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Micro-perforated panel (MPP) absorber is increasingly gaining popularity as an alternative sound absor-
ber in buildings compared to the well-known synthetic porous materials. A single MPP has a typical fea-
ture of a Helmholtz resonator with a high amplitude of absorption but a narrow absorption frequency
bandwidth. To improve the bandwidth, a single MPP can be cascaded with another single MPP to form
a double-layer MPP. This paper proposes the introduction of inhomogeneous perforation in the
double-layer MPP system (DL-iMPP) to enhance the absorption bandwidth of a double-layer MPP.
Mathematical models are proposed using the equivalent electrical circuit model and are validated with
experiments with good agreement. It is revealed that the DL-iMPP produces a wider half-absorption
bandwidth compared to the conventional homogeneous double-layer MPP. The absorption bandwidth
to higher frequencies can be effectively controlled by reducing the air cavity between the iMPPs and
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to the lower frequencies by increasing the back cavity depth at the second layer.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

A micro-perforated panel (MPP) has been introduced as an alter-
native absorber to the traditional fibrous and porous absorbers. The
MPP absorber is made of a thin panel containing a set of tiny holes
with less than 1 mm in diameter [1,2]. The MPP is then placed in
front of a rigid wall separated by an air cavity to generate a sound
absorption mechanism similar to a Helmholtz resonator when it
is impinged by a sound field. The frequency of its absorption peak
can be controlled by adjusting the hole diameter, the perforation
ratio, thickness of the panel, or the back air cavity. As the MPP
can be made of a solid panel, its optical feature adds aesthetic value
and provides attractive appearances in room interior.

Numerous studies have been proposed to improve the absorp-
tion frequency bandwidth of the MPP. The studies presented mod-
ifications of the conventional single layer of MPP which include
installation a honeycomb structure at the back of the MPP [3,4],
construction of holes with tapered geometry [5,6], reduction of
hole diameter into ultra-micro size [7], addition of parallel-
extended tubes [8,9] and introduction of inhomogeneous perfora-
tion [10].
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The performance of a single MPP can also be improved by add-
ing layers of MPP to form a multi-layered MPP system [1,11-14].
The multi-layered MPP produces additional resonant peaks, which
enhances the absorption frequency bandwidth. The peak frequen-
cies can be controlled by adjusting the air cavity between the MPPs
and the back air cavity, which controls the bandwidth of the half-
power absorption (absorption coefficient is more than 0.5). Most
recently, Qian et al. [15] proposed a double-layer MPP by modify-
ing the back cavity into sub-cavities with different depths. It was
demonstrated that absorption coefficient of almost unity can be
achieved in the frequency range of 400 Hz to 2 kHz by controlling
the hole diameter, the perforation ratio, and the cavity depth. The
same performance can also be achieved within frequency range of
1.5-6.5 kHz for other combinations of parameters. These two sets
of double-series MPPs can then be combined into a parallel
arrangement to form an MPP system with a wider absorption
bandwidth.

This paper proposes a double-layer MPP model where each
layer of the single MPP comprises of inhomogeneous perforation
(denoted here as DL-iMPP). It combines the benefit of a double-
layer MPP and inhomogeneous perforation to provide a further
improvement on the absorption frequency bandwidth, as demon-
strated in [10,11]. The double-layer MPP proposed here is devel-
oped with uniform cavities for ease of construction. Also, it is
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perforated with conventional sub-millimetric holes to reduce the
dependency on the sophisticated technology to produce holes with
the accuracy up to 0.01 mm as presented in [15,16].

The mathematical model used here employs the equivalent
electrical circuit model (ECM) to represent the acoustic impedance
of the DL-iMPP system. The ECM was used in various works related
to MPP, starting from the pioneering work by Maa [1] to the sub-
sequent works in an attempt to improve the absorption bandwidth
of the MPP absorbers. The ECM has been demonstrated to predict
the absorption coefficient quite accurately [10,15,17-19]. How-
ever, the application of ECM is limited for evenly distributed holes
in the panel [17]. In addition, it cannot accurately predict the cavity
impedance between MPPs [20], and it ignores the additional fluid
mass from neighboring holes which can increase the resonant fre-
quency especially when the distance between holes is relatively
small [21].

In this paper, the mathematical model is first proposed for the
DL-iMPP model using the ECM and followed by the experimental
work to validate the proposed model. Finally, the parametric study
is presented discussing the performance of sound absorption of the
DL-iMPP for different perforation parameters, different cavity
depths between the iMPPs, and also different back cavity depths.

2. Governing mathematical model
2.1. Single MPP absorber

The basic structure and the theory of the micro-perforated
panel (MPP) absorber was first proposed by Maa [1,2]. It consists
of a single MPP with thickness t and sub-millimetric perforation
holes, backed by a rigid wall with an air cavity of depth D. The
schematic diagram of this MPP is shown in Fig. 1(a). The specific
acoustic impedances of the MPP consist of a resistive part (corre-
sponds to the viscous effect between the air and inner surface of
the hole) and an imaginary part (corresponds to the inertial motion
of air in the hole) given by

ZMPP = Zresistance +Zreactance =T +jcom (l)
with
3t X2 xdv2
r_pcdzp ( +32+8t) (2)
t X\ ? 085d

normal incident
sound wave

rigid wall

(@)

Fig. 1. Schematic diagram of uniform-size single layer MPP absorber and its equivalent electro-acoustic circuit.

where x = d/2\/wp/n, p is the perforation ratio = (1/4) = (d/b)* [1],
d is the diameter of the holes, b is the distance between holes cen-
ters, p = 1.2 kg/m? is the density of air, c= 344 m/s is the speed of
sound, w is the angular frequency (in radian per second) and

7 = 1.84 x 107° Pa.s is the viscosity of air.

The impedance of the air cavity, D is given by

Zp = —jcot (%D) (4)

Note that all the impedances in Egs. (1)-(4) have been normal-
ized by the impedance of air, pc. The equivalent electric circuit
model (ECM) for the acoustic impedance of the MPP is shown in
Fig. 1(b). The total acoustic impedance is thus given by

Ziotal = Zmpp +Zp (5)
The sound absorption coefficient is calculated by

o = 4Re{ztotal}
(1 + Re{Zowar})* + IM{Ziora}

The normalization of the impedance in Egs. (1)-(3) with the
perforation ratio, p implies that the hole impedance is evenly dis-
tributed across the plate surface [22]. This assumption is valid for
the case where hole locations are also evenly distributed in the
plate, and the distance between holes is much smaller than half-
wavelength of the impinging sound. In his model, Maa [1]| might
have indirectly considered the effect of the hole distance on the
impedance. A more detailed study, however, can be referred to
the work in [23], where the hole distance b is varied, while the per-
foration ratio p is maintained (unevenly distributed holes). The end
correction of the hole impedance is then modified using the Fok’s
function, given by the ratio between then perforation ratio and
the hole distance, p/b. The study reveals that as the hole distance
b decreases, the peak frequency of absorption coefficient shifts to
lower frequency. This is due to the additional mass from the
nearby holes at the vicinity of hole edge affecting the resonant fre-
quency of the MPP. The model proposed in this paper assumes the
holes are located far apart and this hole interaction effect is there-
fore not taken into account.

(6)

2.2. Double-layer inhomogeneous MPP absorber

The sound absorption performance of MPP, especially towards
the low-frequency bandwidth can be improved by adding another
layer of MPP to form a double-layer MPP absorber [11]. In this

study, a similar double-layer arrangement MPP model is
T m
pc

Zp

®)
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proposed, but now each MPP is equipped with inhomogeneous
perforation (iMPP). This combination is to integrate the advan-
tages of a double-layer MPP and the inhomogeneous perforation
in a single system (DL-iMPP) which can widen the absorption fre-
quency bandwidth. The model structure is created by arranging
two MPPs in series. Each panel has two sub-MPPs having a differ-
ent hole diameter and perforation ratio to create an inhomoge-
neous pattern, as shown in Fig. 2. The first layer of the
inhomogeneous MPP is denoted as iMPP;, and the second layer
is iMPP;,

For the second layer iMPP,, two cases are discussed in this
paper regarding the back air cavity of the iMPP;:

(i) The back cavity has a partition separating the cavity. Each
sub-MPP has its own, isolated back cavity.

(ii) The back cavity has no partition, where both sub-MPPs share
the same back cavity.

2.2.1. Back air cavity with partition

The ECM where the back cavity of iMPP, is separated by a par-
tition is shown in Fig. 3. Similar studies of using ECM to model
MPPs with separated cavity are also presented in [17,24] which
show an accurate prediction and much simpler calculation com-
pared to other models.

The two iMPPs are assumed to be acoustically rigid to disregard
the vibration effect on the panel under acoustic loading. The
impinging sound wave is at normal incidence. The specific acoustic
impedance for iMPP; is

111
ZiMPP1 ZMPPSUM ZMPPsubz

(7)

where the impedance of each sub-MPP, Zypp,
Eq. (1).

The next step is to solve the impedance for the second layer
iMPP. The second layer of the iMPP consists of two sub-MPPs

is calculated using
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Fig. 2. Schematic diagram of the double layer inhomogeneous MPP absorber.

backed by the same depth of air cavity, D,. The cavity is separated
by a partition forming a parallel arrangement between the corre-
sponding sub-MPPs. The specific acoustic impedance of the second
layer including each corresponding back cavity therefore consists of

Z3 = Zmpp,,, + Zp, (8)
Zy = Zwpp,,, + Zp, 9)
and its equivalent impedance is therefore given by

1 as Ay
S B} 10
Za 7 Z (10)

where a; = As/Amper, and as = As/Ajvpp,, are the area ratio for
MPPgyp3 and MPPgyp4, respectively. Fig. 4 shows the ECM where
the impedance of Z3 4 is parallel with the impedance of the air cavity
between the iMPPs, i.e. Zp,.

From Fig. 4, the total impedance is thus given by

1 17!
Zpr-impp = Zimpp, + [E + Tm} (11)

Note that the impedance of the cavity between the iMPPs, Zp,
(calculated using Eq. (4)) is approximated here to be the same as
the impedance by the air cavity backed by a rigid wall [1,24].
The sound absorption coefficient can be calculated by using Eq. (6).

2.2.2. Back air cavity without partition

In this model, the back air cavity of the second layer of iMPP; is
of uniform depth, and without a separated partition. The ECM is
shown in Fig. 5. The specific acoustic impedance of the second
layer, iMPP;, is given by

1 1 1
Zivep,  ZMPPyy;  ZMPPy,

(12)

And the total impedance of the second layer including its
backed cavity is thus given by

Z34 = Zimpp, +Zp, (13)

The simplified ECM is the same as in Fig. 4. The total impedance
can thus be calculated using Eq. (11) and the absorption coefficient
can be obtained from Eq. (6).

3. Model validation
3.1. Experimental setup

For the experiment, all the iMPP samples were made of PVC-U
material with thickness of 1 mm and 2 mm. The iMPPs were
arranged in a cylindrical case made of the same material with an
outer diameter of 33 mm to fit in the impedance tube, as shown
in Fig. 6. The perforation parameters used are based on the findings
in [10], where the two sub-MPPs at each iMPP layer were con-
structed with a large difference in hole diameter and perforation
ratio between the corresponding sub-MPPs to produce a wide fre-
quency bandwidth of absorption. The perforation ratio, the hole
diameter, and the thickness of each iMPP are shown in Table 1.
Fig. 7 shows the cross-section view of the arrangement of the iMPP
samples in the cylindrical casing.

Measurement of the absorption coefficient was performed in an
impedance tube based on the transfer function method according
to the ISO 10534-2 [25]. The tube has an inner diameter of
33 mm and an outer diameter of 55 mm. The distance between
the first microphone and the loudspeaker is 212.5 mm, the dis-
tance between the two microphones is 22.5 mm, and the distance
from the second microphone to the front of the sample is 85.5 mm.
This setup arrangement gives the lowest valid frequency of around
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Fig. 3. The electrical equivalent circuit model for the case where the back cavity of the iMPP; is separated by a partition.

ZiMPP,

pc

ZD| 23‘4

Fig. 4. The simplified electrical equivalent circuit model of Fig. 3.

500 Hz [25]. Two %:-in pre-polarised free-field acoustic micro-
phones (GRAS 40AE) with %-in CCP pre-amplifier (GRAS 26CA)
were used. The microphone’s sensitivity was calibrated using Briiel
& Kjaer sound calibrator type 4231 at 114 dB level and 1 kHz. The
schematic diagram of the measurement setup is shown in Fig. 8.

3.2. Experimental results and validation
The comparison between the predicted and the measured nor-

mal absorption coefficient of the DL-iMPP is shown in Fig. 9 for
the case where the cavity has a partition. The results are presented

ZMPP,

ZMPPsubZ

in the frequency range of 500 Hz to 3 kHz to focus only at the area
of high absorption.

It can be observed that the predicted and the measured results
have a good agreement. Some fluctuations of peaks can be seen in
the measured results, but in general, the trend of the absorption
coefficient between the two results is almost the same. The fluctu-
ations within the frequency range of 1-2.5 kHz, shown in Fig. 9(a)
and (b), are maybe due to the vibration of the thin partition in the
second layer back air cavity, which may also cause an unstable
sound field in the cavity.

Based on the measured results, the half-absorption bandwidth,
i.e., where the absorption coefficient has a value of at least 0.5,
extends from 500 Hz to 1.70 kHz in Fig. 9(a), 500 Hz to 2.65 kHz
in Fig. 9(b) and from 500 Hz to 2.6 kHz in Fig. 9(c).

In Fig. 10, the results are presented for the DL-iMPP without the
partition in the second layer cavity. The measurement data, in gen-
eral, has the same trend with the proposed model. In Fig. 10(a) and
(b), particularly, it can be seen that the fluctuations are now much
less compared to those in Fig. 9. The half-absorption bandwidth
extends from 500 Hz to 1.6 kHz in Fig. 10(a), 500 Hz to 2.7 kHz
in Fig. 10(b), and 500 Hz to 2.75 kHz in Fig. 10(c). However it
can be observed here that the first peak frequency from the predic-
tion over-estimates the measured peak frequency. As the first peak
strongly corresponds to the back cavity depth at the second layer
(see later in Section 4.3), this disagreement may be due to the

ZMPP, 5

ZD1 ZMPpsuh4

Fig. 5. The electrical equivalent circuit model for the case where the back cavity of the iMPP; is not separated by a partition.
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Fig. 6. The iMPPs samples and the cylindrical cases used in experiment: (a) iMPP4, (b) iMPP5, (c) casing with a partition and (d) casing without a partition.

Table 1
Perforation parameters of the test iMPPs samples.
Sample Parameters
d; (mm) d, (mm) p1 (%) p2 (%) t (mm)
iMPP, 0.9 0.4 0.6 3.0 1
iMPP, 0.3 0.5 3.5 1.5 2

(@)

Partition

Cylindrical
Case

Cylindrical
iMPP, Case

iMPP,

Fig. 7. Cross-section views of the DL-iMPP samples: (a) with a partition separating the back cavity of the iMPP, and (b) without the cavity partition.
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assumption made in the ECM, where the impedance of the back air
cavity is modelled as a shared impedance to both sub-MPPs (see
Fig. 5), while in reality, each sub-MPP at certain degree may still
act independently with the back air cavity, similar to the case for
the cavity with partition.

The next section discusses the comparison of sound absorption
of the double-iMPP system with and without the partition in the
back cavity for other MPP parameters calculated from the proposed
models.

4. Model simulation
4.1. DL-iMPP with and without the cavity partition

Figs. 11-13 plot the absorption coefficient of DL-iMPP, with
and without the partition at the second layer cavity, for different
perforation parameters and cavity depths. It can be seen that
introducing the partition slightly shifts absorption peaks to the
lower frequency. The degree of the frequency shift depends on
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Parameters of double-layer homogeneous MPP (DL-MPP) and double layer inhomogeneous MPP (DL-iMPP).

(a)

Model MPP layer 1 MPP layer 2

d; (mm) d; (mm) p1 (%) p2 (%) t (mm) d; (mm) dz (mm) p1 (%) p2 (%) t (mm)
DL-MPP 1 0.9 0.16 1.0 03 4.0 2.0
DL-MPP 2 0.3 1.0 1.0 0.5 3.2 1.0
DL-iMPP 0.9 0.3 0.16 4.0 2.0 0.5 0.3 1.0 3.2 1.0
(b)
Model MPP layer 1 MPP layer 2

d; (mm) d; (mm) p1 (%) p2 (%) t (mm) d; (mm) d; (mm) p1 (%) p2 (%) t (mm)
DL-MPP 1 0.9 3.2 0.5 0.7 3.2 0.5
DL-MPP 2 0.2 1.5 1.0 0.3 1.5 1.0
DL-iMPP 0.9 0.3 0.6 1.5 0.5 0.2 0.7 3.2 1.0 1.0
(©
Model MPP layer 1 MPP layer 2

d; (mm) d; (mm) p1 (%) p2 (%) t (mm) d; (mm) d; (mm) p1 (%) p2 (%) t (mm)
DL-MPP 1 0.8 3.5 0.5 0.3 0.8 0.5
DL-MPP 2 0.3 2.5 2.0 0.8 3.5 2.0
DL-iMPP 0.8 0.3 0.6 2.5 0.5 0.3 0.8 3.5 0.8 2.0

= =DL-MPP 1
----- DL-MPP 2
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Fig. 14. Comparison of absorption coefficients between inhomogeneous DL-iMPP and homogeneous DL-MPP (cavity depth: D,

the perforation parameters for each iMPP in the DL-iMPP
system.

The distinct peaks for the case of partitioned cavity at 800 Hz
in Fig. 12(a) and 600 Hz in Fig. 12(b), and also at 600 Hz at Fig. 13
(a) and at 500 Hz in Fig. 13(b) are contributed from the second
layer iMPP controlled by the diameter of the holes as highlighted
in [10]. The DL-iMPP with the partitioned back cavity can, there-
fore, be of benefit for sound absorption targeted at a lower fre-
quency. However, as it can also be observed, the difference in

1
1500
Frequency, Hz

= =DL-MPP 1

1 L

2000 2500 3000

20 mm, D, = 32 mm).

half-absorption bandwidth is insignificant for both cases. More-
over, if the finding from the measurement is taken into account,
i.e. where the first peak frequency from the measurement appears
slightly at the lower frequency than the peak from the prediction,
then the difference of absorption coefficient between the two
cases (with and without partition) is even smaller. For the subse-
quent sections, the parametric study is presented only for the
DL-iMPP system without the back cavity partition for ease of
analysis.
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4.2. DL-iMPP and DL-MPP

This section discusses the comparison of absorption coefficients
between the double-layer MPP with homogeneous perforation
(denoted here as DL-MPP) and from the double-layer MPP with
inhomogeneous perforation (DL-iMPP). The perforation parame-
ters for both systems are listed in Table 2. For a clear comparison,
the hole diameter and the perforation ratio for the DL-iMPP are
taken from the parameters of the homogeneous DL-MPP to observe
the improvement provided by the DL-iMPP. The cavity depths are
the same.

Fig. 14 demonstrates that the DL-iMPP produces a significantly
wider absorption bandwidth and larger amplitude of absorption
coefficient compared to those from the DL-MPP. Again, the
optimum absorption frequency bandwidth and amplitude for the
DL-iMPP system can be obtained, provided that each iMPP layer
consists of a combination of large hole diameter with a small per-
foration ratio and small hole diameter with a large perforation
ratio. This configuration has been shown in [10] to produce wide
absorption bandwidth for a single iMPP.

4.3. Effect of cavity depth

To optimize the advantage of a double-layer system, the cavity
depths can be controlled to produce a combination of absorption
bandwidth of each layer of the iMPP. Fig. 15 shows that reducing
the cavity depth between the two iMPPs improves the frequency
bandwidth in the high frequency region (Fig. 15(a)) while increas-
ing the back air cavity (between the second layer iMPP and the
rigid wall) improves the bandwidth of the low frequency region
(Fig. 15(b)).

The former, however, can be observed to produce greater effect
in improving the absorption bandwidth towards the higher fre-
quency region. It can be seen that for D; = 15 mm and
D, = 30 mm in Fig. 15(a), the half-absorption bandwidth (where
o > 0.5) can extend from 600 Hz up to 3 kHz and more. However,
as the absorption peaks from the corresponding iMPP (in this case
at 1 kHz and at 2.75 kHz) become further apart, the dip produced
between the two peaks becomes significant. This can be seen for
D; = 10 mm and D, = 20 mm, where the dip at 2.25 kHz has an
absorption coefficient of 0.50. The half-absorption bandwidth
increases, but this is compromised with the reduction of absorp-
tion coefficient level between the two peaks of absorption.

5. Conclusion

Sound absorption performance of a double-layer MPP with
inhomogeneous perforation has been presented. The mathematical

models have been validated with experimental data with good
agreement. The DL-iMPP with a partition in the back cavity is
shown to shift the resonant peaks to a lower frequency. However,
the improvement of the half-absorption bandwidth compared to
the system without the partition is insignificant.

The DL-iMPP has also been demonstrated to produce a wider
frequency band of absorption compared to the homogeneous DL-
MPP. The results show that the absorption bandwidth in the high
frequency region increases with the reduction of the front cavity
depth between the two iMPPs. Meanwhile, the absorption band-
width in the lower frequency region increases with the increase
in the back cavity depth at the second layer. However, despite
the increase of the absorption bandwidth in the low and high fre-
quency regions, the reduction of the absorption coefficient due to
the formation of dip between the two resonant peaks of absorption
must be taken into consideration.

The future study can be extended to propose a mathematical
model serving as a design guide for constructing the DL-iMPP.
The simple model should enable users to directly obtain informa-
tion of the perforation parameters and the cavity depths based
on the target frequency band of interest for sound absorption.

It is also of interest to further investigate the effect of size of the
DL-iMPP system relative to the impinging sound wavelength. As
the size becomes much larger than the wavelength (high frequency
case), the sound may ’see’ the impedance of the sub-MPP in the
panel individually rather than as a combined impedance of an
inhomogeneous perforation. In this case, as highlighted in Ref.
[26], the sound absorption amplitude may be lower than that pre-
dicted by the proposed model. This could lead to the design consid-
eration for the periodic structure consisting of multiple DL-iMPPs,
that the size of each single DL-iMPP must be much smaller than the
wavelength of the target maximum absorption frequency. To
observe this phenomenon, validation through experiment, espe-
cially in the diffuse-field incidence can be performed.
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