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Abstract

Micro-perforated plates (MPPs) are thin plates con-
taining perforations in the submillimeter range. As the
incident sound wave penetrates the material, energy
is dissipated by friction in the perforations. In this
study, the acoustic mechanisms in micro-perforated
plates and foils are investigated. Due to different
manufacturing techniques, the investigated materials
exhibit different perforation geometries: circular and
slitted perforations. To characterize the materials’
absorption behavior, measurements in the impedance
tube are performed. Using optimization techniques,
the parameters of theoretical models, such as the Maa
model, can be obtained. Furthermore, a cost function
is defined to optimize the absorption in a specified
frequency range using the material parameters and
the geometry as design variables. Since the investi-
gations cover circular and slitted plates, the latter
require a more in-depth analysis since the Maa model
assumes a circular geometry. Here, numerical simula-
tions using the finite element method are employed to
accurately model the absorption via a unit cell of the
micro-perforated plate. The numerical computations
are based on the linearized compressible flow equa-
tions to investigate the viscous dissipation mechanism
in depth. Comparisons with measurements suggest
that the unit cell simulations can predict the absorp-
tion behavior of the micro-perforated plates well and
efficiently, also for more complex slit geometries.
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1. Introduction

A micro-perforated plate (MPP) is a thin plate with
perforations in the submillimeter range that can be
used for sound absorption, and they are an alternative
to porous absorber materials. The working principle
are viscous and thermal losses of air inside the tiny
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perforations. Figure 1 shows a MPP absorber with the
orifice diameter d, the panel thickness t, the distance
between holes b and the air cavity depth D between
backing wall and panel.

Figure 1: Sketch of micro-perforated panel absorber
(MPA) according to [1].

1.1. Maa model

Maa introduced an impedance model for micro-
perforated plates [2]. This model has a resistive part
which describes the energy loss, hence the viscous
dissipation within the perforations and a reactive part
which describes the mass effect of air in holes
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with the perforate constant k, and the angular fre-
quency w being
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In Eq. (1) and (2) ¢t denotes the panel thickness, d the
hole diameter, ¢ the perforation ratio, n the dynamic
viscosity of air, pyp the air density, ¢y the speed of
sound and f the frequency.

The perforation ratio is the ratio between open area
and total area. For a 60-degree staggered perforation
pattern with circular holes, as displayed in Fig. 2, we
can calculate the perforation ratio with

2
_ Ahole — n (%) T (%) 7Td2 (3)
Acenl sin(60°)p p 2\/§p2 ’

where p is the distance between holes.
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Figure 2: 60-degree staggered perforation pattern with

circular holes.
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The absorption coefficient of a MPP absorber (MPA)
can be measured in the impedance tube (see Fig 3). In
the schematic, the air cavity depth behind the MPP
is denoted by L. and the distance between the two
microphones is denoted as dpjc.

MIC1 MIC2
MPP

—_—

dic L.
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Figure 3: Setup for absorption coefficient measurements
with the two-microphone method using an impedance tube.

2. Multi-layered structures

The MPA can be analytically described using chain
matrices [3]. The description with chain matrices
also enables the design of MPAs using multiple MPPs
and cavities. The material parameters of the MPP
can be identified by fitting the predicted absorption
coefficient to the measured absorption spectrum.

2.1. Parameter fitting
The micro-perforated panel impedance with the ma-
terial parameters ¢, d and ¢ is calculated using Maa’s
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model (1). The chain matrix of the MPP is repre-
sented as a lumped shunt element, where the velocity
is continuous and the pressure jumps. The backing
cavity is described by the transfer matrix of an air
layer. The total chain matrix for the absorber struc-
ture is therefore

(4)

jZosin(kLe)
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where k is the acoustic wavenumber and Zj, is the
characteristic impedance of air

k=2 (5)

Co
ZO = pPocCo- (6)

The transfer matrix relates the acoustic pressure and
particle velocity at the front surface of the absorber to
those at the back surface. We know, that the particle
velocity is zero at a rigid termination. Consequently,
we obtain

Bfront = Bback — A B Bback
|:yfront:| Itotal |:vback C D 0 5 (7)

which yields the input acoustic impedance Z;,, which
is the ratio of pressure and velocity directly in front
of the MPP

D A
A Zfront __ = 8
- Ufront C ( )

The reflection can be determined with the impedances
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Finally, with the reflection factor the absorption coef-
ficient o can be calculated

a=1—|r (10)

The absorption coefficient is used in the fitting for
the comparison to the measurements. The calculated
absorption spectrum was interpolated onto the mea-
sured frequency points. The material parameters ¢,
d, and ¢ were identified by minimizing the sum of
squared errors between the measured absorption co-
efficient aeas and predicted absorption coefficients
Qmodel Using the differential evolution algorithm. The
objective reads as

N
J((IZ) = Z [amodel(fi; ZE) - ameas(fi)]2 ) (11)
i=1

where = [t,d, ¢] is the parameter vector, N denotes
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the number of measured frequency points and f; the
corresponding measurement frequencies.

The absorption of different MPP samples was charac-
terized in the impedance tube. To demonstrate the
fitting of parameters, we look at a fabricated MPP,
where laser technology was used to obtain small, al-
most circular perforation holes as shown in Fig. 4.

Figure 4: Laser perforated foil.

Figure 5 shows the measurements and the fitting result
for the lasered foil with a thickness of 280 ym and 7 cm
air cavity. The parameters which were obtained from
the optimization are listed in Table 1. We see that
good agreement between the measured and computed
results can be obtained.
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Figure 5: Parameter fitting for the measurement results
of the lasered foil with thickness 280 yum with 7 cm air
cavity depth.

Table 1: Parameters obtained from the optimization.
Lasered foil with 280 pm thickness and 7 cm air cavity.

thickness t
0.26 mm

diameter d  perforation ratio ¢
0.197 mm 5.98%

2.2. Layered Model
An optimization study was performed using chain ma-
trices for the modeling to determine a multiple MPA

design which is capable of providing sound absorp-
tion performance particularly at low frequencies. The
optimization considered both the geometric variables
and the parameters of the Maa model. The resulting
optimal design comprised three MPPs, each featur-
ing different perforation ratios and cavities of varying
depths from one another and from the rigid backing.
In the shown case, the thickness and hole diameter
of the MPPs were not varied. Instead, the fitted pa-
rameters of the foil were used (see Table 1). This
layered configuration enhances acoustic energy dissi-
pation by combining the viscous loss mechanism with
multiple resonant interactions, thereby increasing the
frequency range over which effective sound absorption
is achieved. In Fig. 6, the resulting absorption perfor-
mance is shown and Table 2 lists the optimized design
parameters.

Optimization of layered model with three MPPs

Absorption coefficient a

0 1000 2000 3000 4000 5000
Frequency (Hz)

Figure 6: Absorption of the optimization results for a
layered model with three MPPs.

Table 2: Parameters of the optimized multilayer absorber.

Parameter  Value

t1 0.26 mm
dy 0.197 mm
01 3.223%
to 0.26 mm
do 0.197 mm
o 1.744 %
ts 0.26 mm
ds 0.197 mm
O3 0.663 %
d12 39.02 mm
d23 40.26 mm
d3b 40.69 mm

3. Towards slitted MPAs

Commercially manufactured MPPs are generally fabri-
cated using mechanical processing techniques, includ-
ing punching, milling, or plastic forming methods. The
resulting perforations are often slit-shaped rather than
cylindrical. This perforation geometry differs from
the assumptions underlying many theoretical models,
which typically consider circular holes. Figure 7 shows
a material sample with slit-shaped apertures.
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Figure 7: Material sample with slit-shaped perforation.

To investigate slitted MPAs analytically, Maa’s model
can be employed [4]. The impedance for a slitted MPA
is given by

Zypp i (f) = R+ jwM = poco(r + me)
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based on Maa’s original publication [4]. Here, F(e)
is the complete elliptic integral of the first kind. The
end-correction can play a major role and must be
adapted from Maa’s original model to incorporate an
MPA’s rounded or sharp edges [5], [6]. Generalizing
the end-correction term and using the end-correction
coefficient ag = 2,4 for rounded or sharp edges based
on [6] results in a reactive term of the form

12nt k2 \2ag, d
= T W14+ 24— 1
Ppocod? ( TR kpt (13)

(12)

In Eq. (13) ag denotes a free parameter that can be
used to adapt the model to the actual manufacturing
method. Additionally, the given parameters for sharp
and rounded edges can deviate for MPAs with very
small slits due to overlapping boundary layers. Here,
FEM simulations can be used to fine-tune the model.

1. Numerical Simulation of a Unit Cell
As presented in [7], a numerical unit cell simulation
using the finite element method (FEM) is employed
to model the absorption of the slitted MPP. The unit
cell includes a single slit (see Fig. 7). The numerical
computations are based on the linearized compressible
flow equations to model the viscous dissipation mecha-
nism within the perforation. The open source software
openCFS [8] was used for all simulations. Evaluating
the validity of this approach is particularly of interest
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because it assumes that the acoustic response of an en-
tire MPP can be accurately described using a periodic
unit-cell model, despite the deviations from idealized
perforation geometries and the possibility of interac-
tion effects between adjacent slits. In the simulation,
the slit was assumed to be ideally rectangular. Fig-
ure 8 shows the simulation geometry. The geometry
matches that of the impedance tube. On the surface
[excite @ normal velocity is defined as excitation. The
no-slip boundary condition is defined at all surfaces
that would have contact with the material.

Thostip
-—-
/
{
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excite /

Acoustic LinFlow
Figure 8: Simulation geometry of the unit cell.

To significantly reduce the computational load, we
solve the linearized compressible flow equations just
in the slit and its surrounding region and then couple
to the classical wave equation [9].

In Fig. 9 the resulting fluid velocity distribution
within the slit is displayed. In the vicinity of the
slit boundaries, the velocity amplitude is amplified
before rapidly decreasing to zero at the wall due to the
no-slip boundary condition. This behavior indicates
the formation of a viscous boundary layer, where
pronounced velocity gradients are present. These
gradients enhance viscous losses, which have a crucial
role in the mechanism of acoustic energy absorption
in micro-perforated structures.
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Figure 9: Fluid velocity distribution in the slit.

Numerical simulations were performed over a broad
frequency range and the acoustic absorption was cal-
culated applying the same method used in impedance
tube measurements. Figure 10 shows the comparison
between the numerically predicted and measured ab-
sorption coefficient. The slit is not ideally rectangular
but is rather arched. Therefore, the slit width is re-
duced to account for this effect. Adjusting the slit
width slightly in the numerical model, leads to an even
better agreement between the simulated and experi-
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mental results. There are deviations, but the overall
frequency-dependent behavior is quite well captured
with the unit-cell simulation.
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Figure 10: Comparison of the absorption coefficient over
frequency with 3 cm cavity depth.

3.2. Comparison to the analytical model

Based on the FEM simulations, the parameter ag has
been fitted to accurately model the end correction
for this case. Over six different simulations, it has
been found that the ideal value for the coefficient is
given by ag = 2.2, lying in the original range of 2 to
4. Based on this result, the absorption curve of the
MPA has been evaluated and is depicted in Fig. 11.
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Figure 11: Comparison of the absorption coefficient over
frequency with 3 cm cavity depth including Maa’s adapted
model.

As it can be seen, the fine-tuned model agrees with
the FEM simulation very well. For similar arrange-
ments, the tuned analytical model can be used to
replace the FEM model with little loss of accuracy
and comparably negligible computational cost. It has
to be noted though that it seems that both the ana-
lytical model as well as the FEM model are lacking a
physical absorption mechanism that is present in the
measurements. This is especially relevant for the local
minima of the absorption curve, where the numerical
models tend towards zero, whereas the measurements
show some residual absorption.

4. Conclusion

This contribution demonstrates the effectiveness of
multilayer micro-perforated absorbers (MPAs) for
achieving broadband sound absorption. For the design
of the model and for parameter fitting to measure-
ments, the chain matrix method was used. For the
characterization of a slitted micro-perforated plate
(MPP), numerical simulations were performed. Com-
parisons with measurements suggest that the unit-cell
simulations can predict the absorption behavior of the
MPP well and efficiently, also for more complex slit
geometries. The simulation results are also compared
to an analytical model, which is a modified version
of Maa’s original model. It can be observed that
the analytical model and the simulation results agree
very well. Therefore, the analytical model can replace
the simulation in this case and for similar arrange-
ments, which reduces the computational cost. The
residual disagreement of the low-absorption region is
most likely caused by a missing effect in the simula-
tion as well as the analytical model and needs further
investigation.
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