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ABSTRACT

As for the sound absorbing system using an MPP (microperforated panel), a double-leaf MPP sound
absorber has been studied so far. However, this structure uses two MPPs, which are still expensive, and is
disadvantageous when its cost is concerned. Therefore, it is considered that it can be advantageous if one
of the leaves can be replaced with a less expensive material keeping high sound absorption performance.
In this study, the possibility of producing a useful sound absorbing structure with an MPP and a
permeable membrane as an alternative less expensive material is examined. The acoustic properties of
this MPP and permeable membrane combination absorber are analysed theoretically with a Helmholtz
integral formulation. The absorption performance and mechanism are discussed through the numerical
examples. Also, the effect of a honeycomb in the air cavity, which is to be used for reinforcing the
structure, is also discussed through a theoretical analysis.



1. INTRODUCTION

For sound absorption treatment in architectural and building acoustical purposes, porous and
fibrous absorbents are most widely used. However, porous and fibrous absorbents have various
shortcomings in the health problems, durability, and recyclability, etc.. As an alternative sound absorbing
material, so-called next-generation sound absorbing materials have been studied so far. There have been
proposed many types of next-generation sound absorbing materials including an MPP (microperforated
panel) [1-4] and a permeable/impermeable membrane [5-10]. The MPP is one of the most promising
alternatives among those next-generation sound absorbers. MPPs are usually used being placed with a
rigid-back wall with an air-cavity in-between, and shows the Helmholtz-type resonance absorption with
its perforations and the cavity. It is also known that a double-leaf MPP, using two leaves of MPP, with a
back wall shows wider and more efficient sound absorption [1,2,11]. There are many studies on various
applications of MPPs [11-15].

The sound absorbing structure using two MPP leaves is already employed in various practical
situations, however, MPPs are still expensive and are therefore disadvantageous when the cost is
concerned. Considering this problem, it can be useful and advantageous, if one of its two MPP leaves
with another less expensive material, and if it can be possible to construct an efficient sound absorber
with it.

So far the authors have studied a double-leaf panel-like space sound absorber with an MPP and
a permeable membrane [16], and show that this structure offers somewhat better sound absorption
performance than a double-leaf MPP space sound absorber (DLMPP) [17,18]. However, the same
studies only consider the case of a space sound absorber, and it is not discussed in the case of an
absorber with a rigid-back wall, which is more general usage.

In this study, a sound absorbing structure with an MPP and a permeable membrane with a
rigid-back wall and air-cavities in between is theoretically analysed to derive its sound absorption
characteristics and to discuss its sound absorption mechanism. Also, the effect of a honeycomb in its
air-cavities is discussed with theoretical analysis: the honeycomb in the cavity is found to improve not
only its structural strength but also its sound absorption performance [19, 20]. A discussion is made
through the numerical examples.

2. THEORETICAL CONSIDERATIONS

2.1 Model for analyses

The model for analyses of a double-leaf sound absorbing structure with an MPP and a
permeable membrane (PM) with a rigid-back wall and air cavities is shown in Figs. 1 and 2. Two
alternative combinations are shown in these figures: In Fig. 1 the case with an MPP on the illuminated
side (MPP-PM absorber) is shown and in Fig. 2 that with a PM on the illuminated side (PM-MPP
structure) is shown. The rigid-back wall is in x-y plane, and both the MPP and PM, as well as the back
wall are all of infinite extent. The incidence wave is a plane wave of unit pressure amplitude and
impinges at the angle of incidence 6. The parameters of the MPP are: thickness t, hole diameter d,
perforation ratio p. The flow resistance and the tension of the PM are R and T, respectively. The first leaf
(either MPP or PM on the illuminated side, i.e., left hand side) is assumed to have the surface density,
acoustic impedance and vibration displacement of My, Z;, wy(x), respectively. For the second leaf (either
MPP or PM in the middle, i.e., right hand side), they are assumed to be M,, Z,, w,(x), respectively. The
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depths of the air cavities 1 and 2 are D; and D,, respectively. The time factor exp(-iat) is suppressed
throughout. All impedances in the analyses are normalised to pyCo: py is air density (1.2[kg/m®]) and c is
the sound speed in the air (340[m/s]).

According to Maa’s theory [2], the acoustic impedance of the MPP, Zypp, is expressed with its
acoustic resistance r and the acoustic reactance om, as follows:

Zypp =T —im 1)
2
= 3277t2 K +1+£K9 (2
PP,C,d 32 8 t
a)m:gt 1+#2+0.85E ®)

where, k _q [“Po (4)
4n

The acoustic impedance of the PM, Zpy, is expressed by

Zoy = R (5)
PoCo

where, o is the angular frequency, 7 is the viscosity coefficient (1.789%10°[Pa s]). The acoustic
impedance of the PM in the above is that in the case of immovable membrane, i.e., the sound induced
vibration of the membrane is here not taken into account: the sound induced vibration is considered later
by making the equation of sound field interacted with that for vibration.

2.2 Analysis based on Helmholtz-Kirchhoff integral

In this section the theoretical analysis in the case with an MPP on the illuminated side
(MPP-PM structure: Fig. 1) is presented. The following formulation is easily applied to the case with a
PM on the illuminated side (PM-MPP structure: Fig. 2).

The surface sound pressure on the illuminated side surface of the MPP is expressed by a
Helmholtz-Kirchhoff integral as follows:

i = op,(r,)
PL(%0) =2, (x0) - [ L 0T HE (ko - X,y Q)

where, p; is the pressure of the incidence wave, n the outward normal, Ho‘l) is the first-kind Hankel
function of zero order. The boundary condition on this surface is:

apy(r) _

2 ; 7
L= oW (%) + ALK AP (%)) O

Here, Ami=p0Co/Z1, Ko is the wavenumber, AP, is the difference of the pressure of the both sides of the
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MPP. From these equations, the sound pressure on the illuminated side surface of the MPP is expressed
as follows:

PLX0) = 2P, 040) 5 [ [7s0" W (5,) + 1Ay Py (Ko OIHE (o~ (8)

The sound pressure and the particle velocity in the regions [I1] and [IIl] are expressed as
follows, according to the general form for the solution of a plane wave:

Pys (X, Z) — (X 2Iseikgzcose +Y2vse—ikoz cos @ )eikoxsin 0 (9)
cos 0 i y o
V2‘3 (X, Z) = - (X 2,38IKOZCOSH _ Yzyge IkDZCOSH)eIko)(SInH (10)
0~o

where X, 3 and Y,, 3 are the pressure amplitude of the propagating wave going to +z and —z directions,
respectively. Here, when a honeycomb is inserted in the cavities, the sound waves in the cavities
propagates only into +/- z directions (8=0) only, and =0 should be substituted in the terms in () of
egns. (9) and (10).

The boundary conditions are as follows:

v, (x,0) = —iaw, (x) + 22 (12)
(D) = o, () + 22 (12)
Vy(x,D,) = —im, () +AF’Z:(X) (13)
v4(x,D, +D,)=0 (14)

where AP is the difference of the sound pressure of the both sides surfaces of the PM.

From egns. (11)...(14), X, 3 and Y, 3 are obtained. The sound pressure on the transmitted
(back) side surface of the MPP is obtained from X, and Y,. The sound pressure on the illuminated (left)
side surface of the PM is obtained from X5 and Y.

The vibration displacements of the MPP and PM w;,(x) are obtained by using the unit
response of the leaves u; 5(x) as follows:

w () = [ [p(£,0) - p, (£ 0, (x—&)dé (15)

w, ()= [p,(&,D;) — ps (£, D)lu, (x - &)dé (16)

Using Fourier transform technique, the above equations can be solved in the wavenumber space. Here,
Fourier transform and inverse transform are defined as follows:



F(k) = % [ f (e *ax (17)

f(x)= f‘; F (k)e™dk (18)

The solution obtained by solving the above equations using Fourier transform technique, the
final form of the reflected pressure is obtained as follows:

L 1P’ Ty (ki 0) —ko AL O LA, (ky $in 0) + AT, (K, Sin6) + Ag}} — (19)
k,cos@

p,(x,2) = [1

where T'1 5, ®1, and A, 3 are the functions including the acoustic impedances of the MPP and PM and
cavity depths, which are expressed as follows:

[ (———PATOOAB ~D®AR
1 _1+(D1A +®1(D2AZBI +q)sz_chcD2ABZ

_(Dl(DZASBl _q)sz +(l)1(D2AiB3

T, (k) =
2(k) —1+ DA +O,0,AB +D,B, - ,d,AB,

@, =22U,(K)0, ®,=21U,(K)O,
0L o_ L
2EK -K
A =2(1,-L)EJ, +1,3,, +1,K
A, =—(l, = 1,)(K+J,J,)-2ElJ,
A, =—4EJ,
B, =2E(l,—L)+1,J,
B, =—2El, - (I, - 15)J,
B, =—4E
C,=(e"-e"")cosh, C,=(e* —e”“)cosh

E— PoCo E = PoCo F, = PoCo

cz,' ' cz, PGz
G=ip,c,w
H,=e+e™, H,=e""+e?"
_6 _HG _H.G

I ) I ’ I

e 2= ¢, ¢,
J,=1-EH,+M, J,=1-FH,+FH,
K =4EF -J,J,

Py’ M = Ko An

Jk2—k? Jk,2 —k?

¢ =k,D, cosd, o =k,D, cosd

where U, ,(k) are the Fourier transforms of u;,(x) and expressed as follows. In this case, Uy(K) is the
transformed unit response of the MPP, and U,(k) is that of the PM.



_ 1 . p Etl-in,) 20
1(k)_27z(Dk4—pta)2)' b= 120-v?) (0)

U (k):; (21)
z 27(Tk? =M, 0?)

where p, E, s, v, and D are the density, Young’s modulus, loss factor, Poisson’s ratio and bending
stiffness of the MPP, respectively.

As for the MPP (in this case it is assumed to be an elastic plate), the effect of the bending
vibration, such as coincidence effect, is known to be negligible in the sound absorption [16, 18], it is
neglected hereafter and approximated by the following equation:

() P — (22)
! 27(-M,0?)

Regarding the PM, the effect of the tension T is known to be negligible in the case of infinite
extent [5], the tension is neglected, i.e., T=0 is applied hereafter.
The absorption coefficient is obtained from the reflected pressure as follows:

(7 :1_‘pr‘2 (23)

The field-incidence-averaged sound absorption coefficient « is obtained by taking the average of «y
from 0 to 78 degrees of the incidence angle.

78° A
~ J'OD a,sindcosd (24)

a= 78°
J'OQ sin@cosado

If the absorbing surface is rather small and used as a space absorber, it can be more reasonable to
average from 0 to 90 degrees. However, in the preliminary studies, no significant difference was found
between 78 and 90 degrees, therefore, in this paper averaging to 78 degrees (field-incidence-averaged
value) is consistently used unless otherwise noted.

3. SOUND ABSORPTION CHARACTERISTICS IN THE CASE WITH AN MPP ON THE
ILLUMINATED SIDE (MPP-PM STRUCTURE)

3.1 General discussion

The main features of the sound absorption characteristics of the MPP-PM structure (Fig. 1) are
summarised in this section. In order to detailed discussion the characteristics are compared with those of
the sound absorbing structures shown in Fig. 3.

An example of the calculated result is shown in Fig. 4. The parameters of the MPP and PM are
both typical values: the thickness (t), hole diameter (d), perforation ratio (p) and surface density (Mwpp)
of the MPP are 0.3 [mm], 0.3 [mm], 1.0 [%] and 1.0 [kg/m?], respectively. The flow resistance (R) and
surface density (Mpy) of the PM are 816 [Pa s/m] and 1.0 [kg/m?], respectively. The depths of the air
cavities between the MPP and PM (D;) and between PM and the rigid-back wall (D,) are both 50 [mm].
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In Fig. 4, the MPP-PM structure shows the characteristics of a resonance type absorber, which
is very similar to the single-leaf wall-backed MPP absorber. At low frequencies, 31.5 ... 125 Hz, the
absorption coefficient is low, and at middle frequencies, 125 ... 1 kHz, the coefficient drastically
increases reaching a significant peak of 0.8...0.9 at around 1 kHz. Above the peak frequency the
coefficient steeply decreases. A couple of peaks appear at around 4 and 8 kHz, but these are rather small:
these are considered to be caused by the higher order resonance of the system. As they are very sharp
and dependent on the angle of incidence, in the case of field-incidence-averaged value, they become
very low as is averaged. Therefore, in practice these peaks are not significant in sound absorption
performance.

Comparing this example with a common double-leaf (wall-backed) MPP absorber, the width of
the absorption frequency range is almost the same. Regarding the peak value, the proposed structure
with a PM shows higher value than a common double-leaf MPP. When it is compared with a common
single-leaf (wall-backed) MPP absorber, it can be stated that the characteristics are much improved, both
in the absorption frequency range and the peak value, by using a PM.

3.2 Sound absorption mechanism

Here the sound absorption mechanism of the MPP-PM structure is discussed in comparison
with the characteristics of a common single-leaf (wall-backed) absorber. To make the discussion clear
and simple, the discussion is limited to the normal incidence case. All the parameters are the same as
those in Fig. 4. For the reference, the sound absorbing structures compared for the discussion are shown
in Fig. 5.

The calculated result is shown in Fig. 6. From this example, the increase at low to mid
frequencies (lower than 500 Hz) shows similar value to that in the case of the single-leaf with an air
cavity of 100 [mm] deep (Fig. 5(b)). The peak frequency is also similar to the same case. At high
frequencies (above 1 kHz) the peaks of higher order resonances are similar to the case of the single-leaf
with an air cavity of 50 [mm] deep (Fig. 5 (c)). On the other hand, the value of the absorption coefficient
of the MPP-PM structure is higher than the other structures.

From the above discussion, the MPP-PM structure shows the following features: The
absorption caused between the MPP and the back wall with 100 [mm] deep cavity contributes to mainly
the low frequency characteristics of the present structure. On the other hand, that caused between the
MPP and PM with 50 [mm] deep cavity contributes to mainly the mid to high frequency characteristics
of the present structure. As the values around the peak are higher than a common single-leaf structure
used to comparison here, the PM contributes to make the peak higher and efficient absorption.

4. SOUND ABSORPTION CHARACTERISTICS IN THE CASE WITH AN PM ON THE
ILLUMINATED SIDE (PM-MPP STRUCTURE)

4.1 General discussion

The main features of the sound absorption characteristics of the PM-MPP structure (Fig. 2) are
summarised in this section. In order to detailed discussion the characteristics are compared with those of
the sound absorbing structures shown in Fig. 7.

An example of the calculated result is shown in Fig. 8. The parameters of the MPP and PM are
the same as those in Fig. 4. From Fig. 8, it is observed that the PM-MPP structure shows porous-like
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absorption characteristics in which a typical feature of a PM clearly appears: At low frequencies the
absorption coefficient is low. At middle frequencies (125...1kHz) the value drastically increases, and in
this example, a peak of around 0.85 appears at around 750...1kHz. The value decreases to about 0.7
above the peak frequency, and fluctuates between 0.6 and 0.75 up to 4 kHz. Thus, the sound absorption
performance of this system is improved than a common double-leaf MPP absorber (with a back-wall),
especially the difference is significant at high frequencies. On the other hand, when this absorber is
compared with a single-leaf PM absorbing structure, there is little difference in their sound absorption
performance, which means that the contribution of the MPP is very little. In other words, single PM
sound absorbing structure is of somewhat good sound absorbing performance, and in such a case with a
PM on the illuminated side the use of MPP can be said to be almost useless.

4.2 Sound absorption mechanism

Here the sound absorption mechanism of the PM-MPP structure is discussed in comparison
with the characteristics of a common single-leaf (wall-backed) PM absorber. To make the discussion
clear and simple, the discussion is again limited to the normal incidence case. All the parameters are the
same as those in Fig. 4. For the reference, the sound absorbing structures compared for the discussion
are shown in Fig. 9.

An example of the calculated result is presented in Fig. 10. From this example, the increase
from low to mid frequencies (below 500 Hz) is almost completely in agreement with that in the case of
the air cavity depth 100 [mm] (Fig. 9(b)). At high frequencies (above 2 kHz) it is not only very similar
to that in the case of air cavity depth 50 [mm] (Fig. 9(c)), but also almost agrees quantitatively. On the
other hand, in any case, the characteristics differ at middle frequencies.

From the discussion above, the absorption mechanism of the PM-MPP structure is interpreted
as follows: At low frequencies the characteristics are close to those of air cavity depth 100 [mm], which
means that the absorption taking place between the PM and rigid-back wall is dominant. At high
frequencies the characteristics are close to those of air cavity depth 50 [mm], which means that the
absorption taking place between the PM and MPP is dominant. In that, the contribution of the PM is
large and that of the MPP is small.

5. EFFECT OF THE HONEYCOMB IN THE CAVITY

In the previous studies [19, 20] it is shown that the honeycomb in the air cavity of an MPP
sound absorbers has an effect to increase the peak absorption and to broaden the absorption frequency
range. Here, expecting the mechanical reinforcement of the present proposed sound absorption
structures and the improvement of the sound absorption performance, the sound absorption
characteristics of the honeycomb inserted cases are discussed. In this section all the results are
calculated under field-incidence-averaged condition.

5.1 The case with an MPP on the illuminated side (MPP-PM structure)

The effect of a honeycomb in the air cavity is discussed in the case of the sound absorbing
structure with an MPP on the illuminated side (MPP-PM structure: Fig. 1). For reference the
comparison is made with the characteristics of the sound absorbing structures in Fig. 11.

Calculated results are shown in Fig. 12. Comparing the case with a honeycomb in the air
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cavity D; (Fig. 11(b)) and that without a honeycomb (Fig. 11(a)), it is observed that the peak shifts to
lower frequencies and becomes lower. In the previous studies [19, 20], it is not observed the peak to
decrease by the effect of a honeycomb. Therefore, this decrease of the peak is a feature particular to the
sound absorber of this type. This is inferred that the resonance peak becomes lower due to the PM which
damps the standing wave in the air cavity. This problem needs further study and will be a subject of the
sequels. Sound absorbing frequency range also does not show significant difference: it is not much
different from that of the case without a honeycomb (Fig. 11(a)).

On the other hand, in the case of inserting a honeycomb in the air cavity D, (Fig. 11(c)), the
result is different from that presented above: Comparing it with the result without a honeycomb (Fig.
11(a)), the peak shifts to lower frequencies and increases as reported in the previous studies [19, 20].
The absorption frequency range also changes and becomes wider.

In the case inserting honeycombs in the both air cavities, D; and D, (Fig. 11(d)), the peak
shifts to lower frequencies and becomes higher, as well as, the absorption frequency range becomes
wider than the case without a honeycomb (Fig. 11 (a)). However, the change is smaller than that in the
case of a honeycomb in the air cavity D, only (Fig. 11(c)). This is because, as mentioned above, the
effect of the honeycomb in the air cavity D; which deteriorates the peak absorption, and this cancels out
the effect of the honeycomb in the air cavity D..

5.2 The case with a PM on the illuminated side

The effect of a honeycomb in the air cavity is discussed in the case of the sound absorbing
structure with a PM on the illuminated side (Fig. 2). For reference the comparison is made with the
characteristics of the sound absorbing structures in Fig. 13.

Calculated example is presented in Fig. 14. In the case with a honeycomb in the air cavity D,
(Fig. 13(f)) the absorption coefficient increases and the frequency range becomes wider than that
without a honeycomb (Fig. 13(e)). In the case with a honeycomb in the air cavity D, (Fig. 13(g)) the
absorption frequency range broadens to lower frequencies and the absorptivity increases, though the
difference is small at higher frequencies.

In the case with honeycombs inserted in the both air cavities D; and D, (Fig. 13(h)), the
absorption frequency range becomes wider and the absorptivity becomes higher than that without a
honeycomb, which is similar to the case with a honeycomb in the air cavity D, (Fig. 13(f)). Particularly,
regarding the absorption frequency range, in this case the honeycombs show the most significant effect.

6. CONCLUDING REMARKS

In this study, the sound absorption characteristics of a double-leaf structure composed of an MPP
and a permeable membrane (PM) with a rigid-back wall are theoretically studied, and discussed through the
numerical examples.

In the case with an MPP on the illuminated side, the characteristics become quite similar to
those of a common single-leaf MPP absorber with a back wall, showing the typical feature of resonance
type absorption at middle frequencies. Regarding the absorption mechanism of this type, it is considered
that the low frequency absorption is mainly caused between the MPP and back wall, and that the mid to
high frequency absorption is mainly caused between the MPP and PM. The chief effect of the PM in this
case greatly appears as the increase of the peak absorption and the broadening of the absorption
frequency range.



In the case with a PM on the illuminated side, the characteristics are dominated by those of the
PM, which results in the absorption characteristics similar to a porous absorbent which produces high
absorptivity at mid to high frequencies. At low to mid frequencies, the characteristics are mainly
dominated by the absorption caused between the PM and back wall, whilst the absorption caused
between the PM and MPP is dominant at mid to high frequencies. The contribution of the MPP to the
total absorption is very small: it only appears at mid to high frequencies.

From the above, although the absorption structure with a double-leaf of an MPP and PM with
rigid back wall can be efficient when the PM is on the illuminated side, in this case the MPP does not
contribute to the total absorption and is almost useless. On the other hand, when the MPP is on the
illuminated side, the absorption performance of the MPP is greatly improved by the PM, which is
considered to be efficient.

Regarding the use of the honeycomb in the air cavities of the absorption structure of these
types, in both cases, i.e., the cases with an MPP on the illuminated side and with a PM on the
illuminated side, the improvement of the absorption performance is observed as reported in the previous
works. However, in the case with the MPP on the illuminated side, when a honeycomb is inserted in the
air cavity of just behind the MPP, the absorptivity deteriorates by the effect of the honeycomb, which is
a very particular result to this type of the absorption structure.
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Captions of figures

Fig.1 The model for theoretical analysis for the case with the microperforated panel (MPP) on the
illuminated side (MPP-PM structure).

Fig.2 The model for theoretical analysis for the case with the permeable membrane (PM) on the
illuminated side (PM-MPP structure).

Fig.3. Sound absorbing structures to be compared with the MPP-PM structure. (a) MPP—PM structure,
(b) double-leaf MPP structure with a back wall, (c) single-leaf MPP structure with a back wall.

Fig.4. Calculated result of the field-incidence-averaged absorption coefficient of the MPP-PM structure
in comparison with that of other absorption structures in Fig. 3. Thick line: MPP-PM structure, Thin

line: common single-leaf MPP, and Dashed line: common double-leaf MPP. Parameters: MPP : t=0.3mm,
d=0.3mm, p=1.0%, Myep=1.0kg/m?. PM : R=816Pa s/m, Mpy=1.0kg/m?, D;=D,=50mm

Fig.5. Configurations of common single-leaf MPP absorbers to be compared with the MPP-PM structure.
(a) MPP—PM structure, (b) common single-leaf MPP with air-cavity of 100 mm deep, (c) common
single-leaf MPP with air-cavity of 50mm deep.

Fig.6. Comparison of the MPP-PM structure with common single-leaf MPP absorbers (normal
incidence). Thick line: MPP-PM, Thin line: single-leaf MPP with 100 mm air cavity, and Dashed line:
single-leaf MPP with 50 mm air cavity. Parameters are the same as those in Fig. 4.

Fig.7. Sound absorbing structures to be compared with the PM-MPP structure. (a) PM-MPP structure,
(b) double-leaf MPP structure with a back wall, (c) single-leaf MPP structure with a back wall.

Fig.8. Calculated result of the field-incidence-averaged absorption coefficient of the PM-MPP structure
in comparison with that of other absorption structures in Fig. 7. Thick line: PM-MPP, Thin line:
single-PM, and Dashed line: double-leaf MPP.

Fig.9. Configurations of common single-leaf MPP absorbers to be compared with the PM-MPP structure.
(a) PM-MPP structure, (b) common single-leaf MPP with air-cavity of 100 mm deep, (c) common
single-leaf MPP with air-cavity of 50mm deep.

Fig.10. Comparison of the PM-MPP structure with common single-leaf PM absorbers (normal
incidence). Thick line: PM-MPP structure, Thin line: single-PM with 100 mm air cavity, and Dashed
line: single-PM with 50 mm air cavity. Parameters are the same as those in Fig. 4.

Fig.11. Sketches of the honeycomb inserted in the air cavities of the MPP-PM structure. (a) without
honeycomb, (b) honeycomb inserted in the air cavity D;, (¢) honeycomb inserted in the air cavity D, (d)
honeycomb inserted in the both cavities.

Fig.12. Effect of the honeycomb in the air cavity of the MPP-PM structure. Parameters are the same as
those in Fig. 4. Curves with (a)...(d) correspond to the configurations (a)...(d) in Fig. 11, respectively.
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Fig.13. Sketches of the honeycomb inserted in the air cavities of the PM-MPP structure. (a) without
honeycomb, (b) honeycomb inserted in the air cavity D;, (¢) honeycomb inserted in the air cavity D,, (d)
honeycomb inserted in the both cavities.

Fig.14. Effect of the honeycomb in the air cavity of the PM-MPP structure. Parameters are the same as
those in Fig. 4. Curves with (e)...(h) correspond to the configurations (e)...(h) in Fig. 13, respectively.
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Fig.1 The model for theoretical analysis for the case with the microperforated panel (MPP) on
the illuminated side (MPP-PM structure).
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Fig.2 The model for theoretical analysis for the case with the permeable membrane (PM) on the
illuminated side (PM-MPP structure).
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Fig.3. Sound absorbing structures to be compared with the MPP-PM structure. (a) MPP—PM structure,
(b) double-leaf MPP structure with a back wall, (c) single-leaf MPP structure with a back wall.
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Fig.4. Calculated result of the field-incidence-averaged absorption coefficient of the MPP-PM structure
in comparison with that of other absorption structures in Fig. 3. Thick line: MPP-PM structure, Thin
line: common single-leaf MPP, and Dashed line: common double-leaf MPP. Parameters: MPP :
t=0.3mm, d=0.3mm, p=1.0%, Mupp=1.0kg/m?. PM : R=816Pa s/m, Mpn=1.0kg/m?,
D;=D,=50mm
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Fig.5. Configurations of common single-leaf MPP absorbers to be compared with the MPP-PM structure.
(a) MPP—PM structure, (b) common single-leaf MPP with air-cavity of 100 mm deep, (¢) common
single-leaf MPP with air-cavity of 50mm deep.
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Fig.6. Comparison of the MPP-PM structure with common single-leaf MPP absorbers (normal
incidence). Thick line: MPP-PM structure, Thin line: single-leaf MPP with 100 mm air cavity, and
Dashed line: single-leaf MPP with 50 mm air cavity. Parameters are the same as those in Fig. 4.
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Fig.7. Sound absorbing structures to be compared with the PM-MPP structure. (a) PM-MPP structure,
(b) double-leaf MPP structure with a back wall, (c) single-leaf MPP structure with a back wall.
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Fig.8. Calculated result of the field-incidence-averaged absorption coefficient of the PM-MPP structure
in comparison with that of other absorption structures in Fig. 7. Thick line: PM-MPP structure, Thin
line: single-PM, and Dashed line: double-leaf MPP.
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Fig.9. Configurations of common single-leaf MPP absorbers to be compared with the PM-MPP structure.
(a) PM-MPP structure, (b) common single-leaf MPP with air-cavity of 200 mm deep, (c) common
single-leaf MPP with air-cavity of 50mm deep.
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Fig.10. Comparison of the PM-MPP structure with common single-leaf PM absorbers (normal
incidence). Thick line: PM-MPP structure, Thin line: single-PM with 100 mm air cavity, and Dashed
line: single-PM with 50 mm air cavity. Parameters are the same as those in Fig. 4.
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