependent behavior (Fig. 9): as long as the macroscopic parameters char-
acteristic of the viscous dissipation phenomena are properly predicted by the local geometry
model, whether it is a single or a double porosity approach, a good agreement is expected
with experiments. Notably, the scaling effect of the porosity which evolves from 0.55 to 0.82
respectively for the single-porosity and double-porosity cases, is therefore presumably more
important for material B than the improvement in modeling the viscous characteristic length
provided thanks to a double-porosity approach, at least in the frequency range of interest.
By contrast, the viscous transition frequency being located in the frequency range of inter-
est, the effect of the viscous characteristic length is strong on the overall response for foam
sample A. Therefore, each improvement of the local geometry model having a significant
influence on the viscous characteristic length prediction is shown to improve substantially
the frequency-dependent sound absorption modeling of the foamed material A. As a result,
the double-porosity two throat sizes model presented in Fig. 8 exhibits inertial parameters
(s and A that are comparable to those of experiments (Tab. I), leading to values of the
sound absorption spectrum that are consistent with impedance tube measurements from low

to high frequencies.
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C. Structure-property relations

This work shows that it is possible to establish a direct link between the microstructure
and its acoustical macro-behavior. A particular attention must be paid when choosing and
sizing the idealized periodic unit cell. Together with a close match between the macroscopic
parameters in the experiments and in the models, this, and the results above confirm the
accuracy of the numerical models used with the double porosity theory and indicate that
they capture the essential physics of the frequency-dependent fluid-structure interactions for
a viscous and thermally conducting fluid saturating an air-saturated mineral foam, making
it easier to perform parametric and optimization studies in relation with the manufacturing
process.

The secondary throat size allows a finer correlation between modelling and experiments but
the direct link between the microstructure and its acoustical macro-behavior is somewhat
broken up because at this time we are not able to perform a statistically representative
characterization of these secondary throat size for microtomography resolution reasons.

In ignoring this secondary throat size, a direct link between the microstructure and its
acoustical macro-behavior is however maintained. Now, it is thus possible to discuss with

chemists and manufacturers in order to optimize the cell morphology.

V. SUMMARY AND CONCLUSIONS

(1) A unified set of transports and diffusion calculations have been carried out on a
family of realistic three-dimensional model porous media. The set of model systems we
considered is based on the BCC packing and subsequent overlapping spherical pores. In
the packing stage, the throat size between the interconnected spheres was identified from
direct measurements on X-ray computed microtomography (uCT) images of real mineral

foam samples.

(2) For the models studied here, the computed permeability provided an excellent estimate

of the measured permeability. Indeed, our experience with a number of related models indi-
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cates that the throat size controls the permeability of real porous materials. However, the

viscous characteristic length A was overestimated by the model of mono-dispersed spheres.

(3) In considering a second set of smaller pores, our aim was to create a system of sec-
ondary throat sizes. Accordingly, the characteristic throat size of this secondary network of
interconnections was chosen from scanning electron microscope (SEM) observations (since
the uCT resolution was not enough to quantify it properly). Estimates of A based on this

second set of interconnections were more reliable.

(4) We also used double porosity equations in which the micro-porosity of the solid matrix
itself was modeled to account for the coupling between the micro- (inter-crystalline porosity)
and meso- (bubbles porosity) structures. These equations considerably improved the predic-
tion of all the transport and diffusion-based parameters; from which the sound absorption

coefficients are determined with good accuracy.

(5) We believe that this choice of multi-scale modelling provides a reasonably accurate repre-
sentation of the inter-crystalline and pore shapes, clearly predicting the acoustics of two real
mineral foam samples, on physical grounds. This leads to suitable models for optimization

purposes compatible with manufacturing processes.
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Cell ¢ o N A o ko k)

Units N.sm™ pm pm 1071%m? 1071m?

Micro-porous matrix 0.61 948 105 1.59 0.83 1.48 0.00178 0.000194
Single porosity (Meso-scale)  0.70 98 100 168 62 2.16 1.88 25

Single porosity - two throat sizes 0.70 98 100 168 42 2.16 1.88 25
Double porosity 0.88 96881 95 37 216 1.90 29
Double porosity - two throat sizes 0.88 96 881 95 28 2.16 1.90 29

Exp. 0.86 80400 116 23 2.04 2.29 44

(0.01) (6 700) (17) (6) (0.38) (0.18)  (4)

TABLE I. Material A : characterized and simulated macroscopic parameters.
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Cell o o AN A axw K K

Units N.sm™ pgym pm 1071%m? 107 1%m?

Micro-porous matrix ~ 0.61 948 10° 1.59 0.83 1.48 0.00178 0.000194
Single porosity (Meso-scale) 0.55 383 000 104 39 2.55 0.480 8

Double porosity 0.82 379400 41 16 255 0485 9

Exp. 0.85 402400 595 4 1.81  0.457 48

(0.01) (13 100) (688) (0) (0.11) (0.18)  (16)

TABLE II. Material B : characterized and simulated macroscopic parameters.
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