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Abstract

This paper demonstrates a homogenization approach to characterize the effect of cell size of
open-cell foam materials on their acoustic properties such as effective density, effective
bulk modulus, and sound absorption. The three-dimensional representative volume element
of the local morphology of open-cell foams is first reconstructed. The homogenization
technique is then employed to calculate the effective acoustic properties of the foam
materials. After a validation step, the proposed numerical framework is finally adapted to
investigate the cell size-induced effect on the acoustic properties of foam-based absorbers.
The obtained results indicate that, for a given high porosity, the tuned cell size can bring the
desired effective and sound-absorbing properties. For two considered layers, the averaging
cell size in the range of 0.15-0.45 mm shows better acoustic performance with an
absorption ability > 80 %.
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1. Introduction

Sound absorbing porous materials are composed of a matrix based on solid
skeleton and a pore space (e.g., cavities, channels or interstices) which allows the sound
waves propagating these media. Due to the combination of dissipation mechanisms
when the air propagates within a porous medium, its freely propagating sound energy is
absorbed. The acoustic performance of absorbing materials is governed by the
mechanisms of acoustic energy dissipation during wave propagation in these media (see
Fig. 1a for a diagram of an acoustic absorber excited by an acoustic wave). It is seen
from numerous studies about acoustic problems that the acoustical behaviour (transport
and absorptive properties) of absorbing layers is highly dependent on their local
morphological parameters such as the porosity and the pore connectivity [1-3]. Thus,
different approaches have been introduced in the literature to characterize analytically,
numerically, and experimentally the correlation between the material local geometry
and its macroscopic performance [4-7].
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In terms of acoustic performance of cellular foams, previous works indicated that
the sound absorbing property is highly dependent on the porosity, cell size, membrane
level and the layer thickness [8-10]. It seems that semi-open cell foams having a
reasonable membrane level show high performance of acoustic absorption in
comparison with the open-cell foams having the same scale of cell size [9-10].
However, keeping the original morphology of ultra-thin membranes (at scale ~1.5 um
[10-12]) during the using process still remains a challenge. It means that open-cell
foams need to be developed for their tuning sound absorbing properties (see Sec. 4).

In this work, our main aim is to introduce the methodology to model the acoustic
behavior of open-cell foam structures. First, three-dimensional representative volume
element (REV) of the local morphology of open-cell foams is reconstructed. Then,
multi-scale computations for predicting non-acoustic and acoustic properties are
presented. From the proposed procedure, results and discussion about the acoustic
properties of foam absorbers are provided.

2. Local morphology and representative unit cell

We are interested in studying the sound absorption properties of cellular foams.
Foam is a dispersion of gas in liquid or solid matrix. As shown in Fig. 1b, the open cell-

foam structure is made of ligaments and vertices or nodes (junction of four ligaments).

(@) )

Fig. 1. (a) Diagram of an acoustic absorber excited by an acoustic wave
and (b) scanning electron microscope image of real foam
Stochastic cellular models of rigid foam based on Voronoi spatial partitioning
are depended on their seed point distribution (Fig. 2). Distributing seed points
randomly within the model space without any further constraints will result in a
Voronoi partitioning with poor foam resemblance, while generate foam models
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resemble isotropic high performance structural foams with relatively homogeneous
cell geometries (see demonstrated examples shown in Fig. 2c-d). In this work, we
focus on modeling porous media made from random close packing of mono-sized
rigid spheres. In order to generate the sphere packings, the dynamically packed
algorithm referred to molecular dynamics is used. This method is first introduced in
Ref. [9] as follows. In this study, the initial state is N randomly distributed points that
represent the center of spheres generated in a basic cube with a size of L. Each point is

O s set

out

surrounded by two spheres: inner and outer ones. The outer diameter d
initially to 2L [3/(4nN)]*® corresponding to a nominal packing fraction of ¢, = 1. The
inner diameter d is set to the minimum center-to-center distance between any two

spheres after iteration k,
d% =min [ = x® - x®| i, je[L,N]and i # | (1)

Initially, the inner diameter d® defines a true volume fraction which is very

low, and the outer spheres do overlap each other. The algorithm then eliminates
overlaps and slowly reduces the outer diameter. The inner and the outer diameters
approach each other and the algorithm is halted by an eventual coincidence of the true
and nominal packing fractions. In each step, the worst overlap between spheres i and j
is eliminated by moving them apart an equal distance along the line joining their

centers as
(k+1) _ (k) DIk d® _ [
X =X+ DM ) I
' with D® = Go kH H (2)
X§k+1) _ ng) n D(k)rj(ik) 2 Hr( )H
If any overlaps remain, reducing the outer diameter by the following equation,
A =20 kg /(2"N) (3)

in which 1% =d® /d

out

© and T = L ~10log,, Ag{” J Parameter «; characterizing the

out
initial rate of contraction of the ensemble is the initial contraction rate, which is
independent of the size and number of spheres. Ag!“is the difference between the

nominal and true packing fractions at the iteration k, and symbol|.] is the greatest
integer function.
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Fig. 2. Schematic illustration of Voronoi tessellation.

Top: wall generation between two neighborhood spheres (a) and two-dimensional
demonstration of Voronoi process (b). Bottom: Voronoi diagrams for packing of equal-size
hard circles with a fraction of 0.1 (c) and 0.7 (d), respectively.

In a VVoronoi pattern, the partitioning is based on a set of seed points distributed in
a model space where each cell is defined by all points that are closer to one particular
seed point than to any others. Mathematically, given a set S of N points in a three-
dimensional space, the process of associating all the locations of the space into
polyhedral regions with the closest point of S is called VVoronoi partitioning process. The
polyhedral regions are called cells. The union of all the cells is then referred to as a
Voronoi diagram. Theoretically, a Voronoi diagram may be constructed in any
dimensional space. A cellular foam model based on Voronoi partitions of 3D space is
built as follows:

First, a set of N nuclei (seed points) is given in a three-dimensional finite space
R3. For each nucleus, let cell Vi be the region consisting of all locations in the space
which are closer to P than any other nucleus P;(with j = i). A cell VL corresponding to
seed point P; is defined as:

VL(Xi)Z{XERg‘"X—Xi”S”X—Xj”Viij} 4)

where x; and x; are the coordinates of seed points P; and Pj, respectively.
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Then, each seed point is surrounded by a cell containing all points in space that
are closer to this particular seed point than to any other. Consequently, cell walls will
appear centrally aligned on, and perpendicular to, lines that fictively connect two
neighbor seed points. Cell edges appear wherever cell walls intersect and cell vertices
appear where cell edges intersect (see Fig. 2b). The result is strictly convex cells with
flat faces. An ordered set of seed points can be used for creating ordered and regular
structures, for instance, structures made of Kelvin or Weaire-Phelan pattern. Voronoi
algorithm generates around each seed a convex polyhedral unit cell made of vertices,
joined by edges delimiting planar faces, which connect neighbor cells. Finally, a foam
skeleton is completely established (see Fig. 3).

Fig. 3. Periodic Voronoi cell pattern (a) and the corresponding REV of cellular foams (b).

From the REV configuration Q (within fluid phase Qf and solid-fluid interface
0Q), the purely geometrical factors of porous cellular structure (e.g., the porosity ¢ and
the thermal characteristic length A" also named the hydraulic radius) can be found as,

dv
— Ij Q4 A'_z-” QdV (5)

L /YA [

3. Computations of transport and acoustic properties

In this section, we introduce briefly the first principles for computation of four
transport properties. First, the low Reynolds number flow of an incompressible
Newtonian fluid is governed by the usual Stokes equations in the fluid phase Q.

nAv-vp=-G, with A-v=0 (6)
where v, p, and n are respectively the velocity, pressure, and viscosity of the fluid.
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In general, v satisfies the no-slip condition (v = 0) at the fluid-solid interface. G =Vp"
IS @ macroscopic pressure gradient acting as a source term. The static (viscous)
permeability ko was obtained by averaging the velocity components in the fluid
domains, Qr. The constant ko is often referred as the static thermal permeability. It can
be shown that the non-vanishing components vx of the local velocity field are given by
Vx = —koxxGx/1. Here, Koxx is a scaled velocity field. Thus, the static viscous permeability
Koxx is calculated as:

ko =Koy = ¢<k0xx> (7
where the symbol (-) indicates a spatial average over the fluid-phase.

Secondly, in the high frequency limit, the viscous boundary layer becomes
negligible and the fluid tends to act as a perfect one, having no viscosity except in the
vicinity of the boundary layer. Consequently, the perfect incompressible fluid formally
behaves as the potential flow problem:

{V.E:O, with E=-Vg+e, in Q.

8
E.n =0, on o0Q ®)

where e is a constant unit vector, E is the solution of the boundary problem having -V ¢
as a fluctuating part, and n is the unit normal to the boundary of the pore region.
The viscous characteristic length A and the high frequency tortuosity a.. are then
calculated through,

m E[ dv . <|E|2

NIRRT

Finally, the static thermal permeability k; is estimated from the problem of

(9)

thermal conduction as follows:

Kq :<u> (10)
where the scaled temperature field u is solved from the canonical equations in fluid
phase, Au = -1, in which u =0 on the solid-fluid interface.

In equivalent-fluid approach, an effective fluid is substituted for a porous medium
with the effective density and effective bulk modulus. These effective factors are
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introduced in the Johnson-Champoux-Allard-Lafarge (JCAL) model as,

2
~ . ne P [ 2k,
p(@)=p| a, proko\/ an[ ¢AJ (11)
71 71
N 4k’2C
K(w)J—PO y—(r-1)|1-j /AL 00 (12)
¢ keC, 000 yRA“

where po is the air density, P, is the atmospheric pressure, y = Cp/Cy is the ratio of heat
capacities at constant pressure and volume, j is the imaginary unit, # is the dynamic
viscosity. Six parameters (¢, A’, Ko, 0, A, and kd ) are the geometric and transport
properties mentioned previously.

The sound absorption coefficient at normal incidence SACn of this homogeneous
layer is derived as the following equation:

Z,(0)-2,|

SAC,, =1—
N Z,(0)+2,

(13)

where Zo is the characteristic impedance of the air and Z, (@) is the normal incidence

surface impedance of the layer, having a thickness of Hs. This surface acoustic
impedance is estimated as,

A =—j\p(0)K(w)co oH,
2 (o) = NP IR (oot =20 0

4. Results and discussion

Following above-described framework, we solve flow and thermal problems over
the RVE with the symmetry condition on its lateral surfaces by COMSOL
Multiphysics® v5.2. In its modules, we implement the corresponding governing
equations in the REV Q with a fluid domain Q¢ and a fluid-solid interface 0Q (see
Fig. 3b for the solid phase of the RVE).

Before investigating the acoustical behavior of foam materials, the proposed
method is first validated by a reference example. The work by Gasser et al. [7] is one of
the first works where the sound absorption of rigid porous media (made up of identical
rigid spheres) is calculated from micro-structure using the finite element method. The
regular face centered cubic (FCC) packing of rigid spheres was assumed with a porosity
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of 0.26 with the radius of the spheres was 1 mm (noted that this ordered structure has a

soldering neck of radius 150 um binding the beads). Herein, as shown in Fig. 4 (some

sub-figures are plotted with logarithmic scales), we first compare our numerical
predictions of effective properties (dash line) of FCC structure with the reference data

(circle markers) taken from Ref. [7].
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Fig. 4. The normalized effective density (left parts) and the normalized effective bulk
modulus (right parts) of foams (continuous lines) in comparison with granular as FCC packing

(markers for reference data and dash line for present work).

The effective density and bulk modulus of foam materials with an averaging cell

size D, varying from 0.02 mm to 1 mm and a constant porosity ¢ of 0.98 were

computed for a set of frequencies ranging from 1 Hz to 10* Hz (see continuous lines in
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Fig. 4, the thicker line is, the smaller cell size is). The obtained good agreement
validates strongly our proposed numerical procedure.

From the obtained curves, we can state that: (i) the cell size affects strongly on
two effective properties (both real and imaginary parts); (ii) the effective properties of
the granular layer are different from those of foam connectivity. In term of material
behaviors, we can see that the real part of granular effective density is far higher than
the foamy one (the top left part of Fig. 4), whereas at the same scale the effective bulk
modulus of both structures are quiet similar (remaining parts of Fig. 4). The effective
behaviors of foams lead to their interesting sound absorption mentioned below.
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Fig. 5. Comparison of sound absorption coefficients of foam-based absorbers having a tuned
cell size (continuous lines with legends as shown in Fig. 4) and a granular layer (dash lines).

Figure 5 plots the sound absorbing coefficient curves of open cell foam- and granular-
based absorbers (left part for Hs= 20 mm, and right part for Hs= 100 mm). For investigated
both thicknesses, the foam structures show a better performance of acoustic absorptions in
comparison with the granular layer. In detail, for 20 mm-thick absorber, in order to obtain
more than 80% of the incident sound energy at frequencies > 3 kHz, the averaging cell size
should be selected in the range of 0.15-0.45 mm, whereas for 100 mm-thick absorber, the

SAC can reach a level of 90% at low frequencies (i.e., 0.5 kHz) with the same value in
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range 0.15-0.45 mm and for layers with a 80%-absorption ability at frequencies
> 1 kHz, the averaging cell size range should be extended to a large range of 0.2-0.9 mm.

5. Conclusions

In this paper, we investigated the effective and absorption property of porous
foam-based absorbers by a homogenization approach. The REV of foams has been
generated based on the random close packing of rigid mono-sized spheres. Then, from
the reconstructed REV, the geometric and transport properties were numerically
calculated, and the effects of the cell size on the effective and absorption properties of
foam structures have been studied. Generally, as the obtained SAC curves in the
automobile frequency range, the derived SAC of a foam-based absorber can be obtained
by tuning together its thickness and its local cell size. The sound absorption of high
porosity open-cell foams can be improved at specific frequency ranges by either
increasing the absorber thickness Hs or choosing a suitable cell size Dy.
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NGHIEN CUU PAC TiNH AM CUA CAU TRUC XOP MO
CO PO RONG CAO BANG PHUONG PHAP PONG NHAT HOA

Tém tdt: Bai bao trinh bay phuong phdp dong nhdt héa dé nghién ciru sir anh hueng cia

kich ¢ té bao vt lidu xop mé deén céc tinh chat &m hoc nhw mdt dé va mé dun khéi hiéu dung va
khd ndng hap thu &m thanh. Dau tién, phan ti khoi ddc trung ba chiéu cia hinh théi co s¢ cua
cau tric xap té bao mo duwoc xay dung. Tiép dén, ky thudr dong nhat hda duroc sir dung dé tinh
todn cdc dgc tinh &m hiéu dung cia xop. Cudi ciing, sau buéc kiém ching, md hinh sé dé xuat
ot sir dung dé khao sat anh huong kich c& té bdo doi véi cac ddc tinh am cua vt liéu xap.
Két qud thu dirgc chi ra rang, ¢ dg réng cao nhdat dinh viéc diéu chinh kich ¢ té bao dem lai cac
ddc tinh hiéu dung va hdp thu &m mong doi. Poi véi hai lop hdp thu dé cdp, kich co té bao trung
binh trong pham vi 0,15-0,45 mm cho hiéu qud am tét véi kha ndng hap thu > 80%.

Tir khoa: Cau tric xdp; kich c& té bao; do thim; d6 xoay; dic tinh hiéu dung va hip thu.
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