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Summary

To tackle the lack of efficiency of passive sound absorbing treatments in the low frequency range, a specific
arrangement of a poroelastic material is proposed. Compared with the usual uniform layout, giving a lamella
network structure to a material provides additional sound absorption below the quarter wavelength resonance fre-
quency at oblique incidence. This is demonstrated experimentally on a sample made of melamine foam lamellas.
A numerical approach that incorporates geometric periodicity highlights the mechanisms involved in this addi-
tional dissipation, achieved by combining structural and viscous dissipation within the lamellas. The shear and
bending resonances of the lamellas can be excited at oblique incidence. The frequency of the shear resonance
is related to the thickness of the sample, whereas the bending resonance is also a function of the width of the
lamellas. These simple dimensional parameters allow adjustable tuning of the associated frequencies at which
additional sound absorption can be obtained.

PACS no. 43.20.Jr, 43.40.Cw, 43.55.Ev

1. Introduction

Passive sound absorbing materials like foam, wool and mi-
croperforated panels are generally efficient at frequencies
for which the acoustic wavelength is in the order of mag-
nitude of the material’s thickness. There is still a need for
compact, light but also effective sound absorbing mate-
rials, though their configuration presents a challenge, es-
pecially at low frequencies. This topic has received con-
siderable attention and metamaterial and metasurface ap-
proaches have recently given new impetus to the design of
such materials [1, 2].

Indeed, in addition to the viscothermal losses present
in porous materials, several other mechanisms have been
used to increase dissipation efficiency. For instance, dou-
ble porosity materials that use the pressure diffusion effect
between the micro and the macro pore networks have been
proposed [3, 4, 5, 6]. Another approach is to excite trapped
modes between a rigid inclusion and a rigid wall [7, 8].

In order to enhance low frequency sound absorption,
quarter wavelength [9, 10] (eventually coiled [11]), split
ring and Helmbholtz resonators [12, 13, 14, 15, 6] have
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been embedded in porous materials. Such resonators can
dramatically boost sound absorption provided that the res-
onator frequency is above the Biot frequency (i.e., transi-
tion from a viscous to an inertial regime). They can also be
combined to create a slow sound channel [16, 10, 17, 18].

Instead of fluid resonators, membranes [19], thin plates
[20] and shell resonances [21, 6] have also been consid-
ered. These elastic resonators usually resonate at lower
frequencies than their fluid counterparts, and avoid the
boundary layer thickness constraint that can typically limit
the Helmholtz resonator neck diameter.

Recent works have provided interesting ways of tuning
the resonators to theoretically obtain total sound absorp-
tion at prescribed frequencies, based on the critical cou-
pling phenomenon [20], i.e., by balancing the energy leak-
age and the internal losses in the resonator. Following this
approach, nearly perfect sound absorption was obtained
for a material thickness of 1/88-wavelength [18], while
considerable sound absorption was obtained with a vis-
coelastic plate [20].

The aim of this paper is to design multifunctional, light
and compact noise reducing treatments based on poroelas-
tic materials, like most of the previously cited studies, but
the latter mainly focused on an equivalent fluid model and
ignored skeleton elasticity. Due to the coupling between
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the fluid phase and the solid phase, the wealth of physical
properties of poroelastic materials can be used to couple
fluid and elastic solid resonances in a single material and
thus enhance sound absorption for various applications. To
illustrate the different effects of the skeleton, a simple con-
figuration made of a periodic arrangement of porolelastic
lamellas and supported by a rigid backing as in Ref. [22]
was chosen. When coupled with an acoustic excitation at
oblique incidence, additional absorption peaks were ob-
served linked to the bending resonance or shear resonance
of the frame [23]. The lamella dimensions were chosen so
that the absorption coefficient is boosted in the low fre-
quency range by the shear and bending resonances.

The present paper is organized as follows. After pre-
senting the material geometry and its numerical model us-
ing the finite element method (FEM) in Section 2, a de-
scription of the experimental protocol chosen to perform
the oblique incidence measurements is described. Finally,
numerical and experimental results are presented in Sec-
tion 4 to illustrate the contribution of shear and bending
resonances to the absorption coefficient.

2. Problem statement

Let us consider the time-harmonic (with the time conven-
tion e™") scattering problem depicted in Figure 1. The
configuration consists of a periodic array of poroelastic
strips. The foam Q, is clamped on a rigid wall and em-
bedded in an unbounded fluid domain €, on the top and
on the lateral faces. In direction e;, the configuration has
a period d;, whereas in direction e, the system is assumed
infinite and modeled by an arbitrary period.

The acoustic wave propagation in the poroelastic do-
main Q, is governed by the Biot equation [24, Chap. 6].
The foam strips are clamped on I'}, and surrounded by lat-
eral air gaps. Classical coupling conditions apply at the
air-foam interface I" [24, Chap. 13].

The total pressure must satisfy the Helmholtz equation
in the surrounding fluid domain Q, and in the air gaps,

Ap+kip=0, (1)

where k,, denotes the air wavenumber. The fluid has a den-
sity p, and a sound speed c,.

The incident pressure field is a plane wave p' = A'e
impinging on the material with the wavenumber ki =
—k,(sin @ - cos @, sin@ - sin @, cos #). Its direction is de-
fined by the inclination 8 and azimuth ¢ of the spherical
coordinate system. Due to the periodicity of the geome-
try, both the incident and the scattered fields are pseudo-
periodic (i.e. d-periodic with a phase shift). Indeed, each
physical variable (called X) satisfies the relation

iki-x

X(x+d o) = X(x, 0)e*d 2)

with d = (d;, d», 0) and the in-plane component of the
incident wavenumber kil. This property allows substantial
simplifications because only one elementary cell has to be
meshed.
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Figure 1. Geometry of the problem.

The radiation condition of the scattered field in the up-
per air domain is implemented with a ‘Dirichlet to Neu-
mann’ map based on the Floquet decomposition on the
plane boundary I'y, at height h,. Here, the total pressure
reads p = p'4p" and the reflected pressure can be expanded
as

PEO, = Y Am@na(x)ekt=, 3)
m,nez?
with
(pmn(x) — Lei(klmxl‘*'anxZ)’ 4)
’ VS

where A, are the amplitudes of the Floquet mode (m, n),

klm = kil-'rmf]—’lr, kzn = ki2+n§_:, kSmn = \ kt% - k%m - k%n’

and S = d; x d, is the surface of the elementary cell.
To satisfy the radiation condition, i.e. the field remains
bounded when x3 — oo, the values of k3, are chosen
to consider both propagative and evanescent waves in Q,.
The highest Floquet mode index taken into account in
each direction is chosen as the number of cut-on Floquet
modes + 2. This approach was preferred here as the use of
the Perfect Matched Layer (PML) [25] technique is not
efficient for “low-frequency” applications, i.e. when the
wavelength is large compared to the size of the compu-
tational domain.

The integration of the acoustic intensity relation over
the unit cell using the orthogonality of the Floquet modes
leads to the power balance. The power reflection coeffi-
cient R is defined as the ratio of the scattered power in the
e; direction

Pr= ) Relkam) [Aml* /(paw), (5)

m,n€Z?

to the incident power
i)2 i
Pi=S | A" K/ (pew). ©)

The absorption coefficient « is then defined as the ratio of
the absorbed power to the incident power

a=1-R. )
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The problem is solved by FEM using Lagrange quadratic
tetrahedral finite elements. The (u, p) formulation [26] is
used in the poroelastic domain Q,,. Coincident meshes on
each opposite lateral boundary of the periodic cell are used
[27] to facilitate the use of the periodicity condition re-
called in equation (2). Unstructured meshes are employed
in the remainder of the computational domain. This results
in a model with approximatively 25 000 degrees of free-
dom.

3. Experimental methods

Measurements at oblique incidence are necessary to illus-
trate the contribution of the shear and bending resonances
of the porous lamella network. This section describes the
experimental protocol chosen and the properties of the
sample tested.

3.1. Methods for measuring sound absorption at
oblique incidence

Measurements of the properties of sound absorbing ma-
terials at oblique incidence are not trivial and have been
studied extensively. The impedance tube method is mainly
intended for measurements under an acoustic plane wave
at normal incidence. Improvements of this method so that
it can measure absorption coefficients and impedance at
oblique incidence were proposed, including an apparatus
for prescribed incidence angles that had been suggested
many years ago [28] and the more recent multi-modal de-
composition method [29]. An important limitation of the
impedance tube method is that the dimensions of the sam-
ple are generally small, and even if the minimum size of
samples in the impedance tube have been shown to be
slightly expanded [30], out-of-tube methods are generally
preferred since they generally allow simpler setups and
testing large samples.

Temporal separation and acoustic field approaches can
mainly be distinguished (see a review paper in [31]), the
latter mostly having been applied following the trans-
fer function method using two microphones, a sound
source and different field assumptions (plane or spherical
waves, with fixed [32] or rotating samples [22] in anechoic
rooms). The first alternative approach of which mention
can be made is the increasingly common use of spheri-
cal microphone arrays [33]. Another interesting method is
that used by Tamura [34] who proposed a measurement
procedure using the spatial Fourier transform for the de-
composition of sound pressures measured in two planes
above a sample into the incident and reflected sound pres-
sures (with a fixed sound source). This method is generally
considered complex and very time consuming [31].

In the present work, the approach taken uses two fixed
microphones and a mobile source [35]. It was first applied
to the measurement of the sound absorption coefficient of
a material under a synthesized diffuse acoustic field exci-
tation at the material surface, by using a synthetic array
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Figure 2. (a) Description of the problem and coordinate system
for a spherical wave model using a single point source — (b) De-
scription of the problem using a i-source array (the side-length
of the virtual array is Lgqy, With uniformly distributed sources
positioned with the same source separation A,) [Adapted from
[35]].

of acoustic monopoles facing the material. Here, it is ex-
tended to measurements under acoustic plane waves with
prescribed incidence angles.

3.2. Description of the method applied

The classical two-microphone approach and a source-
image model [32] is used to build a reflection coefficient
database by translating a point source over a plane paral-
lel to the material surface (see Figure 2). The sound ab-
sorption coefficient under a synthetic pressure field is then
calculated during a post-processing phase.

Under the assumption of an ideal point source placed at
a given position x; (i = 1, I) at a height z = z3 above
a layer of porous material, the acoustic pressure field at
microphone M; at height z = z; (j = 1,2) can be written
(spherical decoupling hypothesis) as

ikarij ikary;
— +Rx.@)—— |, ®)

ij Fij

Pij(Xi, @) = paqi(w)

where g;(w) is the source volume acceleration, r;; and
r;; are the distances between the microphone M; and the
source or the image source at the i-th position, and finally
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R(x;, w) is the reflection coefficient of the material surface
corresponding to the i-th position of the point source. The
measurement of H(X;, ) = pp(X;, ®)/pin(X;, w) allows
calculating the pressure reflection coefficient for a given
incidence angle using the classical relation [32]

eikaria eikarin

pr H(x;, w) p
i il

: )

eik,,r;1 eika ri
H(x;, w)

R(x;, @) =

rh ria
In practice, a square sample of porous material of side-
length L and thickness 4 is placed on a rigid impervious
backing. The synthetic source array and the two micro-
phones M| and M, are centered on the material’s surface.
Using the two-microphone method described previously,
the reflection coefficient can be measured under various
incidence angles corresponding to successive source po-
sitions i of point sources, thus creating a virtual array of
monopoles in front of the material surface.

It can be shown (details can be found in [35]) that with
a database of measured reflection coefficients R(x;, @) and
a calculated cross spectral density (CSD) matrix of source
volume accelerations Sgpo, the power reflection coefficient
R (w) under a synthesized pressure field during a post-
processing phase is obtained according to Equation (10)
below

H
R, = ool (10)

g, Soog
where g, = [g},..... g g1, hy = [R(x1. w)g),.
o, Rxj, 0)g),. .. .. R(x1, )g}, 1" with the source posi-
tions ranging in (i = 1, I) and T and ¥ denote the trans-
pose and Hermitian transpose, respectively, the Green’s
functions corresponding to the propagation from the real
(image) point source to the microphone M; are denoted
gij(w) = % [r; (g (@) = Sy r};» respectively).

Note that the CSD matrix of the source volume acceler-
ation Sgo can be calculated using a Wave Field Synthesis
[36], a Planar Nearfield Acoustical Holography [37] or a
Least-Squares [38] approach. The target pressure field is
defined here by the CSD of a unitary propagating plane
wave.

B(x, ) = exp(ik' - x), (11)

as defined in Section 2.

The corresponding absorption coefficient for the syn-
thetized incident pressure field is a;(w) = 1 — Ry, and
is a function of € and @ as defined in Figure 1.

3.3. Measurement setup

A melamine foam of thickness 4 = 25.4 mm (1 inch) was
used to prepare the specimen of approximately 1.2x 1.2 m?
area, mounted on a rigid laminated chipboard. Lamellas
were cut out from a large sample using a band saw with a
razor-edge band knife. The network was composed of 65
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Figure 3. Experimental set-up for the case of the lamella net-
work (a); Zoom on the source and microphones (b); Zoom on
the poroelastic lamella network (c).

lamellas of w = 15 mm width glued one after the other
on a rigid laminated chipboard, each being separated by
a distance of d; — w = 3.6mm. Care was taken to en-
sure regular gluing at the bottom of the lamellas (spray
adhesive) and regular spacing. Compared with a homoge-
neous layer of a similar area, the lamella network is fi-
nally composed of nearly 20% less sound absorbing mate-
rial (see Figure 3c). It is noteworthy that due to the period
d; = 18.6mm, only the fundamental Floquet mode k3o
propagates up to 18 kHz. In the frequency band measured
the lamella specimen behaves like a homogenized material
where only specular reflection is present.

The specimen tested was laid directly on the floor of
the hemi-anechoic room (see Figures 3a-b). A small loud-
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Table I. Measured material parameters. a,,: Tortuosity, ¢: Poros-
ity, o: Resistivity [Nm™s], A: Viscous length [p#m], A’: Thermal
length [um], p;: Foam mass density [kg/m?], E: Young’s modu-
lus [kPa], v: Poisson ratio, #: Loss factor.

(oo ¢ c A N P E v n

1 098 7920 132 149 6.1 120 0 0.075

speaker (Gallo Nucleus 3 in.) was translated manually us-
ing a rigid aluminum frame on a mesh with 7 x 7 po-
sitions at a height z3 = 0.27m above the material sur-
face, the center source position corresponding to the nor-
mal incidence case. Each source position was separated by
A; = 0.15m in both x and y directions, leading to an ar-
ray side-length of L.,y = 0.9 m. Two microphones (PCB
1/4in.) were positioned at the center of the samples at
heights z; = 6mm and z, = 56 mm, respectively, and
were calibrated for amplitude. The maximum incidence
angle 0,,,, that can be included in the database of the mea-
sured reflection coefficients R(x;, w) was defined by the
source to reproduction plane separation z, and the longest
source to microphone distance, in this case 0, ~ 67°.
For each source position, a logarithmic swept sine (200 Hz
to 2000 Hz, in one second) was used to drive the loud-
speaker, and the transfer function H between the two mi-
crophones was estimated using 10 consecutive averages.

The properties of the foam are provided in Table I. The
porosity is measured by using the pressure/mass method.
The resistivity is determined according to the ASTM C522
standard. The tortuosity is measured by an ultrasonic
method. The two characteristic lengths are obtained by an-
alytical inversion based on the 3 microphone in-duct tech-
nique.

To ensure the reliability of the viscoelastic properties,
they were determined from the bending vibratory response
of several lamellas within the network. Contactless vibra-
tion measurements were performed using a scanning laser
vibrometer. Small patches of reflective material were ap-
plied to the top of one lamella in order to capture the vibra-
tion response to an impact (see Figure 4). A soft impactor
(laboratory tip applicator) was used to excite the bend-
ing motion at several points, and the vibratory measure-
ment was triggered on the vibrometer signal. Two exam-
ples of typically acquired signals are provided in Figure 4,
clearly showing the impulse response of a single damped
mode after the shock. From these signals, the loss factor
and the bending resonance frequency were both estimated,
with mean values of 0.075 and 500 Hz, respectively. A null
value was assumed for the Poisson ratio since numerical
simulation showed that this parameter had no significant
effect on the resonance frequencies of the lamellas. Under
this hypothesis, the Young’s modulus can be easily deter-
mined.

Here the dimensions of the lamellas were chosen to en-
sure a bending resonance frequency above 400 Hz because
of experimental limitations (see Section 4.2). Changing
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Time (s)

Figure 4. Experimental measurement of the vibratory response
to an impact of a lamella: (top) tested sample, (bottom) free re-
sponse versus time at two locations (A: beam-like sample; B:
continuous lamella).

the aspect ratio makes it possible to shift this frequency
up or down for practical applications.

4. Results and discussion

4.1. Numerical results

The numerical results were computed with the material
properties given in Table I, while the dimensions are given
in Section 3.3 for several incidence angles. As seen in Fig-
ure 1, @ is the angle defined with respect to the vertical
axis e3: 8 = 0° states for a normal incidence. This is usu-
ally referred to as the inclination angle. § = 90° states
for a grazing incidence. In the experimental configuration,
the maximum angle available is 67°. The azimuthal angle
@ defined with respect to the horizontal axis e; is related
to the orientation of the lamellas. Here, ¢ = 0° states for
an incidence normal to the lamellas axis oriented by e,
whereas ¢ = 90° states for an incidence parallel to the
axis of the lamellas.

Figure 5 shows the numerical results for several inci-
dence angles on the lamella network. When 6 = 0°, the
angle @ has no effect: the bottom curve in Figures 5a-c is
always the same. A dip can be noticed around a frequency
of 1400 Hz, due to the quarter wavelength mode related to
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Figure 5. Numerical results for lamellas network according to
the frequency and the inclination angle 8 € [0, 30, 45, 67]°
for a) ¢ = 0° and double porosity results at normal incidence
(——-—),b)p=45°and c) ¢ = 90°.

the longitudinal solid borne wave whose frequency can be
approximated by

f= 1y E/p

T2 an

which gives 1380 Hz.
A comparison with the double porosity (DP) model for

slits [4] which assumes no motion of the skeleton is pre-

(12)

216

Document downloaded by @DAEL, 2026-05-21 16:56:31 - personal use only

Dauchez et al.: Additional sound absorption

sented in Figure 5a and provides another validation of the
numerical model. It can be seen that the DP and FEM mod-
els are the same below the frequency f;. The elasticity
of the skeleton seems to lower the absorption coefficient
above this frequency. In comparison with the homoge-
neous layer at normal incidence (see Figure 6), the sound
absorption coefficient is slightly lower for the lamella net-
work since the fraction of porous material is smaller. It
is noteworthy that this can be avoided by tuning the re-
sistivity, as in [5, 39] to obtain the DP pressure diffusion
effect [4].

Figure 5a shows the effect of the inclination angle 8
for an azimuthal angle ¢ of 0 degrees. It shows that a
peak appears just before 500 Hz as long as 6 increases.
In these conditions (incidence normal to the lamella axis),
the bending mode of the lamellas is considerably excited.
Its frequency can be approximated by considering the first
bending mode of the uniform clamped-free beam [40] by

_1878 o, | E

fo= = "I\ 12,

(13)

which gives 526 Hz. This frequency is slightly overesti-
mated since shear effects are not accounted for in this ap-
proximation. This difference becomes smaller when the ra-
tio h/w increases.

Figure 5b shows that when @ = 45°, another peak ap-
pears around 1000 Hz, whereas the first peak is less pro-
nounced. This second peak is related to the shear mode of
the lamellas whose frequency can be approximated by

E
fo= Y22 (14)
zr  4h

which gives 976 Hz. Finally, Figure 5c shows that when
@ = 90°, the bending mode resonance disappears, and
only the shear mode peak is present. In that case, the inci-
dent waves oriented along the lamellas axis cannot excite
the bending mode. Note that these results are close to those
given in Figure 6 for a homogeneous layer.

To better analyze the dissipation of mechanisms related
to each peak, the absorption coefficient fractions [41] re-
lated to the viscous, thermal and structural dissipation
are presented in Figure 7. A clear peak of the structural
and viscous dissipation fractions can be seen around each
mode, the latter being related to the relative velocity be-
tween both phases. In contrast, the thermal dissipation is

hardly affected by the skeleton motion.

4.2. Experimental results

Figure 8 shows the experimental results for the lamella
network for three azimuthal angles ¢ = [0, 45, 90]° and
for the inclination angle 8 = 45° and 6 = 67°. The es-
timated sound absorption coefficients are averaged over
1/12 octave bands. Although the sample necessarily in-
cludes some manufacturing imperfections, the trends ob-
served are similar to those identified with the numerical
results (see Figure 5: dashed lines for & = 45° and con-
tinuous black lines for & = 67°). A peak before 1000 Hz
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Figure 6. Numerical results for homogeneous porous mate-
rial according to the frequency and the inclination angle 6 €
[0;30;45;67]°.
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Figure 7. Absorption fraction for each dissipation mechanism
(viscous, thermal and structural) for # = 45° and a) ¢ = 0°,
b) ¢ =90°.

(related to the shear mode) can be seen except when the in-
cidence is normal to the axis of the lamellas. Conversely,
a peak around 500 Hz can be seen clearly except when the
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Figure 8. Measured absorption coefficient for the lamella net-
work according to the frequency and the azimuthal angle ¢ =
[0, 45, 90]° for an inclination angle a) 8 = 45°,b) 0 = 67°.

incidence is along the lamellas axis. Using laser vibrome-
ter measurements, this peak was experimentally identified
as being linked to the bending mode of the lamellas (as
presented in Section 3.3).

It can also be noticed that the absorption coefficient
can be negative below 500 Hz. Indeed, the reflection co-
efficient measured can differ from that provided with the
plane-wave hypothesis when the sound source is close to
the porous material surface. This can be attributed to the
fact that spherical waves do not reflect only specularly
when the distance between the sound source and the ma-
terial surface is small compared to the wavelength [42].

5. Conclusion

In this paper, the sound absorption of a poroelastic lamella
network was studied. It was shown that this arrangement
provides additional sound absorption below the quarter
wavelength resonance within the thickness of the sample,
compared with a uniform material arrangement.

A sample of 1.2 m by 1.2 m made of 65 melamine foam
lamellas was tested using a technique based on acoustic
field synthesis. This method allows measuring the absorp-
tion coefficient under acoustic plane waves at oblique in-
cidence in free field conditions. The results were in good
agreement with the periodic numerical model.
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The simulations showed that this additional dissipa-
tion is a combination of structural and viscous dissipa-
tion within the lamellas. Indeed, at oblique incidence, the
lamellas exhibited both a shear and a bending resonance.
The frequency of the former was linked to the thickness of
the sample, whereas the second was a function of both the
width and the thickness of the sample. The two physical
dimensions of the lamellas could be used to facilitate the
adjustment of additional absorption frequencies appearing
below the classical quarter wavelength resonance.

Future works will be devoted to alternative geometries.
For instance, rigid splitters [17] can be replaced by air
gaps, leading to a horizontal lamella network of differ-
ent sizes that can be excited at all incidence angles and
be tuned at different frequencies to enlarge the frequency
range of the additional absorption. The network should
also be designed by optimizing its properties involved in
double porosity dissipation [39] with air gap size, period-
icity and material resistivity or by applying critical cou-
pling [20] to the bending mode to obtain maximum sound
absorption.

Finally, the experimental technique used to obtain the
absorption coefficient at oblique incidence will be en-
hanced in the low frequency range by optimizing the post-
processing step or using a more precise model of the sound
reflection. The capacity to evaluate non specular reflection,
which can occur with metamaterials or metasurfaces, will
also be tested.
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