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ABSTRACT

This work is concerned with the multiscale predic-
tion of the transport properties associated with thermo-
compressed materials as recycled cotton felts bonded with
petro-sourced fibers (Co-PET/PET). First, a geometric
characterization is performed on the studied sample us-
ing scanning electron microscopy to identify the main mi-
crostructural descriptors (fiber angular orientation, fiber
diameter polydiversity). Second, two representative vol-
ume elements (RVEs) of the sample are built: one for es-
timating the low-frequency transport parameters and one
for estimating the the high-frequency transport parame-
ters. Each RVE is built with rectilinear fibers parameter-
ized by the probability density function of the fiber ori-
entation and an appropriate weighted diameter. For the
low-frequency RVE, a volume-weighted mean diameter
is used, and an inverse volume-weighted mean diame-
ter is used for the high-frequency RVE. These two RVEs
make it possible to estimate the transport parameters in
low and high frequency asymptotic behaviors using nu-
merical homogenization methods. Finally, the estimated
transport parameters are successfully compared to experi-
mental measurements. The results demonstrate the role of
the diameter polydispersity on the transport properties of
random fibrous structures.
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Copyright: ©2023 Tran et al. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution
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1. INTRODUCTION

Textile materials like thermo-compressed felts are widely
utilized, particularly due to their sound insulation and ab-
sorption properties. The primary objective of this study is
to establish robust models for predicting the acoustic be-
havior of fibrous media of industrial interest. These mate-
rials are characterized by local heterogeneities due to the
increased presence of polydisperse fibers from recycled
textiles and a manufacturing process involving thermo-
compression (composite material). To achieve this ob-
jective, it is essential to develop a multi-scale methodol-
ogy in order to link the local geometry and the acoustic
macro-behavior to guide manufacturing and optimize the
acoustic performance. Several studies proposed analyt-
ical expressions to determine the transport properties of
fibrous materials [1-5]. While Refs. [1-3] focused on the
prediction of the low frequency viscous transport parame-
ters (resistivity o or viscous permeability k), Refs. [4,5]
also addressed the determination of the remaining low-
frequency (thermal permeability k() and high-frequency
(tortuosity o, together, thermal A’ and viscous A char-
acteristic lengths) parameters. By using microstructural
approach, Luu et al. [6-8] developed a model for analyz-
ing the acoustic behavior of uncompressed fibrous media
composed of monodiperse Asclepias fibers. Additionally,
He et al. [9] worked out a model for predicting transport
properties with application to industrial glass wool, char-
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acterized by strongly polydisperse fibers (both in diame-
ter and length). When using these models on polydisperse
fibrous materials, the agreement between the transport pa-
rameters measured and those predicted using microstruc-
tural data as inputs, may still lack precision.

Here, the frequency-dependent response function of a
rigid porous medium saturated by a visco-thermal fluid
is considered. At low-frequencies, the porous medium is
characterized by a isothermal viscous behavior. At high-
frequencies, the porous medium is charasterized by an
adiabatic inertial behavior. The authors believe that the
low-frequency transport parameters are essentially gov-
erned by the largest pore sizes, while the high-frequency
transport parameters strongly depend on the regions of
the porous structure where the specific surface area is
the highest. This may explain the lack of precision of
existing models which do not make this distinction in
the calculation of the transport parameters. To overcome
the lack of accuracy of the existing models, a model
that employs two different representative volume elements
(RVEs) with distinct microstructural descriptors is pro-
posed: one for the low-frequency parameters, and one
for the high-frequency parameters. In this work, the con-
struction of each RVE involves two distinct sets of fiber
microstructural descriptors. At low frequencies, the vol-
ume weighted mean diameter (D,,) is used, while at high
frequencies, the inverse-volume-weighted mean diameter
(D;y) is proposed.

The paper is structured as follows. Sec.2 reports char-
acterizations at both micro- and macro- scales. Sec.3
presents the construction of the two RVEs and solves the
corresponding boundary value problems from which the
transport parameters of interest are determined. Sec.4
compares the numerical results with measurements.

2. MATERIALS AND EXPERIMENTAL
APPROACH

In this work, cotton felts made up from cotton fibers
bounded with petro-sourced fibers are considered.

2.1 Microstructure characterization

The microstructure of the felt is characterized using
(SEM) images acquired on two horizontal planes and two
vertical planes of a cubic sample. The morphology pa-
rameters of the fibrous network are obtained using FiJi
software [10]. These parameters include the diameter of
the fibers and their orientation angles in the horizontal
and vertical planes, as shown in Fig. 1.  Using a non-
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parametric kernel method, the probability density func-
tions of fiber diameter, the azimuthal and zenithal angles
are shown in Fig. 2. Fig.1b reveals a probability density
function characterizing polydisperse fiber diameters (non
symmetric with a relatively long tail). The dominant mode
displayed a majority of fibers with a diameter of 11 pm.
Moreover, the right hand side of the distribution also in-
dicates a relative small number of very large fibers. The
azimuthal angle ¢ is distributed uniformly between 0° and
180°. The zenithalal angle 6° is characterized by a mean
orientation angle py = 91.9° (close to 90°) and a standard
deviation oy = 36.2° (large dispersion of the angular ori-
entation of fibers).

2.2 Experimental characterization of transport and
acoustic properties

The open porosity is determined using the pressure/mass
method, which involves measuring four masses at four
static pressures and applying the perfect gas law [11]. The
static airflow resistivity o is measured in a laminar regime
using the standard method ISO 9053-1:2018. The tortu-
0sity ao, is measured using the ultrasound transmission
technique at high frequencies, as described in [12].

The Kozeny-Carman formula approach is used in [13] to
determine the two characteristic lengths A and A’. This
approach involves using the directly measured values for
the porosity ¢, the resistivity o, and the tortuosity ..
Although direct measurements for viscous characteristic
length A and thermal characteristic length A’ were not
possible, it seems that the Kozeny-Carman formula does
not invalidate the simulated values. On the contrary, the
order of magnitude and the proximity of the simulated
values to the calculated values allow us to conclude that
the simulated values are reliable (2, Two-RVE). The static
thermal permeability k{, is determined by [14] using the
low-frequency Champoux-Allard description of the ther-
mal characteristic length A] Iz

3. MULTI-SCALE RECONSTRUCTION
TECHNIQUE

Considering the challenge of accurately predicting the
acoustic properties of highly-dispersed fiber media using
current models, we suggest the use of novel 3D network
models that incorporate two weighted diameter parame-
ters, as well as fiber orientation and porosity, to address
this issue.
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Figure 1: Scanning electron microscope (SEM) and measurements with Fiji software for the cotton felt; (a) top view of
cotton felt sample; measurements of (b) fiber diameter; (c) azimuth angle; and (d) zenith angle.

3.1 Reconstruction of two distinct Representative
Volume Elements

The anisotropy parameter 3, characterizing the orientation
distribution using polar coordinates Fig. 2a, can be written
as the probability density function pg(6, ) [15]:

1 Bsinf
47 (1 + (B2 — 1) cos?2 §)3/2°

For the determination of the /3 value, two criteria are used.
The first criterion consists in minimizing the difference
between the modeled and the experimental probability
density functions of the zenithal angle #. The second cri-
terion corresponds to the minimization of the difference
between the standard deviation #° of the model and the ex-
perimental data, by selecting the most suitable anisotropy
parameter 3 (see Fig. 2c and Fig. 2d). In practice, both
criteria coincide.

The Gamma distribution was found to be in good agree-

pp(0, ) = ey
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ment with the experimental results to model the fiber di-
ameter distribution (Fig. 2b). The coefficient of variation
(CV) used as a parameter representative of the polydis-
persity is computed as the ratio of the standard deviation
to the mean (C'V = op/up) (see Fig. 2b).

Two weighted mean diameters are proposed for the fiber
polydisperse medium:

The volume-weighted mean diameter D, [9, 16] is calcu-
lated by assigning each fiber a weight proportional to its
diameter, weighted by its relative volume in the calcula-
tion of the arithmetic mean. It is given by

Z ViD;. )

where V; and D; are the volume and diameter associated
with the i*" fiber, and N t is the number of fibers.

The inverse volume-weighted mean diameter D;,, is com-
puted by assigning each fiber a weight proportional to its

Dv_
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was chosen to ensure that the ratio of the standard devia-
tion over the mean value of the calculated porosity is less
than € = 0.1%.

CV(%) Dm(pm)  Dy(pm)  Diy(pm) B

40.3 13.5£56 195+£03 89+04 14

Table 1: Estimated microstructural descriptors of the cot-
ton felt.

Figure 2: (a) The orientation of a fiber in three-
dimensional space in spherical coordinates. The estimated
probability density function of (b) the fiber diameter; (c)
the azimuthal angle ; (d) the zenithal angle 6.

diameter, weighted by the inverse of its relative volume in
the arithmetic mean calculation. It is given by

1
Div=—x——Y_ =D 3)
N - )
Yy o Ve

When no weighting is applied, we also find the classi-
cal arithmetic mean called the mean diameter, and defined
by D, = ZDz/Nf
Here, the microstructural descriptors of the medium are
the porosity (¢); the anisotropy parameter (3), and the
coefficient of variation (CV') [determined from the dis-
tributions of fiber diameters Fig.2b, angular orientation
Fig.2d]. Their estimates for the studied cotton felt are
given in Tab.l. Using these descriptors, we first ob-
tain a periodic representation of the poly-disperse fibrous
medium (PDFM); Fig. 3a. We then use Eq.2 and Eq.3 to
calculate the volume-weighted mean diameter (D,) and
the inverse volume-weighted mean diameter (D;,), re-
spectively. These values are used to reconstruct the mono-
polydisperse fibrous medium with volume-weighted mean
diameter (MDFM-D,,,Fig. 3c) and with inverse volume-
weighted mean diameter (MDMF-D,,, Fig. 3d). By in-
creasing the size of the domain of the reconstructed sam-
ples, the mean value of the simulated porosity tends to-
wards the experimental value. The standard deviation of
the porosity with the sample of reconstructed fibrous me-
dia strongly decreases with the sample size. The RVE size
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Figure 3: Randomly overlapping fiber periodic struc-
tures of cotton felt. (a) Polydisperse fibrous media
(PDFM). (b) Monodisperse fibrous media (MDMF) with
mean fiber diameter D,,. (c) Monodisperse fibrous me-
dia (MDMF) with volume-weighted mean diameter D,,.
(d) Monodisperse fibrous media (MDMF) with inverse
volume-weighted mean diameter D,,,.

3.2 Computation of transport parameters

The transport parameters under consideration comprise
six parameters, namely ¢, A’, ko, A, @, and k. They
are calculated through numerical homogenization meth-
ods. The numerical homogenization methods provides in-
put parameters to semi-phenomenological models to pre-
dict the acoustic properties (absorption and transmission
coefficients) of the material. When computed from peri-
odic unit cells such as the proposed RVEs, this creates a
link between microstructural descriptors and macroscopic
properties of acoustic materials.

A brief recall of the numerical homogenization methods
is given in the next few lines. One solves different bound-
ary value problems to retrieve the transport parameters.
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For more details, the reader can refer to Ref. [6]. The
low Reynolds number viscous flow equations (Stokes or
creeping flow) are used to calculate the static viscous per-
meability ky. The non-viscous flow or inertial equations
are used to derive the high frequency tortuosity a., and
viscous characteristic length A. Additionally, the equa-
tion for thermal conduction is used to calculate the static
thermal permeability k(. The open porosity ¢ and the ther-
mal characteristic length A’ are purely geometric param-
eters. They are directly calculated from the microstruc-
ture. In this work, all the boundary value problems were
solved by the finite element method using Comsol Multi-
physics software [17]. Two finite element meshes of the
RVEs on which the boundary value problems are solved
are shown in Fig.4. One is associated with The volume-
weighted mean diameter D,, and the other with the diame-
ter weighted by the inverse volume-weighted mean diam-
eter D;,.

The solutions for the velocity and temperature fields cal-
culated on the previous two RVEs are shown in Fig.5. The
determination of the low frequency asymptotic parameters
(viscous static permeability kg and thermal static perme-
ability k) is based on the volume weighted mean diameter
D, in Fig.5a and Fig.5b. The high-frequency transport pa-
rameters (tortuosity o, viscous characteristic length A,
thermal characteristic length A’) are estimated using the
inverse-volume-weighted mean diameter D;,, in Fig.5c.

Figure 4: Typical mesh of cotton felt used to perform
finite element (FE) simulations. a) Structure with the
volume-weighted mean diameter with 811448 tetrahedral
elements. b) Structure with the inverse volume-weighted
mean diameter with 900380 tetrahedral elements.
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Figure 5: Asymptotic fields of velocity and temperature
for the reconstructed RVEs of cotton felt: (a) velocity field
expressed as local permeability (ko) [m?] corresponding
to Stokes flow in the z direction with RVE reconstructed
by volume-weighted mean diameter. (b) Scaled heat dif-
fusion field (k}) [m?] with RVE reconstructed by volume-
weighted mean diameter. (c) Scaled velocity field corre-
sponding to potential flow in the z direction [—] with REV
reconstructed by inverse volume-weighted mean diameter.

4. RESULTS AND DISCUSSION

The computed transport parameters for cotton felt fiber us-
ing a numerical approach are shown in Table 2. The first
set of estimates are with the proposed two-RVE approach
based on the D, and D;, weighted diameters, respec-
tively. The second set of estimates are with a single RVE
based only on the mean fiber diameter D,,,. These esti-
mates are compared to measurements of porosity (¢), re-
sistivity (o), and tortuosity (o), as well as the estimated
values of characteristic lengths (A, A’) and thermal per-
meability (k{). It can be noted that the results of the two-
RVE approach are in good agreement with the experimen-
tal data. This shows the role of polydiversity in the cotton
felt studied and the need to take this polydiversity into
account through the two RVE approach proposed. When
the medium is highly polydisperse, the low-frequency mi-
crostructural descriptor is the volume-weighted mean di-
ameter and the high-frequency microstructural descriptor
is the inverse-volume-weighted mean diameter. This will
be even more true when polydiversity is greater. Addi-
tional results on other felts will be presented at the confer-
ence to support this claim.
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o) o(N.s.m™1) oo Alpm) A (um)  kj(1070m?)

Single-RVE ~ 0.948 + (0.0002 67609 + 1930 1.018 £0.001 67+1 109+1 4.99+0.35
Two-RVE 0.948 +0.0004 33228 +£3465 1.016 +0.003 49+1 78+1 9.44+0.9
Measurements  0.948 + 0.005 28684 4+ 3664 1.0234+0.003 46+3 74+5 6.5+ 0.8

Table 2: Macroscopic parameters: measurements and computational results of cotton Felt. Computation results are given
for the proposed two-RVE approach and a classical single-RVE approach.
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