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ABSTRACT

A double-leaf microperforated panel space absorber (DLMPP) is composed of two
microperforated panels (MPPs) placed in parallel with an air-cavity in-between, without a back
wall or any backing structure. This was proposed as a space sound absorber, which can be used
for a sound absorbing screen or partition. A conventional MPP absorber with a rigid back wall
is effective only around its resonance frequency, which is usually at middle frequencies, and not
effective at low frequencies. However, a DLMPP can be effective also at low frequencies,
because an additional sound absorption is produced by its acoustic flow resistance. In the
authors' previous work, theoretical analyses on the acoustic properties of a DLMPP were carried
out using a simplified electro-acoustical equivalent circuit model. However, the equivalent
circuit model includes an approximation, and more sophisticated theory is required for a better
prediction and detailed discussion. In this paper, a revised theory for a DLMPP is presented: A
Helmholtz integral formulation is employed to obtain a rigorous solution for more precise
prediction of the absorptivity of a DLMPP. The result of the present revised theory is compared
with that of the equivalent circuit model, and the difference between them is discussed. A
parametric survey is made through numerical examples by the present revised theory to discuss

its acoustic properties.
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INTRODUCTION

A microperforated panel (MPP) absorber, which is composed of a panel with submillimeter
holes backed by an air-cavity, is recently recognised as one of the most promising alternatives
for next-generation sound absorbing materials because of its fibre-free nature and attractive
features. It was first proposed by Maa [1-3]. Its applications, improvement and theoretical
development have since been studied extensively [4-7]. It is typically used for ceilings or room
interior surfaces, backed by an air-cavity. MPP absorbers can work most efficiently only when
they have a back cavity with a back wall, because the sound absorption of an MPP is caused by
a Helmholtz-type resonator formed together with them. Therefore, an MPP absorber is effective
only in its resonance frequency range. Although it is wider than other resonance type absorbers,
but still it is usually limited to about two octaves.

Multiple-leaf MPP absorbers were first proposed by Maa [1-3]: Maa proposed a double-
leaf MPP backed by a rigid-back wall with an air-cavity. Recently, Asdrubali and Pispola
studied this type of absorber for its application to noise barriers [8]. This absorber is intended to
produce two resonators so that a broader absorption frequency range can be obtained. However,
as long as an MPP has a back wall, its absorption is caused only by the Helmholtz resonance,
and this results in the absorption frequency range limited to its resonance frequency region.

In order to broaden the absorption frequency range, especially to extend it to lower
frequencies, it is needed to introduce another absorption mechanism that is effective at low
frequencies. Acoustic permeability of MPPs can possibly be utilised for this purpose. A
permeable material is known to produce sound absorption by its acoustic flow resistance. A
typical example is a single- or multiple-leaf permeable membrane [9-11], which shows
moderate absorption (absorbing up to 50% of incident energy) at low frequencies. A similar
absorption effect can be expected for MPPs, as an MPP can also be regarded as a permeable
material with acoustic flow resistance. Therefore, in the authors' previous study [12], to create
an efficient sound-absorbing structure with MPPs alone, a double-leaf MPP without a back wall
(DLMPP) was proposed and studied with a simplified model.

A DLMPP is composed of two MPPs, placed in parallel with an air-cavity in-between,
without a rigid back wall. In this structure, the MPP on the back side plays the role of the back
wall in the conventional setting to form the Helmholtz resonator. Thus, a DLMPP is supposed to
work as a Helmholtz type absorber at mid-high frequencies, as well as, a permeable structure
with acoustic resistance to absorb sound energy at low frequencies. A DLMPP works for sound
incident on both sides and can be effectively used as a space absorber or a sound-absorbing
panel or screen/partition. This feature can be useful in various situations in which a rigid
backing is not available for setting MPPs against, and also it can enable MPPs to be applied to
different parts of interior in buildings.

In the previous paper [12], an electro-acoustical equivalent circuit model was used for

simplified analysis. Although equivalent circuit analyses are useful to gain a physical insight
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into the absorption mechanism, it is inevitable to use an approximate expression for air cavity
and this leads to exaggeration of resonance behaviour which causes an error in the results.
Therefore, the authors revisited the acoustic properties of DLMPPs with strict theory using a
Helmholtz integral formalism. In this paper, the theoretical solution derived from a revised
theory based on a Helmholtz integral formalism is introduced. The result of the present revised
theory is compared with that of the electro-acoustical equivalent circuit, and the difference
between them is discussed. The acoustic characteristics of a DLMPP are discussed by the
present revised theory: Numerical examples by the present revised theory are shown to

demonstrate the effect of the parameters on the acoustic properties of a DLMPP.

THEORETICAL CONSIDERATIONS

Figure 1 shows the model of a DLMPP for theoretical analysis. MPP1 and 2 are of infinite
extent, and they are placed in parallel with an air-cavity of depth D in-between. A plane sound
wave of unit pressure amplitude is obliquely incident upon MPP1. Both leaves, MPP1 and 2,
have submillimetre perforation which is characterised by the following parameters: hole
diameter (d, ), perforation ratio (o1,), and panel thickness (=throat length, t;,). In the analysis
the sound induced vibrations of MPP1 and 2 are taken into account, and their vibration
displacements are denoted as w; »(x), respectively. In this model the vibrations of the MPPs are
one-dimensional and the sound field becomes two-dimensional. A Helmholtz integral
formulation is employed to obtained analytical strict solutions. The time factor is exp(-i«t) and
suppressed throughout.

The sound pressures on the illuminated side of MPP1, p;, and the back side of MPP2, ps,

are expressed by the following Helmholtz integral:

p,(x,0) = 2p, (x,0) + _[ 8p1(>;0,0) HO (k, X=X |)dx0 : (1a)

pa(x,0) =+ [ P i x i, (1)

where p; is the pressure of the incident wave, n is the outward normal of the boundaries, and
Ho™ denoting a Hankel function of the first kind of order zero. The boundary conditions for

these surfaces are:

0 )

% - poa)zwl(x) +1iky AL AR (%) (2a)
0 .

M = —poa)ZWZ (%) — ko Ap AR5 (X,) (2b)

on
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where Ap; and Aps; are the pressure differences between two surfaces of MPP1 and 2,
respectively. Ami,=p0Co/Z1,, With pp the air density and c, the sound speed, @ the angular
frequency, and ko the wavenumber in air (=alcy). Here, the impedances of the MPPs, Z; ,=r ,-

iwm, , are derived from Maa's formulae [1-3].

v 01,2P0Co d12,2 2 3R b,
t d

M, , = R P Y et (3b)

01,Cy /1+i2’2 1,2

2
where
d
ko=t % (30)

and 7 is the dynamic viscosity of the air (17.9 uPa s).

From these equations, the surface pressure on the exposed side of MPP1, p; is
expressed by a Helmholtz integral as follows:

1=y .
p.(x,0) =2p;(x,0) _EL‘" (_ Ipoa)ZWl(XO) + kOAmlApl(XO))H él) (k0|x - X0|)dxo (4)
and the surface pressure on the back side of MPP2, ps, is expressed as:

1e=( . 1
P3(%,D) = [ (=10, () + ko Ao Ap, (%) H? (ko = o[t (5)

The pressure and the particle velocity in the cavity are written in the following forms:

p,(X, ) = (Xeikozcosa _I_Ye—ikozcose)eikoxsina , ©

Vz (X, Z) — Cos 0 (Xeik010059 _Ye—ikozcose kikoxsiné) . (7)

PoCo
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The boundary conditions in the cavity, at x=0 and d, respectively, are:

V, (x,0) = —low, (X) +Apzl—(x) : V, (X, D) = —iaw, (X) + Ap,(x) ,

1 2

(8)

Equations (6)-(7) are solved for X and Y, with using (8). X and Y are the pressure
amplitudes associated with the waves propagating in the +z and -z directions in the cavity,
respectively. Then, the surface pressure on the back side of MPP1 and the cavity side of MPP2

are given as follows:

PuCa{ (6" + &) ()~ 20, (00} oo, s (e +e ) -2 220y
pZ(Xao) = cosé?(ei“’ —e‘”")
C)]
ipocow{zwl(x)_(e“/’ +e AR () — (€' +e77) AP, (X)}

X, D — i i 1 2
P2 (x.D) cosf(e'” —e™)

(10)
where ¢ =koDcos8.
Now, the displacements wy »(x) of the sound induced vibrations of MPP leaves are

expressed by the following relations using the unit responses of the panel vibration, u;(x) and
Ux(x), for MPP1 and MPP2, respectively:

w,(X) = [ [P (£0) = p, (£.0)]u, (x— £)dé

(11)
W, () = [~ [p,(£,D)~ ps(&, D)]u, (x - E)dE . (12)
Using the Fourier transform technigue these equations are transformed, with
wavenumber parameter k, into the followings:
W, (k) = 27[P, (k;0) - P, (k;0)]JU, (k) (13)

W, (k) = 27[P, (k; D) - P; (k; D)U, (k) (14)
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where Wy »(k), P1(k;0) and P,(k;d) are the transforms of wy »(x), p1(x,0) and px(x,d), respectively.
U, (k) are the transform of the unit responses of the vibration of the MPP1 and 2, uj »(x), which

take the following form:

1
27(Duk? — pp2t1207)

U.a(k) = (15)

where Dy , is the flexural rigidity of the MPP leaves, i.e., Dy ,=E; st .°(1-i 71.2)/[12(1-1/12)], with
E1. the Young's modulus, pp - the plate density, 7, , the loss factor and v, , the Poisson's ratio
of MPP1 and 2, respectively.

Taking the Fourier transforms of the boundary pressures (4), (5), (9) and (10), and
solving them in the wavenumber space, the solutions for the pressures in the wavenumber space

are given as follows:

oW, (K) -k, A, AP, (K)

-k @

P, (k:0) = 25(k — k, 5in §) + 20

pocol(e” +e )i, (k) - 228 oo, ) - 22K
P, (k;0) = 4 ) 17)
o (e'” —e™)cos @
poced2iaw, () — 220y g 4 eoyimw, () - 22Ky
P,(k;D) = Z Z, 18)

(e'” —e ) cos O

~ipy@™W, (K) + Ky A, AP, (K)

ok @

P,(k;D) =

where & denotes Dirac's delta function.
Putting these equations into (13) and (14), and solve them for W, (k) gives following

expressions:

Wl(k) = Fl(k)é(k — ko sin @) (20)
W, (k) =T, (k)5 (k —k, sin 8) (21)
where
T, (k) = -0, A, +D,0,A;B, -D,D,A,B,
! ~1+®,A +D,®,A,B, +D,B, - D ,D,AB,
Fz(k)z —®1®2A381—Q)283+CI)1(1)2A183

-1+9,A +9,0,A,B, +D,B, -0,P,AB,
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with
®, =22U,(k)F,, ©, =22U,(k)F,
0, = 1 0, - 1
_Cl(FlFZ +4E1E2) _Cl(GlGZ _4E1E2)
A =-C,F,G+CF,H-4E,G,A, =2C,E,G+2F,G-2C,E,H , A, =2C/F,
B,=—2FG-2C,EG+2CEH , B,=C,FG-C,FH +4E,G, B, =4C,E,
C,=(e"-e")cos@,C,=e" +e

E, = PoCo E, = PoCo

CR, CR,
F=1+1,-C,E ,F,=1+1,-C,E,
G =ip,Com
ipoa)z | = KoAn I = KoAnz

H= 1= 1 =
N N S
Taking the inverse Fourier transform of W, »(k), the displacements of the sound induced

vibrations of MPP leaves are now given as:

w, (x) = I, (K, sin @)e" " (22)

w, (x) =T, (k, sin @)e"**"? (23)

Once all the boundary values are solved, the reflected pressure p, and transmitted

pressure p; are obtained (assuming the incident pressure amplitude as unity) as:

o (x,7)=|1+ ip,@°T; (K, sin ) —k, A, 0,{AT, (k,sin 8) + A,T, (k, sin ) + AS}}
' k, cos @ (24)
x expli(k,xsin & —k,z cos &)]
0.(x.7) = = ip,@°T, (K, sin 8) + k, A,,0,{B,T;(k, sin 8) + BT, (k, sin 8) + B,}
o k, cos 6 (25)

xexp[i(k,xsin 8 +k,z cos 8)]

The absorption and transmission coefficients are given as o =1-|p,]* and 7 =|p{?,
respectively. As a DLMPP is a space absorber and it causes sound transmission, it is necessary
to eliminate the effect of transmission from the absorption coefficient for evaluating its
absorption efficiency. Therefore, the difference of these coefficients, a—r, which indicates the
ratio of the energy dissipated in the system, is used to evaluate the absorptivity unless otherwise

noted.
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NUMERICAL EXAMPLES AND DISCUSSION

Comparison with electro-acoustical equivalent circuit model

Figure 2 shows an example of the absorptivity (a«—7) of a DLMPP calculated by the present
theory (Egs. (24) and (25)), in comparison with that calculated by the electro-acoustical
equivalent circuit model. As described above, the equivalent circuit model can tend to
exaggerate the resonance behaviour of the air cavity, so that the result tend to show a larger
absorption peak. Also, the resonance peak appears at somewhat lower frequencies than the
present theory. This implies that the equivalent circuit analysis can overestimate the resonance
absorption, but as shown in the figure, there is no difference at low frequencies: The low
frequency absorption is caused by the acoustic resistance of the MPP leaves and the air cavity
does not contribute to it.

These differences between two calculation methods will cause a difference in the
prediction of optimal parameter ranges: Figures 3 and 4 show the relationships (contour line) of
the acoustic resistance (normalised to pCo) of an MPP leaf and the field-incidence-averaged
absorptivity (a—7) at each frequency calculated by the present revised theory and the electro-
acoustical equivalent circuit model, respectively. The calculations were made, assuming the two
leaves to have the same parameters, with setting the reactance of the MPP @m=0 and with its
resistance, r, being a parameter. Therefore, these figures show the relationships between the
resistance of the MPP, r, and the absorptivity at each frequency. Note that these figures do not
show how the absorptivity behave to a particular hole parameter such as hole diameter,
perforation ratio etc, but they show the global behaviour of absorptivity to the resistance. Bright
zone shows high absorptivity.

At low frequencies, the resistance giving the maximum absorptivity depends on
frequency: The value decreases with decreasing frequency, and also with decreasing surface
density of an MPP due to the effect of the sound induced vibration. On the contrary, at high
frequencies, especially at the resonance peak frequency range, the value do not change very
much with the surface density.

At the peak frequency range, as shown in Fig. 3, bright zone (=high absorptivity)
appears when the resistance is around 2.250Co , but in Fig. 4 it appears when it is around
1.5pCo . This means that the maximum absorption appears when the resistance is 1.5 pCo in
electro-acoustical equivalent circuit model, but 2.25pC, in the present theory, which means
these theories give different prediction for optimal parameters: the optimal acoustic resistance
maximising the absorptivity will be higher with the present theory than that with the equivalent
circuit model. This may be of some importance in designing process, though the absorptivity is

not very sensitive to small change in the resistance.

Parametric survey



Sakagami et al: Double-leaf microperforated space absorbers 10

Figure 5 shows the effect of the hole diameter (d) of MPPs on the absorption characteristics
(a—7) of a DLMPP. In this example, the absorption peak at the Helmholtz resonance is
maximised at around 1.5 kHz when the diameter is 0.15 mm. Smaller or larger diameters give
lower peak values. At low frequencies the absorptivity becomes the highest at d=0.2 mm. The
low frequency absorption decreases at around 125 Hz in all cases. This decrease is because the
acoustic resistance of the leaves is decreased by the effect of their sound induced vibration.
The optimal value of hole diameter therefore is around 0.15...0.2 mm.

Of course, the optimal value of each parameter changes accordingly by the effect of the
vibration. But, these tendencies in principle depend on the behaviour of the acoustic resistance
of MPP leaves, ry,, and the optimal value of each parameter depends on the other parameters.
Therefore, similar tendencies are observed when the other parameters, e.g., thickness and
perforation ratio, are changed. Regarding the perforation ratio, it also affects the peak
frequency: larger perforation ratio gives higher peak frequency, though too large perforation
ratio cannot offer effective peak absorption (Fig. 6).

The peak frequency can be mainly controlled by the cavity depth (Fig. 7). The
resonance peak is shifted to higher frequencies as the cavity depth decreases. The peak value
decreases as the peak frequency shifts to higher frequencies. A similar tendency is observed in
the case of a double-leaf MPP with a rigid back wall. This is attributed to the acoustic reactance
of the MPP, @m;, ,, which increases with frequency: it affects the total acoustic reactance of the
system. This result suggests that there is a frequency range in which a DLMPP shows the most
effective absorptivity.

Since the low frequency absorption depends on the total acoustic resistance, not only
those MPP parameters but the mass of the MPP leaves is also important. As known in other
permeable structures such as a permeable membrane, the acoustic resistance decreases with
decreasing its surface density owing to the sound induced vibration. Figure 8 shows the effect of
the surface density of MPPs on the absorption characteristics of a DLMPP. Lightweight MPPs
give very small absorption at low frequencies. When the surface density is larger than 2.0 kg/m?,
the characteristics are almost the same as those for immobile leaves. Therefore, to make a

DLMPP effective at low frequencies, it is necessary to use an MPP of appropriate weight.

CONCLUDING REMARKS

In this paper, the acoustic properties of a double-leaf microperforated panel space absorber
(DLMPP) without backing structure was revisited with a revised theory. The revised theory is
formalised by a Helmholtz integral and gives strict solutions to the acoustic properties of a
DLMPP. In the revised theory the resonant behaviour in the cavity is not so exaggerated as is

observed in conventional electro-acoustical equivalent circuit model. Therefore, the revised



Sakagami et al: Double-leaf microperforated space absorbers 11

theory gives lower resonant peak than equivalent circuit model. According to the present
revised theory the resistance of an MPP giving the maximum absorption at the resonance peak
is 2.25mCo, Whereas it becomes 1.5 pnCo according to the electro-acoustical equivalent circuit
model analysis. Parametric survey has been performed to present the effect of each parameter in
DLMPP. Experimental validation and further experimental results, including a discussion on

further improvement of DLMPPs will be presented in the sequel.
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Captions of figures

Figure 1. Model of a DLMPP for theoretical analyses. Z; and Z, are the impedances, and M; and
M, are the surface densities of MPP1 and 2, respectively.

Figure 2. Comparison of the field-incidence averaged absorptivity (a-t) calculated by the present
theory and equivalent circuit theory for a DLMPP. Hole diameter: 0.2 mm, Thickness: 0.4 mm,
Perforation ratio: 1.0%, Surface density: 1.0 kg/m?, Cavity depth: 50 mm, for both MPP1 and 2.
(1) Present theory, (2) Equivalent circuit theory.

Figure 3. Relationship of acoustic resistance (normalised to air impedance) of an MPP leaf and
the absorptivity (a—rz, contour line) at each frequency calculated by the present revised theory.
Bright zone shows high absorptivity. (a) immobile case, (b) M=10 kg/m?, (c) M=3 kg/m?, and
(d) M=1 kg/m®.

Figure 4. Relationship of acoustic resistance (normalised to air impedance) of an MPP leaf and
the absorptivity (a—z, contour line) at each frequency calculated by the electro-acoustical
equivalent circuit model. Bright zone shows high absorptivity. (a) immobile case, (b) M=10
kg/m?, (c) M=3 kg/m?, and (d) M=1 kg/m?.

Figure 5. Effect of hole diameter on the field-incidence-averaged absorptivity (a—7) of a
DLMPP. Hole diameter d=0.1 (1), 0.15 (2), 0.2 (3), and 0.3 (4) mm. Two leaves are given the
same parameters. Thickness: 0.4 mm, Perforation ratio: 1.0%, Surface density: 1.0 kg/m?
Cavity depth: 50mm

Figure 6. Effect of perforation ratio on the field-incidence-averaged absorptivity (a—7) of a
DLMPP. Perforation ratio p= 0.25% (1), 0.5% (2), 1.0% (3), and 2.0%. Two leaves are given
the same parameters. Hole diameter: 0.2 mm, Thickness: 0.4 mm, Surface density: 1.0 kg/m?,
Cavity depth: 50mm.

Figure 7. Effect of cavity depth on the field-incidence-averaged absorptivity (a¢—7) of a DLMPP.
Cavity depth D= 12.5 (1), 25 (2), 50 (3), and 75 (4) mm. Two leaves are given the same
parameters. Hole diameter: 0.2 mm, Perforation ratio: 1.0%, Thickness: 0.4 mm, Surface
density: 1.0 kg/m®.

Figure 8. Effect of surface density of MPPs on the field-incidence-averaged absorptivity (a—7)
of a DLMPP. Surface density M= 0.25 (1), 0.5 (2), 1.0 (3) and 2.0 (4) kg/m? Two leaves are
given the same parameters. Hole diameter: 0.2 mm, Perforation ratio: 1.0%, Thickness: 0.4 mm.
Cavity depth: 50 mm.



Sakagami et al: Double-leaf microperforated space absorbers

X

et
i
=T"

Plane Wave
0> m =
Pi(x2)~ 2 2
M M
" . ,
¥ I'p
|
MPP1 MPP2

Figure 1. Model of a DLMPP for theoretical analyses. Z; and Z, are the impedances, and M; and M, are the surface
densities of MPP1 and 2, respectively.
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Figure 2. Comparison of the field-incidence averaged absorptivity (a-t) calculated by the present theory and
equivalent circuit theory for a DLMPP. Hole diameter: 0.2 mm, Thickness: 0.4 mm, Perforation ratio: 1.0%, Surface
density: 1.0 kg/m?, Cavity depth: 50 mm, for both MPP1 and 2. (1) Present theory, (2) Equivalent circuit theory.
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Figure 3. Relationship of acoustic resistance (normalised to air impedance) of an MPP leaf
and the absorptivity (a—rz, contour line) at each frequency calculated by the present revised
theory. Bright zone shows high absorptivity. (a) immobile case, (b) M=10 kg/m? (c) M=3
kg/m?, and (d) M=1 kg/m®.
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kg/m?, (c) M=3 kg/m?, and (d) M=1 kg/m?.
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Figure 5 Effect of hole diameter on the field-incidence-averaged absorptivity (a—7) of a DLMPP. Hole diameter
d=0.1 (1), 0.15 (2), 0.2 (3), and 0.3 (4) mm. Two leaves are given the same parameters. Thickness: 0.4 mm,
Perforation ratio: 1.0%, Surface density: 1.0 kg/m? Cavity depth: 50mm
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Figure 6. Effect of perforation ratio on the field-incidence-averaged absorptivity («—z) of a DLMPP. Perforation
ratio p= 0.25% (1), 0.5% (2), 1.0% (3), and 2.0%. Two leaves are given the same parameters. Hole diameter: 0.2
mm, Thickness: 0.4 mm, Surface density: 1.0 kg/m?, Cavity depth: 50mm.
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Figure 7. Effect of cavity depth on the field-incidence-averaged absorptivity (a¢—z) of a DLMPP. Cavity depth D=
125 (1), 25 (2), 50 (3), and 75 (4) mm. Two leaves are given the same parameters. Hole diameter: 0.2 mm,
Perforation ratio: 1.0%, Thickness: 0.4 mm, Surface density: 1.0 kg/m?.
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Figure 8. Effect of surface density of MPPs on the field-incidence-averaged absorptivity (a«—z) of a DLMPP. Surface
density M= 0.25 (1), 0.5 (2), 1.0 (3) and 2.0 (4) kg/m?. Two leaves are given the same parameters. Hole diameter: 0.2
mm, Perforation ratio: 1.0%, Thickness: 0.4 mm. Cavity depth: 50 mm.



