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Abstract: Micro-perforated panels (MPPs) are one of the most promising alternatives to conventional
porous sound-absorbing materials. Traditionally, the theory of the sound absorption properties
of MPPs is based on the assumption that MPPs are a homogeneous material with identical pores
at regular intervals. However, in recent years, some MPPs have not met these conditions, and
although a variety of designs have been created, their properties and prediction methods were
studied in only fewer works. In this paper, considering the wide variety of MPP designs, we made
a trial production of heterogeneous MPPs, which are MPPs with holes of different diameters, and
studied the prediction method applicable to these MPPs. We measured the normal incidence sound
absorption characteristics of those MPPs, backed by a rigid backing and air-cavity in-between, in an
impedance tube. The prediction method proposed in this work is to treat the heterogeneous MPPs as
combinations of several homogeneous components, and to combine them after applying the existing
theory on homogeneous MPPs to each component. As a result, except in a few cases, the measured
and predicted values of the absorption properties agreed relatively well. We also found that the
arrangement of the holes in the material and the depth of the back cavity affected the agreement
between the measured and predicted results.

Keywords: micro-perforated panels; sound absorption; prediction method; heterogeneity

1. Introduction

Recently, micro-perforated panels (MPPs) [1] have become widely known as one of
the most promising alternatives to conventional porous absorbers due to their durability,
hygiene benefit, recyclability, and designability.

Maa [2,3] first studied the absorption structure of MPPs and proposed a prediction
method for the absorption characteristics. Since Maa’s pioneering works, there have
been many studies on implementation [4-6], and various usage and applications have
been comprehensively reviewed in [7,8]. Not only these developments in research works,
but recently there have been various new sound absorbing products using MPPs with
sophisticated designs [9]. Another theory for designing the acoustical properties of MPPs,
proposed by Guo et al. [10], is considered to be useful: It is similar to Maa's theory, but
can include various resistive end correction treatments, and is applicable to holes with an
arbitrary cross-sectional shape. Both Maa’s and Guo’s theories assume that MPPs have
uniformly sized holes at a constant distance from each other, i.e., they assume homogeneous
MPPs taking the average of the impedances of holes and non-hole parts.

On the other hand, inhomogeneous absorption structures using MPPs, which are
combinations of alternately placed MPP absorbers with different specifications or MPP
absorbers with different air-cavity depths, have also been studied [11-13]. However, there
are few studies on the effect of the distribution of parameters in an MPP. Carbajo et al.
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studied the acoustical properties of a heterogeneous perforated panel by the admittance
sum method (ASM), parallel transfer matrix (PTM), equivalent circuit method (ECM), and
finite element method (FEM) with the JCA model, and compared the results [14]. They
did not give the experimental results but reported that all these analytical and numerical
methods provide similar results. In addition, Carbajo et al. remarked that special attention
must be paid to the type of back cavity configuration.

More recently, in a case study on the absorption characteristics of an MPP with
distributed hole diameters due to the lower production accuracy, Pan and Martellotta
showed that a relatively good prediction of absorption characteristics was possible using
the mean hole diameter in the case that the deviation is smaller [15]. On the contrary,
Sakagami et al. [16] reported a case study of MPPs produced by a 3D printer of non-
professional use, in which hole diameters were distributed randomly due to the lower
production accuracy: It was shown that the predicted values, using the mean hole diameter
as the representative diameter in the existing theory, were not in good agreement with
the measured results. Works discussing the effect of heterogeneity of a sound absorber
on its acoustic properties have been performed in previous papers in relation to the
manufacturing accuracy for various sound absorbing materials, e.g., Helmholtz resonator,
porous type, etc., in which the heterogeneity is observed and the discussion of its effect
was given [17-19]. Hereafter, MPPs with heterogeneous parameter distribution are defined
as heterogeneous MPPs, and are distinguished from inhomogeneous absorption structures
that have different MPP absorbers periodically [11-13].

In the conventional design of MPP, the fixed-diameter holes are at fixed intervals. In
other words, conventional MPPs are homogeneous in many cases However, in order to
increase the variety of the design, a combination of holes with different diameters is also
used nowadays [20]. This was expected to have a visual effect as if the number of holes
was reduced using a combination of larger holes and hardly visible smaller holes. In such
a case, it is difficult to predict the acoustic properties of the system properly by the usual
prediction methods. Therefore, it is necessary to explore the prediction method.

In this work, first as a case study to show examples of the sound absorption character-
istics of heterogeneous MPP absorbers with an air-cavity and rigid-backing, heterogeneous
MPP specimens, i.e., MPPs with different hole diameters, are designed and produced by
precision micro-drilling. For these specimens, their normal absorption characteristics are
measured in an impedance tube. Next, in order to explore a prediction, the method for
these heterogeneous MPPs is discussed. For the prediction, we assume a homogeneous
part of the MPP, which is a collection of holes of equal diameter from the heterogeneous
MPP, apply Guo’s theory [10] to them to obtain the impedance, and then try to combine
the impedance of each part obtained. Then, the measured results are compared with the
predicted values to confirm the usability of the prediction method.

2. Prototype of the Test Specimen and the Experimental Procedure

In order to assess the acoustical properties of heterogeneous MPPs with different hole
diameters, precision manufactured samples were prepared and an impedance tube test
was performed. In this section, the specimens used and the outline of the experiment
are described.

2.1. Specimens

For the experiment, four types of heterogeneous MPP specimens with different hole
diameters were prepared: Specimens (A), (B), (C), and (D). They are all made from an
aluminum plate of 0.5 mm thickness and perforated by a computer-controlled micro-
drilling machine, of which accuracy is +/—25 pm in hole diameters and hole positions that
is high enough. Their specifications are as follows, and their parameters are as shown in
Table 1. It should be noted that, as the perforation ratio is not constant over the surface
of these specimens, the perforation ratio shown in the table is the average value over the



Acoustics 2021, 3

475

whole surface of each material, i.e., the value gained by dividing all the holes’ surface area
by the surface area of each specimen.

Table 1. Parameters of the specimens. Note that the perforation ratios denote average values.

Parameters
Specimens
Hole Diameters (mm) Perforation Ratio (%) Thickness (mm)
Specimen (A) 0.3/0.9 0.753 0.5
Specimen (B) 0.3/0.9 0.753 0.5
Specimen (C) 0.3/0.5/0.7/0.9 0.677 0.5
Specimen (D) 0.3/0.5/0.7/09/1.1 0.624 0.5

- Specimen (A): An MPP with holes of 0.3 and 0.9 mm in diameter (Figure 1). These two
types of holes are placed in alternate rows. The holes are arranged in a row (15 holes
per row), but the number of rows is not the same for each diameter. In this case, the
number of rows for holes of 0.3 mm diameter was 8 and the number of holes was 120,
while the number of rows for holes of 0.9 mm was 7 and the number of holes was 105.
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Figure 1. (a) Photograph of specimen (A); (b) profile sketch of specimen (A).
- Specimen (B): An MPP with a 0.3 mm diameter hole and a 0.9 mm diameter hole,

arranged separately on the left and right sides (Figure 2). The number of holes for
each diameter is the same as for specimen (A).
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Figure 2. (a) Photograph of specimen (B); (b) profile sketch of specimen (B).

- Specimen (C): An MPP with holes of diameters 0.3, 0.5, 0.7, and 0.9 mm, arranged so
as to increase from smallest to largest (Figure 3). The number of rows for each hole
diameter is not constant: For the 0.9 mm diameter holes there are 3 rows, whereas
for the other diameter holes there are 4. The numbers of the holes are: 60 (0.3, 0.5,
0.7 mm), and 45 (0.9 mm).
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Figure 3. (a) Photograph of specimen (C); (b) profile sketch of specimen (C).

- Specimen (D): As shown in Figure 4, specimen (D) consists of five different hole
diameters, 0.3, 0.5, 0.7, 0.9, and 1.1 mm, arranged from the center to the periphery,
with the diameter increasing as one moves towards the outside. The numbers of the
holes are: 4 (0.3 mm), 12 (0.5 mm), 20 (0.7 mm), 28 (0.9 mm), and 36 (1.1 mm).
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Figure 4. (a) Photograph of specimen (D); (b) profile sketch of specimen (D).

2.2. Measurement Setup

The normal incidence absorption coefficient was measured in accordance with JIS A
1405-2 [21] (ISO 10534-2 compatible [22]) using an impedance tube (with a square cross-
sectional shape, a size of 10 by 10 cm, and a maximum measurement frequency of 1700 Hz.
The distance of the microphones is 50 mm), as shown in Figure 5. The air-back cavity
between a specimen and the rigid-back wall were set to the three cases: 25, 50, and 75 mm.
Figure 6 shows diagrams of the measurement equipment. The measurement was made at
1.25 Hz steps from 125 to 1700 Hz.

Figure 5. A photograph of the measurement setup using an impedance tube.
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Figure 6. A diagram of the measurement equipment. The distance between the two microphones
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was 50 mm.

3. Prediction Method

As mentioned earlier, the widely used theories for determining the acoustic impedance
of MPPs, such as Maa’s theory, Guo’s theory, etc., all treat the acoustic properties as being
homogeneous over the entire surface of the material. For heterogeneous MPPs, such as
the ones considered in this study, it is not possible to obtain appropriate predictions using
the averaged parameters over the entire surface with the general theory [16]. On the other
hand, the material treated in this study is locally homogeneous in each part, even if it is
heterogeneous on the whole. Therefore, it can be considered that each sample consists of
hypothetical MPPs, in which the holes of each diameter are arranged in a homogeneous
way. Thus, in the following, we will apply Guo’s theory of homogeneous MPP to each
hypothetical MPP on the specimen to obtain the acoustic properties of the hypothetical
MPP, and then synthesize them to obtain the overall acoustic properties (for the outline of
Guo’s theory, see Appendix A).

Considering a specimen of surface area S with different holes of diameters dy, dy, . .. ,
dy, its surface impedance is defined as Zyjpp. Then, assuming the hypothetical MPPs with
holes of each specific diameter only in surface area S, the impedance of each MPP is defined
as Zmpp1, ZMpPP2, - - - » ZMmppn- Namely, when the impedance of the hypothetical MPP with
the hole of diameter d; is Zypp;1, the impedance of the hypothetical MPP with the hole of
diameter d; is Zyppy; the other hypothetical MPPs are considered in the same way (see
Figure 7).
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o 0 O O
°© 0 O @)
°© 0 O O
o0 O 0O Zypp, S
°© 0 0O O
d; d, dy
] T .
o :O[ :O\
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° 1o, LOJ
d d; d
! Zmpp,1 2 Zmpp2 ZMPPn n

Figure 7. Diagrams of the hypothetical MPPs. The upper MPP is the original MPP, and the lower
MPPs are the hypothetical MPPs, which have holes of each diameter only in surface area S.
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The surface impedance of the original specimen Zyspp is considered to be the impedance
that is obtained by synthesizing impedances of the hypothetical MPPs, Zyipp1, Zmppo, - - - &
Zyvppy- Therefore, Zypp is derived by the following equation:

1
Impp = 71— @

i=1 Zpp,i

where Zypp; is the impedance of a hypothetical MPP with holes of d;.

The impedances of the hypothetical MPPs are calculated as follows: A hypothetical
impedance Zypp; is considered as the synthesized impedance of the part with the holes
and that of the other part without holes, which are acoustically rigid. The surface area of
the part with holes is S;, and its impedance is Z;. For deriving Z;, the perforation ratio is
calculated by dividing the total area of the holes in the part, by the area of this part S;. S;
was determined by assuming that each hole has an area equal to the square of the distance
between the holes, i.e., S; = Npiz, where N is the number of the holes of diameter d;, and
p; is their hole separation. The surface area of the part without holes is (S — S;), and its
impedance is considered to be infinity. Therefore, Zypp; is expressed by the following
equation, with Z,;4; as the acoustic impedance of a rigid panel, i.e., infinity. This calculation
procedure is shown in Figure 8:

ZMPPi = T35 1 55 = §Zi 2

Acoustically
rigid

O O O O O ©O

\di,Si,Zi S—S5j,00
[

S, Zvipp,i

Figure 8. A diagram of the calculation procedure for the impedance of a hypothetical MPP. The area
surrounded by the dashed line is the part with holes, and the hatched area is the part without holes,
which is acoustically rigid.

The values of Zypp1, Zmpp2, - - - » ZMppy are calculated by Equation (2) and substituted
into Equation (1), then Zypp become as follows:

-1

1 S 1 u

ZMPP = " s = " g = 7l Y = <Z riYi> (3)
i=1 57; i=17; i=1"1 i=1

By denoting Z;~! as Y;, the acoustic admittance and factor r;, the equation can be
written in the form of the admittance sum method (ASM). In the following calculation, S; is
set to the area occupied by a row of holes, which is determined by the spacing of the holes.

4. Results and Discussion

In this section, measured and predicted results are shown in comparison for discussing
the applicability of the present method of the prediction given above. The measured and
predicted results of normal incidence absorption coefficient are shown in comparison in
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Figures 9-11. In the case of a cavity depth of 25 mm, the measured and predicted curves
are in good agreement, except for specimen (D).
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Figure 9. Measured results for the normal incidence absorption coefficient and their comparison with predicted values
when the air cavity is 25 mm. Solid line: Measured; dashed line: Predicted. The parameters of Specimens (A-D) are detailed

in Table 1
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Figure 11. Measured results for the normal incidence absorption coefficient and their comparison with predicted values

when the air cavity is 75 mm. Solid line: Measured; dashed line: Predicted. The parameters of Specimens (A-D) are detailed

in Table 1 and Figures 1-4.

In the case of a cavity depth of 50 mm, the two curves are also in relatively good
agreement, except for specimen (D). In some cases, there are small peaks in addition to
the resonator peak. However, they do not affect the agreement around the main peak.
In the case of a 75 mm cavity depth, all the measured results show three (in some cases
four) peaks, i.e., the one that should be the resonator peak typical to MPPs is at the middle
frequency, and two or three additional peaks are observed in several cases at higher and
lower frequencies. Regarding these additional peaks, they appear at almost the same
frequencies in all cases, i.e., they do not move when the cavity depth is changed. It may,
therefore, be considered that this is an effect of the natural vibration of the sample plate,
since they moved a little when the cavity depth was changed. We confirmed that the
natural frequencies of 100 mm square aluminum plate (simple support case) are 248 Hz
for (1,1) mode, and 1240 Hz for (1,3) and (3,1) modes (degenerated). Therefore, the peaks
at around 200-250 Hz and 1200 Hz are considered to be caused by the natural vibration
of the sample plate. In some cases, a sharp peak at around 1700 Hz is found, which can
also be attributed to the natural vibration of the sample plate, i.e., (2,3) and (3,2) modes
(degenerated) at 1612 Hz.

On the other hand, the two curves agree to some extent around the middle frequency
peak, except for specimen (D). In the case of specimen (D), a much larger discrepancy is
observed at whole frequency ranges: The shape of the curve of the absorption coefficient is
different, even around the peak. Therefore, it is concluded that the measured curve does
not agree with the predicted curve well when the air cavity is deep. This discrepancy could
be considered as follows: The plane wave in the back cavity, which is used in the theoretical
calculation, may not work well due to the stronger heterogeneity of the sample.

Next, in order to discuss the effect of the arrangement of holes, the results of specimens
(A) and (B) are examined in detail. These two specimens consist of the same combination
of holes, while their arrangements of holes differ. This difference can be interpreted as
follows: Specimen (A) is an MPP in which holes of two different diameters are arranged
alternately row by row, whereas specimen (B) is an MPP in which the holes are arranged
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separately on the left and right sides. In these cases, the predicted value naturally becomes
the same, though the measured values are different. Comparing them, a larger discrepancy
between the measured and predicted results is observed for specimen (B). This difference
in arrangement causes the difference in acoustic properties between these specimens.
This may be caused by the change in the sound field in the impedance tube: In the case
of specimen (B), the plane wave in the tube might be distorted by the asymmetry of
the specimen.

On the other hand, the largest discrepancy is observed in the case of specimen (D),
which has different numbers of holes of different diameters and therefore has the largest
heterogeneity in the arrangement of holes over the specimen surface. The above results
suggest that the larger heterogeneity in the arrangement of holes over the specimen sur-
face results in a larger discrepancy between the measured and the predicted absorption
characteristics.

For reference, the error of the predicted value is numerically calculated and sum-
marized. The RMS error of the predicted results over all frequencies is calculated by the
following equation and shown in Table 2:

n
RMS error = % Y (&pre — Fmea)’ (4)
i=1

where apre is the predicted absorption coefficient, #mea is the measured absorption coeffi-
cient, and # is the number of measured data points. In order to confirm that these error
values are comparable with the error of the theoretical values calculated by Guo’s theory in
the case of a homogeneous MPP, the RMS error of the theoretical value for a homogeneous
MPP is also calculated and shown. The homogeneous MPP is made of an aluminum plate
perforated by micro-drilling in the same manufacturer. Its parameters are shown in Table 3.
The measurements were conducted in the same way as shown in Section 2.

Table 2. RMS error in all conditions.

Thickness of MPP Specimens
Air Cavity Specimen (A) Specimen (B) Specimen (C) Specimen (D) Homogeneous MPP
25 mm 0.03996 0.07254 0.03492 0.13020 0.05439
50 mm 0.02710 0.09156 0.02632 0.09570 0.04160
75 mm 0.06945 0.08251 0.06705 0.09218 0.03386

Table 3. Parameters of the homogeneous MPP used for reference.

Parameters
Hole Diameter (mm) Perforation Ratio (%) Thickness (mm)
Homogeneous MPP 0.5 0.785 0.5

In most cases, RMS errors of heterogeneous MPP specimens are almost the same range
as the homogeneous cases. However, RMS errors in the case of specimen (D) are the largest
among the four heterogeneous specimens in all air-cavity depth cases, and much larger
than those in the homogeneous MPP case. In a comparison of specimens (A) and (B), larger
error values appear for specimen (B). In addition, larger errors tend to appear when the air
cavity is deep, while no such tendency is recognized in the homogeneous MPP case. These
tendencies are observed in Figures 9-11.

Regarding the shifts of the peak frequencies, the relative error is calculated as follows:

‘fpre - fmea|/fmea x 100 (0/0) 5)
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where fpre and fmea are the peak frequencies of the predicted and measured values. For
specimens (A), (B), and (C), the value is around 5.18%, and there was no clear tendency. This
range of relative error is similar to the homogeneous case (5.06% at maximum). However,
for specimen (D), the error was larger than 5% and 8.1% maximum. Thus, for the prediction
of the peak frequency, the largest error was also found in the case of specimen (D).

5. Conclusions

In this paper, heterogeneous MPPs with some different hole diameters were produced.
Those absorption characteristics, with a back-air cavity and a rigid wall, measured in the
impedance tube were compared with those predicted by the proposed method.

We found that the present prediction method is in relatively good agreement with the
measured values, except for some cases where the air cavity is deep or the specimen has
relatively large heterogeneity. Therefore, it is possible to predict the absorption properties
of heterogeneous MPPs with different hole diameters using the proposed method. The
large discrepancy in the absorption characteristics in the case of a deep air cavity can be
attributed to the differences in the sound field inside the air cavity due to the heterogeneity
of the material. Therefore, the present method gives a more appropriate prediction of
the normal incidence sound absorption coefficient by the acoustic tube method when the
air back cavity is relatively small. However, the method may not be applicable when
the heterogeneity in the arrangement of holes over the specimen surface is too large.
Examining the applicability of this method by experiments using additional specimens
with other combinations of holes and additional cases of air-cavity depth will be a matter
of future study.
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Appendix A. Outline of Guo’s Theory

In this work, Guo’s model was used for the calculation of the acoustic impedance of
an MPP. Guo’s model [10] is introduced and summarized in Bolton and Kim [23], Herdtle
et al. [24], and Okuzono et al. [25]. Here, only the outline of Guo’s model is given for the
readers’ convenience.

The surface impedance of a single-layer MPP absorber with an air-back cavity and a
rigid back wall, Z,,,s, is written by the following equation, with the transmission impedance
of the MPP, Z;, and the backing impedance of the rigid-backed air layer:

Zsurf = Z; — jpoco COt(koL) (A1)

where j, po, co, ko, and L are the imaginary unit, air density (1.205 (kg/ m?)), sound speed in
air (m/s), wavenumber in air, and the depth of the air-back cavity (m), respectively.
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Z; is expressed as follows:

7, = ]wfgt + ocZgRs n ]wfocs (A2)

where w, t, ¢, and J are the angular frequency (rad/s), panel thickness (m), perforation ratio
(-), and end correction factor, respectively. Note that when « = 2, Guo’s theory becomes the
same as Maa’s theory in [2], which is widely used.

The first term of Equation (A2) signifies the effect of viscous energy loss inside the
hole: Here, p, is the effective density, which is expressed by the following equation in the

case of a circular hole:

oo =pos |1 - — 21V (A3)
sv/= Jo(s/=))

where ] and J; are Bessel functions of the first kind of zero-th and first orders, respectively.

The parameter s is defined in the case of a circular hole:

s =r\/wpo/1 (A4)

where 7 is the radius (m) and 7 is the viscosity of the air (kg/m/s). In the case of a
microperforation of arbitrary cross-sectional shape, p, is given as follows:

_ vy
Pe = Po (1 + Top Gc(s)) (A5)
where o is the flow resistivity (Pa-s/ m2), which becomes o = 717/ rpz in the case of a square
hole, with 7, as the parameter defined by the perimeter of the cell / (m) and the cross-
sectional area S (m?), which is the equivalent radius r, = 25/1 (m). G, (s) is given as

follows:
G s hVD [ 2 By
GO =Y T e [1 s\ﬁﬂo(sﬁ)] "o

s = cy/8wpo /o (A7)

The second term in Equation (A2) signifies the end correction due to the surface
admittance, and the parameter R; is given by the following equation:

Rs = \/2npow /2 (A8)

The coefficient « in the second term of Equation (A2) is dependent on the shape of
the edge of the perforation. This means that Guo’s model depends on the sharpness of the
edge: When the cross section of the hole edge is rounded, it is 2.0, if it is sharp, the value is
4.0. The third term is the end correction, expressed by ¢, which is for a circular hole ¢ = J,
as follows:

with

5 = 0.85d (1 ~1.13¢1/2 — 0.09¢ + 0.27¢3/ 2) (A9)
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