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Micro-perforated panel (MPP) absorbers, well known as a basis for the next
generation of sound absorbing materials, are now being widely used in noise
control engineering. In order to design the structural parameters of MPP absor-
bers according to the actual demand, a straightforward method to predict the
absorption performance of such absorbers is needed. However, traditional pre-
dicting methods, such as equivalent electric-acoustic circuit method, the transfer
matrix method, modal analysis method and so on, are based on analytical solu-
tion. The use of these methods not only requires development and application of
special techniques, but also is not suitable for MPPs with irregular-shaped holes,
such as tapered holes which can be used to improve the sound absorption perfor-
mance of a thick MPP absorber. In order to overcome the problem, a numerical
procedure based on finite element method (FEM) is developed to obtain the spe-
cific acoustic impedance of an MPP. Using this method, the acoustic perfor-
mance of MPPs with tapered holes as well as the effect of various parameters
on their normal incidence absorption performance is numerically investigated
and the findings are useful to guide the structural design. © 2014 Institute of
Noise Control Engineering.

Primary subject classification: 35.1; Secondary subject classification: 35.2

1 INTRODUCTION

Micro-perforated panel (MPP) is a thin flat plate per-
forated with numerous holes of minute dimensions.
MPP absorber, well known as a promising basis for
the next generation of sound absorbing materials con-
sisting of an MPP fitted in front of a rigid backing wall
with an air gap in between, as illustrated in Fig. 1. The
acoustic performance of such a device can be com-
pletely determined by the hole diameter d, the panel
thickness t, the perforation ratio s, and the depth of
the air cavity D1,2. Predicting the absorption perfor-
mance of plane waves impinging on the micro-
perforated panel (MPP) is an important technical

problem. In fact, such absorbing construction is used
widely in various noise control applications such as
room acoustics3, duct mufflers4, noise barriers5 and so
on. The analysis of MPP absorbers started with Maa
using equivalent electrical circuit model. In Maa’s
MPP model, the panel is assumed to be rigid so that
the panel vibration effect is negligible. However, when
the panel is flexible or the panel mass per unit area
is very small, the panel motion may be significant.
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Fig. 1—Schematic diagrams of the MPP
absorber.
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Takahashi and Tanaka6 and Lee et al.7–9 developed the
absorption formula for MPP absorbers based on modal
analysis solution of the classical plate equation cou-
pled with the acoustic wave equation which can ac-
count for the panel vibration effect. In order to
improve the sound absorption performance of tradi-
tional single-layer MPP absorbers, multi-layer MPP
absorbers were proposed10,11 and it was found that the
transfer matrix method is more convenient than the
other approaches to get the absorption coefficients12.

However, most of the studies mentioned above on
sound absorption performance of MPP absorbers are
done using analytical methods. The use of these meth-
ods not only requires development and application of
special techniques, but also is not applicable for MPPs
with irregular-shaped holes, such as tapered holes
which can be used to improve the sound absorption per-
formance of a thick MPP absorber13. This obvious dis-
advantage of analytical methods restricts thereby their
use to MPPs with perforations of few simple shapes,
such as cylindrical holes, square holes and rectangular
holes14. On the contrary, numerical methods have been
found to be efficient and versatile in modeling the
acoustic characteristics of various acoustic materials
and acoustic structures. Achenbach used the boundary
element method to study the three-dimensional reflection
and transmission of a plane acoustic wave by a grating
composed of parallel equidistant rods15. Liu and Herrin16

also conducted a boundary element analysis to simu-
late the effect of the mico-slit absorber (MSA) and ad-
joining cavity with and without partitioning on the
sound field in the plenum. The results showed that
the simulation agreed well with experimental data
when it was assumed that the MSA could be modeled
via a transfer impedance boundary condition. Easwaran
and Munjal17 presented a finite element scheme based
on the Galerkin technique to analyze the reflection char-
acteristics of a resonant absorber when insonified by a
normal incidence plane wave. Onen18 studied the ab-
sorption properties of MPP absorbers made from the
commercial composite material Parabeam with micro
diameter holes drilled on one side based on finite ele-
ment model, but the acoustic impedance of MPP is cal-
culated in advance using analytical methods in their
models, and only the acoustic impedance of the cavity
with fibrous materials is obtained by the finite element
method (FEM); therefore, they cannot handle MPPs
with irregular-shaped holes. It is generally known that
most of the acoustic FEM softwares already include po-
rous materials models but perforated systems require
specific formulations. Addressing this problem, Atalla
and Sgard19 found that rigid perforated plates and
screens may be modeled as rigid porous materials by
selecting appropriate parameters and then the acoustic

performance of MPP absorbers can be obtained with
the help of the acoustic software based on finite element
analysis or transfer matrix method. It has been shown that
using this method, either rigid20 or flexible arbitrarily-
shaped micro-perforated panels21 could be modeled us-
ing finite element methods.Moreover, Randeberg has ap-
plied some numerical methods to calculate the normal
incidence absorption coefficients of MPPs with horn-
shaped orifices, but the experimental data shows that
the numerical models presented by Randeberg22 are not
precise enough to predict the sound absorption perfor-
mance of MPP absorbers. Recently, it has also been
shown that the techniques of computational fluid dynam-
ics (CFD) can be used to calculate the transfer impedance
of rigid micro-perforated panels with cylindrical holes23

or tapered holes24. However, the air flow in the CFD
model is assumed to be incompressible which is not
according with the true condition and may result in an un-
derestimate of energy loss in the holes. Additionally, the
motion of air flow in the hole is solved in the time domain
in the CFDmodel, and the velocity and pressure obtained
need to be transformed from time domain to frequency
domain through Fourier transforms, which will increase
the complexity.

In this study, in order to accurately predict the normal
incidence absorption performance of an MPP with ta-
pered holes, an alternative approach based on FEM
has been presented. Especially, the emphasis has been
placed on the acoustic impedance of the single hole,
since the modeling of a single hole can take into account
the hole shapes which makes it suited to MPPs with
irregular-shaped holes. Furthermore, in our finite ele-
ment model, the air flow is modeled as viscous and
thermally conducting, compressible fluid which makes
the model built more in line with the actual situation.
The contents in this paper are arranged as follows
except the introduction given in the current section.
Maa’s model of an MPP absorber is briefly introduced
in Sec. 2 which will help to understand the finite
element analysis method used in this study. Then, a
finite element modeling procedure of a single cylindri-
cal hole as well as a tapered hole is established in
Sec. 3. In Sec. 4, the present model of the cylindrical
hole MPP and the tapered hole MPP is validated against
experimental results. In what follows, Sec. 5 conducts a
theoretical parameter study to investigate the impact of
each of these three parameters (such as the hole inlet
diameter, the hole outlet diameter and the panel thick-
ness) on the normal incidence absorption performance
of MPP absorbers with tapered holes. Section 6 is the
concluding remarks about this study. Finally, it is worth
noting that the whole study is based on the assumption
that the MPP is rigid and thus the panel vibration effect
can be neglected.
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2 MAA’S MODEL

Maa’s model of an MPP absorber was first put for-
ward in 1975, and simplified later, to allow the acoustic
properties of anMPP absorber to be precisely predicted1.
Maa’s calculation formula of absorption coefficients is
deduced from Rayleigh’s formulation for wave propaga-
tion in narrow tubes25. Based on these equations,
Crandall modeled dissipation in small cylindrical
tubes26, and Maa further developed Crandall’s model
for the case of very small holes in which the viscous
boundary layer spans the whole hole. For a cylindrical
hole model, assuming the sound pressure difference be-
tween the two ends of the hole to be Δp, the equation for
its normal specific acoustic impedance is expressed as:

zh ¼ Δp
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where ū is the average axial velocity of air in the tube, t is
the panel thickness, d is the diameter of the tube, � is the
dynamic viscosity constant of air, r is the air density,
m = �/r is the kinematic viscosity constant of air,
o = 2pf is the angular frequency of incident acoustic
wave, and j ¼ ffiffiffiffiffiffiffi�1

p
is the unit imaginary number. The

normal specific acoustic transfer impedance of an
MPP (plus end correction) can be given as:
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where s is the perforation ratio (total area of the perfora-
tion on a unit area of panel). The first term in Eqn. (3)
corresponds to the internal impedance of the holes.
The second term is the viscous end correction, which
accounts for the dissipative effects occurring in the panel
surface near the holes. The last term is the mass-end cor-
rection corresponding to the mass of air moving around
the opening of the holes. Total surface normal imped-
ance of the MPP layer is simply the sum of acoustic im-
pedance of the air cavity ZD and MPP ZM:

Z total ¼ ZM þ ZD; ð4Þ

with

ZD ¼ �jrc cot oD=cð Þ; ð5Þ
where D is the depth of the cavity. The resulting normal
incidence sound absorption coefficient a can be calcu-
lated as:

a ¼ 1� Z total � rc
Z total þ rc
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2
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3 FINITE ELEMENT MODEL OFA
SINGLE HOLE

3.1 Cylindrical Hole

A 2D acoustic FEM approach, the acoustic module in
COMSOL Multiphysics which has been widely applied
in simulation for fan noise control using micro-
perforated panels27,28, is used to calculate the specific
acoustic impedance of a single hole by defining proper
boundary and interface conditions. The modelwas made
axisymmetric to make the calculation time relatively
short. Figure 2(a) shows the cylindrical hole model.
Note that the axis for this axisymmetric geometry is at
the left of the sketch. Assuming a viscous and thermally
conducting, compressible flow, its motion is governed
by the following set of equations listed in Eqn. (7)29:
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where the first equation is the momentum equation (the
Navier–Stokes equation), the second is the continuity
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           a
a cylindrical hole

         b
 a tapered hole 

Fig. 2—Cross-sectional view of a single hole
model.
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equation and the third is the energy equation formulated
using the Fourier heat law. In Eqn. (7), the dependent
variables are pressure p, velocity u, temperature T, and
density r0; k is thermal conductivity; m is the dynamic
viscosity and describes losses due to shear friction; the
coefficient mB is the bulk viscosity and describes losses
due to compressibility (expansion and contraction of the
fluid);CP is the specific heat at constant pressure; I is the
unit vector. The boundary conditions used in this paper
are sound-hard boundaries, and there is no slip of the
viscous flow:

ub ¼ 0: ð8Þ
where ub describes the velocity on the boundary. The
mesh size used in this model is physically controlled
to be extremely fine (the finest grid size in COMSOL
Multiphysics) and there are 5678 mesh elements and
7984 nodes, as can be seen in Fig. 3(a). The boundary
condition at the inlet involves a combination of an in-
coming (amplitude 0.1, to ensure that the velocity is
low enough to avoid non-linear effects30) and outgo-
ing plane wave parallel to the flow or z direction
(see Fig. 2). At the outlet boundary, the model speci-
fies an outgoing plane wave. The outputs of the
COMSOL Multiphysics simulation are the complex
pressure and the axial complex velocity at each node.
For a cylindrical hole of constant diameter, the average
speed of each cross section is equivalent. Thus only
the inlet velocity of each node is required and the aver-
age axial velocity over the tube cross-section can be
given by:

v ¼ 1
pr02

XM
m¼1

2prmvmΔrm: ð9Þ

Here rm is the radial length of element m, r0 is the ra-
dius of the inlet section, Δrm is the radial distance be-
tween element m and element m � 1, vm denotes the

axial velocity of element m, and M is the total number
of elements in the cross section. The specific acoustic
impedance of the hole is calculated as:

zh ¼ p2 � p1ð Þ=!v: ð10Þ
Here, p1 denotes the inlet pressure and p2 is the outlet

pressure. The acoustic impedance of an MPP absorber is
then, with the addition of the acoustic impedance of the
cavity and end corrections,
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The normal incidence absorption coefficient for the
absorber can be calculated by Eqn. (6) as before.

3.2 Tapered Hole

The tapered hole model is also made axisymmetric
to make the time short, as illustrated in Fig. 2(b). The
equations of the problem solved and the boundary
conditions for the tapered hole model are set the same
as the cylindrical hole model. The mesh size is also
physically controlled to be extremely fine and there
are 4426 mesh elements and 5986 nodes, as can be
seen in Fig. 3(b). Since the average speed of each
cross section is unequal, the tapered hole is divided
into N short tapered shells, and each tapered shell
can be equivalent to a cylindrical tube of length
Δz = t/N if Δz is small enough. The acoustic imped-
ance of each of these short tubes is calculated accord-
ing to the cylindrical hole model and then added, and
the result is the total acoustic impedance of the ta-
pered hole:

zh ¼
XN
n¼1

pn;2 � pn;1!vn
: ð12Þ

Here, the complex pressure at the front side and rear
side of shell n are denoted as pn,1 and pn,2, respec-
tively. !vn denotes the average velocity at the front side
of shell n, which is also calculated by Eqn. (9). The
acoustic impedance of the tapered hole panel absorber
is then calculated as:

Z total ¼ zh
s
� jrc cot oD=cð Þ: ð13Þ

End corrections can in fact be neglected in this case
since the tapered hole is often used to enhance the ab-
sorption performance of thick panel absorbers which
results in low value of d/t (see Ref. 1). The normal in-
cidence absorption coefficient for the absorber is also
evaluated with the aid of Eqn. (6).

           a
 a cylindrical hole 

        b
 a tapered hole 

Fig. 3—Typical computational mesh in the
region of the perforation.
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4 MODELVALIDATION

As a preliminary validation of the finite element
modeling procedure, the normal incidence sound ab-
sorption characteristics of two MPP absorbers with cy-
lindrical holes are simulated and compared with
experimental data obtained in impedance tube using
standing wave ratio method31. The first numerical ex-
ample, namely sample No. 1, consists of an MPP with
relatively big holes (the hole diameter is usually larger
than 100 mm) fitted in front of a solid wall with a con-
stant air gap of D = 30 mm. Other structural parameters
of the MPP are d = 0.5 mm, t = 2 mm, s = 1.92%. The
second numerical example, namely sample No. 2, is
made of an MPP with ultra-micro perforations (the hole
diameter is smaller than 100 mm) together with an air
cavity of D = 20 mm behind it. The other structural
parameters are d = 0.044 mm, t = 0.2 mm,
s = 13.53%. Sample No. 1 is made out of epoxy resin
through the use of mechanical punching, as shown in
Fig. 4. MEMS technology is applied to fabricate sample
No. 2 using silicon chip, as shown Fig. 5. Both of the
panels are rigid enough to neglect the effect of panel vi-
bration. The simulation and measurement of the normal
incidence absorption coefficients for sample No. 1 are
carried out in 1/3 octave-band center frequencies

between 100 and 1600 Hz in the impedance tube with
100 mm in diameter. Similarly, the simulation and mea-
surement of normal incidence absorption coefficients
for sample No. 2 are carried out in 1/3 octave-band cen-
ter frequencies between 1500 and 6000 Hz using the
impedance tube with 29.6 mm in diameter. The results
obtained experimentally and by using FEM are com-
pared in Figs. 6 and 7, respectively. It can be seen from
Figs. 6 and 7 that the FEM results agree well with ex-
perimental results.

Finally, the normal incidence absorption coefficients
for MPP absorbers with tapered holes calculated by us-
ing FEM are compared with the experimental results
available in Ref. 13. The structure parameters are
shown in Table 1, where d1 is the hole inlet diameter
at the sound incident side, d2 is the hole outlet diameter
at the back side, t is the panel thickness, b is the dis-
tance between hole center (all of them are measured
in mm), and s is the perforation ratio (usually in %
and based on the hole inlet diameter). The comparison
result is plotted in Fig. 8, where it can be seen that the
numerical results compare well with the experimental
results. Slight differences between the curves may be
due to small manufacturing imperfections (see Ref. 13)
of the panels and their positioning inside the tube or
the neglect of the end correction.

Fig. 5—Photograph and SEM micrograph of
silicon MPP.
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Fig. 6—Comparison of normal incidence
absorption coefficient of sample No. 1.Fig. 4—Photograph of epoxy MPP.
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Fig. 7—Comparison of normal incidence
absorption coefficient of sample No. 2.
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5 NUMERICAL RESULTS AND FINDINGS

The acoustic properties of the tapered hole MPP
absorbers are investigated numerically using the finite
element procedure presented above. There is no optimi-
zation procedure behind the chosen dimensions for
parameters. Three sets of models were considered in
which the following parameters were changed: the hole
outlet diameter, the hole inlet diameter and the panel
thickness. The cavity depth is kept constant at 30 mm
under all conditions. The specific parameters for the
three sets of models are listed in Table 2. Note that in
Table 2, d1, d2, t, b, s, and D have the same meaning
and units as those in Table 1. Numerical results based
on finite element method are shown in Figs. 9, 10 and
11, respectively. It can be seen from Fig. 9 (set 1) that
with the hole inlet diameter remaining unchanged, the
absorption peak value increases as the hole outlet diam-
eter increases, and the absorption bandwidth tends to

become narrow. This may be because the increase of
the hole outlet diameter results in the slightly increasing
acoustic mass of the MPP when the hole outlet diameter
remains the same, and in the meanwhile makes its
acoustic resistance match the acoustic resistance of air
better. Figure 10 (set 2) indicates that when the hole
size of the inlet side increases, the maximum absorption
coefficient gradually decreases, but the absorption

Table 1—Structure parameters of an MPP absorber with tapered holes.

Structural
parameters

t
(mm)

d1
(mm)

d2
(mm)

b
(mm)

s
(%)

D
(mm)

Tapered hole MPP 10 0.5 0.8 5 0.79 56
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Fig. 8—Comparison of normal incidence
absorption coefficient of MPP
absorber with tapered holes.

Table 2—Structural parameters of three model sets.

Set 1: Hole outlet diameter Set 2: Hole inlet diameter Set 3: Panel thickness

d1 s t b d2 d2 t b s d1 d1 d2 b s t

0.3 1.77 8 2 0.4 0.9 8 4.5 0.35 0.3 0.4 0.8 4 0.785 4
0.3 1.13 8 2.5 0.5 0.9 8 4.5 0.62 0.4 0.4 0.8 4 0.785 5
0.3 0.76 8 3 0.6 0.9 8 4.5 0.97 0.5 0.4 0.8 4 0.785 6
0.3 0.58 8 3.5 0.7 0.9 8 4.5 1.39 0.6 0.4 0.8 4 0.785 7
0.3 0.44 8 4 0.8 0.9 8 4.5 1.89 0.7 0.4 0.8 4 0.785 8
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Fig. 9—Normal incidence absorption
coefficient of Set 1 MPP absorbers.
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Fig. 10—Normal incidence absorption
coefficient of Set 2 MPP absorbers.
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bandwidth has increasing trend. One possible reason is
that the porosity increases greatly as the hole inlet di-
ameter increases, which will lead to a significant de-
crease in the acoustic mass of the MPP, while a
relative small decrease in the acoustic resistance.
Figure 11 (set 3) shows that the maximum absorption
coefficient is shifted to low frequency as the panel thick-
ness increases, with no change in the absorption band-
width. One likely reason is that the increase of the
panel thickness just increases the acoustic mass of the
MPPs, but has little influence on their acoustic resis-
tance. The findings can help to strike a balance between
the maximum absorption coefficient and the absorption
bandwidth according to the actual demand, and if the
maximum absorption coefficient is desired, the hole
outlet diameter should be relative large and the hole inlet
diameter should be relative small. Conversely, if broad
absorption bandwidth is needed, the hole outlet diame-
ter should be relative small and the hole inlet diameter
should be relative large. Furthermore, if the noise is at
the low frequency range, the panel thickness is probably
suggested to be large.

6 CONCLUSION

In this paper, a finite element model (FEM) is built
to numerically study the acoustic properties of MPPs
with tapered holes, which is difficult for traditional an-
alytical models. Firstly, the finite element model of a
single hole needs to be established to obtain its specific
acoustic impedance, and then the normal incidence
acoustic impedance of an MPP can be calculated. Com-
pared with the traditional analytical models, the finite
element model is more simple and effective in handling
MPPs with irregular-shaped holes and thus has more
flexible applications. The validity of the FEM is exper-
imentally verified, and based on the FEM, a series of
numerical parametric studies on the normal absorption
performance of MPPs with tapered holes is conducted.

Results show that the absorption performance of MPPs
with tapered holes is mostly affected by both the hole
inlet diameter and the hole outlet diameters. When the
hole outlet diameter gradually increases or the hole inlet
diameter of the front side decreases, the maximum ab-
sorption coefficient increases, but the absorption band-
width decreases. In the meantime, panel thickness just
influences the resonance frequency corresponding to
the maximum absorption coefficient and the resonance
frequency is shifted to low frequency when the panel
thickness increases and vice versa. These findings are
meaningful in the design of MPPs with tapered holes.

In future work it would be useful to confirm the as-
sumption that the end corrections do not need to be
accounted for in the FEM calculations for thick MPPs.
Moreover, the optimization method and effective manu-
facturing method of MPPs with tapered holes to realize
a high absorption absorber with broader bandwidth
should be expected.
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