i

8-11JULY 2024

30™ International Congress on Sound and Vibration

THE INFLUENCE OF VIBRATIONS ON THE OPTIMAL
PERFORMANCE OF MICRO-PERFORATED ACOUSTIC
METAMATERIALS

Cédric Maury
Laboratory of Mechanics and Acoustics (LMA CNRS UMR 7031), Marseille, France

Email: cedric.maury @centrale-marseille.fr

Teresa Bravo
Spanish National Research Council, Madrid, Spain
email: teresa.bravo@csic.es

A key challenge in the building and transportation area is to enhance the acoustic absorption and insu-
lation of porous wall-treatments over the low-mid frequency range while keeping sub-wavelength light-
weight partitions. An approach is to design multi-layered thin micro-perforates with optimized consti-
tutive parameters. However, the desired acoustic performance of the partition may often be hindered by
the elasticity or the modal behavior of the thin panels. This study examines the effect of the vibrations
on the sound absorption, dissipation and transmission properties of two-types of acoustic metamaterials:
an acoustic fishnet made up of identical micro-perforated panels (MPP) separated by millimetric air
gaps and a functionally-graded partition (FGP) composed of different MPPs with decreasing values of
the holes radius across the partition. The acoustic fishnet exhibits a band gap pattern while the FGP
works on impedance matching and visco-thermal dissipation through the holes as the incident wave
enters the partition. Global optimization of the total power dissipated through these materials has been
achieved from simulated annealing algorithm. The vibrational effects have been accounted for in an
impedance translation formulation. It is found that elasticity effects broaden the first stop-band of the
acoustic fishnet while lowering the dissipation peak values. They also bring added resistance to the FGP
Hole-Cavity resonances that tend to merge over an extended bandwidth. The panel volumetric modes
increase the absorption peaks of the acoustic fishnet if they fall just above the stop-band cut-off fre-
quency. They also set an upper limit to the broadband properties of FGPs up to which a high dissipation,
high absorption, and low transmission can be achieved. Critical coupling analysis shows how the Hole-
Cavity resonances are redistributed due to coupling with the panel vibrations. It provides the amount of
damping required for these resonances to achieve unit dissipation value.
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1. Introduction

Designing lightweight and compact partitions able to significantly reduce the transmission of noise
over a broad bandwidth or to increase its absorption is a challenging issue. It is highly relevant in the
fields of aeronautical and surface transports to achieve acoustical comfort in cabins by optimizing the
multi-layered structure of fuselage panels, thereby providing augmented liners with micro-perforates
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covering space-coiling metamaterials or dual-resonant absorbers [1]. It is also of concern in room acous-
tics to design quiet co-working spaces with low transmission between the individual workspaces sepa-
rated from each other by, for instance, micro-perforated space sound absorbers that allow optical trans-
parency while preventing sound transmission [2]. Even more challenging is to reduce the low-frequency
components of noise disturbance that have recently emerged such as those induced by ultra-high bypass
ratio fuel-efficient turbofans transmitted towards aircraft cabin [3] or the airflow noise conveyed by cen-
tralised air conditioning units towards outdoor spaces and induced by large turbines with a few number
of blades [4].

Acoustic metamaterials are able to provide sub-wavelength scale solutions, in particular to achieve
perfect absorption and/or blocked transmission over specific bandwidths, that can be tuned towards the
low-frequency range [5]. For instance, double-layered identical perforated panels separated by a thin
subwavelength air gap, have been investigated, especially the use of their Fabry-Perot Hole-Cavity res-
onances to block the transmission of sound under different incidence angles [6,7], the so-called double
acoustic fishnet. A multi-layered acoustic fishnet has been considered with equally-spaced identical
MPPs [8] to enlarge and downshift the stop-bands, although significant transmission still occurs over the
first pass-band at low frequencies. This has been suppressed by shielding the device with an elastic mem-
brane on the incident side [9]. Indeed, the large stiffness of the membrane at low frequencies blocked the
sound transmission, but at the expense of large reflections.

In order to overcome this limitation and ensure both low reflection and transmission, the parameters
of the multi-layered micro-perforated partitions have been optimized to maximize sound dissipation over
a broad frequency range using metaheuristic algorithms [10,11] or a causal-based approach [12]. A sim-
pler solution is to design a functionally-graded (FG) micro-perforated partition with sole monotonic axial
variation of the MPP holes across the partition depth, keeping fixed the MPP and air gap parameters.
This strategy leads to an interplay between impedance matching and visco-thermal dissipation at the
Hole-Cavity resonances in order to achieve broadband dissipation [13]. The FG approach has also been
applied to design chirped multi-layer porous materials [14]. As for micro-perforated partitions, the as-
sumption of rigid structures is often limited by the sub-millimetric thickness of the constituting mem-
branes [15] or by the modal behaviour of the individual plates [16]. These structural effects, such as
coupling local resonators with an elastic panel, may be beneficial to broaden the efficiency range [17],
but they may also be detrimental, especially if the structural and the hole-cavity resonances are strongly
coupled with each other [18].

The current study examines two vibrational effects on the broadband acoustic performance of multi-
layered acoustic fishnets and FG micro-perforated partitions under normal incidence: the elastic mem-
brane and modal effects. In particular, it shows how FG micro-perforated partitions can recover high
broadband dissipation performance by adding a suitable amount of damping to the panels in order to
overcome the adverse effect of the panel volumetric modes. Section 2 presents the extended models used
to account for elasticity and modal response of MPPs in the impedance translation approach. Section 3
examines the influence of elasticity and modal effects on the properties of multi-layered acoustic fishnets.
Section 4 shows how optimized FG micro-perforated partition are influenced by these vibrational effects.
It also provides a Critical-Coupling analysis of these effects and sheds light on the beneficial effect of
adding a suitable amount of damping to each MPP to keep high broadband performance for the FG micro-
perforated partition. Section 6 summarizes the findings and indicates follow-ups to the study.

Page 2 of 8



ICSV30, Annual Congress of International Institute of Acoustics and Vibration (IIAV) 8 — 11 July 2024

2. Modelling the acoustic properties of multi-layered elastic MPPs

One considers a series of P MPPs, sketched in Figure 1, characterized by their thickness ,, their
holes diameter d, and their perforation ratio o, = 7 d; / (4A%), with A, the holes pitch, separated by
(P —1) air layers of constant depth D, = D . In case of an acoustic fishnet, the holes diameter stays con-
stant across the partition such that d, =d . As for FG micro-perforated partitions, it monotonically de-

creases from the front to the back panel, such that d,,, =d, —c,A,;/2, i =1,...,P -1, with ¢, the rate of
decay for the holes diameter. The front panel is insonified by a normal incident plane wave and the back

panel radiates a plane wave in free-field.
\—» Vmembr:
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=

Figure 1: Picture (left) and sketch (right) of a double-layered functionally-graded micro-perforated partition;
sketch (right) of the first volumetric mode of an elastic micro-perforated panel.

The overall transfer impedance of a rigid MPP, assuming zero velocity at the holes walls, is given by

Zyep:i =2, +Z,, ;, the sum of an inner and outer term, describing the frictional and reactive mass

effects taking place respectively within and at the inlet/outlet of the MPP holes [19]. The inner transfer
impedance reads Z, ; = —japt, [O-i (1 - G(pi\G ))}1 where @ is the angular frequency, p, the air density,

p; =d .\ ap, / (47)  the holes perforate constant, 7 the air dynamic viscosity and
Gu)=2J | (u)/ [uJ 0 (u)] with J, and J, Bessel functions of orders O and 1. The outer impedance term

takes the form: Z_ , = [\/577 pi/di —jap, 8dl./(3iz')] o
Assuming continuity at the in-hole walls between the air particle velocity and the MPP normal veloc-
ity, the overall transfer impedance of a thin elastic micro-perforated membrane is given by [15]

-\ -1
ZMPP,,:{; +jG(p"*fJ)} +Zrs (1)

in, i athi

with p, the material density. The effect of the first volumetric mode of finite-sized MPPs is taken into

account [16] through an extended overall transfer impedance, ZMPP, i =Zypp.i (ZMPP’ Yo+ 1)7l , with

-jo 2 2 . -1
Y,. = w, —w -2jc, w,w) 2
P.i NPthi( P .]gp p ) ()
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where @, is the angular resonance frequency of the panel first mode, &, its damping ratio and N, the
squared norm of the mode.

Applying continuity of the acoustic pressure and particle velocity at the interfaces between each MPP
and the surrounding fluid domain, one gets a recursive relationship for the effective input impedance of
each panel-cavity layer, Z, ., (i=1,...,P—1):

1

Z. .iucoslk,D)+ jZsinlk, D
Zinpum :ZMPPJ» +Z0 input, i+l ( 0 ) J 0 . ( 0 ) , (3)
Z()Cos(ko D) + JZmpm,i+1sm(koD)
with k, = @/c, the acoustic wavenumber, ¢, the sound speed, Z, = p,c, and Zipir =Zyprp + 2

the effective impedance of the transmitting back panel. From Eq. (3), one gets the normal incidence

reflection coefficient of the partition as r :|(Z Z, )/ (Zmpm,l +Zof. Part of the incident power

input,1 -

dissipated by the partition is given by n=1-r—7 . 7 is the transmitted power that reads
|2ZP1/(Zinput,l + Zolz with

L V4
Zp =211 . : . . “)
=1 Z,cos(k, D)+ .]Zinput,iJrlSln(kO D)
The TL is then defined as —20log,, (7).

3. Vibrational effects on micro-perforated acoustic fishnets

The dissipation, reflection and transmission coefficients of an acoustic fishnet made up of P =8 iden-
tical MPPs with thickness 0.5 mm, holes diameter 0.5 mm, perforation ratio 7.9 % and separated by an
air gap of width D =10 mm are simulated using the impedance translation method. Figure 2 shows the
effect of assuming either elastic limp micro-perforated membranes with density 160 kg/m? and rectan-
gular vibrating MPPs made in aluminium and clamped along their edge. The MPPs first volumetric mode
occurs at a resonance frequency of 600 Hz and the panel damping ratio is taken as &, =1%.

Figure 2 shows that the acoustic fishnet exhibits a pass-band up to 2400 Hz followed by a stop band
with blocked transmission and full reflection. The pass-band is populated with dissipation and transmis-
sion peaks as well as reflection dips. They occur at the Hole-Cavity resonance frequencies of the acoustic
fishnet. Compared to the rigid case, it can be seen that the acoustic fishnet made up of elastic limp mem-
branes increases the dissipation peaks and dips resulting in a uniformly damped transmission coefficient
and lower values of the reflected power. This beneficial effect is due to the inertial membrane impedance
factor that appears in Eq.(1), — jap,t,, which brings added overall resistance to each micro-perforated

membrane, thereby tending to broaden and merge the individual Hole-Cavity resonances.

Assuming vibrating MPPs, it is found that their first volumetric structural mode, localised by a red
circle in figure 2, strongly perturbs the distribution of acoustical modes around 600 Hz. It induces a
dissipation peak at 600 Hz preceded by a reflection peak and a null transmission at 570 Hz. This structural
resonance, highly excited by the normal incident wave, falls within the half-bandwidths of the first Hole-
Cavity acoustical resonances distributed over the pass-band and strongly couples with them. It down-
shifts the neighbouring resonances located below 600 Hz and upshifts those located above 600 Hz. The
panel modal admittance given by Eq. (2) increases (resp. lowers) the effective resistance of the acoustic
fishnet below (resp. above) 600 Hz, especially at the Hole-Cavity resonances. Overall, it reduces the
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partition transmission coefficient below @, but produces higher transmission above @, , so that the de-

sign of an insulating acoustic fishnet requires an upshift of @,, i.e. smaller or stiffer panels.
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Figure 2: Influence of vibrational effects on the dissipation (a), reflection (b) and transmission (c) spectra of an
acoustic fishnet made up of 8 identical MPPs assuming rigid (black), infinite elastic (green) and finite vibrating
(red) panels, calculated by the impedance translation approach; the red circle shows the effect of the first volumet-
ric mode of the vibrating panel.

4. Vibrational effects on functionally-graded micro-perforated partitions

In order to achieve both impedance matching and substantial visco-thermal dissipation of the incident
wave as it enters the multi-layered partition through the MPP holes, the decay rate, c,, of the MPP holes

diameter has been optimized from simulated annealing algorithm to maximize the dissipation between
100 Hz and 1 kHz. Figure 4 shows that an almost linear decay of the holes diameter down to 0.1 mm
leads to a FG micro-perforated partition whose Hole-Cavity resonances are suitably grouped and merged
to achieve high dissipation (above 0.95), high TL (above 20 dB) and minute reflection (below 0.1) over
the targeted frequency range, as long as rigid or limp membranes are considered (black and green curves).
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Figure 4: Influence of vibrational effects on the dissipation (a), holes radius distribution (b), reflection (c) and
transmission loss (d) of optimized functionally-graded micro-perforated partitions assuming rigid (black), infinite
elastic (green) and finite vibrating (red) panels, calculated by the impedance translation approach; the blue curves
show the baseline properties of a non-optimized partition assuming rigid MPPs.
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Further insights are obtained from critical coupling analysis [14] of the scattering matrix that relates
the outgoing and ingoing amplitudes of the two-port partitions. Perfect dissipation is achieved if the
eigenvalues of the matrix are zero-valued at the same real frequency. For conciseness, only the first
eigenvalue has been plotted in Figures 5-7 that show a distribution of zero-poles in the complex frequency
plane (f,, f,). The zeros such that f, <0 (resp. f, >0) are related to over- (resp. under-) resistive reso-

nances. It can be seen from Figures 5(a) and (b) that the optimization of the rigid FG micro-perforated
partition leads to two classes of Hole-Cavity resonances: those over- (resp. under-) damped below 800
Hz (resp. above 1500 Hz). A few resonances between 800 Hz and 1500 Hz are critically-coupled and
achieve total dissipation at their resonance frequency. The non-optimized rigid partition exhibits under-
damped resonances with f, >0 over the whole frequency range, as seen in Figure 5(c).
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Figure 5: Dissipation spectrum (a) of a FG partition made up of rigid MPPs, whose hole diameters are optimized
(plain red) or not (dotted blue), and the first eigenvalue (modulus in dB scale) of the partition scattering matrix for
the optimized (b) or baseline (c) configurations; white ellipse in (b) shows the critically-coupled Hole-Cavity
resonances.

Figures 6(a) and (b) show that optimizing a partition made up of elastic limp membranes further
broadens the bandwidth of the over-resistive resonances up to 1200 Hz due to added overall resistance
brought by the inertial membrane. It upshifts the critically-coupled resonances between 1.5 and 2 kHz.
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Figure 6: Effect of elasticity on the dissipation spectrum (a) (plain red: optimized; dotted blue: baseline) of a FG
micro-perforated partition and on the first eigenvalue (modulus in dB scale) of the partition scattering matrix for
the optimized (b) and baseline (c) configurations; white ellipse in (b) shows the critically-coupled Hole-Cavity
resonances.

Figure 4 shows that optimization of the FG micro-perforated partition assuming a vibrational behav-
iour of each panel on its first volumetric mode (here resonant at 600 Hz) significantly reduces the band-

width for high dissipation and high TL up to @, , the panel volumetric resonance frequency. Just above

@, , one observes a substantial drop in dissipation (down to 0.6) and TL (down to 5 dB) with increase
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of the back-reflections up to 20%. Comparing Figure 7(b) with 5(b) indicates a significant redistribution
of the zero-pole pairs in the complex frequency plane due to strong coupling between the panels’ volu-
metric mode and the neighbouring Hole-Cavity resonances leading to multi-resonance splitting. One also
observes in Figure 7(b) an accumulation of over-damped Panel-Hole-Cavity resonances as from 400 Hz
that tend to be critically-coupled as their resonance frequencies approaches the panels volumetric reso-
nance at 600 Hz. Above 600 Hz, one finds an even distribution of zero-pole pairs associated with under-
damped Hole-Cavity resonances. Of interest is that one can prevent the dissipation and TL drop just
above 600 Hz by increasing the panels damping ratio up to 5%, as seen in Figures 7 (a) and (c), for
instance by use of viscoelastic MPPs. A suitable amount of damping downshifts the whole set of zero-
pole pairs below the real axis, thereby leading to over-damped resonances, still able to group and merge
up to 1 kHz. Adding further damping would lead to an overall decay of the dissipation plateau.
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Figure 7: Influence of the first volumetric panel mode of a FG micro-perforated partition on its dissipation spec-
trum (a) when the dissipation is optimized (plain red: f » =1% ; dashed cyan, f » =35% ) or not (dotted blue) and
on the first eigenvalue (modulus in dB scale) of the scattering matrix for the optimized partitions with damping
ratios f »=1% (b) or f » =35% (c); white ellipse in (b) shows the critically-coupled Hole-Cavity resonances;
yellow arrows in (b) show an accumulation of Panel-Hole-Cavity resonances below 600 Hz.

5. Conclusions

This study shows fro m the impedance translation approach and critical coupling analysis how the
Fabry-Perot Hole-Cavity resonances of multilayered MPP partitions may be enhanced or hindered by
vibrational effects. Elastic limp micro-perforated membranes increase the dissipation and TL of acoustic
fishnets and FG partitions, but this design cannot sustain severe environments. Clamped MPP partitions
provide a more robust configuration, but their optimized performance is upper limited by the resonance
frequency of their first volumetric mode. This can however be overcome by adding the required amount
of damping to enable merging of the Panel-Hole-Cavity resonances over a broad frequency range. Further
studies should examine the optimal amount of damping required and how vibrational effects are influ-
enced by oblique or diffuse field incidence.
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