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The sound attenuation performance of micro-perforated panels (MPP) with adjoining air cavity is inves-
tigated for a plenum. The sound field inside of a plenum is compared for two cases. In the first case, the
plenum is treated with an MPP and adjoining air cavity without any partitioning. For the second case, the
adjoining air cavity is partitioned into a number of sub-cavities. The resulting sound pressure fields indi-
cate that partitioning the adjoining air cavity increases the overall sound attenuation due to the MPP by
approximately 4 dB. The explanation for this phenomenon was investigated by measuring the sound
pressure level on planes in front of the MPP. Additionally, boundary element analyses were conducted
to simulate the effect of the MPP and adjoining cavity with and without partitioning on the sound field
in the plenum. It was demonstrated that a MPP can be modeled as a transfer impedance and that parti-
tioning the adjoining cavity enhances attenuation to acoustic modes that propagate transverse to the
MPP.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Micro-perforated panel (MPP) absorbers are attractive because
they provide effective sound absorption in environments where fi-
brous or porous materials deteriorate. For ordinary perforated pan-
els, pore diameters are on the order of millimeters or even
centimeters with modest inherent acoustic resistance. Conversely,
MPP absorbers are a relatively new development in which pore
diameters are sub-millimeter size ranging from 1 mm to as small
as 0.1 mm. Because of the small pores, MPP absorbers provide
acoustic resistance enabling improved sound attenuation. Com-
pared to traditional sound absorbing materials, MPP absorbers
are unique because they are non-combustible, high temperature
and wear resistant, fiber free and aesthetically pleasing. Due to
these benefits, MPP absorbers are being increasingly used in auto-
motive, aerospace, and building applications [1,2].

Another benefit of MPP absorbers is that they can be easily
tuned to provide a broadband sound absorption especially at low
frequencies. According to Maa’s theory [3–5], four design parame-
ters control the impedance of MPP absorbers. These parameters
including pore diameter d, panel porosity r, thickness t, and cavity
depth D are illustrated in Fig. 1. Maa expressed the impedance (z)
as
ll rights reserved.
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where x is the frequency, c is the speed of sound, and b is a perfo-
rate constant dependent on the properties of the fluid. b is given as

b ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xq=4g

p
ð2Þ

where g is the viscosity and q is the mass density of air.
Based on Eq. (1), a theoretical parameter study can be con-

ducted to investigate the impact of each of these four parameters
on the absorption coefficient [1,6]. For instance, varying the pore
diameter affects the bandwidth of the sound absorption. Most
importantly, MPP absorbers can be tuned by varying the cavity
depth in effect determining the frequency range where the MPP
absorber is most effective. The MPP will have maximum absorption
when the depth of the cavity is approximately one-quarter wave-
length. This occurs when the acoustic particle velocity is highest
in the pore. Varying porosity, pore diameter, and thickness mini-
mally change the frequency where the maximum frequency occurs
[1,6].

It is noteworthy that Maa’s theory assumes normal incidence.
However, MPP absorbers have been applied in cases where
the incidence is grazing or diffuse. In the case of HVAC (heating,
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Fig. 1. Schematic of MPP and adjoining air cavity.
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ventilation and air conditioning) systems, MPP absorbers are being
used along the sides of straight duct, in elbows and also in plena
[1,7,8]. Grazing and normal incidence can be assumed in the case
of straight ducts and elbows respectively at low frequencies. If in-
stalled in plena, both grazing and normal incidence can be ex-
pected at low frequencies. However, diffuse incidence occurs at
high frequencies in HVAC systems.
Fig. 2. Photograph showing cardboard partitioning in the cavity behind the MPP.
2. Adding partitioning to back cavity

In prior work by the authors [6], an experimental study was
undertaken to determine the insertion loss due to an MPP absorber
in a silencer. This insertion loss was compared to that of open cell
foam occupying the same volume in the silencer. The result
showed that the overall insertion loss of the MPP absorber is
approximately 3 dB lower than that of the foam.

In order to improve the MPP performance, various strategies to
treat the air cavity have been proposed and examined [9–11].
These include partitioning the air cavity, arranging absorbers in
parallel while varying cavity depths, layering absorbers, and intro-
ducing a thin fabric to the back of the MPP. Yairi et al. [9] con-
cluded that partitioning the air cavity was especially effective.
The authors’ prior results agreed with what Yairi et al. observed
[6]. In particular, it was found that partitioning the cavity im-
proved the overall insertion loss by 2 dB resulting in MPP perfor-
mance roughly comparable to foam.

The effect of partitioning the air cavity has been noticed by sev-
eral researchers. Toyoda and Takahashi investigated the effect of
subdividing the adjoining air cavity on the oblique incident trans-
mission loss of an MPP [12]. Their results suggested that partition-
ing the air cavity improved the transmission loss at mid-
frequencies by means of providing a motion-constraint condition
to the particles so that the acoustic wave could only propagate nor-
mal to the MPP. Yairi et al. tested the MPP’s with an alternative
honeycomb partitioning in the adjoining cavity. Agreeing with
Toyoda and Takahashi, they showed that the honeycomb affected
only the oblique incidence absorption coefficient and had a mini-
mal effect on normal incidence absorption [9].

Hillereau et al. [13] considered a more complicated case where
honeycomb cell walls themselves were also porous. They studied
the sound attenuation of an ordinary perforated panel under graz-
ing incidence. They concluded that the variation of the honeycomb
porosity had a significant impact on the acoustic attenuation of a
given perforated facing panel. In this situation, the partitioning
cannot be simplified as a device that merely forces the oblique inci-
dent wave into a normal incident wave in the cell.

The purpose of this paper is to experimentally investigate the
effect of partitioning the adjoining air cavity on plenum acoustics.
Refs. [9] and [12] investigated the physics of an MPP with adjoining
cavity for different incident wave angles. The current work builds
on this by looking at the effect of the MPP and adjoining cavity
on the plenum cavity (the cavity of interest). Like Refs. [9] and
[12] the partitioning behind the MPP is non-porous though it is
light and not rigid.
3. Experimental configuration

The objective of this work was to better understand acoustic
behavior inside a plenum with and without honeycomb partition-
ing. Fenech et al. [14] conducted a similar study where the effect of
a MPP on the acoustic modes inside of a closed cavity was investi-
gated. They noted that the MPP was effective at damping the
acoustic cavity modes normal to the MPP but ineffective at damp-
ing modes tangential to the MPP. This paper examines the signifi-
cance of partitioning the adjoining cavity on the acoustic modes in
a plenum. For this investigation, a loudspeaker was attached via a
short tube to a plenum having dimensions 0.96 m � 0.57 m �
0.42 m. Fig. 2 shows an end view of the silencer with the honey-
comb partitioning of the air cavity. The experimental setup is
shown in Fig. 3.

The MPP utilized was a micro-slit absorber (MSA) which shares
many characteristics with an MPP. The perforation shape of an
MSA is an irregular slit instead of circular hole. Maa [15] found that
a MSA is virtually identical to an MPP except that an MSA has
slightly smaller resistance and larger reactance. Rather than pre-
dicting the impedance using Maa’s theory, the transfer impedance
was measured in an impedance tube using a similar technique to
the two-cavity method proposed by Wu et al. [16]. The measured
transfer impedance is shown in Fig. 4. Fig. 5 compares the normal
incident absorption coefficient of an MPP with 65 mm cavity pre-
dicted using the transfer impedance with that measured directly
using the two-microphone method [17].

The MPP treatment was placed on the side of the plenum oppo-
site the source. Several different configurations were applied and
tested. These included three cases:

� Untreated (i.e. no MPP absorber or partitioning installed).
� MPP absorber with 65 mm back cavity and no partitioning.
� MPP absorber with 65 mm back cavity with a cardboard parti-

tioning. Cells are honeycomb shaped. If the partitioning is placed
in the plenum without an MPP facing, a small effect was noted
[6].

For each condition, sound pressure was measured at a plane lo-
cated 95 mm from the treated end of the plenum (30 mm anterior



Fig. 3. Schematic (on left) and photograph (on right) showing measurement setup.
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Fig. 4. Measured transfer impedance of an aluminum micro-slit absorber.
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Fig. 5. Normal incident absorption coefficient of MPP with 65 mm air cavity.
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to the MPP with a 65 mm adjoining cavity depth). In each case, the
measurement plane consisted of 54 points. Measurement points
were spaced 3.8 cm and 5.6 cm apart in horizontal and vertical
directions respectively.

The natural frequencies of the plenum can be calculated using.

f ðl;m;nÞ ¼ c
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l
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s

ð3Þ
in which, l, m, n are mode indices indicating the x-, y-, and z-direc-
tions respectively. L, W, and H indicate the respective length, width
and height of the plenum. The modes involving a single dimension
are termed axial modes. For example, this would include the
(1, 0, 0) and (0, 2, 0) modes. Tangential modes involve two dimen-
sions (i.e. the (1, 0, 1) and (0, 2, 1) modes). Oblique modes involve
three dimensions (i.e. the (1, 1, 1) or (2, 1, 2) modes). The error be-
tween measured and predicted natural frequencies is less than 5 Hz.
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4. Results and discussion

Fig. 6 demonstrates the attenuation due to introducing an MPP
absorber. In this plot, a type of insertion loss is shown. The differ-
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Fig. 6. Insertion loss comparison in 1/12 Octave bands.
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Table 1
Insertion loss at modal frequencies for MPP with and without partitioning.

x y z Frequency
(Hz)

MPP insertion
loss (dB)

MPP with pa
insertion los

Axial modes in x-
direction

1 0 0 178 5.4 8.1
2 0 0 357 4.3 6.8
3 0 0 535 14.7 17.0
4 0 0 713 12.2 13.9

Axial modes in y and z 0 1 0 301 0.7 7.5
0 0 1 418 0.4 11.6
(0, 2, 0), (0, 0, 2), etc. total six modes

Tangential modes in y
and z

0 1 1 515 0.1 4.5
0 1 2 889 �2.7 9.9
(0, 2, 1), (0, 3, 1), etc. total six modes

Tangential modes
involves x

1 1 0 350 3.4 5.3
1 0 1 455 1.5 11.7
(2, 1, 0), (2, 0, 1), etc. total 19 modes

Oblique modes involves
x, y and z

1 1 1 545 6.2 10.3
2 1 1 627 6.3 10.9
(3, 1, 1), (1, 2, 1), etc. total 19 modes
ence was determined between a spatial average of the mean
square sound pressure (from 54 sound pressure measurements)
on a plane 30 mm anterior to the MPP absorber and a baseline case
with no MPP absorber treatment. This insertion loss is shown in 1/
12 Octave bands. The figure also includes a curve showing the ef-
fect of partitioning added posterior to the MPP absorber. As antic-
ipated, introducing partitioning improves the effectiveness of the
treatment. The overall insertion loss of the MPP absorber without
posterior partitioning is 1.5 dB while adding partitioning improves
the performance by 3.2 dB. Overall insertion loss is calculated by
determining the overall spatially averaged mean square sound
pressure on the measurement plane for the treated and untreated
cases and taking the difference. Notice the distinct lower frequency
peaks due to the acoustic modes in the plenum. At higher frequen-
cies, the response is quasi diffuse in nature, and the attenuation of
the MPP absorber is less irregular.

Fig. 7 shows the narrowband insertion loss from 0 to 1000 Hz,
and also notes the acoustic modes which correspond to some of
the more prominent insertion loss peaks. Observe that the inser-
tion loss peaks and nadirs occur at acoustic resonances and anti-
resonances respectively.

This information is summarized in Table 1. Table 1 shows the
insertion loss at different modal frequencies for the MPP with
and without partitioning. The table separates the modes by their
600 800 1000
ncy (Hz)

)

)
(3,0,0)

(3,1,0)

(4,0,0)

(0,0,2)
(0,3,0)

)

)
(3,0,0)

(3,1,0)

(4,0,0)

(0,0,2)
(0,3,0)

corresponding modes in narrow bands.

rtitioning
s (dB)

MPP insertion loss
(averaged) (dB)

MPP with partitioning insertion
loss (averaged)

11.2 13.3 dB (improve 2.2 dB)

0.6 8.8 dB (improve 8.1 dB)

4.3 8.8 dB (improve 4.4 dB)



Fig. 8. Measured sound pressure contour map at 418 Hz, corresponding to z-axial mode (0, 0, 1). (a) Untreated, (b) with MPP absorber, (c) MPP absorber with partitioning.
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different behavior (i.e. axial, tangential or oblique). Notice that
the MPP is effective without partitioning for axial modes in
the x-direction (11.2 dB average insertion loss). This corresponds
to the effect noticed by Fenech et al. [14]. This can be likened to
a normal incident wave being absorbed. In contrast, axial modes
in the y- and z-directions have an average insertion loss of less
than 1 dB without partitioning posterior to the MPP. Notice that
partitioning improves the attenuation by over 8 dB for axial
modes in the y- and z-directions. However, the effect is modest
for modes in the x-direction (2.2 dB). The results suggest that the
partitioning disrupts the mode shape in the neighborhood of the
MPP. This will be illustrated via contour maps in the subsequent
section.

The tangential and oblique modes further support this mode
disruption premise. Notice that the insertion loss improves by over
8 dB for tangential modes that do not involve the x-direction. How-
ever, the insertion loss gains are more modest for tangential and
oblique modes involving the x-direction (4.4 dB improvement).

Fig. 8 shows a measured sound pressure contour map (for a
plane 30 mm anterior to the MPP absorber) at a frequency corre-
sponding to the (0, 0, 1) mode in the z-direction. Contour maps
are shown for the aforementioned three conditions (untreated,
MPP absorber, MPP absorber with partitioning). Notice that the
contour maps are essentially identical for the first two conditions.
However, introducing partitioning reduces the sound pressure
while also disrupting the acoustic mode.
Fig. 9. BEM mesh of plenum with MPP and partitioning.
5. BEM simulation of the MPP with air cavity partitioning

Since the measurement was made on single plane, a BEM sim-
ulation was conducted in order to better understand the modal
behavior inside of the duct. Simulations were conducted for the
three cases mentioned earlier. The indirect BEM [18] was used
for each simulation. The MPP itself was modeled via a transfer
impedance relationship. The transfer impedance (ztr) [16] can be
written as
Ztr ¼
p1 � p2

u
ð4Þ

where p1 and p2 are the sound pressures anterior and posterior to
the MPP respectively and u is the particle velocity (see Fig. 1). This
transfer impedance was defined on the boundary elements repre-
senting the MPP.

The BEM mesh with MPP and partitioning is shown in Fig. 9. The
mesh consisted of 6532 nodes and 4845 elements. The partitioning
was modeled as being square in cross-section instead of hexagonal
due to ease of discretization. The cells were approximately 5.25 cm
in length and height which was less than the acoustic wavelength
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Fig. 10. Insertion loss comparison of MPP with partitioning.
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for the maximum frequency of interest (34.3 cm). It was assumed
that the MPP and the sides of the plenum were rigid. Though the
partitioning was cardboard (and not rigid) in the experiment, the
partitioning was assumed to be rigid in the BEM model in order
to simplify the modeling. A velocity of 1 m/s was assumed at the
inlet as shown in Fig. 9. Linearity is assumed. Thus, the sound pres-
sure and particle velocity results should be correct in the phenom-
enological sense but the levels will be high.

A small amount of absorption was added to the plenum cavity
for each of the cases by using a complex speed of sound with a
small imaginary component as described in Ref. [19]. This absorp-
tion added to the cavity partially accounts for the absorption intro-
Fig. 11. Simulated sound pressure contour map at 294 Hz, corresponding to y-axial mod
duced due to the vibration and absorption of the plenum surface
and the cardboard backing.

Fig. 10 shows insertion loss for the MPP with partitioning. The
measured results are compared to BEM simulation. Notice the good
agreement in the results between 300 and 1000 Hz. In particular,
the BEM simulation correctly predicts most of the peaks and nadirs
in the insertion loss. Below 300 Hz, the simulation did not compare
well. This might partially be due to background noise since a book-
shelf loudspeaker was used and it produces little sound power at
low frequencies. Furthermore, the measurement results are ques-
tionable at low frequencies because it is not expected that the
MPP would provide much attenuation below the first mode of
the plenum since the measured absorption (shown in Fig. 5) was
quite low. It is also possible that the cardboard partitioning pro-
vides a small amount of absorption at low frequencies. Neverthe-
less, the good agreement above 300 Hz suggests that the model
is realistic.

Notice the negative insertion loss in both the measurement and
simulation at several frequencies. This is because the MPP adds
damping to the cavity at both the resonances and anti-resonances.
At the anti-resonances, this manifests itself as a negative insertion
loss. In both simulation and the measurement, plenum resonant
frequencies shifted little. The MPP and adjoining cavity may have
little effect because the cavity depth (6.5 cm) is small compared
to the dimensions of the plenum.

Fig. 11 shows BEM sound pressure contour plots inside of the
plenum. Several field point planes were constructed along the
length of the plenum as indicated in the figure. Results are shown
for the (0, 1, 0) mode. Fig. 11a and b shows the contour plots for the
sound pressure for the untreated and MPP unpartitioned cases.
e (0, 1, 0). (a) Untreated, (b) with MPP absorber, (c) MPP absorber with partitioning.



Fig. 12. BEM simulated particle velocity (normal to the MPP) contour map at 294 Hz, corresponding to y-axial mode (0, 1, 0). (a) Untreated, (b) with MPP absorber, (c) MPP
absorber with partitioning.
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Fig. 11c shows the sound pressure contour for the MPP with parti-
tioning. Notice that the sound pressure is low close to the MPP but
the (0,1,0) mode is still present close to the source (further from
the MPP).

Fig. 12 shows particle velocity (normal to the MPP) on a
plane 25 cm anterior to the MPP. Note that particle velocity is
not shown right on the BEM mesh since field point results for
particle velocity are inaccurate when located on the BEM mesh
itself. Nevertheless, 2.5 cm is much less than an acoustic wave-
length at 295 Hz so the results shown should approximate the
particle velocity at the MPP. Notice that the unpartitioned MPP
(Fig. 12b) has very little effect because the particle velocity in
the direction normal to the MPP panel is quite low (nearly the
same as for the untreated case shown in Fig. 12a). This suggests
that the pressure difference between sides of the panel is low.
The partitioning insures that the (0,1,0) mode behavior will not
manifest itself behind the MPP. This leads to a higher particle
velocity in the perforate (Fig. 12c) resulting in greater energy
dissipation or damping in the perforate.

6. Conclusions

The effect of adding a partition in the back cavity of an MPP ab-
sorber has been investigated. The results indicate that partitioning
improves the performance of the absorber by disrupting wave
propagation behind the MPP that would be present without it.
The effect is particularly noticeable at low frequencies where the
acoustic response is resonant in nature. In that case, partitioning
improved the MPP performance by over 8 dB for the example in-
cluded in this paper. However, attenuation gains are more modest
if the modes propagate perpendicular or oblique to the MPP absor-
ber (less than 5 dB). Contour maps at a few frequencies of interest
confirmed the hypothesis.

Additionally, a BEM analysis was conducted to simulate the ef-
fect of the MPP plus air cavity. Analyses were conducted with and
without partitioning in the adjoining cavity. The simulation agreed
well with experimental results when it was assumed that the MPP
could be modeled via a transfer impedance boundary condition.
The simulation illustrated that the MPP was most effective when
the particle velocity (in the direction normal to the MPP) in the
perforations was high.

It is suggested that further MPP work could be focused on HVAC
and muffler applications. The impact of partitioning could also be
evaluated for engine enclosures, aircraft fuselages and building
interiors.
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