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a b s t r a c t

Sound absorption inside a cylindrical enclosure using micro-perforated panels (MPP) is investigated.
Attention is focused on analyzing the effect of backing cavities on the sound absorption capabilities of
various MPP configurations both numerically and experimentally. A model is used to analyze the acoustic
coupling between the cylindrical acoustic domain enclosed by the MPP and the annular cylindrical
acoustic domain forming the air space behind it. It was shown that the sound field in the backing cavity of
the MPP plays an important role in determining the energy dissipation efficiency of the MPP construction,
and thereby affects the degree of attenuation of the standing waves inside the enclosure. Conventional
MPP construction with a backing air layer was shown to only provide limited noise reduction, but fail
at certain frequencies associated with the acoustic resonances of the cylindrical acoustic field. The
problem can be tackled by adding proper partitions in the baking cavity, as a result of the alteration of
the acoustic coupling across the MPP panels.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The pioneer work on micro-perforated panel (MPP) can be
traced back to nearly forty years ago. By expanding the short tube
theory, Maa’s work [1] allows the theoretical prediction of the
acoustic impedance of a MPP. To achieve effective sound absorp-
tion, an air gap is usually placed between the MPP and a backing
rigid wall so as to produce the Helmholtz resonance effect.
Without considering the panel vibration, the acoustic impedance
of the MPP is independent of the material properties. Hence, it
can be fabricated by waterproof, heatproof or flameproof materials,
making it a good alternative to conventional fibrous and porous
materials in numerous acoustic applications [2–15].

Generally speaking, two major parameters are usually used to
quantify the acoustic property of a MPP construction: the sound
absorption coefficient and the normal acoustic impedance over
its surface. With MPP construction placed on a wall, both parame-
ters are widely used by treating the MPP as equivalent acoustic
boundaries. Those two quantities, however, may not truthfully
represent the in-situ working condition of the MPP when it is inte-
grated into a compact acoustic system. Recent work [16] showed
that two MPP constructions, one with a partitioned backing air
space and the other one without, give the same sound absorption
curves in the impedance tube test, but exhibit totally different
sound absorption behaviors when placed on the wall of a

rectangular enclosure. The work indicated that the acoustic behav-
ior of the MPP could be strongly influenced by the acoustic media
coupled across the MPP, which is drastically different from the free
field configuration. Indeed, a MPP dissipates acoustic energy
through Helmholtz resonance absorption inside the holes, as a
result of the pressure difference between the two sides of the
MPP. In this sense, how the sound pressure field behind MPP
behaves will, in principle, affect the dissipation capability of the
MPP. More recently, Toyoda et al. [17] and Yu et al. [18] noticed
that even the conventionally used backing air cavity behind the
MPP is not always necessary, provided a pressure difference
between the two sides of MPP is formed. Despite these observa-
tions and hypotheses, thorough analyses which allow clear under-
standing of the underlying physics are still lacking. This motivates
the present work to take a closer look at the MPP construction by
undertaking a systematic analysis of the working mechanism of
the MPP in the presence of the acoustic coupling across its surface.

As a benchmark problem, the interior sound field inside a cylin-
drical enclosure with an inner MPP liner is investigated. The MPP
liner consists of a folded MPP with various backing configurations.
Particular attention is paid to studying different configurations of
the backing air space of the MPP liner. Note that the cylindrical
enclosure is also of considerable importance in many engineering
applications such as aircraft fuselage, ventilation duct and
Magnetic Resonance Image (MRI) scanner. It is also relevant to
note that in a previous work, Li and Mechefske [19] examined
the possibilities of using MPP liner to reduce the noise level in
the MRI scanner bore. The backing air space of the MPP is left
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empty without any particular treatment. Measurements showed
that although MPP could reduce the interior noise to some extent,
it is not so effective in some cases. A later investigation by Fraser
[20] reported that the noise reduction is not sufficient for signifi-
cant differences in perceptions by volunteers tested in MRI experi-
ment. The present paper will provide an answer to these observed
phenomena. As will be demonstrated later, the noise suppression
capability of the MPP can be improved with proper treatment to
the backing air space. The general understanding of the underlying
physics could also assist in improving the noise control perfor-
mance of MPPs in other applications.

2. Numerical analyses

2.1. Model development

Under a cylindrical coordinate system, an annular cylinder of
outer radius r1, inner radius r2, and length L is shown in Fig. 1.
Assuming an acoustically rigid outer wall, the inner cylindrical wall
represents a MPP boundary with:

v1 ¼
p1 � p2

ZMPP
ð1Þ

v1 ¼ �v2 ð2Þ

where pi is the sound pressure on the MPP surface, vi is the averaged
normal air particle velocity over the MPP surface (positive out-
ward), and ZMPP is the acoustic impedance of the MPP given by
Maa [1]. Subscript 1 and 2 denote the two acoustic domains, respec-
tively, i.e. the one between the two cylindrical walls; and the other
enclosed by the inner cylindrical MPP wall. The two terminations of
the acoustic domains are assumed to be acoustically rigid.

With a point source inside acoustic domain 2, the air motion
inside the MPP pores becomes a secondary source, radiating sound
into domains 1 and 2 simultaneously. In harmonic regime, the
sound pressure field in domain 2 can be described by the
Kirchhoff–Helmholtz integral equation [21] as

p2 ¼ �jqx
Z

Sa

G2v2dSa þ
Z

Vs

G2QdVs ð3Þ

where G2 is the Green’s function, Q has the expression of
Q = jqxqd(r � rs)d(x � ls) with q, x, q, d(�), rs, ls being respectively,
the air density, angular frequency, volume velocity of the point
source, the Dirac delta function, the radial and longitudinal dis-
tances of the point source. r and x are the radial and longitudinal
distances of the observing point. Sa is the surface occupied by
MPP and Vs is the volume of the point source.

Similarly, the sound field in domain 1 is also determined by the
velocity on MPP surface:

p1 ¼ �jqx
Z

Sa

G1v1dSa ð4Þ

The rigid-walled modes of the two domains can be expressed ana-
lytically [22–24]. For domain 1 (annular cylindrical cavity), the Mth
rigid-walled mode /M is expressed as:

/Mðr; xÞ ¼
cosðmhÞ
sinðmhÞ

8><
>: � JmðkmnrÞ � J0mðkmnr2Þ

Y 0mðkmnr2Þ
YmðkmnrÞ

� �

� cos
ppx

L

� �
ð5Þ

where kmn is the zero of the cross-product of Bessel function and h is
the azimuthal angle.

J0mðkmnr2ÞY 0mðkmnr1Þ � J0mðkmnr1ÞY 0mðkmnr2Þ ¼ 0 ð6Þ

In Eqs. (5) and (6), Jm and Ym are the Bessel functions of the first and
second kind of order m, respectively; the prime indicates the first
derivative; L is the length of the cylinder; m, n, p are the circum-
ferential, radial longitudinal order, respectively.

For domain 2 (cylindrical cavity), the Nth rigid-walled mode wN

writes

wN ¼
cosðmhÞ
sinðmhÞ

�
� JmðkmnrÞ � cos

ppx
L

� �
ð7Þ

where kmn satisfies the following equation

J0mðkmnr2Þ ¼ 0 ð8Þ

The Green’s functions G1 and G2, which describe the response at
(r,x) due to point source excitation at (r0,x0), can be constructed
by the corresponding rigid-walled modes in each domain as

G1ðr; r0; x; x0Þ ¼
X

M

/Mðr; xÞ/Mðr0; x0Þ
K1M k2

1M � k2
� � ð9Þ

Fig. 1. Diagram for the MPP lined on the inner wall of a cylindrical acoustic domain,
a uniform air space of depth r1 � r2 is left behind the MPP.

Table 1
Parameters of the cylinder and MPP in simulation.

Cylinder MPP

r1 = 230 mm Diameter of the hole 0.35 mm
r2 = 200 mm Panel thickness 0.35 mm
l = 400 mm Perforation ratio 1%
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Fig. 2. Simulated interior sound pressure level.
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