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The acoustic properties of a compound micro-perforated panel (MPP) absorber array are investi-
gated. The absorber array consists of three parallel-arranged MPP absorbers with different cavity
depths. A finite element procedure is used to simulate its acoustic behaviors under normal inci-
dence. Experimental studies are carried out to verify the numerical simulations. Due to different re-
actance matching conditions in the absorber array, strong local resonance occurs and the
corresponding local resonance absorption dominates. Compared with single MPP absorber, the
absorber array requires lower acoustic resistance for good absorption performance, and the reso-
nance frequencies shift due to inter-resonator interactions. The different acoustic resistance require-
ment is explained by considering the reduced effective perforation rate of the MPP in the absorber
array. The performance of the absorber array varies with the sizes and spatial arrangement of the
component absorbers. When the distance between component absorbers is larger than a quarter-
wavelength, the above-mentioned parallel absorption mechanism diminishes. In the experimental
study, the normal incidence absorption coefficients of a prototype MPP absorber array are tested.
The measured results compare well with the numerical predictions. The experimental study also
shows that although other absorption mechanisms may exist, dissipation by the MPP is dominant in

the MPP absorber array. © 2011 Acoustical Society of America. [DOI: 10.1121/1.3596459]

PACS number(s): 43.55.Ev, 43.50.Gf [KVH]

I. INTRODUCTION

As an innovative fiber-free solution to the noise control
problem, the micro-perforated panel (MPP) is finding more
and more applications in areas such as room acoustics,'”
environmental noise abatement® and duct mufflers.* An MPP
is a thin flat plate perforated with numerous sub-millimeter
orifices. By reducing the sizes to sub-millimeter scale, the per-
forations themselves can provide enough acoustic resistance
and low acoustic reactance necessary for an absorber without
the use of any porous material.”® The basic construction of an
MPP absorber consists of an MPP fitted in front of a rigid
backing wall, as illustrated in Fig. 1(a). The backing wall is
usually parallel to the MPP with a constant air gap between
them. The acoustic performance of such a device can be com-
pletely determined by the orifice diameter, the perforation
rate, the panel thickness and the depth of the air gap.®”’

Although the MPP offers an outstanding alternative to
the traditional porous materials, its sound absorption capabil-
ity is usually not quite enough for a general purpose
absorber. For instance, the commonly used MPP with orifice
diameter in the range of 0.5—-1 mm is able to achieve a half-
absorption (i.e., the sound absorption coefficient o > 0.5)
bandwidth of one or two octaves. Both the bandwidth and
the half-absorption criterion are insufficient to compete with
the porous materials. Theoretically, the half-absorption
bandwidth can be further extended up to three or four
octaves if minute orifices of diameter 0.1-0.2 mm are used.’
However, the excess cost associated with the manufacturing
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process prevents the wide-spread use of them in the noise
control industry. Another approach to broaden the absorption
bandwidth is to adopt a double-layer MPP construction.® By
adding a second MPP to the primary one in tandem, the dou-
ble-layer design can extend the absorption bandwidth to
lower frequencies, while at the cost of increased cavity depth
due to the extra layer construction. Aiming for broadband
absorption, a more straightforward approach is to arrange
multiple MPP absorbers of different frequency characteris-
tics in parallel, hence an MPP absorber array. It seems natu-
ral that broader absorption bandwidth can be achieved by
combining different frequency bands together. However, so
far, a thorough understanding of the acoustic properties of
such an absorber array is still lacking, which has motivated
the current investigation.

Before presenting the details of the present investigation,
some related previous work is reviewed below. In an early
study by Zha et al.,® a parallel arrangement of two MPP absorb-
ers of different cavity depths was proposed for broadband per-
formance, and its normal incidence absorption coefficients
were tested experimentally using an impedance tube. Yairi
et al’ later tested a similar parallel arrangement design and
compared the measured results with predictions based on the
equivalent electrical circuit model.> Both studies showed that
the parallel arrangement of two different MPP absorbers was
able to obtain a broader absorption band. Moreover, the absorp-
tion performance of the absorber array could be better than the
average of the two component MPP absorbers. In the latter
work, experimental studies were also extended to measure the
reverberation absorption coefficients of larger size prototypes
in meters. In a recent numerical study, Sakagami er al.'® pre-
dicted the absorption performance of a parallel arrangement of
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two different MPP absorbers by considering the excess attenua-
tion caused by the impedance discontinuity. The results are
helpful for understanding the absorption characteristics of the
MPP absorber arrays, though the validity of the numerical
modeling is to be verified. To summarize, most of the existing
work has to some extent demonstrated the potential of obtain-
ing broader frequency band through combining different
resonances. However, few efforts have been made to further
investigate the distinct acoustic behaviors of the MPP absorber
array and the physics behind them. The acoustic benefits of the
parallel arrangement of multiple MPP absorbers have not been
fully characterized either. Note that there are also investiga-
tions on the use of surface and volume heterogeneities to
increase the absorption efficiency in some other sound-absorb-
ing structures. For instance, Mechel'! demonstrated numeri-
cally that broadband sound absorption could be achieved by
covering a restive layer onto the front surface of a Schroeder
diffuser, which consists of an array of wells with different
depths arranged in a pseudo-random manner. The numerical
findings were later verified experimentally by Wu et al.'* They
also performed an optimization procedure to tune the depths
sequence for better absorption performance. In another study
by Groby et al.,'* the acoustic properties of a finite layer of po-
rous material in front of a periodic irregular grating were inves-
tigated. The enhanced sound absorption performance was
mainly explained by the modified modes of the backed-layer
and modes of the grating which are excited due to the periodic
irregular grating.

The primary purpose of the present work is to investi-
gate the acoustic properties of a parallel arrangement of mul-
tiple MPP absorbers with different cavity depths (i.e., the
MPP absorber array), as shown in Fig. 1(b). Special attention
is paid to the physical explanation of the absorption mecha-
nisms within such an MPP absorber array. The results pro-
vide a useful basis for the design of MPP absorber array as
well as a better understanding of its unique acoustic charac-
teristics. In doing so, a reliable numerical model is required
to describe properly the acoustic behaviors of the MPP
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FIG. 1. Schematic diagrams of the MPP absorbers. (a) A single MPP

absorber with uniform air gap. The partitioning wall is optional. (b) A com-
pound MPP absorber array with three partitioned cavities.
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absorber array both for the theoretical investigation and for
the practical design purposes. The equivalent electrical cir-
cuit analogy is easy to use to calculate the absorption coeffi-
cients, but the details of the acoustic field are not available
for analysis. Moreover, as the electrical circuit model repre-
sents the extreme situation in which the MPP absorber array
is infinitesimal,'* the effect of the finite geometry of the
component MPP absorbers on the absorption performance is
not captured. In this study, a finite element procedure is
established and validated against experimental results and
well-established analytical solutions. In what follows, Sec. II
describes the finite element modeling procedure of the MPP
absorber based on a two-dimensional (2D) configuration.
The finite element simulation compares well with analytical
solutions available in literatures. Section III investigates
numerically the acoustic properties of MPP absorber arrays,
which consists of three parallel-arranged MPP absorbers
with different cavity depths. Section IV describes the experi-
mental studies conducted to validate the finite element mod-
eling procedure as well as the numerical findings.

Il. FINITE ELEMENT MODELING OF THE MPP
ABSORBER

A finite element procedure is established to simulate the
acoustic behaviors of the MPP absorber under normal inci-
dence. The modeling procedure is described below based on
a simple 2D configuration of a single MPP absorber, which
consists of a rectangular cavity (E-F-G-H) and an MPP
covering on the open side of the cavity (E-H), as shown in
Fig. 2. The MPP itself can be assumed to be either flexible
or rigid, depending on the thickness and the material of the
panel. Owing to the versatility of the finite element simula-
tion, the backing cavity in Fig. 2 can be extended to more
complicated shapes without any fundamental changes in the
modeling procedure, for example, the trapezoidal-cavity
backed MPP absorber reported earlier'” and the MPP
absorber array in Fig. 1(b). Following the ISO standard'® on
determination of sound absorption coefficient, a rectangular
duct (a channel in the 2D model) is connected to the MPP
absorber in the numerical model, representing the impedance
tube in the experimental rig. Such a configuration is primar-
ily for the simulation of the acoustic properties of the MPP
absorber under normal incidence, which can be conveniently
tested experimentally. The overall modeling procedure
applies to the situation of oblique incidence, but a different
treatment of the boundary conditions is required.
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FIG. 2. Numerical model for the MPP absorber which consists of an MPP
covering the open side (E-H) of a rectangular cavity. A virtual impedance
tube is fitted to the MPP absorber at the open side. The walls of the imped-
ance tube and the rectangular cavity are assumed to be acoustically rigid.

C. Wang and L. Huang: Micro-perforated panel absorber array 209

Downloaded 29 Feb 2012 to 147.8.21.150. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-homef/info/terms.jsp



Assume that a plane incident wave comes from the left-
hand side of the duct with unit amplitude,

pi = explj(wr — kox)], (D

where w =2nf is the angular frequency, ko is the acoustic
wavenumber, j=+/—1 is the imaginary unit. When the
acoustic wave p; is incident on the MPP, some of the acous-
tic energy is reflected, and the rest is absorbed by the MPP
as well as the sound absorbing materials (if any) inside the
backing cavity. The acoustic field inside the duct and the
backing cavity is governed by the Helmholtz equation,

2
(V2 - 16) ¢ =0, @)

ck or?

where ¢ is the speed of sound in air, and ¢ is the velocity
potential which is related to sound pressure p and acoustic
particle velocity u as

_ %0
pP= pOatv

u=Vo, 3)
with p, being the density of air. Under the acoustic excita-
tion, the perforated panel vibrates and the structural vibra-
tion is then coupled with the acoustic fields on both sides.
When light weight MPP is used, the effect of the structural
vibration on the sound absorption characteristics of the MPP
absorber can be considerable at the resonance frequencies of
the perforated panel.'”*'® The sound induced vibration of the
perforated panel is governed by the dynamic equation,

. Pw(y,t
Dy(1+)x E)Viw(y,t) +ps%zpduct_l%aw 0<y<h,
0
w=0, —W:O, y =0,h, fixed ending,
dy
82
w=0, —‘; =0, y=0,h, pinned ending,
dy

“)

where D; and ¢ are the flexural rigidity and the loss factor of
the perforated panel, p, is the MPP surface density, pgut and
Peav are the sound pressures in the duct and the backing cav-
ity, respectively, w is the normal displacement with the cor-
responding vibration velocity u; = jow for harmonic time-
dependence, / is the duct height. The four edges of the MPP
(the two ends in the 2D configuration) can be either fixed or
simply supported (pinned), depending on the installation sce-
nario chosen.

The acoustic field in the duct is coupled with that in the
backing cavity via the structural vibration defined in Eq. (4)
as well as the air motion inside the orifices. This vibro-
acoustic coupling problem is modeled by prescribing an
appropriate boundary condition at the interface between the
acoustic domains and the perforated panel, as presented
below. To simplify the numerical modeling, the discrete air
particle velocity over each orifice is averaged across the ad-
jacent unperforated region so that a quasi-continuous particle
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velocity field u(y) is obtained. By the same token, the acous-
tic impedance due to the micro-perforations is also averaged
and denoted as

Z = Zyesist +] X Zreactv (5)

where Zesist and Zeaor refer to the resistive and reactive parts
of the acoustic impedance, respectively. Following Maa’s
formula,”” the specific acoustic impedance in Eq. (5) is
found as

2t KN\ V2 o d
Ziosir = —1 (147 Vg4, 6
eSSt pocod? [( 32) TR (6a)
wt K\ 2 d
Zisa = o |1+ (1+7) +0.855, (6b)

where K = d\/wpy/4n, d is the orifice diameter, ¢ is the
panel thickness, 7 is the coefficient of viscosity, and o is the
perforation ratio in percentage. Equations (6a) and (6b) have
been shown to be accurate enough when the sound pressure
level is less than 100 dB and the orifices are spaced more
than one diameter apart.®’” Thus, the averaged velocity field
u(y), which combines the normal vibration velocity of the
plate u; and the averaged air motion inside the orifice, is
found as'’

Pcav — Pduct

7
(Poco)Z @

M:QXMS+

where (; = 1 — Zear X 0/Z. Applying the continuity condi-
tion of normal velocity, the boundary condition at the inter-
faces between the acoustic domains and the perforated panel
is given as,

op

o= ()

where ¢ is the velocity potential defined in the acoustic
domains, including both the duct and the backing cavity.

At the left boundary of the duct, the incident sound
wave p; is mixed with the unknown reflected sound wave p,.
An appropriate boundary condition should allow the
reflected sound wave to pass through this artificial boundary
without reflection. Here, the Dirichlet-to-Neumann boundary
condition®® is implemented to describe this no-reflection
condition. Note that, at the left boundary (x = x;), the total
velocity potential is

o=t with ¢=—L— ¢ =—L— ()
JPo® Jpo®
and its normal derivative d¢/0x on the boundary is
0¢ ¢,
T iknd: . 10
Ox Fodi + Ox (10)

The left-going solution for the reflected sound wave p,
suggests
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o(x,y) = Z Ap X Puly) x & at x <xp. (11)
m=0,1,...

In Eq. (11), ¥,,(y) is the duct acoustics modes of a 2D chan-
nel of height £,

W, (y) = /2 — Som cos(mmy/h), (12)

where 0y, is the Kronecker ¢ and

ko = =i x \/ (/) — (/o)™ (13)

Owing to the orthogonal property of ¥,,(y), the coefficient
A, is evaluated at the left boundary as

1 h
An =3 ] @ = ) En0)0> (14

Thus, the no-reflection condition at the left boundary is
expressed as

9 _ ity ¢ +§:'kA ¥, (y) (15)
ax—]O i JEmAm YT m\Y),

m=0

in which ¢, is determined by the given incident pressure p;,
referring to Eq. (9); the coefficient A, is determined in
Eq. (14); M 1is the highest acoustic mode number used. The
walls of the duct and the cavity are assumed to be acousti-
cally rigid, which implies that the particle velocity normal to
the walls vanishes,

o¢

on o (1o
where n denotes the outward normal direction to the wall.

In short, the modeling procedure of the MPP absorber
can be summarized as follows. The finite element model con-
tains two acoustic domains (i.e., the duct and backing cavity)
and one structural domain. The acoustic problem for velocity
potential ¢ is specified in Eq. (2) together with boundary con-
ditions of Egs. (8), (15), and (16). For the structural domain,
the bending vibration of the MPP is described by Eq. (4). The
effect of the micro-perforations of the MPP is modeled as
equivalent acoustic impedance in Eq. (7). The coupling
among the two acoustic domains and the structural domains is
established in two aspects. First, the structural vibration veloc-
ity u; = jow determined by Eq. (4) and the average velocity
u determined by Eq. (7) are used to prescribe the boundary
condition defined by Eq. (8) in the acoustic domains. Second,
the sound pressures pguet and pe,y in Egs. (4) and (7) are eval-
uated in the acoustic domains via the relations in Eq. (3). The
governing Egs. (2) and (4) together with the relevant bound-
ary conditions are solved using COMSOL Multiphysics,
which is a commercial finite element software package for
solving partial differential equations. With the aid of Eq. (3),
the normal incidence absorption coefficient of the MPP
absorber can be evaluated either at the left boundary of the
duct or at the MPP surface as
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h
poco J Relp*(y) x u(y)ldy

|I7i|2 h

oy = ; (17)

where Re means the real part of a complex value and the as-
terisk denotes the complex conjugate. In the above finite ele-
ment model, the vibration effect of the MPP is considered in
Eq. (4). If the MPP is assumed to be rigid, Eq. (4) is
excluded from the numerical model and the corresponding
vibration velocity u, in Eq. (7) is then dropped.

As a preliminary validation of the finite element modeling
procedure, the sound absorption characteristics of two single
MPP absorbers are simulated and compared with the analytical
solutions available in literatures. The first numerical example
consists of an MPP fitted in front of a solid wall with a con-
stant air gap of D = 100 mm. The perforated panel is assumed
to be rigid so that the vibration effect is not considered. Other
properties of the MPP are d == 0.5 mm and ¢ = 1%, where
d is the orifice diameter, ¢ is the panel thickness, and ¢ is the
perforation ratio. For such a simple configuration, the normal
incidence absorption coefficients can be calculated analytically
following the equivalent electrical circuit method in Maa,5 0 as
shown in Fig. 3(a). In the finite element simulation, the con-
stant air gap between the MPP and the solid wall is modeled
as a rectangular cavity of the size 200 mm (width) x 100 mm
(depth), and the infinite perforated panel is reduced to a beam
of finite length L =200 mm. The computational domains are
discretized with triangular quadratic-Lagrange elements. The
maximum element size is set to be 0.01 m and a total of 5096
elements are defined. The same meshing scheme applies to the
following 2D simulations in Sec. III. The predicted absorption
coefficients by the finite element simulation are shown in
Fig. 3(a) in open circles. In the second numerical example, the
normal incidence absorption coefficients of a finite flexible
MPP backed by a rectangular air cavity are simulated and
compared with the results obtained with the modal analysis
method.'” The dimension of the air cavity is 200 mm
(length) x 200 mm (width) x 150 mm (depth). The first struc-
tural resonance of the perforated panel is set to be 700 Hz,
with the loss factor £ = 0.04 and the surface density p, =1 kg/
m2. The properties of the MPP are d=0.4 mm, r=0.3 mm,
0 = 1%. The four edges of the perforated panel are simply sup-
ported. To accurately model the structural vibration effect, a
full three-dimensional (3D) finite element model is established
following the same procedure as in the 2D configuration. The
3D acoustic domain is meshed with a total of 4836 prism
quadratic-Lagrange elements (maximum element size: 0.03
m). The simply supported flexible panel, which corresponds to
Eq. (4), is meshed with a total of 744 triangular quadratic-
Lagrange elements. The predicted sound absorption coeffi-
cients by the two methods are compared in Fig. 3(b). In both
cases, the finite element simulations are in good agreement
with the analytical solutions. For a complicated configuration
like the MPP absorber array with modulated cavity depth, the
analytical methods are no longer suitable for the prediction.
For verification purpose, experimental studies are carried out
in Sec. IV and the measured absorption coefficients are com-
pared with the finite element simulations.
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FIG. 3. (Color online) Comparison of the predicted normal incidence
absorption coefficients by the finite element model and the analytical solu-
tions. (a) Rigid MPP. The 2D rectangular cavity is of the size 200 mm
(width) x 100 mm (depth). The properties of the MPP are, d=¢=0.5 mm,
perforation ratio ¢ = 1%. (b) Flexible MPP. The 3D cavity is of the size 200
mm (length) x 200 mm (width) x 150 (depth). The first structural resonance
of the MPP is 700 Hz. The MPP parameters are, d =0.4 mm, t=0.3 mm,
perforation ratio ¢ = 1%. The surface density of the MPP is pg = 1kg/m’.

lll. NUMERICAL RESULTS

The acoustic behaviors of the MPP absorber array are
investigated numerically using the finite element procedure
presented above. As shown in Fig. 1(b), the MPP absorber
array consists of three different cavities partitioned by rigid
walls. Studies show that a combination of more cavities may
achieve better absorption performance. But the three-cavity
configuration is sufficient to demonstrate the distinct acous-
tic properties of the MPP absorber array while keeping the
structure relatively simple and easy to analyze. Likewise, the
structural vibration effect of the perforated panel is excluded
in the following simulations. The default geometry of the
MPP absorber array is set as follows,

Di=50mm, D= 100 mm, D;= 25 mm,

W1,2_3 = 30 mm. (18)

Note that the choice of the above geometrical parameters is a
little bit arbitrary. No effort is made to optimize the absorption

performance. Also note that the widths of the three cavities,
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TABLE I. Properties of the MPPs used in the numerical investigations.

Orifice diameter Thickness  Perforation ratio  Acoustic resistance
0.3 mm (small) 0.5 mm 1% sufficient

0.5 mm (moderate) 0.5 mm 1% moderate

0.8 mm (large) 0.5 mm 1% insufficient

Wi, W,, and W3, are not necessarily equal to each other. In
real design situations, a parametric study can be performed to
determine the optimal geometrical configuration.

A. Sound absorption coefficients under normal
incidence

Three types of MPPs with different orifice diameters are
investigated, as listed in Table I. The relative acoustic resist-
ance of the MPPs is plotted in Fig. 4 for reference. For the
single MPP absorber, it is well known that the good absorp-
tion performance requires that the acoustic resistance Zegis
of the MPP match that of air Z,;; = 1. A small orifice diame-
ter d=0.3 mm can provide sufficient acoustic resistance for
good sound absorption. As can be observed in Fig. 4, Z s
varies nearly proportionally to the reciprocal of the orifice
diameter d. When the orifice diameter increases to d =0.8
mm, Z.s becomes far below the optimal value (Z, = 1),
especially at the low frequencies. Based on the impedance
matching conditions for the single MPP absorber, the acous-
tic resistance is denoted as “sufficient,” “moderate,” and
“insufficient,” respectively. Certainly, with the orifice diam-
eter d=0.8 mm given, the acoustic resistance of the MPP
can be improved to the sufficient condition Zs ~ 1 with a
smaller perforation ratio, for example, ¢ =0.3%, but the
resulting absorption bandwidth shrinks dramatically. A com-
prehensive analysis of the choice of perforation parameters
for broadband absorption can be found in Ref. 8.

Figure 5 compares the normal incidence absorption
coefficients between the MPP absorber array and the corre-
sponding single MPP absorbers under different acoustic re-
sistance conditions. The single MPP absorber is simulated
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FIG. 4. (Color online) The acoustic resistance (relative to air) of MPPs with

different orifice diameters. Other parameters: thickness =0.5 mm, perfora-
tion ratio o = 1%.
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FIG. 5. (Color online) Comparison of the normal incidence absorption
coefficients between MPP absorber array (D; =50 mm, D, =100 mm,
D3 =25 mm) and single MPP absorbers (D)3 =25 mm, 50 mm, and
100 mm, respectively). (a) Orifice diameter d = 0.5 mm; (b) Orifice diameter
d=0.8 mm; (c) Orifice diameter d=0.3 mm. Other parameters: cavity
width W= 30 mm, panel thickness = 0.5 mm, perforation ratio ¢ = 1%.

by setting the depths of the three cavities equal to each
other, that is, Dj,3 =D. Figure 5(a) shows the results for
the MPP with moderate acoustic resistance (d =0.5 mm).
The thick solid curve is for the MPP absorber array
with Dy =50 mm, D, =100 mm, and D3 =25 mm. Three

J. Acoust. Soc. Am., Vol. 130, No. 1, July 2011

spectral peaks are observed at Py ;3 =470 Hz, 650 Hz and
930 Hz with ay > 0.95. Between the three peaks, the sound
absorption is still maintained at a reasonably high level,
say, ay > 0.9. The results for the single MPP absorber with
Di53=100 mm, 50 mm, and 25 mm are plotted in thin
solid, dashed, and dotted curves. The corresponding reso-
nance frequencies are 465 Hz, 700 Hz, and 1030 Hz. Com-
pared with the single MPP absorber, two features of the
MPP absorber array can be identified. First, the local
resonances of the MPP absorber array resemble those of the
individual MPP absorbers, but noticeable frequency shifts
can be observed. The frequency shift can be attributed to
the inter-resonator interaction, and it should be taken into
account at the design stage. One more important feature of
the MPP absorber array is the greatly enhanced sound
absorption associated with the local resonances, which is
usually neglected in previous investigations. As shown in
Fig. 5(a), although only one portion of the MPP is in reso-
nance at one particular spectral peak, the overall sound
absorption coefficients can be higher than those of the cor-
responding single MPP absorbers, in which the whole MPP
is in resonance. The performance enhancement is found to
be closely related to the value of the relative acoustic resist-
ance of the MPP, as shown below.

Figure 5(b) shows the results for the MPP with rela-
tively large orifice diameter d =0.8 mm. Referring to Fig.
4, the large perforations cannot provide sufficient acoustic
resistance for the single MPP absorbers. As a result, the
corresponding absorption coefficients drop approximately
by 15%—-20% as the orifice diameter increases from d =0.5
mm to d =0.8 mm. In contrast, for the MPP absorber array,
the absorption coefficients are still maintained at a high
level on the whole. Moreover, almost complete sound
absorption is achieved at the three resonances, which sug-
gests that the required optimal acoustic resistance of the
MPP absorber array is much lower than that of the single
MPP absorbers. As in this case, the relative acoustic resist-
ance of the MPP at the three resonances is Zegst = 0.32,
0.37, and 0.43, respectively. Considering the excess cost
associated with the manufacturing of minute orifices in the
MPP, the lower requirement of acoustic resistance in the
MPP absorber array constitutes a beneficial property as it
can be reached much more easily with relatively larger
perforations.

Figure 5(c) shows the results for the MPP with small
orifice diameter d =0.3 mm. For the single MPP absorbers,
almost complete sound absorption is achieved at the reso-
nance frequencies due to the good impedance matching.
However, the MPP absorber array seems to be over-damped.
As shown by the solid curve in Fig. 5(c), for the MPP
absorber array, the resonance peaks in the absorption curve
are smoothed out; and the peak absorption coefficient drops
to around oy = 0.9. This again suggests the different imped-
ance matching conditions between the single absorber and
the absorber array because of the possible different absorp-
tion mechanisms. Aiming for the enhanced absorption per-
formance of the MPP absorber array, lower acoustic
impedance than the single MPP absorber is preferred. Rea-
sons for this apparent difference are discussed in Sec. III B.
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FIG. 6. The acoustic intensity in the duct at the three resonance frequencies
of the MPP absorber array. The backing cavities are shown in dashed lines
in the subfigure for f=430 Hz for reference purpose. The geometrical con-
figurations and the MPP parameters are the same as in Fig. 5(b).

B. Local resonances and inter-resonator interaction

The unequal cavity depths create different reactance
matching conditions for each individual MPP absorber,
which in turn causes strong local resonance absorption and
out-of-phase air motion across the MPP surface. With the
aid of the finite element model, the local resonances and the
corresponding inter-resonator interaction are examined
numerically, and their effects on the acoustic properties of
the MPP absorber array are discussed accordingly.

Figure 6 depicts the acoustic intensity in the duct at
f=430, 600, and 860 Hz, corresponding to the three spectral
peaks in Fig. 5(b), respectively. The backing cavities are
shown in dashed lines in the first subfigure for reference. At
f=430 Hz, cavity 2 is excited to resonance as the inertia
effect of the air mass in the orifice is balanced by the stiffness
effect of the backing cavity. It can be seen that most part of
the acoustic energy is “attracted” toward this cavity and dissi-
pated by the MPP covering it. At f=600 and 860 Hz, cavity
1 and cavity 3 get to resonance, respectively. Similar observa-
tions can be made at these two resonance frequencies. The
contributions of the three component MPP absorbers toward
the total sound absorption are assessed quantitatively and the
results are shown in Fig. 7. The sound absorption coefficient
by the ith (i = 1,2,3) component MPP absorber is evaluated as

r
Oy = N
incident

E;bsorbed ( 19)

where FEjncigent denotes the total incident acoustic energy,
E!\ oibeq denotes the acoustic energy dissipated by the desig-
nated component MPP absorber. The absorption coefficients
for the single MPP absorber are shown in Fig. 5(b). One ob-
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FIG. 7. (Color online) Contribution of the three component MPP absorbers
toward the total sound absorption coefficient. MPA 1-3 denotes the MPP
patch covering cavity 1-3, respectively.

servation is that the resonating component MPP absorber
can dissipate more sound energy than the corresponding sin-
gle MPP absorber, although only one third of the total MPP
is in resonance. In fact, by removing the acoustic energy
absorbed due to the non-resonating absorbers from Ejncident,
the spectral peaks for o, approach to unity, which implies
complete sound absorption occurs within the resonating
component MPP absorber.

The inter-resonator interaction between the resonating
and non-resonating component MPP absorbers is examined at
the second resonance frequency of f= 600 Hz. Figure 8 shows
the distribution of the instantaneous particle velocity at the
phase angle wt=0, ©/2, n, and 37/2. The locations of the
cavities are the same as in Fig. 6. In the far field of the MPP,
a flat wavefront is observed as it would be when the MPP is

ot =0 ot =n/2
CIEr— - - - - + + + + + = + = =
- e . e e e e - = e e e e e e
E— s a4 g - = = = e = e e e
- . oy D T T SR S S
- - . * [ - = = = = = = = s
- - Loy B T
- . Loy o - e e e = = R e L N
- . - = = - T T S
- . . Duct : : ;‘ =] - = +« « Duct = = s 1 E
. - Vo w wy \‘\E - T T A
. - R - = = e = = W RR
- = IR R R A N \l\
- S e ow oy = = = = = = e R \F\
- R T T 4 = = = = = % = T R
- D T e e - o e o R
- s e % = =3 —h = = = e e = e e T T
- e e - e e = e e —
= R N N = A e € e e e
ot =t ot =3m/2
ra— P > = = = = 5 = = = -
- . e e e o -+ =+ =+ 4 3+ + =+ =+ 2 =
- = v v ' ’ ” - B S S s % e s =
- - L T B - B =+ = s o+ 4w = =
P 'SR B S
- - oo L} v X e e e e T
- - PRI S T e T T S S
- T S ¥ R o e e R A
. . N v RK = - = - - . w =
Duct R Duct s
- . L N E - s = = * s ow oy ) E
- DT S e e T S N
- P L e T R S
- o ow R RCRQ P T I t
- e o R RR - S s S oy
- .- % e T T e T g_ql
- SR S - = 5 5 3 3 S ﬁ-ﬂ~¢
- - e - - - = = =3 =3 =3 =3 =3 =3 —h
- - e & = = = > 3 = -3 3 =3 -3 —3 —f

FIG. 8. Spatial distribution of the instantaneous particle velocity at f= 600
Hz in one period. The design parameters and the locations of the backing
cavities are the same as in Fig. 6.
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FIG. 9. (Color online) The normal particle velocity over the MPP surface at
f=0600 Hz. (a) Magnitude, normalized to the particle velocity in the corre-
sponding single MPP absorber at its resonance frequency (f=640 Hz).
(b) Phase angle.

backed by a constant air gap. In the near field of the MPP,
however, the wavefront is distorted greatly because of differ-
ent reactance matching conditions across the MPP surface.
Obvious acoustic wave propagation between cavity 1 and cav-
ity 3 can be observed at the given frequency. Note that the air
motion around the two non-resonating cavities is out of phase
with that around the resonating region (cavity 1). This phase
difference is caused by the different distances that the acoustic
wave travels within each individual cavity. Figure 9 shows
the normal particle velocity over the MPP surface. The magni-
tude is normalized to the particle velocity in the correspond-
ing single MPP absorber at its resonance frequency (f= 640
Hz). Due to the strong local resonance, the sound flux is
attracted to cavity 1, and the air motion there is greatly inten-
sified. As shown in Fig. 9, the magnitude of the normal parti-
cle velocity over cavity 1 is about 1.7 times as large as that in
the single MPP absorber. Also, there are flows in and out the
micro-perforations over the non-resonating cavities, but the
magnitude is only in the fraction of the resonating one.

The sound absorption mechanism in the parallel
arrangement of multiple MPP absorber array, or “the parallel
absorption mechanism,” is now analyzed. As shown in Figs.
6 and 7, the strong local resonance accounts for most of the
sound absorption. Because of the different reactance match-
ing conditions, the component MPP absorbers get to reso-
nance at different frequencies, and most of the acoustic
energy is attracted to the resonating MPP absorber and dissi-
pated there. The supplementary sound absorption by the
non-resonating MPP absorbers is trivial. Thus, as far as the
sound absorption is concerned, it is reasonable to assume

J. Acoust. Soc. Am., Vol. 130, No. 1, July 2011

that the non-resonating component absorbers do not work. In
other words, the MPP patches covering the non-resonating
absorbers are regarded as non-perforating hard wall. Under
this assumption, the effective perforation ratio for the whole
MPP is reduced to 1/3 of the original one. Accordingly, the
effective acoustic resistance is increased to three times its
nominal value, referring to Eq. 6(a). In the light of this anal-
ysis, for the MPP absorber array, the effective acoustic re-
sistance of the MPP with d=0.8 mm will be Z_ = 0.96,
1.11, and 1.29 at the three resonance frequencies, which just
satisfies the well-known impedance matching conditions for
good sound absorption performance. For the same reason, if
the MPP is designed for optimal impedance matching in the
single MPP absorbers, the acoustic resistance may be too
high for the MPP absorber array to meet the impedance
matching condition, as is the case shown in Fig. 5(c). Thus,
the apparent difference in the acoustic resistance matching
conditions between the single MPP absorber and the MPP
absorber array is explained.

On the other hand, the out-of-phase air motion between
different component MPP absorbers changes the effective
acoustic reactance of the MPP patches covering the resonat-
ing absorber, which accounts for the frequency shift of the
resonances in the MPP absorber array. This effect is ana-
lyzed qualitatively below. Take the third spectral peak in
Fig. 5, for example, since its frequency shift is the most pro-
nounced. This spectral peak corresponds to the local reso-
nance of cavity 3 with the shortest depth D3 =25 mm. In the
single MPP absorber, it is known that resonance occurs
when the reactance of the MPP is balanced by the stiffness
effect of the backing cavity, that is,

Zreact — cot(wD3/co)= 0. (20)

In the MPP absorber array, when the above reactance match-
ing condition is reached, the residual reactance at the other
two cavities is always positive because of the longer cavity
depths. That is,

Zreact —Cot(wDy /co) > 0, Zieaer —cot(wDy/co) > 0. (21)

The positive reactance at the neighboring cavities imposes
an added-mass effect on the MPP patch covering cavity 3.
Therefore, the effective acoustic reactance of the MPP is
larger than the nominal value Z,, when the shortest cavity
is in resonance. As a result, the resonance frequency shifts to
lower frequency.

The effect of the finite geometry of the MPP absorber
array on the parallel absorption mechanism is investigated
by varying the cavity width and their space arrangements.
Figure 10 shows the variation of the predicted absorption
coefficients with the cavity width. The default cavity depths
are used. The parameters of the MPP are specified in the last
row of Table I (d=0.8 mm). As the cavity width increases
from W =20 mm to W =50 mm, the second and the third
peaks shift to lower frequencies, and the off resonance
absorption performance decreases. As the cavity width fur-
ther increases to W =80 mm, the sound absorption level at
the first two peaks remains almost unchanged, but the
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FIG. 10. (Color online) Variation of the normal incidence absorption coeffi-
cients with the cavity width. The cavity depths are D; =50 mm;
D, =100 mm; D3;=25 mm. The MPP parameters are: d=0.8 mm,
t=0.5mm, 6 =1%.

absorption performance around the third peak drops dramati-
cally. In the frequency range from 700 Hz to 1000 Hz, the
absorption coefficient of the absorber array is approximately
the average of the component MPP absorbers, which implies
that the component MPP absorbers work almost separately.
Note that the center-to-center distance between cavity 1 and
cavity 3 is 2 x W =160 mm, which approximately equals to
a quarter wavelength of the acoustic wave at f=540 Hz.
This frequency is roughly regarded as the critical frequency,
beyond which the above-mentioned parallel absorption
mechanism cannot sustain, as can be observed in Fig. 10.
From this investigation, one conclusion is that the parallel
absorption mechanism works only when the distance
between the component MPP absorbers is less than a quar-
ter-wavelength of the acoustic wave.

Figure 11 shows the effect of space arrangement on
the sound absorption performance. In the finite element
model, two arrangement sequences of the cavities are
considered:

D;=50mm, Dj;= 100 mm,
D3 =25mm, Wj,3=50mm, (22a)
D;= 50 mm, D;= 25 mm,
D3 = 100 mim, W17213 = 50 mm. (22b)

The corresponding results are indicated as “FEM, Sequence 1”
and “FEM, Sequence 2” in Fig. 11. For different arrangement
sequences, the absorption curves are similar on the whole with
slightly different resonance frequencies. The major difference
lies in the variations of the off resonance absorption perform-
ance. The variation can be very pronounced when the cavity
width is large relative to the acoustic wavelength. For compar-
ison, the results by the electrical circuit model are calculated
and shown in solid curve. The electrical circuit model repre-
sents the ideal parallel absorption mechanism with the cavity
width reduces to infinitesimal. In general, the off resonance
performance predicted by the electrical circuit mode is better
than the finite element simulations except the second trough in
“FEM, Sequence 2.” It indicates that the overall effect of the
finite geometry is counter-productive for the sound absorption
at the off resonance frequencies.

IV. EXPERIMENTAL STUDIES

Experimental studies are carried out to validate the finite
element model as well as the numerical findings about the
MPP absorber array. The prototype consists of three cavities
with depths D;,3 =24 mm, 48 mm, and 98 mm, respec-
tively. The three cavities are separated with two pieces of
steel plate of thickness 1 mm. The cavity walls are made of
acrylic of thickness 15 mm. The properties of the MPP are

d=0.64mm, t=05mm, o¢=1.6%. (23)
The MPP is made of stainless steel. The normal incidence
absorption coefficients of the prototype MPP absorber
array are measured experimentally and compared with the
numerical predictions. The test rig is designed based on the
two-microphone transfer-function method according to

FIG. 11. (Color online) Variation of the absorption coeffi-
cients with the arrangement sequences of the cavities in the
MPP absorber array. Sequence 1: Dy =50 mm; D, =25 mm;
D3;=100 mm. Sequence 2: D;=25 mm; D;=50 mm;
D3 =100 mm. The cavity width is W; » 3 =50 mm. Results by
the electrical circuit model are shown for reference.
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FIG. 12. (Color online) The normal incidence absorption coefficients of the
prototype MPP absorber array. (a) D; =24 mm, D, =98 mm, D3 =48 mm.
The dashed curve shows the measured absorption coefficients when the
MPP is removed. (b) D =24 mm; D, =48 mm; D3 =98 mm.

ISO-10534-2 (1988)."® The straight rectangular duct is also
made of acrylic of thickness 15 mm so that the duct walls
can be regarded as acoustically rigid. The cross section of
the rectangular duct is of 100 mm x 100 mm. So, the first
cut-on frequency in the rectangular duct is around 1700
Hz.

Figure 12 compares the predicted and measured normal
incidence absorption coefficients of the prototype MPP
absorber array. Two cavity sequences are considered:

Dy =24mm, D; =98 mm, D3 =48 mm, (24a)

Dy =24mm, D, =48 mm, D3 =98 mm. (24b)
The results are shown in Figs. 12(a) and 12(b), respectively.
The solid curves are for the numerical predictions. Within the
frequency range investigated, three peaks can be observed in
both cases. As already mentioned in Sec. III, the arrangement
sequences influence the absorption levels between the adja-
cent peaks because of the finite geometry effect. The solid
curves with open circles show the measured absorption coeffi-
cients. In both Figs. 12(a) and 12(b), the experimental results
are in good agreement with the predictions in terms of both
the peak frequencies and the overall sound absorption levels.
The unexpected peaks at f=50 Hz and 230 Hz are caused by

J. Acoust. Soc. Am., Vol. 130, No. 1, July 2011

the low frequency vibration of the test rig itself. The effect of
structural vibration of the perforated panel is not measured as
it occurs far beyond the frequency range tested.

The sound absorption performance is also tested with
the MPP absent from the prototype MPP absorber array. In
this case, the main sound absorption mechanisms are the vis-
cous and thermal losses inside the cavity as well as the struc-
tural vibration of the partitioning plates. The measured
results are shown in Fig. 12(a) in dashed line. When the
MPP is removed, the overall sound absorption level is rather
low (oy < 0.1) except around the resonance peaks. This test
reveals that the dissipation by the MPP is the dominant
sound absorption mechanism in the MPP absorber array,
although other mechanisms may exist in the device. In fact,
most of the incident acoustic energy will be either dissipated
or reflected by the MPP in the absorber array, and only a
small fraction of it has the chance of entering the cavity and
being dissipated by these extra absorption mechanisms. Note
that the device without MPP results in a sharp peak with
high absorption rate around f= 1600 Hz, but the absorption
curve for the MPP absorber array is rather smooth around
that frequency and the corresponding absorption coefficient
is low. Thus, as far as the design of the MPP absorber array
is concerned, it is appropriate to exclude these extra absorp-
tion mechanisms inside the cavity.

V. CONCLUDING REMARKS

The acoustic properties of a parallel arrangement of
multiple MPP absorbers with different cavity depths are
investigated. A finite element procedure is used to simulate
the acoustic behaviors of the MPP absorber array under nor-
mal incidence. Experimental studies are also carried out to
verify the simulation model as well as the numerical find-
ings. The following conclusions are made.

(1) Strong local resonance occurs within the MPP absorber
array due to the different reactance matching conditions
for the component MPP absorbers. Most of the acoustic
energy is attracted toward and absorbed by the resonat-
ing MPP absorber. The supplementary sound absorption
by the non-resonating MPP absorbers is trivial for the
resonance performance. The out-of-phase air motion
changes the effective acoustic reactance of the MPP
patch covering the resonating cavity, which shifts the
resonance frequency. All the above three aspects, that is,
the strong local resonance absorption, the supplementary
absorption by the non-resonating absorbers and the
change of environmental impedance conditions, consti-
tute the parallel absorption mechanism.

(2) Compared with the single MPP absorber, the MPP
absorber array requires lower acoustic resistance for good
sound absorption performance. In the MPP absorber array,
the local resonance absorption reduces the effective perfo-
ration ratio of the MPP, which causes the effective acoustic
resistance of the MPP in resonance increase accordingly. If
this increase in acoustic resistance is taken into account,
the acoustic resistance matching conditions for the MPP
absorber array and the single MPP absorber are consistent
with each other.
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(3) The parallel absorption mechanism is affected by the fi-
nite geometry of the MPP absorber array. The absorption
performance of the MPP absorber array varies with the
widths and spatial arrangement of the backing cavities,
especially at the off resonance frequencies. Though mar-
ginal performance improvement may occur at certain off
resonance frequency, the overall effect of the finite ge-
ometry is counter-productive for good sound absorption.
Furthermore, the parallel absorption mechanism works
only when the distance between the component MPP
absorbers is less than a quarter-wavelength of the acous-
tic wave. Otherwise, the component MPP absorbers
work separately, and the overall sound absorption coeffi-
cient of the MPP absorber array is approximately the av-
erage of the individual MPP absorbers.

(4) The absorption coefficients of a prototype MPP absorber
array are tested experimentally using a standing wave tube
and compared with the finite element simulations. The ex-
perimental results are in good agreement with the numeri-
cal predictions. Experimental test also shows that other
absorption mechanisms may exist in the MPP absorber
array, but the dissipation by the MPP is dominant.
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