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Abstract

In this paper, a periodic macro void (PMV) design of porous materials is proposed, through
which different acoustic properties can be obtained with uniform porous materials. The proposed
PMV structure is an alternative to realize gradient sound absorbers, which experimentally shows
the potential to enhance the sound absorption performance of porous materials. Based on the
wave finite element (WFE) method and a homogenization procedure, the equivalent density and
bulk modulus of PMV porous materials are obtained, which are validated by finite-unit’s
simulation and experiment. These equivalent acoustic parameters are between that of uniform
porous materials and air, which are controlled by the macro porosity, but independent of void
position and shape. The proposed PMV porous material with gradient macro voids is used to
optimize the anechoic chamber performance with an optimization procedure provided. For a
chamber with size of 9 m x 8 m x 7 m, and cut-off frequency of 100 Hz, the performance of
gradient PMV design is compared with the classic wedge design. It is found that the optimized
gradient PMV design can achieve better performance than the classic wedge design with the
same thickness of 0.8 m. Moreover, the thickness of gradient PMV design can be reduced up to
15% (0.68 m) while keeping better performance than the wedge design.

Keywords: Periodic macro void; Porous materials; Eigenmode; Homogenization; Gradient

design; Anechoic chamber



1 Introduction

Acoustic wave propagating in periodic structures has been investigated extensively in recent
years. Periodic structures are often formed with periodic boundaries or periodic scatterers inside

a uniform material.

Physical behaviors of the acoustic wave in periodic structures can be characterized in
different frequency ranges. In the high-frequency range, bandgaps caused by Bragg resonance
can be found [1, 2], while in the low-frequency range, homogenization process can be conducted
to obtain equivalent acoustic parameters of the periodic structure. Bai and Keller found the
decreased phase velocity in the low-frequency range for wave propagating in a waveguide with
periodic embedded rigid spheres [3]. Krokhin et al. also found the decreased speed of sound in
periodic elastic composites [4]. Jiang and Huang proposed a periodic corrugated waveguide
(PCWG) structure, which also shows the decreased speed of sound in the low-frequency range
[5]. It was found that the decreased speed of sound was caused by increased equivalent mass
while the equivalent bulk modulus of the system was kept unchanged. Therefore, the equivalent
parameters of a material can be changed with different inside periodic arrangements in the low-
frequency range. In other words, the acoustic properties of the material can be adjusted with
different inside periodic scatterers. Many researchers have made their efforts to improve the
sound absorption performance of materials by embedding different scatterers inside, which can

be hard inclusions, resonant inclusions, void inclusions and so on.

Groby et al. investigated the sound absorption performance of a rigid-frame porous plate
with a periodic set of high-contrast inclusions. It was found that the sound absorption was
increased due to the excitation of modified modes of plate by the inclusions [6]. Later on, Groby
et al. further studied the absorption performance of rigid-frame porous materials with rigid
inclusions, and they found absorption peaks below the quarter-wavelength resonance frequency,
which was attributed to the excitation of additional modes caused by rigid inclusions [7-9].
Sharma el al. further studied sound absorption by a viscoelastic medium with periodic hard
inclusions [10]. A homogenization procedure was also provided by Sharma el al. to replace the
whole structure by a uniform medium with equivalent acoustic properties. High sound absorption

was observed, which was attributed to dipole resonance and scatters of the hard inclusions.

In addition to hard inclusions, effect of resonant inclusions inside porous materials has also
been studied. Boutin investigated the acoustic performance of rigid-frame porous materials with
inner resonators [11]. A broad bandgap along with strongly dispersed waves was observed and
analyzed with characteristics of the porous matrix and inner resonators. In Lagarrigue et al.’s
study, low-frequency performance improvement of porous materials with periodic resonant
inclusions was observed [12]. It was demonstrated by Boutin and Becot that inner resonators in

porous materials may change the equivalent acoustic properties of the porous material
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significantly [13]. Groby et al. investigated sound absorption of porous foam with embedded
Helmholtz Resonators (HRs) [14]. It was found that the absorption coefficient for low
frequencies near HR excitation was enhanced, which was due to the excitation of trapped mode.
Weisser et al. studied the effect of resonant inclusions inside poroelastic materials [15]. High

absorption band was found, which was attributed to resonance of modes through modal analysis.

Void inclusions was also found to be able to improve sound absorption performance.
Sharma el al. investigated sound transmission in a soft elastic medium containing voids
analytically and numerically [16]. Based on analytical models, the whole medium was treated as
a homogenized medium with equivalent material parameters. Broadband sound attenuation was
shown to be caused by strong coupling of resonance of voids. The sound propagation properties
in soft elastic medium containing voids with a steel backing was further investigated by Sharma
et al. [17]. In their research, high sound absorption peaks attributed to Fabry-Pérot resonance was
observed. Sharma et al. further investigated sound absorption of an elastic layer simultaneously
containing void and hard scatterers [18]. It was found that a broadband high sound absorption

was achieved by combining hard and void scatterers in the elastic layer.

In our previous research [19], porous materials with gradient properties are demonstrated to
perform better in anechoic chambers with reduced decoration space, compared with the classic
wedge design. The proposed uniform-then-gradient flat-wall (UGFW) structure requires a
uniform porous material layer in the front, followed by porous materials with gradient properties.
In practice, an alternative to making gradient material is replacing the gradient material with
multi-layer material. Therefore, the UGFW design can be classified as a special case of the multi-
layer, flat-wall (MLFW) design. The idea of MLFW design has been rekindled from the 1980s,
e.g. Davern [20] and Dunn and Davern [21], although this idea dated back to 1930s [22].
Recently, Xu et al. conducted real construction of the anechoic chamber based on the optimized
MLFW design with different commercially available materials [23-25], which satisfied the ISO
standard 3745(2003) [26].

For UGFW design, it is not that easy to obtain the suitable porous materials with desired
properties. In this paper, a periodic macro void (PMV) structure is proposed to obtain different
properties with a uniform porous material. The equivalent gradient effect is realized through
PMV with gradient size. The design of voids with porous materials have been studied both
analytically and experimentally, and its performance in sound absorption has also been
investigated. Boutin et al. investigated the sound absorption properties of dual porosity material
with a simplified model [27]. It was found that introducing dual porosity would enhance
absorption properties of porous materials over a wide frequency range. Olny and Boutin
proposed a theoretical homogenization model for rigid-frame porous material with double

porosities [28]. The macroscopic equivalent parameters were obtained with asymptotic method,



which reveals a strong coupling between the networks in different scales. Boutin and Venega
analytically presented equivalent parameters of double porosity materials with elastic frame [29].
With this model, the viscoelastic effect on the equivalent parameters was analyzed. Atalla et al.
[30] investigated the effect of macro voids on porous materials, and found that macro
perforations could enhance low-frequency absorption of porous materials. Sgard et al. [31]
proposed theoretical models for prediction and design of macro voids. Note that the macro voids
proposed by Atalla et al. and Sgard et al. were in the normal direction, which is parallel to the

sound propagation direction.

In this paper, porous materials with lateral and interior PMV are modelled, and a numerical
eigenvalue analysis is conducted with the unit-cell. Based on the calculated eigenvalues and
eigenmodes, the equivalent acoustic parameters of PMV porous material are obtained through a
homogenization process. The proposed PMV porous material is optimized to realize equivalent
gradient absorbers, which provides an alternative to the design of anechoic chambers with

improved performance compared with the classic wedge design.

This paper is arranged as follows. Section 2 presents the numerical modelling procedure of
PMYV porous materials. In Section 3, calculated eigenmodes and equivalent acoustic parameters
of the PMV porous material are presented and analyzed. In Section 4, the application of PVM

structure in the anechoic chamber is demonstrated. Conclusions are drawn in Section 5.
2 Numerical modelling

2.1  Geometry setting

The geometry of proposed periodic macro void (PMV) porous materials is shown in Fig. 1,
as well as the coordinate system, and the wave travels in the direction of x. Note that the term
‘macro void’ here refers to the portion of space inside the porous material which is full of air.
The unit-cell is displayed in the lower part of Fig. 1. The length of the unit-cell in the x direction
is d, and the height of the unit-cell is 4o. Inside the unit-cell, the shadowed area represents porous
materials, while the blank part represents the macro void. The macro void is circular shape here
with the radius of ». The geometric centers of the unit-cell and macro void are O: and Oa,
respectively. The distance between these two centers are represented with ox (positive when O; is
on the right of O; and negative when O; is on the left) and J, (positive when O is above O; and

negative when Oz is below O).

The empirical formula proposed by Delany and Bazely [32] is used to model porous
materials. With this model, the porous material is treated as an equivalent fluid with frequency-

dependent characteristic impedance z, and wavenumber £,
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where z, = p,c, and k, = w/c, are the characteristic acoustic impedance and wavenumber in air,

(1)

respectively; i=+/-1, o=2xnf is angular frequency; f is frequency; po is density of air; co is
speed of sound in air and Ry is flow resistivity of the porous material. It is suggested that these

empirical formulas are valid in the parameter range of 0.01< p,f /Rf <1 . The frequency-

dependent speed of sound ¢, and density p, for porous materials are calculated as
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Fig. 1. Geometry of the PMV porous material and its unit-cell.
2.2 Figenvalue analysis and homogenization

In the literature, different methods have been proposed to deal with sound propagation in
materials with inner scatterers, which can be analytical homogenization method [10, 16-18],
semi-analytical method based on mode matching [7, 15, 33], numerical method based on finite
element (FE) [14] and so on. In this study, a numerical eigenvalue analysis is conducted for the
unit-cell, and the equivalent parameters are obtained through a homogenization process with

calculated eigenvalues and eigenmodes.



In the first step, the unit-cell is taken out for eigenvalue analysis. The calculation is

t

conducted in the frequency domain, so the time-dependent factor e is omitted, and the

governing equation for the unit-cell is the linear homogeneous Helmholtz equation
Vip+kp=0, 2

where p is the acoustic pressure, k is the wavenumber of the material, being ko for air domain and

ks for porous material domain. The particle velocity v is calculated as

v vp, ©)
iop
where p is the density of the material, being po for air domain and p; for porous material domain.

The continuity of pressure and normal component of particle velocity is applied on the

interface between the air domain and the porous material domain, which is expressed as

{pair = pporous (4)
(V ’ n)air = (V ‘n )porous

where n represents normal vector of the boundary. Rigid wall boundary condition is applied on
boundaries AD and BC, which requires the normal component of particle velocity to vanish, and

is expressed as
v-n=0. ®)

On boundaries AB and CD, Floquet-Bloch periodic boundary condition is used [2], which is

expressed as

(6)

s
VXCD = ﬂ’ vaB

{pCD =APs

where v, represents the x component of particle velocity, and 4 is the eigenvalue to be solved,

which corresponds to the Bloch wavenumber k. with 1=¢ ™

The eigenvalue analysis is conducted for this unit-cell with the wave finite element (WFE)
method [5, 34], which is described in detail in Appendix A. The prototype of the WFE procrdure
can be found in the literature dating back to 1970s, when Mead proposed a generalized theory to
handle wave propagation in periodic structures [35]. The procedure used in this paper was
proposed by Mace et al. in 2005 [34]. A similar procedure was also proposed in the same year by
Houillon et al. [36]. These approaches are classified as wave finite element (WFE) method. The
WFE method has been successfully applied to investigate wave propagation problems in beams
[37, 38], one-dimensional structures [39], plates [40, 41], poroelastic materials [42, 43], periodic

structures with complicated unit-cells [44] as well as structural health monitoring [45].



The procedure of the WFE method used in this paper is briefly listed for completeness. The
two-dimensional (2D) model of the unit-cell is firstly built in COMSOL Multiphysics® with
governing equations and boundary conditions described above. In this model, the unstructured
mesh and second-order Lagrange element are used for discritization. After builidng the 2D model,
the derived stiffness, damping and mass matrixes are extracted from COMSOL Multiphysics® for
further calculation. The eignevalue problem is then formed in MATLAB with the extracted
matrixes according to the WFE method described in Appendiex A. Solving the eigenvalue
problem with the ‘eig’ function in MATLAB, which is the embedded eigenvalue solver in

MATLAB, the eigenmodes and corresponding eigenvalues are obtained. The eigenvalue A

corresponds to the Bloch wavenumber . of the periodic structure with the relationship 1 =e |
and the first half of the eigenvector is for nodal degree of freedoms (DOFs), which corresponds
to the eigenmode shape. Note that the eigenvalue problem is solved at each frequency step, so the

frequency-dependent properties are obtained through frequency sweep.

In the second step, a homogenization process is applied to obtain the equivalent acoustic
parameters of the PMV porous material. When the homogenization condition of separation of
scales in micro and macro descriptions [5, 46] is satisfied, the PMV porous material can be
treated as a uniform material with equivalent speed of sound c. and equivalent density p.. Several
analytical homogenization methods have been proposed to obtain the equivalent parameters of
materials with inner structures, which can be porous materials with double porosity [28, 29],
voids and hard inclusions [10, 16-18] in elastic medium and so on. In this study, a
homogenization approach based on the numerical eigenvalue analysis is applied. The Bloch

wavenumber k. is obtained from the eigenvalue A with

1
k, =§ln(/l). (7

The equivalent speed of sound c. is defined as the phase velocity of the least decay mode,

referred to as the fundamental mode, which is obtained directly from the Bloch wavenumber £. as
@
c,=—. 8
s @®)

The characteristic impedance z. is defined as the averaged surface impedance on left boundary

(AB) or right boundary (CD) of the unit-cell,

z = pAB — pCD , (9)

which should be the same according to the periodic boundary condition. Note that, the
applicability of Eq. (9) is supported by full FE simulation and experiment, which will be shown

in the following section. In the parameter range calculated in this study, Eq. (9) is applicable for
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different sizes and positions of the macro void. Hence, the equivalent density p. and equivalent
bulk modulus x. are calculated as

P. =%, K, =p.c. (10)

3 Results and analysis

3.1  Eigenmodes and equivalent parameters

In the following analysis, the frequency fis normalized by the height of the unit-cell 4o and

the speed of sound in air ¢o, and denoted by a superscript asterisk, as

f*:ﬂ. (11)

In this study, the frequency range is chosen as /* < 0.05, where the homogenization condition
of separation of scales in micro and macro descriptions [5, 46] is satisfied. A calculation example
of the eigenmode is presented. The geometric setting is d = ho= 0.02 m, = 0.007 m, &, = 0 and
9, = 0. In this case, the macro porosity ¢, which is defined as the ratio of macro void estimate
(area for 2D structure and volume for 3D structure) and total estimate, is determined as 38.5%.
The calculation frequency is set as /* = 0.02, and the flow resistivity Ry is chosen to be 4000
Pa-s/m?. The unstructured mesh is used and dispalyed in Fig. 2(a), and pressure field of the

fundamental mode is shown in Fig. 2(b).
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Fig. 2. Mesh and pressure field (real part) [Pa] of fundamental mode for unit-cell of the PMV
porous material at * = 0.02; (a) mesh; (b) pressure field.

The convergence of calculated Bloch wavenumbers k. with mesh size S. is investigated. The
mesh size is defined as the maximum element size of the mesh. The case of uniform porous

materials without PMV is used for convergence checking as it is a non-trivial task to obtain
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analytical eigenvalue of the PMV porous material. A relative error ¢, is defined, to show the

convergence of the proposed method, as

g, =|(k, —k)/k| (12)

where k. is the value calculated by numerical eigenvalue analysis, and £; is calculated by Eq. (1).

The relative error & of calculated wavenumbers for the fundamental mode at three different
frequencies are displayed in Fig. 3. It is found that the wavenumbers obey a convenience rate of
S.* for all three frequencies. Meanwhile, smaller mesh size is needed for higher frequency to

achieve the same accuracy as lower frequency.
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Fig. 3. Convergence of calculated wavenumbers with mesh size S..

In the following analysis, the acoustic quantities are normalized by a set of basic physical
parameters: the height of the unit-cell /o, speed of sound in air co, and air density po. The

normalized physical variables are denoted by a superscript asterisk, as shown below

* * C * z * K
pczpca CCZ_C’ z, = < K. = < (13)

c s c 2
P Co PoCo PoCo

Applying the homogenization process and normalization of physical variables, the
normalized equivalent acoustic parameters are obtained through frequency sweep, as the

characteristics of porous materials are frequency-dependent.

The equivalent density and bulk modulus of the PMV porous material described above are
displayed in Fig. 4, together with the results of the porous material without PMV. It is found that,
with PMV, both real and imaginary parts of equivalent density become smaller. The decreased
imaginary density means decreased viscous damping, which is a natural result of decreased

amount of sound absorption material. The decreased real density (mass) represents decreased
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tortuosity, which is reasonable because the tortuosity of the void domain is 1 (smallest). For

equivalent bulk modulus of the PMV porous material, its real part becomes larger while its

imaginary part becomes smaller, and both real and imaginary parts become closer to that of air.

The increased real part of bulk modulus means increased stiffness, while the decreased imaginary

part of bulk modulus represents decreased thermal conduction effect.
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Fig. 5. Dispersion curve for fundamental mode of the PMV porous material with Ry= 4000
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The PMV porous material can be regarded as a composite of normal porous material and air,
whose equivalent parameters are between those of air and those of normal porous materials. As a
result of decreased mass and increased bulk modulus compared with normal porous materials, the
increased equivalent speed of sound is obtained, which is shown in the dispersion curve in Fig. 5
as decreased real part of wavenumbers. The decreased imaginary part of wavenumbers can be

explained by the decreased viscous damping and thermal conduction effect.
3.2 Validation for equivalent acoustic parameters

Finite structure simulations and experiments are conducted to validate the calculated results

of the equivalent density and bulk modulus for PMV porous materials.

PMYV porous materials with 5 unit-cells are taken out for analysis. The 5-unit structure is
simulated by commercial FE software (COMSOL Multiphysics®) with the method described in
reference [5], which is provided in the Appendix B for completeness. The result of 5-unit

simulation is shown in Fig. 6, which matches well with the result from WFE prediction.
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Fig. 6. Normalized Equivalent density and bulk modulus of the PMV porous material validated

by finite structure simulation with 5 units.

In addition, an experiment is conducted to validate the calculated equivalent parameters with
the sample containing 5 units. The test sample of the PMV porous material is displayed in Fig. 7.
It is made of polyester foam with the density of 50 kg/m?. The size of the sample is 100 x 100 x
100 mm. The macro voids are in the y direction, while the sound comes from x direction. The
PMVs are made by drilling holes in y direction with a foam hole opener. In other words, the
PMVs are in the lateral direction. There are 5 units in both x and z directions, and the size of the
unit-cell is 0.02 m. The macro voids are in circular shape, with the radius of 0.007 m, so the

macro porosity is ¢ = 38.5%.
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(a) (b)
Fig. 7. Test sample of the PMV porous material, with macro porosity ¢ = 38.5%; (a) 3D view; (b)

cross-sectional view.

The equivalent density and bulk modulus can be obtained through the two-cavity method
proposed by Utsuno et al. [47] in an impedance tube [48]. The tested equivalent density and bulk
modulus of the uniform foam sample without PMV are displayed in Fig. 8 (solid and dash lines
for real and imaginary parts, respectively). The equivalent density and bulk modulus are then
used to conduct the eigenvalue analysis and homogenization to obtain equivalent parameters of
PMYV foam, which are shown in Fig. 8 (solid star and dash star lines for real and imaginary parts,
respectively). On the other hand, the equivalent density and bulk modulus of the PMV foam are
obtained directly from experiment through the two-cavity method, which are also depicted in Fig.
8 (circular and triangular points for real and imaginary parts, respectively). It is found that with
PMYV, both real and imaginary parts of equivalent density of the porous material become smaller,
which is in accordance with results in Section 3.1 from Delany’s model. In addition, increased
real part and decreased imaginary part of equivalent bulk modulus with PMV are observed,
which also validates the results with Delany’s empirical formula. The experimental results of
equivalent parameters of PMV porous materials generally match the results from prediction,

which further validates the calculation method.
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Fig. 8. Normalized equivalent density and bulk modulus of the PMV porous material validated

by experiments with macro porosity ¢ = 38.5%.
3.3 Geometric parameter analysis

The effects of three geometric parameters of PMV on porous materials are investigated,

which are the void shape, void position and macro porosity.

The equivalent density and bulk modulus of PMV porous materials with four kinds of void
shapes are calculated, which are square, hexagon, octagon, and circle. The center of the PMV is
set to coincide with center of the unit-cell (6:=0, 6,=0). The calculated results of these four void
shapes with the same macro porosity (¢ = 38.5%) are displayed in Fig. 9. It is found that both
equivalent density and bulk modulus are independent of the void shape in the calculated
frequency range, as long as the macro porosity is kept unchanged. Similar result was reported by

Groby et al. with hard inclusions [9].
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Fig. 9. Normalized equivalent density and bulk modulus of PMV porous materials with different

macro void shapes.

The effect of void center position on the equivalent density and bulk modulus are studied,

with the change of geometric parameters N,. and N,,, which are defined as

o) )

2
px ry :
d hy

(14)

The effect of N,x and N,, on the equivalent density and bulk modulus at fixed frequency /* = 0.02
are displayed in Fig. 10 (a-d), respectively. It is shown that the position of the void center has

little effect on the equivalent acoustic parameters of PMV porous materials.

The effect of macro porosity ¢ on equivalent acoustic parameters of PMV porous materials
are studied, and the results are shown in Fig. 11. It is found that the dependence of equivalent
density and bulk modulus with respect to macro porosity is generally linear, which indicates that
the equivalent acoustic parameters of PMV porous materials are almost linear combination of

uniform porous materials and air.
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3.4  Gradient macro porosity for sound absorption

The gradient PMV porous materials have the potential to enhance sound absorption

performance of uniform porous materials. An experimental example in an impedance tube for
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rigid-backed sound absorption coefficient is provided. The foam tested in Section 3.2 is used to

make several samples of PMV porous materials with different macro porosities.
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Fig. 12. Experimental results of sound absorption coefficient for uniform and gradient PMV

porous materials with length of 0.4 m.

The total length of the sound absorption material is chosen to be 0.4 m. Therefore, the
absorption part is divided into 4 layers, and each layer has a length of 0.1 m, which is the length
of one foam sample. The sound absorption coefficient of different combinations of PMV porous
materials are tested and compared with the uniform foam. The best combination of macro
porosity distribution, obtained from the testing results, is 50.3%, 12.6%, 7.1% and 0% from the
surface of the absorption part to the rigid end. The tested best sound absorption coefficient is
displayed in Fig. 12, together with the tested result for uniform foam of the same length. It is
shown that the normal incidence sound absorption coefficient is greatly enhanced with the
gradient PMV structure. Besides, the experimental result matches well with predictions, which

further validates the proposed simulation method.
4  Application for anechoic chamber

In this section, the gradient PMV structure is optimized for the application of anechoic
chambers. Its performance is compared with the classic wedge design [19]. In this section, the
three-dimensional (3D) void design is proposed, which is displayed in Fig. 13. The unit-cell is set
to be cubic with the length of d, and the PMV is also set as cubic shape with the length of di. The
two geometrical centers are located at the same point. For manufacturing of such kind of
structure, a three-step procedure is proposed. In the first step, a layer is cut from the uniform

porous material. In the second step, macro voids are made with the remaining porous material. In
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the final step, the layer cut from the porous material is glued to the voided porous material. Some
performance change of the PMV structure may be introduced by the manufacturing procedure,

which will be investigated in the further study and not discussed in this paper.
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Fig. 13. Geometry for unit-cell of three-dimensional (3D) PMV design.
4.1  Oblique incidence modelling for 3D unit

To simulate its acoustic performance in anechoic chambers, the effect of oblique incidence
is considered. The equivalent density and bulk modulus of the 3D PMV porous material at
oblique incidence are obtained by conducting the eigenvalue analysis with the WFE method and

a homogenization process described as follows.

As shown in Fig. 13, the oblique incident sound p; comes from the top, with the incident
angle of 0 and g, which are the elevation angle and azimuth angle, respectively. Boundaries

d

DCC'D’ and ABB'A’ are applied with a constant phase angle difference of e* with

k., =k,sinfcos 3, and boundaries ADD'A’" and BCC'B' are applied with a constant phase angle
difference of ¢ with k, =k,sin@sin B . Boundaries ABCD and A'B'C'D’ are applied with

Floquet-Bloch periodic boundary condition as

{py =Aip;

)
sz = AVZT

(15)

where pp and pr are the acoustic pressures on the bottom ( A'B'C'D") and top (ABCD) boundaries,
respectively; v and v.r are the z component of acoustic particle velocity on the bottom
(A'B'C'D") and top (ABCD) boundaries, respectively; and A is the eigenvalue to be determined,
which corresponds to the Bloch wavenumber . through the following relationship

18



1= eikL, cos(0')d , (16)

where @'is the refraction angle inside the PMV porous material, which is defined as

6' = arcsin (%sin ﬁj . (17)
Combining the above periodic boundary condition with the WFE formulation, the eigenvalue
problem of the oblique incidence in obtained. Solving this eigenvalue problem, and conducting
homogenization on the fundamental mode, the equivalent acoustic parameters at oblique

incidence are obtained.

The equivalent speed of sound c. is obtained from the Bloch wavenumber k., as

¢, = o[k, .The equivalent characteristic impedance z. is defined as z, =z, -cos@', where zas is

the normal surface impedance on boundary ABCD or A'B'C'D’, which is defined as

z, = Pascp _ Pasep _ (18)

Voasen  Veamen

The example of a 3D PMV porous material with flow resistivity Ry = 4000 Pa‘s/m? is
calculated and the equivalent density and bulk modulus at two incident angles are shown in Fig.
14. In this example, the length of the unit-cell is chosen as d = 0.02 m, and the macro porosity ¢
is set as 38.5%, which is the same as the example of 2D unit. It is found that, the equivalent
parameters are nearly independent from incident angle, which means that the equivalent acoustic
parameters obtained from normal incidence can be used to predict its performance at oblique
incidence. This result further supports the homogenization process, because the 3D PMV porous

material performs like an isotropic uniform material.

The independence of equivalent parameters on incident angles is double-checked by sound
absorption coefficient calculation with COMSOL Multiphysics®. A layer of PMV porous
material with thickness of 0.1m (5 units) and macro porosity of ¢ = 38.5% is used, which is
referred to as the sample PMV. The sound absorption coefficients (&) of the rigid-backed sample
PMYV at different incident angles are calculated with the following two methods. The first method
is using direct FE calculation with the exact geometry of 5 units with PMVs. The second method
is treating the sample PMV as 0.1 m uniform material with equivalent parameters obtained from
normal incidence case (6 = 0°). The calculated a at two incident angles (8 = 45° and 75°) are
depicted in Fig. 15. It is shown that a calculated by the two methods matches well with each
other for both 45° and 75° incidence, which indicates that the equivalent parameters of PMV

porous materials are nearly independent from the incident angle.
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Fig. 14. Normalized equivalent density and bulk modulus of the 3D PMV porous material at

different incident angles; line: 8 = 0°, f = 0°, circle marker: 8 = 30°, f = 60°.
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Fig. 15. Oblique incidence sound absorption coefficient a of PMV absorbers with thickness of

4.2

0.1 m.

Gradient PMV optimization for anechoic chambers

Based on the obtained equivalent acoustic parameters, the performance of the gradient PMV

porous materials in anechoic chambers is simulated with the modified complex source image

(CSI) model [19], which is a modification of the CSI model [49, 50]. With a fixed thickness D,

fixed cut-off frequency feuwoir and a fixed flow resistivity Ry (input parameters), the macro porosity
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distribution (output parameters) is directly optimized based on its chamber performance. The
simulated chamber is 9 m x 8 m X7 m without considering the decoration thickness, which is the
same as that in reference [19]. The point source with unit amplitude is put at the center of the
chamber, and the first testing line ranges from the center to one of the eight vertices. The second

testing line is from the center of the chamber to the center of the closest wall.

The objective function is set to minimize the average deviation from the inverse square law
for the first testing line, and the optimization is conducted with the sequential quadratic

programming (SQP) algorithm in MATLAB.

Input: D, fyofr> Ry

L Eigenvalue analysis

A

Equivalent p,, k,

v

Optimization with equivalent p,, «,

v

Optimized porosity distribution

v

Anechoic chamber simulation with exact void distribution

No

Satisfy inverse
square law ?

Output: macro porosity distribution

Fig. 16. Anechoic chamber optimization procedure with gradient PMV structure.

Once the optimized porosity distribution is obtained, its performance in anechoic chambers
are simulated with exact PMV structures, and double-checked with the inverse square law [26]. If
the chamber simulation results satisfy the inverse square law within 1.5 dB deviation, the
optimization is completed; otherwise, a new optimization should be conducted until the required
results are obtained. The above-mentioned optimization procedure is represented as a flow chart

in Fig. 16.
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Fig. 17. Optimized macro porosity distribution with different thicknesses (D) for the anechoic
chamber, Rr= 5960 Pa-s/m?, feutore= 100 Hz.

The calculation results of optimized macro porosity distribution with different thicknesses
are displayed in Fig. 17. In this figure, the horizontal axis represents the direction where sound
comes inside the porous material region, and the air-porous interface is chosen as the origin. The
flow resistivity Ryis chosen as 5960 Pa-s/m?, and the cut-off frequency is set to be feuorr= 100 Hz,
which is kept the same as that in reference [19]. It is found that with smaller fixed thickness, the
macro porosity distribution displays higher order characteristics with respect to the thickness
direction. For the fixed thickness of D = 0.68 m, a nearly uniform porosity is obtained in the front
part (x < 0.3 m), which is in accordance with the UGFW design [19]. Therefore, the PMV
structure proposed in this paper provides an alternative to realize such design with uniform

porous materials.
4.3 Anechoic chamber simulation result

The performance of the gradient PMV design and the wedge design is compared with flow
resistivity set as Ry =5960 Pa-s/m?. The gradient PMV design with thickness D = 0.8 m is firstly
picked up to compare with the optimized wedge design with total thickness of D = 0.8 m [19].
The optimized macro porosity distribution of the gradient PMV design with thickness D = 0.8 m
is shown in Fig. 17 (solid line).

The sound pressure level (SPL) decaying curves of the optimized wedge and gradient PMV
design with D = 0.8 m are displayed in Fig. 18 (a) and (b) respectively for the first testing line
and second testing line. For the first testing line, the gradient PMV design satisfies the inverse
square law within the 1.5 dB deviation along the testing line, which meats the requirement of the

75% condition [19, 25], while the wedge design violates the 1.5 dB deviation from the inverse

22



square law before 75% of the testing line. For the second testing line, both wedge design and

gradient PMV design satisfy the inverse square law within the 1.5 dB deviation.
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Fig. 18. SPL decaying curves for optimized wedge design with D = 0.8 m and gradient PMV
design with thickness D = 0.8 m and 0.68 m at frequency =100 Hz; (a) for the first testing line;
(b) for the second testing line.

The chamber performance of the two designs with same thickness is quantified with average
deviation of SPL from the inverse square law (SPLaq) within 75% of the first testing line, which

is defined as

SPL,, = [SPL 00 ~SPLyg. | (19)

design
point Wwithin 75%
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where SPLaesicn and SPLisp are the calculated SPL along the first testing line, respectively, for
different designs and inverse square law; Npoint is the number of spatial points used in the SPL
decay calculation within 75% of the first testing line. It is found that, with the same thickness D =
0.8 m, the SPL.q of the optimized wedge design is 1.10 dB, while the SPLaq of the gradient PMV
design is 0.28 dB. In this case, the performance of the gradient PMV design is much better than
the wedge design.

The gradient PMV porous materials with different thicknesses are simulated in the anechoic
chamber and the minimum thickness that meats the inverse square law within 1.5dB deviation is
obtained. With the flow resistivity of 5960 Pa-s/m?, cut-off frequency of 100Hz and the chamber
size of 9 m X 8 m X7 m, the required minimum thickness for the gradient PMV design is 0.68 m,
and the optimized macro-porosity distribution is shown in Fig. 17 with dash dot line. The SPL
decaying curves of the optimized gradient PMV design with D = 0.68 m are displayed in Fig. 18
(a) and (b) with star points, respectively, for the first testing line and the second testing line. It is
found that, for the first testing line, the gradient PMV design with D = 0.68 m have more space
which satisfies the inverse square law within the 1.5 dB deviation, than the wedge design with D
= 0.8 m. In addition, gradient PMV design with D = 0.68 m satisfies the requirement of the 75%
condition at designed cut-off frequency of 100 Hz, while the wedge design does not. For the
second testing line, the gradient PMV design with D = 0.68 m satisfies the inverse square law

within the 1.5dB deviation.

The performance of gradient PMV design with reduced thickness is quantified with SPLaq as
defined previously. The SPLag of gradient PMV with thickness D = 0.68 m is 0.43 dB, which is
still better than the wedge design (1.10 dB), although the performance is a little bit worse than
gradient PMV with thickness D = 0.8 m (0.28 dB). Therefore, the optimized gradient PMV
design can achieve better performance than the classic wedge design with the same thickness D =
0.8 m. Moreover, the thickness of gradient PMV design can be reduced up to 15% (D = 0.68 m)

while keeping better performance than the wedge design.

In addition to the thickness, the mass of porous materials used for different designs is also
investigated. With mass of wedge design as a reference (which is defined as 1), the masses of
gradient PMV design are 1.08 and 0.97, respectively, for D = 0.8 m and D = 0.68 m, which are

nearly the same as wedge design.

To further analyze the sound absorption effects of the gradient PMV structure, the
normalized surface impedance of the gradient PMV structure with thickness D = 0.68 m at
different incident angles is presented in Fig. 19, together with the surface impedance of the
optimized wedge design. In addition, the required normal surface impedance for perfect match is
also depicted in Fig. 19 (solid line with triangle markers). It is found that the gradient PMV

structure matches with the required impedance better, when the incident angle is around 45°. It
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indicates that such better impedance match contributes to the better performance of the gradient
PMV structure in the anechoic chamber simulation, where oblique incidence at around 45°

instead of normal incidence is determinate.
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Wedge 0.8m, Real

— — — Wedge 0.8m, Imag
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Fig. 19. Normalized surface impedance of optimized wedge design with thickness D = 0.8 m and
gradient PMV design with thickness D = 0.68 m, for different incident angles at frequency f=
100 Hz.

5 Conclusions

In this paper, a periodic macro void (PMV) design of porous materials is proposed, through
which different acoustic properties can be obtained with uniform porous materials. The
equivalent density and bulk modulus of PMV porous materials are obtained through a
homogenization process based on the wave finite element (WFE) method. These equivalent

acoustic parameters are validated by the finite-unit’s simulation and experiment.

The effects of geometric parameters on equivalent acoustic parameters of PMV porous
materials are analyzed. It is found that the equivalent density and bulk modulus are independent
of the void shape and void position, as long as the macro-porosity is kept unchanged. In the
frequency range of interest, the equivalent acoustic parameters of PMV porous materials are
between that of normal porous materials and air. The PMV design can be used to realize gradient
design of porous materials, which is shown experimentally to have the potential of enhancing

sound absorption properties of uniform porous materials.

The three-dimensional (3D) PMV structure was proposed and analyzed under the oblique
incidence condition. It is found that the equivalent density and bulk modulus of 3D PMV porous

materials are independent of incident angles. Therefore, the gradient PMV design of porous
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materials is used to optimize the anechoic chamber performance, and an optimization procedure
is provided. For a fixed chamber size of 9 m x 8 m x 7 m, fixed cut-off frequency of 100Hz, the
optimized macro porosity distributions of gradient PMV structure with different thicknesses are
obtained. The chamber performance for gradient PMV design of porous materials are presented
with thickness D = 0.8 m and 0.68 m, which are compared with the optimized wedge design. It is
found that the optimized gradient PMV design can achieve better performance than the classic
wedge design with the same thickness of 0.8 m. Moreover, the thickness of gradient PMV design
can be reduced up to 15% (0.68 m) while keeping better performance than the wedge design.

To summarize, the proposed PMV design of porous materials provides an alternative to
realize the gradient sound absorbers, which is shown to have the potential in enhancing sound
absorption properties of porous materials and perform better than the classic wedge design in

anechoic chambers.
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Appendix

A.  Eigenvalue problem formulation with WFE method

The eigenvalue problem formulation approach with WFE method proposed by Mace et al.
[34] is described as follows. The unit-cell of the PMV porous material is displayed in lower part
of Fig. 1. With commercial finite element (FE) software COMSOL Multiphysics® , nodal motion

equation of this unit is expressed as
(K+ioC-w’M)q=F, (A-1)

where K, C and M are the stiffness, damping and mass matrices, respectivly, q is the vector of
nodal degree of freedoms (DOFs), and F is the vector of nodal forces. For this problem, the nodal

DOFs is the acoustic pressure vector [p].

Introducing the dynamic stiffness matrix D = K +iwC — ©’M and dividing the nodal DOFs
and nodal forces into left (L), right (R) cross-sections and internal (/) nodes, the equation of

motion is partitioned as

l~)[l ﬁlL ]~)IR ql 0
D, D, Dy,q, |=|F (A-2)
Dy Dy Dp [\qg Fy
Eliminating q; by the first line in the above equation,
q, = _]3;11 (f)ILqL + ﬁquR ) > (A-3)

the motion equation for the left and right cross-section DOFs are obtained as

|:DLL DLR j|(qL ] {FL j
=l 1|, (A-4)
DRL DRR qR FR

where the new partitioned dynamic stiffness matrices are expressed as

D, =D, -D,D,D,
D,y =Dy =D,/ D, D, (A-5)
Dy, =Dy, _DRID;IDIL
Dy, = f)RR _ﬁmﬁ;lﬁm

Re-ordering Eq. (A-4), the transfer matrix formulation from the left cross-section to the right

q,) (e
{84}
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cross-section is obtained as



where T is the transfer matrix,

_DRL + DRRDZIIQDLL _DRRDZIIQ

Applying the periodic boundary condition, it is obtained that
e a9, (A-8)
FR FL

Combining Eqgs. (A-6)and (A-8), the standard eigenvalue problem is formed as follows

q.) ,(q
)

B.  Equivalnet parameters calculation with finite unit

The following procedure is used to calculate the equivalent parameters of PMV porous

materials with 5 units in COMSOL Multiphysics®. The calculation domain is shown in Fig. B-1.
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Fig. B-1. Calculation domain for equivalent parameters of PMV structure with 5 units.

In the upstream domain (PQOE), acoustic pressure py and horizontal component of particle

velocity vy are expressed as superposition of the incident wave A4,e™* and reflection

+ikgx

wave 4,e

— A[efikox +ARe+ik0x
1 ‘ L B-1
v, = —(Ale_lknx _ AReﬂkOx) ( )

2y

with 4; and Ar being incident and reflection pressure amplitudes in the upstream. In the
downstream domain (FGRS), acoustic pressure pp and horizontal component of particle velocity

vp are expressed as superposition of the incident wave B,e " and reflection wave B,e"*",

—ikyx +ikgx

pp =B, +Be

v, = L(Ble—ikox _ B e ) > (B-2)

Zy
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with By and B being incident and reflection pressure amplitudes in the downstream, respectively.
The five-unit PMV domain (EOGF) is regarded as a special uniform medium with the equivalent
characteristic impedance z. and the equivalent wavenumber k.. Therefore, the acoustic pressure

pum and horizontal component of particle velocity v inside the PMV porous material is assumed

k. .
<" and reflection wave Cye

+ik,x
b

to be superposition of the incident wave C ,e_i

pM — C[efik(:x + CRer(.X
L L B-3
v, = _(Cle—lkcx _ CRerCX) ( )
z

c

with C; and Cr being incident and reflection pressure amplitudes in the five-unit PMV porous

material, respectively.

In the upstream, the averaged pressures over the dash lines x=x; and x=x» are calculated
through line integration and referred to as p1 and p> respectively. Hence, the linear equations for

the unknown A; and A4r are obtained as follows

{ e v AI + etikon AR =p, (B-4)

e’lkoxz A[ +e+1kﬂx2AR :pz

Solving the above equations, the incident and reflection pressure amplitudes A; and A4z in the

upstream are obtained,

) 0
4= pleﬂkayc2 _ pze+| 0%
1 eiko()‘z -x) _ eiko (n=x2)
“ikyx, ik, (B-5)
A — pZe B ple
R eiko(xz ) _ eiko (n=x2)

In the same way, in the downstream, incident and reflection pressure amplitudes (B; and Br) are
obtained through standing wave decomposition for the two averaged pressures of ps; (averaged

over dash line x=x3) and p4 (averaged over dash line x=x4),

+ikgxy +ikox;
B _ p3e B p4e
=

ei/‘o (xa=x3) _ e“‘o (x5-x4)

(B-6)

—ikox; —ikoxy

— Ps€

ik (x3—x4)

B :p4e

R ik (x4—x3)

€ —¢€

With the calculated Ay, Az, Br and Bg, the averaged acoustic pressure and horizontal component of

the particle velocity at boundary OE (line x=0) and FG (line x=L) are expressed as
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Pio = A4, + 4,

1
Vico = Z_(AI -4, )

0

. . B-7

px:L :Ble—lkoL +BRe+1k0L ( )

1 . _
v, = _(B[e—1k0L _ BRerOL)

Z

In the five-unit PMV porous material domain, applying the continuity condition of pressure and
normal component of particle velocity at boundaries OE and FG, the equations for C;, Cg, k. and

z. are obtained,
C+Cr=p.

1
_(C1 -G ) = Vo

z
c . . (B-8)
C[e—lk(,L + CRerCL — psz

1 —ik.L +ik, L
Z—(CIC ¢ —CRe ¢ )va:L

c

The equivalent characteristic impedance z. and equivalent wavenumber k. of the five-unit

periodic waveguide is calculated by solving Egs. (B-8),

(B-9)

2
—In| /————*
iL [ psz +vx=OZc j

The equivalent speed of sound (c.) and density (p.) are obtained by Eqgs. (8) and (10).
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15.

Geometry of the PMV porous material and its unit-cell.

Mesh and pressure field (real part) [Pa] of fundamental mode for unit-cell of the
PMYV porous material at /* = 0.02; (a) mesh; (b) pressure field.

Convergence of calculated wavenumbers with mesh size S..

Normalized equivalent density and bulk modulus of the PMV porous material

with Ry= 4000 Pa‘s/m? and macro porosity ¢ = 38.5%.

Dispersion curve for fundamental mode of the PMV porous material with Ry =

4000 Pa-s/m? and macro porosity ¢ = 38.5%.

Normalized equivalent density and bulk modulus of the PMV porous material

validated by finite structure simulation with 5 units.

Test sample of the PMV porous material, with macro porosity ¢ = 38.5%; (a) 3D

view; (b) cross-sectional view.

Normalized equivalent density and bulk modulus of the PMV porous material

validated by experiments with macro porosity ¢ = 38.5%.

Normalized equivalent density and bulk modulus of PMV porous materials with

different macro void shapes.

Normalized equivalent density and bulk modulus of PMV porous materials with
change of void center position in at frequency f* = 0.02; (a) density, void center
change in x direction; (b) density, void center change in y direction; (c) bulk
modulus, void center change in x direction; (d) bulk modulus, void center change

in y direction.

Normalized equivalent density and bulk modulus of PMV porous materials with
change of macro porosity ¢, at frequency f* = 0.02; (a) equivalent density; (b)

equivalent bulk modulus.

Experimental results of sound absorption coefficient for uniform and gradient

PMYV porous materials with length of 0.4 m.
Geometry for unit-cell of three-dimensional (3D) PMV design.

Normalized equivalent density and bulk modulus of the 3D PMV porous
material at different incident angles; line: 6 = 0°, = 0°, circle marker: § = 30°, §

=60°.

Oblique incidence sound absorption coefficient o of PMV absorbers with
thickness of 0.1 m.
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Fig. 16. Anechoic chamber optimization procedure with gradient PMV structure.

Fig. 17. Optimized macro porosity distribution with different thickness (D) for the
anechoic chamber, Ry= 5960 Pa‘s/m?, feuorr = 100 Hz.

Fig. 18. SPL decaying curves for optimized wedge design with D = 0.8 m and gradient
PMYV design with thickness D = 0.8 m and 0.68 m at frequency f'= 100 Hz; (a)

for the first testing line; (b) for the second testing line.

Fig. 19. Normalized surface impedance of optimized wedge design with thickness D =
0.8 m and gradient PMV design with thickness D = 0.68 m, for different incident
angles at frequency f= 100 Hz.

Fig. B-1. Calculation domain for equivalent parameters of PMV structure with 5 units.
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