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Acoustic impedance of micro perforated membranes: Velocity
continuity condition at the perforation boundary

Chenxi Li,%) Ben Cazzolato, and Anthony Zander

School of Mechanical Engineering, The University of Adelaide, Adelaide, South Australia 5005, Australia

The classic analytical model for the sound absorption of micro perforated materials is well
developed and is based on a boundary condition where the velocity of the material is assumed to be
zero, which is accurate when the material vibration is negligible. This paper develops an analytical
model for finite-sized circular micro perforated membranes (MPMs) by applying a boundary
condition such that the velocity of air particles on the hole wall boundary is equal to the membrane
vibration velocity (a zero-slip condition). The acoustic impedance of the perforation, which varies
with its position, is investigated. A prediction method for the overall impedance of the holes and
the combined impedance of the MPM is also provided. The experimental results for four different
MPM configurations are used to validate the model and good agreement between the experimental

and predicted results is achieved.

I. INTRODUCTION

Micro perforated panels (MPPs) are thin panels perfo-
rated with sub-millimetre sized holes, and have been used in
noise control for decades as an alternative to conventional
porous materials. When backed with an air cavity and a rigid
wall, the MPP shows effective sound absorption, and this
combined structure is called a micro perforated absorber
(MPA). Although its sound absorbing bandwidth is relatively
narrow compared to a porous material of similar thickness,
the MPA is favoured for its unique properties. Unlike porous
materials, MPPs are used in hospitals and electronic indus-
tries where particles must be avoided (Pfretzschner ez al.,
2006). Metal MPPs can be used in harsh conditions instead
of porous materials. For example, they are used inside the
engines of cars and aircraft due to their resistance to high
temperature. In addition, the analytical model for the predic-
tion of the sound absorption of MPPs is well developed,
which offers the opportunity to design MPPs to control
specific sources of noise (Maa, 1998).

The classical analytical model for the prediction of the
sound absorption and acoustic impedance of MPPs was
developed by Maa (1975) and has been widely used since
that time. In recent years, Wang et al. (2010) investigated
the sound absorption of an MPP backed by an irregular-
shaped cavity based on Maa’s theory. Using the classical
theory, Liu and Herrin (2010) investigated partitioning the
backing cavity of the MPA to enhance the absorption of nor-
mally incident plane waves. When Ruiz et al. (2011) investi-
gated the sound absorption of multiple-layer MPPs, the
acoustic impedance of each layer was obtained using the
classical theory. Based on Maa’s model, Park (2013) also
analysed the combination of a MPP and a Helmholtz resona-
tor. Herdtle et al. (2013) extended Maa’s theory for micro
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perforated materials with tapered holes. However, these
studies are all based on Maa’s classical model and neglect
the effect of the panel vibration.

Maa'’s classical model assumes the panel to be rigid and
as a consequence the effect of the panel vibration is
neglected. However, additional sound absorbing peaks,
which are not observed in Maa’s model, are observed in the
low frequency range of experimental results (Toyoda er al.,
2010). These unexpected peaks are evidence of the effect of
panel vibration on the acoustic impedance of the MPA. This
effect could be very significant when the panel is very light
and thin, or if membranes are used in the form of a micro-
perforated membrane (MPM).

To investigate this effect of the panel/membrane vibra-
tion on the acoustic impedance of an MPP/MPM, Kang and
Fuchs (1999) coupled the acoustic impedance of a limp
membrane with the acoustic impedance due to the perfora-
tions and derived an expression for the total acoustic imped-
ance of an infinite MPM. They achieved this using the
electric-acoustic analogy to combine the acoustic impedance
due to the structural vibration with the acoustic impedance
of the perforations as predicted by Maa’s model. Thus, the
effect of the size of the membrane was neglected in their
model. Similarly, Lee et al. (2005) investigated the acoustic
impedance of a flexible rectangular MPP, where the finite
size of the panel was considered based on a modal approach.
Bravo et al. (2012) extended the method of Lee er al. (2005)
to a circular MPP. Takahashi and Tanaka (2002) coupled the
acoustic impedances due to the MPP vibration and the perfo-
rations by spatially averaging the flow velocity through the
perforations.

Note that all these methods used Maa’s model to calcu-
late the acoustic impedance due to the perforations, assum-
ing that the vibration of the panel/membrane has no effect
on the acoustic impedance of the perforations. In Maa’s
(1975) classical model, the particle velocity at the hole wall



boundary is assumed to be zero. Although Takahashi and
Tanaka (2002) investigated the relative velocity at the air-
solid interface in the perforation, their alternative method to
couple the acoustic impedances due to the perforations and
the plate vibration still calculated the acoustic impedance
due to the perforation using Maa’s theory based on the rigid
wall assumption. However, if the panel/membrane vibration
is significant, the particles at the hole wall boundary adhere
to the hole wall due to the no-slip boundary condition and
their velocity can be assumed to be equal to the panel/mem-
brane vibration velocity. Hence, the acoustic impedance due
to the perforation is not constant as in Maa’s model but
varies depending on the position of the hole on the panel/
membrane surface. The spatially varying acoustic impedance
implies that for thin membranes for which vibration is not
negligible, the membrane vibration could have a significant
effect on the acoustic impedance of the perforation, which
has been neglected in previous research. This no-slip bound-
ary condition which assumes the particle velocity at the per-
foration wall boundary is equal to the vibration velocity of
the material, and the spatially varying acoustic impedance of
MPMs is previously unexplored.

This paper aims to investigate the acoustic impedance
and sound absorption of a finite-sized circular MPM under
tension using a new boundary condition which assumes that
the velocity of the air particles at the hole wall boundary are
equal to the vibration velocity of the membrane surrounding
the hole. The new no-slip boundary condition is introduced
in Sec. ITA. Based on this new boundary condition, an
expression for the variable acoustic impedance of the perfo-
ration is obtained. In this expression, the vibration velocity
of the membrane remains unknown. The vibration velocity
and the acoustic impedance of the circular membrane are
investigated in Sec. II B. In the developed model, the hole di-
ameter and the perforation ratio are assumed to be suffi-
ciently small that the effect of the holes on the motion of the
membrane can be neglected. The acoustic impedance of
holes located in different positions is compared in Sec. II C.
The overall impedance of the holes is derived and compared
with that of Maa’s classic model in Sec. II D. To validate the
developed model, sound absorption experiments were car-
ried out on four different MPMs and the experimental results
are compared with the model predictions in Sec. III. Good
agreement is obtained between the experimental and the pre-
dicted results for three of the MPM samples, and demon-
strates the accuracy of this model. To further investigate the
proposed model, four additional MPMs were manufactured
and the effect of the hole position on the sound absorption of
MPMs was studied in Sec. IIIC. The good agreement
achieved for the four additional MPMs also validates the
proposed model.

Il. ANALYTICAL MODELING

In Sec. ITA, an analytical model using the proposed
boundary condition is derived. The derivation starts with the
motion equation of air particles in a small hole. The solu-
tions of this equation using the conventional and the pro-
posed boundary condition are compared theoretically. The

expressions for the acoustic impedance due to each of the
perforations and for the combined MPM are also presented.

A. Acoustic impedance and boundary condition of
flexible MPMs

1. Motion equation of air particles in a small hole

When a sound wave is traveling through the small hole
of a MPM or panel with a hole radius of ry, the particle
velocity v is a function of the distance, r, from the centre of
the hole to the position of the specific air particle, as shown
in Fig. 1. This relationship between the particle velocity in
the hole and the sound pressure applied on the membrane or
panel surface is governed by the motion equation of the air
particle (Maa, 1975),

? 19 ) Ap
2 4K =_= 1
(8’,2 + r 67’ + air v(r) ,uh ’ ( )
where K% = —j(py /),  denotes the angular frequency

and is equal to 2 f, where f is the frequency, u denotes the
dynamic viscosity of air, po denotes the density of air, Ap
denotes the pressure difference applied between the front
and back surfaces of the membrane/panel, r denotes the
radial coordinate relative to the local coordinates of each
perforation, and / denotes the thickness of the membrane/
panel, which is also the length of the hole. Equation (1) is
an inhomogeneous differential equation and its general
solution is
Ap

V(}’) = A.I() (Kairr) — W’ (2)

air
where J, is the Bessel function of the first kind and zero
order and the constant A can be obtained by applying the
appropriate boundary condition.

2. The conventional rigid wall boundary condition

To solve Eq. (2), it is necessary to determine the bound-
ary condition. Due to the effect of viscosity, the air particles
at the hole wall boundary adhere to the hole wall and their
velocities are equal to the vibration velocity of the material.

Panel/membranel

‘ |

FIG. 1. Particle velocity v(r) in a hole of radius ry of the MPM or panel as a
function of the distance, r, from the perforation axis in the local coordinate
of each perforation.



Maa (1975, 1997) assumed that the panel vibration due to
the incident sound pressure is negligible and the panel can
therefore be considered to be rigid, i.e.,

v(r=rp) =0. 3)

Based on Maa’s assumption, the particle velocity as a func-
tion of radius is obtained as
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and the average velocity over the hole area is expressed as
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where J, is the Bessel function of the first kind and first order.
The normalized acoustic impedance is therefore given by
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where ¢, is the sound speed in air and ¢ is the perforation
ratio of the panel. When an end correction for the hole is
considered, Eq. (6) is rewritten as (Maa, 1997)
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where d is the diameter of the holes and equal to 21y, and x
is called the perforation constant and is expressed as
d+/f/10.

Equation (7) is widely used to calculate the acoustic
impedance of MPPs and is reported to show accurate

Ap 1

agreement with experimental results. It should be noted
that Eq. (7) is based on the assumption that the panel vibra-
tion velocity is equal to zero, and is valid only when the
panel vibration is negligible and the panel can be assumed
rigid.

3. The proposed boundary condition

For lightweight MPMs, to be considered henceforth, the
vibration of the membrane is significant and needs to be
considered. Therefore, the proposed boundary condition
between the membrane motion and the air in the hole can be
expressed as

V(" = rO) = Vmembrane (8)

where Vimembrane denotes the vibration velocity of the mem-
brane. Substituting Eq. (8) into Eq. (2) gives

Ap
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Substituting Eq. (9) into Eq. (2), the particle velocity is
obtained as

V(r> = Vmembrane
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Integrating over the area of the hole yields the average parti-
cle velocity
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Therefore, the normalized acoustic impedance of a single
hole is expressed as

(12)
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Comparing Eq. (12) with Eq. (6), it could be observed that the factor (1/jw py h)[1 — (2/Kairro) [J1 (Kair?0) /Jo(Kair70)]] in Eq.
(12) is similar to Eq. (5). This similarity implies that this factor represents the average particle velocity of a hole under Maa’s
rigid wall assumption. Therefore, Eq. (12) can be rewritten as
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where Zmembrane denotes the normalized acoustic impedance
of the membrane, which can be obtained from the motion
equation of membrane vibration, and zpp, 0 denotes the
acoustic impedance of a single hole under Maa’s rigid wall
assumption. If Eq. (7) is used to calculate this impedance,
the end correction for the hole is included.

Equation (13) implies that the acoustic impedance of an
MPM hole is a function of the acoustic impedance of the
hole under the rigid wall assumption and the acoustic imped-
ance of the membrane vibration in the vicinity of the hole. If
it is a limp membrane, the membrane vibration velocity is a
constant over the membrane surface when excited by a plane
wave and the overall normal acoustic impedance of the
MPM is obtained by combining the constant impedance due
to the membrane vibration and the impedance due to the per-
forations. However, in acoustic engineering projects, mem-
brane materials are commonly fixed on a rigid frame. Hence,
the finite boundary condition of the fixed edge and the ten-
sion due to the stretching of the membrane affect the acous-
tic impedance of the membrane. This acoustic impedance of
the finite sized membrane under tension will be a function of
the position, as shown in Fig. 2. Therefore, the acoustic im-
pedance obtained from Eq. (13) also varies depending on the
position coordinates.

B. Motion equation and impedance of membranes
considering the viscosity effects on the hole walls

In Eq. (13), the vibration velocity of the membrane
Vmembrane 18 Unknown. It is assumed in this paper that the hole
diameter and the perforation ratio are sufficiently small such
that the mechanical properties of the membrane (that is, the
effective surface density and stiffness) are unaffected by the
presence of the perforations (Burgemeister and Hansen,
1996). When a circular membrane is fixed on a circular rim
with a radius of Ry and driven by a sound pressure Ap, its
motion equation in a polar coordinate system is given by
(Kinsler et al., 1999)

TVZER) + o?p, E(R) = —Ap, (14)

where T is the tension per unit length applied on the mem-
brane surface, &(R) is the membrane displacement, R

=
R| Y Vmembrane(R)

Incident sound p
ety 1

FIG. 2. Distribution of the membrane vibration velocity (vibrating in the
fundamental mode).

denotes the radial position coordinate on the membrane
surface, which has a maximum value at the radius of the
membrane Ro, p, is the surface density of the membrane,
and Ap = p; — pa.

As in the case of a string (Walstijn, 2009), the internal
damping plays an important part in the vibration of a mem-
brane. Extending the expression of the internal damping of a
string in the work of Walstijn (2009) to that of a membrane,
Eq. (14) may be rewritten as

TV?E(R) +2jon VPER) + w’p, E(R) = —Ap,  (15)

where 7 is the internal damping ratio of the membrane. Note
that the damping is related to the curvature of the tensioned,
circular membrane in this work, which differs from the con-
ventional expression of complex tension T x (1 +j#) as
seen in the work of Song and Bolton (2003) and the book of
Kinsler et al. (1999).

The general solution of Eq. (15) is given by

; (16)

where K;. = @”p,/(T+2jwn) and the constant B
depends on the boundary condition of the membrane vibra-
tion ¢(R = Ry) = 0. Applying this boundary condition yields
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Hence, the velocity varying with the radial coordinate is
given by

Vmembrane(R) :]wi(R) =jo Ap |:J0(Kmem R) _ 1:|7

a)z Pp JO(Kmem RO)
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and the corresponding normalized acoustic impedance is
expressed as

Ap
P0o €0 Vmembrane (R)
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Zmembrane (R) =

(20)

Integrating over the surface of the membrane and dividing
by the membrane area, nRé, yields the space average vibra-
tion velocity and the space average normalized acoustic
impedance

AP |: 2 Jl (Kmem RO)
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C. Acoustic impedance of each perforation of a
circular MPM

The acoustic impedance of a hole in a circular MPM as
a function of its radius is expressed by Eq. (13). Substituting
Eq. (20) into Eq. (13) gives the acoustic impedance of a
hole as

1
2 J (Kairr0>p0c0j|:J0(KmemR) — 1:|+ L
Kairl’OJQ(KairrO) Cl)pp JO(KmemR()) ZMaaé

Zhole (R) =

(23)

where Eq. (23) is a function of the radial coordinate R, which
is related to the membrane geometry (not the radial coordi-
nate r of the air particle in the hole). The effect of the
hole position on the hole impedance can be predicted using
Eq. (23), although it is non-linear and is therefore difficult to
investigate analytically. Therefore, an example is utilised
here, where a circular MPM with surface density
p, = 0.25kg/m?, is stretched under a tension T = 125N/m
and its internal damping ratio is # = 0.02. It is fixed on a
rigid ring with a radius of Ry = 50mm. The perforation
parameters are: hole radius rgp = 0.0292mm; membrane
thickness /# = 0.17 mm; backing cavity depth D = 25 mm;
perforation ratio 6 = 0.15%. The resistances and reactances
of five holes at different radii calculated using Eq. (23),
normalized by p,co, are shown in Figs. 3(a) and 3(b).
The radial coordinate R of these holes varies from R = 10 to
R = 50mm and has been chosen to show the variability of
the perforation impedance. The normalized resistances
and reactances of a hole calculated by Maa’s classic model
[Eq. (7)] are also shown in these figures. Note that when
R =50mm, Jo(KmemR0) /Jo(KmemRo) = 1 and the predic-
tion of Eq. (23) is consistent with that of Eq. (7) and thus
Maa’s theory.

It can be concluded from Figs. 3(a) and 3(b) that the
acoustic impedance of a hole near the centre of the mem-
brane is more significantly affected by the membrane motion
than that of a hole near the edge of the membrane. This is
because the membrane elements near the centre vibrate more
significantly than those near the membrane edge.
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In addition, the effects of the membrane vibration on the
perforation impedance occur mainly in the low frequency
range where the tension and the internal damping affect the
membrane impedance significantly. In contrast, the surface
density governs the membrane impedance in the high fre-
quency range (mass controlled) and no significant effect of
the membrane vibration on the perforation impedance is
observed for a constant surface density.

D. Combined acoustic impedance of the MPM system

In Sec. II, the acoustic impedance of each hole as a
function of location was investigated. Neglecting the interac-
tion between the holes, the overall acoustic impedance due
to the perforations is expressed as a sum over all holes,

1
Zperforation — - 2 (24)
T 0 s

~_Rin
“—1 Zhole (Rn)

where n denotes the nth hole on the membrane surface, R,
denotes the radial coordinate of the nth hole, and N is the
total number of holes. If zo is uniform, as it is in Maa’s
model, Eq. (24) can be rewritten as

1 Zhole
Zperforation — ~ 5 _ — ) (25)
ks 0
Rin
N 0
Zhole

which is consistent with Eq. (7).

The same example used in Sec. IIC is investigated in
this section to demonstrate the effect of the membrane vibra-
tion on the overall impedance of the MPM. The overall
acoustic impedance predicted by the presented model is
compared to that predicted by Maa’s model. The normalized
resistances and reactances predicted by the rigid-walled
model and the finite circular membrane of radius Ry
= 50 mm are shown in Figs. 4(a) and 4(b). The resistance
predicted by Eq. (24) is lower than that predicted by Maa’s
rigid-wall model, while the reactance of this flexible wall
model is higher than that of the rigid wall model above the
fundamental resonance frequency. The most significant dif-
ference in the resistance and reactance is observed in the low
frequency range near 200 Hz. It could be concluded that the
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FIG. 3. Normalized resistance and reactance of a hole for five radial coordinates varying from R = 10 to R = 50 mm.
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FIG. 4. Normalized resistance and reactance due to all of the holes on the MPM surface.

flexible wall assumption leads to a significant change in the
acoustic impedance caused by the perforation, especially in
the low frequency range.

Note that Eq. (24) considers only the acoustic imped-
ance due to the perforations. To investigate the overall
impedance of the MPM system, it is also necessary to con-
sider the acoustic impedance of the membrane vibration.
If the impedance of the perforation and that of the mem-
brane vibration are known, then the overall impedance
may be calculated using the electric-acoustic analogy,
giving

1

Zoverall = 1 1 ,

_|_

Zperforation  Zvibration

(26)

where Zperforation denotes the impedance due to the perfora-
tions obtained by Eq. (24) and Zyjpration denotes the mem-
brane vibration impedance given by Eq. (22). Once the
overall impedance of the MPM system is obtained, the im-
pedance of the MPM backed by an air cavity and a rigid wall
is expressed as

. oD
Z = Zoverall — JCOL{ — |,
Co

where D is the depth of the air cavity. Therefore, the sound
absorption coefficient of an MPM with a backing cavity is
given by

27

(28)
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where Re(z) and Im(z) are the real and imaginary parts of z,
respectively.

lll. EXPERIMENTAL VALIDATION

Sections IIT A-III C explore the experimental validation
of the model derived in Sec. II. The experimental results are
compared with the predicted results and the limitations of
the assumptions used in the proposed model are also
discussed.

A. Experimental parameters

To validate the model developed in this paper, sound
absorption experiments were carried out in an impedance
tube and at frequencies below the cutoff frequency to ensure
plane wave incidence. The radius of the impedance tube was
Ry = 50 mm. The sound absorption coefficients of four com-
mercially available MPMs were measured using the two-
microphone transfer function method (Chung and Blaser,
1980). The four MPMs were tested for two cavity depths D
of 25 and 50 mm.

To predict the sound absorption of MPMs, it is crucial
to measure the structural parameters of the MPMs, including
the radius of the perforations ry. The perforations of MPMs
1 to 3 were punched and the perforations were irregular pol-
ygons, unlike the circular perforations of MPM 4. The pho-
tomicrographs of the perforations of MPM 1 and MPM 4 are
shown in Fig. 5 as examples. Because of the irregular geom-
etry of the holes in MPMs 1 to 3, the equivalent hole radius
ro needs to be estimated. The minimum, maximum, and
average hole radius of MPMs 1 to 3 are shown in Table I for

bot 48 ym

FIG. 5. Photomicrographs of perfora-
tions of MPM 1 and MPM 4.
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TABLE I. Measured hole radius of MPMs. The equivalent hole radius was
determined from data fitting.

Minimum hole ~ Maximum Average hole Equivalent
radius hole radius radius 7y (mm) hole radius
MPM 7omin (Mm) Tomax (Mm) of ten holes 7o (mm)
1 0.016 0.030 0.026 (std = 0.004) 0.0226
2 0.011 0.040 0.022 (std =0.008) 0.0211
3 0.009 0.042 0.029 (std =0.010) 0.0248

10 randomly selected holes. The factor std is the standard
deviation of the measured hole radius of each MPM.

Note that the perforations of MPM 4 were quite circular;
however, in some cases the membrane material covered part
of the hole area, as shown in Fig. 5(b). These areas need to
be excluded during the calculation of the equivalent radius
of MPM 4. Therefore, 20 holes on MPM 4 were randomly
chosen and the equivalent radius measured from each photo-
micrograph was used to obtain an average equivalent radius
for input to the analytical model.

The physical parameters of the MPMs were measured
and are shown in Table II. The experimental results are com-
pared to the predictions of the model presented in Sec. III B.
It was not possible to directly measure the tension T and the
damping ratio n by experiments. Hence, the equivalent value
set T, , and ro used in the analytical model have been
obtained from the experimental measurements by fitting the
measured data to the model using the optimization toolbox
in MATLAB under a number of constraints (Waltz er al.,
2006): positive tension; damping ratio less than 0.05; and
hole radius varying from the minimum measured value 7y iy
to the maximum measured value romax (listed in Table I).
The constrained non-linear optimization was based on the
subspace trust region method. The obtained values for 7, 7,
and ry are shown in Figs. 6 and 7.

B. Experimental results and discussions

The experimental results of the four MPMs with an air
cavity depth of D = 25 mm are shown in Fig. 6 and those for
D = 50mm are shown in Fig. 7. These experimental results
are compared to the prediction results of three models:
Maa’s classic rigid wall model [Eq. (7)]; the model of a
membrane absorber without perforation [Eq. (22)], and the
presented model [Eq. (26)]. In Figs. 6 and 7, the dashed-
dotted curves are the prediction results of Maa’s model,
which neglects the membrane vibration effect; the prediction
results for an unperforated membrane are shown as dotted

TABLE II. Measured MPM parameters.

Surface Hole Membrane Equivalent distance

density radius thickness between hole  Perforation
MPM p,(kg/m*)  ro (mm) h (mm) centres b (mm)  ratio J (%)
1 0.2501 0.0226 0.17 1.32 0.092
2 0.2503 0.0211 0.17 1.58 0.056
3 0.2448 0.0248 0.17 1.63 0.073
4 0.2506 0.255 0.17 5.29 0.730

(std=0.031)

curves; and the predictions obtained from the new model are
shown as dashed curves. Furthermore, to verify the novelty
of the proposed method, the proposed predictions of the four
MPMs were compared with the method of Kang and Fuchs
(1999) which is given by

ZKang and Fuchs = 1 1 . (29)
PV . Pp
Maa 1 + jw
Po o

The sound absorption coefficients of MPMs 1 to 3 pre-
dicted using Maa’s model are low compared to the experi-
mental results because the hole diameters are smaller than
the range of applicability of Maa’s model (roughly around
1 mm), which consequently leads to high -calculated
normalized acoustic impedances. High normalized acoustic
impedance is usually considered as the main reason for the
effective sound absorption of micro perforated materials.
However, Maa (2006) illustrated that when the normalized
resistance of an MPP increases from one to five, its sound
absorption coefficient decreases proportionally. Therefore,
high resistances and low sound absorptions of MPMs are
observed here using Maa’s model due to the small perfora-
tions considered for MPMs 1 to 3.

To assess the accuracy of the three models for predic-
tion, the coefficient of determination R3. . .. for each
model is shown in Figs. 6 and 7, and is given by

Nfreq
. Y-
(aexperlmem - apredlchon)
2 o nfreqzl
Rdetermination =1- Nireq ,  (30)
(O(experimenl - o‘experimem)
nt’req:]

where ng.q denotes the index of the measured frequency,
Nireq denotes the total number of measured frequencies,
Oprediction denotes the predicted sound absorption coefficient,
and Oexperiment denotes the measured sound absorption coeffi-
cient. As R, minaion @PProaches unity, the fidelity of the
model increases.

For MPMs 1 to 4, the R} . i, Of the presented
model is close to unity. Hence, the presented model provides
a good agreement with the experimental results and is suita-
ble for the prediction of the sound absorption of these
MPMs. These results confirm that the new boundary condi-
tion theory and the derived equations are valid for these
MPM samples. The negative R3, .. mination 1S beCause the error
between the measured data and the predicted result is larger
than the difference between the measured data and its mean.
The negative R3, . nination indicates the inaccuracy of the cor-
responding model.

It is noticed that there are small dips and peaks from
1200 to 1260 Hz in Figs. 6 and 7. They occur in the experi-
mental results of every MPM. These are because of a struc-
tural resonance of the impedance tube itself.

When calculating the acoustic impedance due to the per-

forations of MPM 4, it was found that Eq. (7) underestimated
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FIG. 6. Normal incidence sound absorption coefficients of MPMs 1 to 4 for D = 25 mm.

the impedance due to the thermo-viscous friction. This has
also been observed by Tayong et al. (2010), who used

1
RsZE\/2wP057 3D

to estimate the resistance due to the thermo-viscous friction,
where & is the dynamic viscosity. They added 4(R;/p, ¢y J) to
the normalized impedance due to the perforations. The value of
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Eq. (31) is purely real and represents the resistance due to the
thermo-viscous friction only. However, in Rayleigh’s (1896)
original derivation, R was expressed as a complex value

1
Rszi\/zﬂ)ﬁo (1 +))- (32)

Therefore, in the presented model for MPM 4, Eq. (32)
was used and 4(R;/p,cod) was added to Eq. (7). The
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FIG. 7. Normal incidence sound absorption coefficients of MPMs 1 to 4 for D = 50 mm.
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prediction results agree with the measured results, as shown
in Figs. 6(d) and 7(d).

Note that the additional impedance due to the thermo-
viscous friction is only of significance for the acoustic im-
pedance of MPM 4. This can be ascribed to the significant
difference between the hole radii of MPMs 1 to 3 and the
hole radius of MPM 4. It is observed in Table II that the
latter is 10 times larger than the former. The thickness of
the viscous layer is defined by Maa (1975) as

2 X u

hviscosity = P (33)

where for air 4 = 1.56 x 107m?/s. As shown in Fig. 8, the
hole radii of MPMs 1 to 3 are smaller than the thickness of
the viscous layer such that the entire hole is covered by the
viscous layer which limits the particle velocity in these
holes. This results in high acoustic impedance of MPMs 1 to
3 and limited air flow through these holes. Hence, the
thermo-viscous friction can be neglected. However, the hole
radius of MPM 4 is larger than the thickness of the viscous
layer and air can flow through the holes in MPM 4 more eas-
ily. The air flow through the holes forms a rotational jet and
increases the impedance of the perforations. The flexibility
of the membrane material can also contribute to the imped-
ance of the thermo-viscous friction. Therefore, the additional
impedance due to thermo-viscous friction was added to
MPM 4 only and was neglected for the other three MPMs.

Comparing the experimental results of the MPMs, we
could also conclude that the main absorption peaks of MPMs
1 to 3 are near the main absorption peaks of the membranes
without perforation. As for MPM 4, the main absorption
peak moves to the high frequency range and is near the main
absorption peak for the predicted result of the rigid mem-
brane model. This may imply that when the perforation is
small as is the case for MPMs 1 to 3, the MPM absorption
is mainly due to the membrane itself. In these cases, the per-
forations marginally broaden the sound absorption band-
width but do not move the absorption peaks significantly.
When MPM 4 is considered, the perforations are the main
contributor to the sound absorption and the main absorption
peak of the MPM is near the theoretical absorption peak due
to the perforations.

In Figs. 6 and 7, the thin solid curves represent the pre-
dicted results based on the method of Kang and Fuchs

(1999). Their method is a simplified one which assumes that
the acoustic impedance due to the membrane vibration is
only dependent on the surface density of the membrane. The
finite effect of the membrane vibration on the acoustic
impedance is simplified by using a constant 1 in the term of
1 4 jo(p,/poco), as seen in Eq. (29). Consequently, this
model is less accurate than the proposed model which con-
siders the response of a finite circular impervious membrane
by solving its motion equation and optimizing the corre-
sponding tension and damping. The mismatch of the experi-
mental results and the predicted results using Kang and
Fuchs’s model validates this conclusion on the relative accu-
racy of the two models. Therefore, the proposed model is
considered more accurate than the conventional Kang and
Fuchs’s model.

The structural parameters of MPMs 1 to 4 are all in a sim-
ilar range of values, except that MPM 4 has a hole diameter
an order of magnitude larger than the other three MPMs. The
hole diameter and perforation ratio of MPM 4 are close to the
structural parameters of a classic MPP, which is typically
around ro = 1 mm and 6 = 1%. The impedance of the holes
in MPM 4 is efficiently combined with the acoustic impedance
due to the membrane vibration to offer effective sound absorp-
tion. On the contrary, the perforations in MPMs 1 to 3 are too
small, and the acoustic impedance due to the perforations is
thus too high to effectively contribute to the sound absorption.
Extremely high acoustic impedance leads to a poor sound
absorption from MPP/MPM absorbers (Maa, 2006).

Therefore, it is concluded that although the sound
absorption bandwidths of MPMs 1 to 3 have been marginally
broadened, the sound absorption properties of these MPMs
are mainly governed by the membrane itself. Considering
the expense of manufacturing the perforations, incorporating
perforations of this size in commercial sound absorbing
materials is likely to be ineffective. However, the sound
absorption values obtained for MPM 4 indicate the effective-
ness of such MPMs incorporating holes of suitable size. To
achieve their optimum sound absorption, MPMs need to be
carefully designed to effectively couple the membrane vibra-
tion impedance and the impedance due to the perforations.
The presented theory is proposed as a tool to design such
MPMs.

C. Effect of perforation positions on the sound
absorption of MPMs

Based on the theory presented in Sec. II, it is logical to
assume that since the membrane vibration affects the acous-
tic impedance of the perforations, the overall impedance and
sound absorption properties of an MPM could be affected by
the perforation positions since the vibration is not uniform
over the membrane. By contrast, this presumption is differ-
ent from the conventional theories which assume that the
overall impedance of a flexible micro perforate (thin plate or
membrane) is given by the coupled impedances of the mate-
rial vibration and the perforations based on electric-acoustic
analogy or average flow velocity. Hence, in the conventional
theories, the overall impedance is independent of the posi-
tion of the perforations.



To validate this assumption, four additional MPMs were
made using the same material as MPM 1. In Sec. III B, it
was shown that MPM 1 can essentially be considered unper-
forated due to its low perforation ratio and small hole
diameter.

The four additional MPMs may be categorized into two
groups. In Group 1, each MPM was drilled with 73 holes,
which hole radius ro = 0.31 mm. The holes were arranged at
R = 45mm for one of the manufactured MPMs and were
evenly distributed over the membrane surface for the other.
Therefore, in Group 1, the perforation ratios of two manufac-
tured MPMs are identical and equal to 0.29%. Similarly, for
Group 2, each MPM was drilled with 48 holes. The hole ra-
dius rq is also 0.31 mm. Therefore, the perforation ratio for
each manufactured MPM in Group 2 is 0.19%. The holes
were at R = 45 mm for one of the MPMs and were evenly
distributed for the other. In each group, the parameters of the
MPMs are identical. Based on the conventional theories,
their sound absorption coefficients should be identical; how-
ever, based on the proposed theory, their sound absorption
coefficients might differ due to the hole positions, i.e., the
effect of the membrane vibration on the acoustic impedance
of the perforations.

Figure 9 shows the photograph of the four additional
MPMs. The different perforation positions are illustrated in
Fig. 9. The sound absorption measurements were conducted
under the same experimental set up as described in Sec.
III B. The measured sound absorption coefficients and the

Group 1 with 73 holes on each MPM

Group 2 with 48 holes on each MPM

FIG. 9. Photograph of the additional MPMs made using the MPM 1 mate-
rial. There are 73 and 48 (0.31 mm holes) drilled in each of the membranes,
respectively.
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FIG. 10. Normal incidence sound absorption coefficients of the manufac-
tured MPMs with 73 holes, D = 25 mm.

predicted results based on the proposed method are com-
pared for each group in Figs. 10 and 11.

Note that the values of the tension and damping are
identical to those in Fig. 6(a) because it is assumed that the
perforations have no effect on the mechanical properties of
the membrane. The thick solid curves in Figs. 10 and 11 are
the measured sound absorption coefficient curves for the
manufactured MPMs with holes at R = 45 mm and the thin
solid curves are those for the manufactured MPMs with
holes evenly distributed. There are obvious differences
between these curves which demonstrates the effect of the
hole positions on the acoustic impedance of the MPMs, and
hence supports the proposed theory. Moreover, the predicted
curves are close to the experimental results for the corre-
sponding manufactured MPMs, which suggested that the
proposed theory is accurate.

IV. SUMMARY

A new method for the prediction of the acoustic imped-
ance and the sound absorption coefficient of a MPM is intro-
duced in this paper. This method is based on a new boundary
condition where the particle velocity at the hole wall bound-
ary, which is assumed to be zero in Maa’s theory, is assumed
to be equal to the local membrane vibration velocity. By
applying this new boundary condition to a circular membrane,
it is shown that the acoustic impedance due to the perforation
is affected by the membrane vibration and becomes a function
of the membrane radial coordinates.

== Maa
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due to the membrane
n =0.046 Proposed prediction
---with 48 holes

at R=45 mm

Proposed prediction
---with 48 holes
evenly distributed

Experimental results
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Experimental results
—with 48 holes
evenly distributed
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FIG. 11. Normal incidence sound absorption coefficients of the manufac-
tured MPMs with 48 holes, D = 25 mm.



Using this new boundary condition, analytical models
for the acoustic impedances of both the impedance associ-
ated with the perforations and the membrane vibration im-
pedance are derived. The variability of the perforation
impedance with hole location is investigated theoretically.
The impedances due to the perforation and the membrane
vibration are combined following the electric-acoustic anal-
ogy to present the overall impedance of the MPM. This new
model is validated by experimental results for MPMs.
Moreover, based on the proposed theory, it is validated
experimentally that the hole position affects the acoustic im-
pedance and sound absorption of MPMs, even if the MPM
parameters, such as the hole radii, the thickness, and the per-
foration ratio, are identical.

This study extends the classic micro perforated theory
and offers an accurate model for predicting the performance
of flexible finite-sized MPMs. This study provides increased
understanding of the coupling between the membrane vibra-
tion impedance and the impedance due to the perforations of
MPMs.
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