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Abstract

Single and double panel partitions are well known for their sound transmission loss weaknesses in the vicinity of their
structural resonances: the first mode of the finite size panel and the mass-spring-mass resonance of the double panel.
In this paper, we investigate the use of a poroelastic based metamaterial to address this problem. The metamaterial
is a network of poroelastic beams, the first bending mode of which is tuned at the targeted panel resonance. The
porous nature of the resonators allows taking advantage of its dissipative properties stemming from the interaction
between solid and fluid phases. For the double panel application, where a porous layer is generally present, the
effectiveness of the poroelastic metamaterial relies on the design of its shape and mounting conditions. First, the sound
transmission loss of a finite size single panel is studied experimentally in a rectangular duct under normal incidence.
It is shown that the poroelastic metamaterial increases the transmission loss up to 12 dB at the first mode of the panel.
Using resonators tuned at different frequencies makes it possible to spread this gain. The attenuation mechanisms
are analyzed by simulation using a finite element model. Secondly, the double panel partition is investigated with a
periodic finite element model using the Floquet-Bloch theorem. Finally, the impact of several parameters like airflow
resistivity and filling fraction on the efficiency of the metaporoelastic structure is illustrated considering a diffuse field
excitation.

Keywords: Finite size single panel, Double panel partition, Poroelastic material, Sound insulation, Transmission
loss, Acoustic metamaterial, Thermocompressed melamine foam, Periodic resonators, Metaporoelastic structure

1. Introduction

To save energy and resources during manufacturing and life cycle, compact and lightweight structures are increas-
ingly sought, especially in the construction and transport sectors. However, the acoustic insulation of an infinite single
panel is mainly driven by the mass law, which states the heavier the better. When dealing with finite size panels [1],
the first resonance of the structure induces a severe dip in its sound insulation. Similar behavior is also observed on
curved panels, close to the ring frequency [2, 3]. Below this frequency, the transmission loss (TL) is controlled by
the panel stiffness and decreases by 6 dB per octave. Close to the resonances, the TL is minimal and controlled by
damping. Above the first resonance frequency, TL tends to obey mass law up to the coincidence frequency [1]. The
coincidence phenomenon occurs when the projection of the incident acoustic wavenumber is equal to the free bending
wavenumber in the panel, leading to poor sound insulation.

Double wall partitions are set up in practical applications to overcome the mass law: two panels are separated
by an air gap, usually filled with a porous sound absorbing material [1]. This structure exhibits a mass-spring-mass
resonance, beyond which the two panels are decoupled and outperform the single panel partition with the same mass.
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However, close to this resonant frequency, the partition is nearly transparent. Fortunately, the inner porous layer
reduces the consequences of air-gap acoustic resonances and helps to maintain efficient decoupling.

Another way to enhance the TL is to add resonators to change the effective mass [2, 4] of the panel or the effec-
tive stiffness of the core [5]. Such an approach has been recently modified and extended through the metamaterial
paradigm, allowing better integrated solutions. Metamaterial and metasurfaces are designed with subwavelength res-
onators often arranged in periodic structures to control wave propagation and stop bands. Early works for sound
insulation were based on bulk materials [6, 7] or Lamb waves, and rapidly spread to flexural wave manipulation
in beams and plates [8—11]. In the meantime, metamaterials have been widely used in acoustics and especially to
improve sound absorption [12, 13] (see the references therein).

Since sound attenuation by panels can present dips at localized frequencies, metamaterials are good candidates to
overcome these limitations. Many works have proposed locally resonant metamaterials to enhance sound insulation
of an infinite panel close to coincidence [14], to create stop bands [15], or tackle finite panel resonances or the ring
frequency of curved panels [3]. For double panels, the mass-spring-mass resonance has been tackled by i) changing
the core effective dynamical stiffness with Helmholtz resonators [5, 16, 17]; ii) changing the effective dynamical mass,
without [18] and with a foam core [14, 16, 19-21]. The metamaterial’s efficiency is mainly governed by the mass ratio
between the resonators and the bare plate and by staggered tuning [22]. Generally, an added mass less than 10% can
greatly enhance the TL. When subwavelength resonators are used, the effective parameters can be used in standard
formulas [14, 18, 20] to simplify the design procedure.

Combining such an approach with porous or poroleastic materials [19-21] is of great interest since viscothermal
losses improve sound absorption and impedance mismatch [21, 23], limiting the TL dips especially in a diffuse field.
The practical implementation of passive resonators is performed with an array of cylindrical point masses [10], stepped
resonators composed of a soft material with a heavy cap [15], a cantilever beam [22, 24], possibly 3D-printed systems
[3, 18, 20], dual-beam resonators [25] or using the added mass and the elasticity of the foam core [19]. It is noteworthy
that for a double panel, the resonator can be added inside the cavity [14, 19] to ensure compactness and robustness.

The aim of this paper is to investigate the potential offered by poroelastic resonators to improve the TL of a
structure around two characteristic resonances: the first resonance of the finite size panel, and the mass-spring-mass
resonance of the double panel. The resonators consist of poroelastic beams fixed to spaced supports, providing a sim-
ple and easy-to-manufacture solution. For double panels in particular, where a poroelastic layer is generally present,
the solution simply consists of a specific implementation of the poroelastic layer: the approach proposed does not
require any additional system. The native diphasic nature of the poroelastic resonator provides a natural way to com-
bine the properties of the sound absorbing material and vibration control. Similar arrangements of poroelastic lamellas
have proven their potential for sound absorption [26, 27] and attenuation in silencers [28]. The paper is organized
as follows. First, the concept is described in its experimental implementation which addresses the first resonance of
a single panel. It is mounted in a rectangular duct which allows the measurement of the sound transmission loss in
normal incidence. This experimental configuration is then reproduced by finite element simulation to further analyze
the interactions within the metaporoelastic structure. Finally, the double panel partition is investigated by simulation
on the basis of a periodic finite element model. The role of several parameters involved in ensuring the efficiency of
the metaporoelastic structure are shown.

2. Experimental implementation

In this section, we present an experimental implementation of the concept, applied to a finite size single panel. To
obtain accurate measurements at low frequency, the TL is determined at normal incidence using a rectangular duct.
This configuration provides good control of the first resonance of the host panel together with a frequency resolution
adapted for observing resonant phenomena.

2.1. Test bench for transmission loss measurement

The test bench, shown in Fig. 1(a), is a rectangular duct of section 100 mm x 200 mm. It has been designed for
acoustic multimodal characterization within the frequency band [100 Hz - 3.5 kHz], accounting for 10 propagative
modes [29]. The multimodal scattering matrix, which contains the modal reflection and transmission coefficients of
the first 10 acoustic propagating modes, is measured using a multi-source method described in reference [29] without
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Figure 1: Experimental set-up. (a) Description of the multimodal test bench; (b) Plate without poroelastic beams; (3) Plate located on the measure-
ment section before closing the duct.

flow. Using this method, we can obtain the amplitude of the incident and transmitted plane waves from which the
transmission loss is determined. Since we are interested in the frequency range [100 Hz- 1.5 kHz], only 2 source
positions are necessary because only 2 modes propagate below 1711 Hz: the plane wave mode and the mode (0,1)
that propagates from 857 Hz. Broadband noise is chosen as the excitation signal and the measurements are repeated
twice using three source positions to increase the measurement quality.

The panel tested (Fig. 1(b)) is clamped at the interface between a rigid wooden duct and the microphone section,
as shown in Fig. 1(c).

2.2. Description of the single panel

The dimensions of the panel are chosen to fit in the test bench cross-section. A rather light structure has been
chosen to keep a mass ratio of the poroelastic material over the panel of around 10%. Hence, the host structure is
made of 2 juxtaposed plates of foam core cardboard each having a thickness of 3 mm and dimensions of 90 mm X
190 mm (see Fig. 1(b)). This structure is bonded on a soft and thin cardboard sheet of dimensions 126 mm X 226 mm
clamped between two duct sections. In this manner, the distance between all the edges of the foam core cardboard
plate and duct wall is 5 mm: this provides a reproducible boundary condition around the samples. The mass per unit
area is 0.858 kg.m~2. The first resonance of the elastic panel is around 300 Hz, as shown in Fig. 3.

2.3. Poroelastic metamaterial

The metamaterial is made up of an array of poroelastic beams fixed on several spaced supports (called spacers)
added on the panel (see Fig. 2). This configuration will ensure a good coupling with the transverse motion of the
panel. In order to control the first mode of the panel, the resonators have to be tuned around the same frequency.

Assuming an elastic behavior, an estimation of the first resonance frequencies of the clamped-clamped beam [30],
are given by

A2
fi= o ()
nt> \ p1S
where A; ~ 4.73, 1, ~ 7.85 and A; ~ (2i + 1)% for i > 3. E is the Young’s modulus, p, is the density, I = bH>/12 is
the second moment of area, ¢ is the beam length, H is the beam thickness and S = bH is the cross section area. To
obtain a mass ratio of the metamaterial to the panel around 10% (see Tab. 3), we used thermocompressed melamine
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Porosity  Airflow resistivity ~ Viscous length  Thermal length  Tortuosity — Density ~ Young’s modulus Loss factor Poisson ratio

1) o A N Qoo 01 E n v
(Nm™*s) (um) (um) (kg.m™) (kPa)
0.967 41222 58 65 1.05 24.2 1214 0.102 0.21

Table 1: Properties of the thermocompressed poroelastic material measured in the Roberval laboratory at UTC [32, 33].

ORECTER

Figure 2: Arrangement of spacers (left) and resonators (right) on the panel for several configurations: P1(a-b), P2 (c-d), P3 (e-f), P4 (g-h).

foam with a compression rate of 2.9 [31, 32]. The mechanical and acoustical properties of this poroelastic material
are listed in Tab. 1. They were determined by measurements carried out by the authors in the Roberval laboratory, as
described in [32, 33].

The tuning of the resonant frequency can be done by changing ¢. In this experiment, the poroelastic beams have
the same length as the host structure, i.e., 190 mm, and are bonded on several rigid spacers made of 3 mm thick foam
core cardboard, as shown in Fig. 2 (left side). The four resonators arrangements tested are depicted in Fig. 2 (right
side). The thickness of each beam is H = 10.4 mm while the width b is either 10 mm or 15 mm.

The first two configurations depicted in Fig. 2(a-b, c-d), named P1 and P2, are designed to investigate the effect of
beam length on TL. Five or six spacers are placed on the plate with the same periodicity, so that 20 beams of B1 type
are used in the P1 configuration and 25 beams of B2 type are used in the P2 configuration. All the beams are fixed on
the spacers with double-face tape.

Configurations P3 and P4 are designed to achieve a broadband effect by mixing resonators of various lengths. In
the case of P3, the combination of eight beams of type B1 and ten beams of type B2 are used for the resonators, as
illustrated in Fig. 2(e, f). Shorter spacers are used to produce this configuration and the width of the porous beam
is 15 mm. For configuration P4 (see Fig. 2(g, h)), two spacers are located obliquely on the host plate to modify the
length of the resonators. This achieves an equal distribution of type B1-5 poroelastic resonators on the plate surface.
The distance between two poroelastic beams is 10 mm in all the configurations tested. The poroelastic beam network
covers approximately 55% of the panel for configurations P1, P2 and P4 and 67% for arrangement P3.
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B1 B2 B3 B4 B5 massratio
Length of beam ¢ (mm) 41.5 32 365 455 50

P1 [Fig. 2(b)] 5x4 7.8 %
P2 [Fig. 2(d)] 5%5 7.8 %
P3 [Fig. 2(f)] 2x4  2X5 9.4%
P4 [Fig. 2(h)] 1x4 1x4 1x4 1x4 1x4 7.8 %

Table 2: Resonator dimensions and number per configuration. The mass ratio represents the resonator mass over the mass sum of the host structure
and the cardboard sheet.

2.4. Experimental results

The TL measurements are presented in Fig. 3. The configurations with resonators (red solid line) are compared to
the bare plate with only the spacers (blue dashed line). The artifact at 857 Hz is due to the cut-off frequency of the
duct. Results are given above this frequency for information but are not relevant for our analysis. However, we can
expect that they are still valid since the experimental method allows removing the contribution of higher propagating
modes [29]. Also, the symmetry of the metaporoelastic structure avoids the transfer from the first to the second
acoustic mode of the duct.

In all the curves, the TL first decreases (stiffness controlled zone) until the first resonance of the plate is reached
and then increases roughly by 6 dB/octave, which is in line with the mass law (see the slope drawn in Fig. 3(b)). The
TL at 100 Hz is related to the panel global stiffness and depends on the plate, the spacers and the mounting conditions.
It varies from 15 dB to 17 dB between the configurations, which attests to good control of the boundary conditions.
The lower value is obtained for configuration P1, and as a consequence, the frequency of the dip is also the lowest,
i.e., 250 Hz. In addition, the dip for configuration P2, having the highest TL at 100 Hz, is reached at 295 Hz. For each
configuration P;, adding the resonators does not significantly affect the global stiffness, since the TL at 100 Hz varies
by less than 1 dB.

The addition of the poroelastic resonators induces a clear increase of the TL in the region of the dip between 250
Hz and 350 Hz. As for a tuned mass damper [34, 35], when tuned on the panel first mode, the resonators almost
cancel the motion of the host structure at this frequency. However, two new coupled modes appear around the tuning
frequency, leading to new less significant dips because of damping. Note that for configuration P1, two peaks close to
250 Hz can be observed, which we attribute to a slight dispersion of beam properties.

Reducing the beam length from 41.5 mm (P1) to 32 mm (P2) shifts the peak from 270 Hz to 300 Hz. The value
of the improvement is between 9 dB (P1) and 12 dB (P2). By covering the second face of the bare plate, an additional
3 dB is obtained. The effect of the mass ratio between the host structure and the resonator is well known [21], and
covering both sides allows doubling it. The higher amplitude of the peak for the configuration P2, when compared to
P1, may be explained by a better periodicity of the beam boundary conditions.

Fig. 3(c, d) shows that the use of different resonators (P3 and P4) increases the bandwidth of the metamaterial
treatment. Again, covering both sides increases the effect by 2 to 3 dB.

Finally, we note that the metamaterial also affects, to a lesser extent, the region of the second mode of the bare
plate, which is around 500 Hz.

3. Modeling of the finite size single panel

To further analyze the configurations tested, we model the TL of the finite size panel lined by the poroelastic
resonators in the duct (Fig. 4). The geometry is the same as in configuration P1 and its parameters are listed in
Tab. 3. As shown in Fig. 4 (a) and (c), the host structure’s dimensions are 190 mm X 90 mm X 6 mm. We consider
homogeneous properties, equivalent to the two-layer foam core cardboard used for the experiment. The host structure
is clamped through an elastic surrounding layer of the same thickness whose properties are adjusted according to the
first experimental resonance frequency.
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Figure 3: Measured TL of the finite size panel with and without poroelastic metamaterial at normal incidence for the different configurations. The
black solid line on (b) shows the mass law slope (+6 dB per octave).

300 400 1000

Frequency (Hz)

600 1500

(c) P3

30

25

— Plate with resonators
- - Plate without resonator
r Resonators on two sides| B

0 . . . . .
100 200 300 400 600 800 1000 1500
Frequency (Hz)

(b) P2

30 T T

25

1
1
1
1
r Resonators on two sides : b
1
)

— Plate with resonators
- - Plate without resonator

L L L L L

0
100 200

300 400 600 1000
Frequency (Hz)

1500

(d) P4



spacer .
P poro-elastic resonators

Boundary layer (3 mm)

DtN boundary

«\0‘(\ DtN boundary
rigid wall

(© (d)

Figure 4: (a) Schematic view of the host plate, surrounding layer and spacers. (b) Structure with poroelastic resonators on spacers. (c) Rear side of
the host structure. (d) Acoustic boundary conditions in the rectangular duct.

Name Density  Young’s modulus  Loss factor  Poisson ratio
P E n v
kg.m™ MPa - -
Foam core cardboard 143 180 0.075 0.33
Boundary layer 800 2.0 0.075 0.20

Table 3: Homogeneous properties of the foam core cardboard and the boundary layer.

3.1. Finite element model

The global vibroacoustic problem is solved in the frequency domain (convention ¢~ using the finite element
method. In the air domain, the acoustic pressure p is governed by a Helmholtz equation. On the duct walls, the
acoustic normal particle velocity vanishes. The radiation conditions at both ends of the duct and the incident pressure
field have been implemented using the Dirichlet-to-Neumann (DtN) map [36], using the expansion of the pressure in
terms of duct acoustic modes [28]. The transmitted and reflected sound power are derived from the modal amplitude
and the TL is obtained.

In the poroleastic domain €, the classical mixed (u, p,) formulation (see Appendix) is used with the Johnson-
Champoux-Allard model. All the foam parameters are given in Tab. 1. At the interface between the fluid and the
poroelastic material, the coupling conditions impose the continuity of normal displacement, pressure and normal
stress (see for instance [37, Chap. 13]). In the plate, linear 3D elasticity is employed and viscoelastic losses are
accounted for through a complex Young’s modulus. Since the plate is clamped on the internal surface of the duct,
all the displacement components vanish on that boundary. The continuity of displacement and of normal stress are
imposed on the interface between elastic and air domains and the poroelastic domain. Note that the pressure and solid
displacements are discretized using quadratic tetrahedral Lagrange finite elements. In all cases, the mesh size was
chosen to ensure a good trade-off between accuracy and computation time.

3.2. Numerical results

Fig. 5(a) presents the TL under normal incidence of the structure with and without resonators. The first resonance
frequency of the bare plate is around 254 Hz and the second one is around 400 Hz. Adding resonators shows a strong
improvement of 8 dB around the first dip, due to the excitation of the first bending resonance of poroelastic beams.
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Figure 5: (a) Predicted TL of the plate with and without poroelastic resonators. (b) Displacement amplitude at 254 Hz of the bare plate (c) and of
the plate with resonators. (d) Deformed mesh of resonators and plate at 254 Hz.

The numerical results are in good agreement with the experimental results of configuration P1. As observed in Fig.
5(c, d), the displacement of the beams at this frequency is higher at the center of the plate, following the first mode
shape of the bare plate (see the mode shape in Fig. 5(b). The displacement of the resonators is around 10 times higher
than that of the plate. As the plate is nearly motionless as this frequency, the TL is strongly improved.

3.3. Power balance

The balance between transmitted, reflected, and dissipated powers versus frequency are shown for the bare struc-
ture in Fig. 6(a) and with resonators in Fig. 6(b). The reflected and transmitted powers are calculated through modal
decomposition on the duct ends [38], while the total dissipated power is deduced from energy conservation. At low
frequency, the incident sound is mainly reflected. The reflection decreases until the region of the first mode (1,1) of
the bare plate. At this frequency, the dynamic stiffness of the plate tends to zero and the amplitude of the plate dis-
placement strongly increases. Most of the incident power is transmitted but limited by viscoelastic losses. At higher
frequency similar trends can be observed, but the second TL dip is less pronounced because of weaker coupling with
the incident field. At higher frequencies, the reflected power increases again due to the inertia effect.

When the metamaterial is added, the resonators mitigate the plate displacement at 254 Hz, which reflects back
most of the incident power. The global losses are also increased, and their distribution is given in Fig. 7(a). It is seen
that the dissipation within the resonators is dominant at the beam resonances. The distribution of the dissipated power
within the poroelastic resonators, in terms of viscous, thermal and structural, i.e., viscoelastic dissipation [39, 40],
is presented in Fig. 7(b). It is seen that structural dissipation dominates close to the beam resonances and viscous
dissipation follows to a lesser extent. Thermal dissipation increases slowly over the whole frequency range.

4. Application to the infinite double panel

This section addresses the infinite double panel to focus on the dip in sound transmission loss at the mass-spring-
mass resonance, above which decoupling of the two panels occurs. The assumption of infinite dimension makes sense
when the lateral dimension of the double panel is much larger than its thickness: the first resonance of the finite size
panel is rejected at lower frequencies and infinite plate behavior is recovered at high modal density. After recalling the
features of the infinite double panel transmission loss, we present the numerical model accounting for the periodicity
of the poroelastic metamaterial and the influence of the design parameters.
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4.1. Infinite double panel filled with an homogeneous porous layer

A double panel partially filled with a homogeneous poroelastic layer is considered, as shown in Fig. 8. This
configuration, simulated by the transfer matrix method (TMM) [37, Chap. 11] using Maine3A code, will be used as
the validation case and as an illustration of the main features of the double panel sound transmission (see [41]). The
elastic plate thickness is 10 mm. The plates are separated by 16 mm. The porous layer nominal thickness is H = 10
mm. The properties of both media are given in Tab. 1 and 3.

Fig. 8(a) illustrates the effect of the incidence angle and cavity filling. The decoupling frequency at normal
incidence without porous material is observed around 550 Hz. This frequency can be estimated by [1, Eq. (5.75)]

1 K m+m
= [ T 2
Y 27 \ h cos?28 mymy @

where K is the bulk modulus of the fluid layer of thickness 4, 6 is the incidence angle (8 = 0 corresponds to normal
incidence), m; and m;, are the surface densities of each panel. In the adiabatic regime, K = yP,, where Py denotes the
atmospheric pressure and y = 1.4 is the ratio of specific heats. This decoupling frequency increases up to nearly 800
Hz for an incidence angle of /4.

When filling the cavity with the porous material, the decoupling frequency at normal incidence decreases below
500 Hz. Indeed, the presence of porous material lowers the bulk modulus of the air from its adiabatic to isothermal
value, from y Py to Py, respectively. Thermal losses will also damp the resonance and attenuate the dip. Furthermore,
the decoupling frequency remains close to 500 Hz for an incidence angle of nr/4. This can be attributed to the smaller
sound velocity in the porous material ¢, compared to ¢ in the air [37]. According to the Snell-Descartes law, sin 6, =
c./co sin @, the incident angle 6, in the porous layer is less than that in the air. For instance, at a frequency of 470
Hz, the ratio of the sound velocity in the porous material over that in the air is around 0.25, which indicates the
6, is 12.5° for 6 = 60°. This will minimize the impact of the incidence angle. Fig. 8(b) shows that this effect
increases with the filling fraction of the cavity, here increasing from 0% to 60% for an incident angle of 7/3: the
decoupling frequency becomes independent of the incidence angle from the porous filling fraction of 60%. This
feature contributes to achieving efficient decoupling for a diffuse field excitation, representing an advantage of the
metaporoelastic structure. In this way, the finite size of the cavity limits the sensitivity of the decoupling frequency to
the incidence angle [42]. Finally, the presence of the porous material mitigates the acoustic resonances between the
two panels.
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4.2. Periodic finite element model

The finite element model takes advantage of the periodicity of the poroelastic metamaterial since wave propagation
in an infinite periodic media excited by a plane wave can be handled by using the Floquet-Bloch theorem to reduce
computation time. We use the same approach as in our previous work [27], where only a unit cell with pseudo-periodic
boundary conditions on all lateral sides is considered, as shown in Fig. 9(a). Lattice vector 1 is (lx, Ly, O). In the unit
cell, the fluid, poroelastic, and the elastic domains are discretized using quadratic Lagrange tetrahedral finite elements,
as before.

Incident plane wave P; impinges on the top surface of the air domain with the wavevector

k = —k, (sin@ - cos ¢, sin @ - sin ¢, cos §) , 3)

where 6 is the inclination and ¢ is the azimuth (see Fig. 9(a)). The homogeneous plates are independent of ¢, but
because of the orientation of the resonators, the lined panel presents slight anisotropy at low frequency.

The radiation condition of the scattered field in the top and bottom air domain is implemented with a ’Dirichlet
to Neumann’ map based on Floquet mode decomposition [27]. The amplitude of the reflected power and the power
of transmitted wave Pr can be recovered by projection on the Floquet-Bloch modes. The transmission coefficient at
a specific angle is 7(8,¢) = Pr(6,¢)/P;(6,¢). Under a diffuse field, the transmission coefficient 7, is obtained by
integrating 7 over the incident angles as in the following:

b
f:'”” sin @ cos 6 do

N “in 10, @) sin 6 cos 6 d6 dy
Ta= . 4)

Here, 6;;,, = 78° for the diffuse field transmission, as in Ref. [37].

4.3. Numerical results

Firstly, let us consider the effect of the proposed poroelastic metamaterial at normal incidence. The distance
between the two panels is 16 mm to obtain a porous filling fraction of 42%, as shown in Fig. 9(a). It is recalled that
poroelastic beams are separated from each other by a S mm air gap. To keep the mass-spring-mass frequency around
300 Hz, the plate surface density is set to 4 kg.m™2. The porous density is set to 96.8 kg.m™> to obtain a mass ratio of
8%. The Young’s modulus of the porous material is tuned to 97 kPa to match the double panel resonance.

Fig. 9(b) shows the TL at normal incidence for a poroelastic metamaterial to total structure mass ratio between
2% and 8%. To maintain the same beam resonance frequency, the density and Young’s modulus of the poroelastic
material are modified together. It is shown that the amplitude of TL enhancement increases from 12 dB to 25 dB in
the region of the mass-spring-mass dip around f = 300 Hz, which is in line with previous works [14]. In comparison
with the homogeneous layer having the same volume as the poroelastic resonators (equivalent thickness of 6.6 mm)
and separated by the same distance from the plate (3 mm), the 2% configuration increases the minimal TL from 3 dB
to 8 dB.

4.4. Power balance

Fig. 10 compares the fraction distribution of the dissipated, transmitted, and reflected sound powers for the bare
and treated double panel with an added mass ratio of 8%. For the bare double panel, the sound power is almost
perfectly reflected except around f = 300 Hz, corresponding to the TL dip occurring at the decoupling frequency
f+- Due to the resonance, the sound power is almost perfectly transmitted. When the resonators are added to the first
panel, the transmitted power is drastically reduced. The TL peak does not correspond to a dissipation peak but to
the strong reflection of the incident wave on the motionless first panel, as stated in section 3.2. The effect of the two
reflected power dips are counterbalanced by the dissipation within the poroelastic resonators.

The dissipated power in both domains, i.e., panels and poroelastic resonators, is shown in Fig. 11(a). The highest
mitigated power in both domains corresponds to the first TL dip. Most of the dissipation occurs within the poroelastic
resonators since the panels have a nearly rigid body motion in this regime. Fig. 11(b) presents the distribution of
the dissipated power within the poroelastic resonators. The three dissipation components are also maximal around
the decoupling frequency and the structural one dominates in this region. Unlike the finite size single panel (see Fig.
6), the thermal dissipation is also maximal in this region, since the pressure amplitude in the cavity between the two
panels is maximal at the mass-spring-mass resonance.
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4.5. Parametric analysis

This section addresses the influence of several parameters of the poroelastic resonators on the transmission loss
in the diffuse field. Fig. 12(a-b) presents the influence of the airflow resistivity. This parameter accounts for viscous
stresses and controls the losses and the coupling between the fluid and the solid phase. At high frequencies, above the
decoupling frequency, increasing the airflow resistivity improves the TL by absorbing the residual acoustic waves that
are not reflected back by the panel decoupling, as shown in Fig. 12(a). However, beyond a specific value, here above
0" (* exponent stands for nominal values), the TL decreases at high frequencies, approaching the limit of the non-
porous material, as shown in Fig. 12(b). In this case, acoustic waves are no longer dissipated by the porous material
and the decoupling tends to occur at higher frequencies because the apparent air volume in the cavity is reduced.

In the vicinity of the poroelastic metamaterial resonance, the airflow resistivity acts conversely. The two TL dips
around this resonance are less pronounced for smaller airflow resistivities, the worst case being the nominal resistivity
o*. This is related to the damping of the resonators, which depends on the relative motion between the solid and
fluid phases and of the viscous stresses. For a small airflow resistivity, the relative motion is maximal, whereas the
viscous stresses are maximal for a high airflow resistivity. The optimal airflow resistivity depends on the airgap size,
beam dimensions, and resonance frequency of the double panel. The effect of the resonator skeleton loss factor is also
illustrated in Fig. 12(c) at normal incidence, by varying it from its nominal value " up to 10 times this value. It can
be seen that damping reduces the side dips and TL peak since beyond a given damping the metamaterial no longer
resonates.

Finally, Fig. 12(d) shows that by controlling its thickness, reducing the volume of the poroelastic metamaterial in
the cavity alters the efficiency of the decoupling as observed for the homogeneous layer presented in Fig. 8. However,
the TL enhancement around the decoupling frequency, already observed in normal incidence, is robust and kept
significant for the diffuse field excitation.

5. Conclusion

In this study, a poroelastic metamaterial is proposed to improve the acoustic insulation performance of a finite
size single panel and an infinite double panel in the region of their first dip. The metamaterial is composed of
a set of periodic poroelastic beams the first bending mode of which is tuned according to the mode of the host
structure addressed. The concept was illustrated experimentally using thermocompressed melamine foam, giving a
suitable balance between the quality factor of the beam resonance and dissipation. A gain up to 12 dB was achieved
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the diffuse field of the double panel with a resonator filling fraction of ¢,, =0.4, 0.2 and 0.1.

experimentally and could be spread out with multiple resonators. A numerical analysis using a finite element model
was performed and confirmed the experimental observations. It showed that structural dissipation was dominant in the
region of the metamaterial resonances, followed by viscous dissipation, and by thermal dissipation only in the double
panel partition.

For the double wall application, the numerical analysis was performed assuming a periodic resonator arrangement.
It showed that the decoupling frequency was almost independent of the incidence angle for a porous filling fraction
greater than 60%. Moreover, the airflow resistivity allowed controlling both the side dips and the transmission loss at
higher frequencies.

This poroelastic metamaterial provided an integrated means of combining the properties of the sound absorbing
material and vibration control. The next step is to design and optimize this concept on real double panels for building
and automotive applications.
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Appendix: Mixed (u, p,) formulation

In the poroelastic domain, the acoustic fields are described by the (u, p,) formulation of the Biot model [37, Chap.
13],

V.o'(u)+wpu+yVp, =0, (5a)
2022 2P22
Ap,+w ?pp—w FyV~u=0. (5b)
2
Here, p, is the pore pressure, ¢ is the porosity of the porous material, y = ¢ (% - %) and p = p1; — %. Coeflicient

R is the effective bulk modulus of the fluid phase and takes into account the thermal dissipation, Q couples the two
phases by volume dilatation. The effective density coefficient p;; and p,,, for the solid phase and the fluid phase,
respectively, and the coupling density coefficient p;, are complex-valued, and their imaginary part takes into account
viscous losses. The first two terms in (5a) and in (5b) describe the dynamics of the elastic skeleton and equivalent
fluid respectively. The last term in both equations couples the two phases. The in vacuo stress tensor o* is given by

ou) =1 (K;, - %N) V-u+2N&(u). (6)

Here, K}, is the complex dynamic bulk modulus of the frame, N is the shear modulus. Both include the structural
damping.
In the plate, the acoustic perturbation of the displacement u fulfil the three dimensional elasto-dynamic equations,

V-o'(u) + w’pu =0, (7)
with the standard Hooke stress-strain relations,
o(u) = AV - u + 2ug’(u), ®)

where quantities A and u are the Lamé coefficients.
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