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ABSTRACT

Generalized formulation is developed analytically to calculate the transmission loss performance of a
silencer by using multiple micro-perforate panel (MPP) array silencers in ventilation duct system. The
device, based on single MPP design, consists of different expansion chambers with the side-branch cavities
covered by micro-perforate panels of different properties. The theoretical model can also be simplified to
evaluate the performance for normal plate silencer. With a preliminary result of two normal plates, it shows
that the plate silencer can offer a wide stop band of 3.5 from low to medium frequency range when the
length ratio is 1 to 4. Compared with same total length of a single plate, the stop band is improved by 25%.
For the MPP silencer under similar condition, the stop band is also increased by 16%. Apart from the
considerate increment of stop band, the bending stiffness requirement is also released by 35% and 40%
respectively.
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1. INTRODUCTION

Designing a compact silencer which copes with broadband noise reduction, from very low to
high frequency is still a technical challenging. The traditional dissipative method, such as the duct
lining with fibrous material or porous absorber (1, 2) can give a desirable performance at mid to
high frequencies but is ineffective at low frequencies due to its high magnitude of impedance.
Although active noise control has the potential advantage of controlling low-frequency noise, issues
related to reliability and cost remains a problem on wide-spreading its application in industry.
Ultimately, the passive noise control approach is still more attractive from the view of application.
Regarding the passive noise control method, there has been several noticeable developments. Based
on the basic concept of resonator and expansion chamber, a more sophisticated technology of using
the expansion chamber incorporating perforated panels has been explored would have a more
broadband performance but they tend to be bulky and cause pressure losses. The pressure loss may
cause extra energy consumption and more self-noise. Aiming at elimination of pressure loss, design
of a compact, broadband noise control device, a silencer (3-5) which composed of two membranes
or panels covered with two rectangular cavities has been developed and they are so called drum
silencer or plate silencer respectively. Noise comes from the sound source in the duct of the
ventilation system and excites the plates to vibrate with transverse displacement for the plate
silencer. The vibration radiates sound which imposes a radiation pressure on the plate surface. There
is a high coupling between the acoustic field in the duct and plate vibration. The sound radiates from
the panels to the upstream due to the vibration is regarded as sound reflection wave. The increase of
sound reflection implies the enhancement of transmission loss. The strong sound reflection
capability relies on the domination of the first and the second modes of plate vibration. In order to
achieve this, the most desirable structural properties of the plate inside the silencer are high bending
stiffness but low density. It is difficult to obtain such kind of panel from traditional homogenous
engineering materials. Therefore Choy et. al (6, 7) has developed a method of manufacturing a
composite panel which composed of PMI foam with reinforcement of carbon fibre tows with very
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high strength- to-weight ratio. On the other hand, in order to widen the stopband and release the
harsh requirement of the panel with high bending stiffness, recently a hybrid silencer has been
proposed by introducing micro-perforations into a very light and moderately stiff plate. The purpose
of the micro-perforations is to add sound absorptions to compensate for the deficiency in the
passband caused by the insufficient sound reflection due to the plate with weaker strength to mass
ratio. This hybrid silencer differs from the existing plate silencer in that sound reflection and
absorption take dominant effect at different frequency ranges to provide a more uniformed TL curve.

Aiming for the achievement of high transmission loss and optimal bandwidth of the drum
silencer, the membranes should be highly tensioned such that the first two in vacuo modes are
dominant in the sound induced membrane vibration to improve the efficiency for sound reflection.
However, it is practically difficult to implement that sufficiently high level of tension. Choy and
Huang (8) have reduced the tension required for generating sufficient sound reflection in low
frequency regime by the means of a partitioned silencer which divides the long membrane into two
or more pieces. In other words, it breaks up a single drum silencer into multiple silencers. The
required tension decreases drastically since the optimal tension of the partitioned membrane is
proportional to the third power of the length. The similar concept is also applied to the micro-
perforated panel absorbers in order to improve the performance of the traditional dissipative muffler
with a broader applicable frequency range. Allam and Abom (9) proposed to insert rigid walls in the
side-branched cavities of the MPP muffler such that the classical muffler is divided into a series of
micro-perforated tubes in order to eliminate of minima in the transmission loss. The study provided
good agreement between the simulated and measured results to verify that a broader bandwidth in
transmission loss is accomplished by separating the single dissipative mufflers into multiple one.
Due to the acoustic benefits obtained from the parallel arranged multiple MPP absorbers, Wang and
Huang (10) further developed it with different cavity depths which is so-called MPP absorber array.
The numerical results showed that the MPP absorber array enhances the absorption performance of
micro-perforated panel with lower required optimal acoustic resistance. This acoustic absorption
enhancement is caused by the strong resonance since the reactance matching conditions are different
for each individual MPP absorber under unequal cavity depths. Moreover, the absorber array
consists of different resonance frequency bands, and thus, a broader absorption bandwidth is
achieved. The related previous study only investigated the performance of the multiple silencers and
absorbers by assuming the separation between each chamber is small. Hence, the prediction of
performance of the multiple silencers is achieved by neglecting the near field fluid loading created
by adjacent silencer. However, in order to provide a more comprehensive understanding of the
acoustic properties and performance of sound suppression of the multiple silencers, the effects of the
gap between the silencer modules should also be studied as each silencer is possible to create cross
interactions with the neighboring and causes a different response of the multiple silencers.

In what follows, Sec. 2 devotes to the description of the generalized 2D analytical model of the
multiple panel configuration in detail. In Sec. 3, the optimal performance of the silencer is discussed
for two panels with and without perforations. The effect of interval length between every two panels
on the noise reduction is considered. In addition, the performance is also analyzed in terms of the
response of the panels and sound radiation. Finally the main conclusions are summarized in Sec. 4.

2. PREDICTION FOR MULTIPLE MICRO-PERFORATE PANEL ARRAY

The proposed two-dimensional configuration of serial multiple micro-perforate panel (MPP)
array is illustrated in Fig.1. This device consists of a serial of N fixed MPPs covering a side-branch
rigid-walled cavity in an otherwise rigid-walled duct with a height h. The MPPs are separated by a
simple segment of uniform duct with the interval length g, n+1 (n=1,2,3...) between every two panels,
which is considered for installing the panel in practice. Each panel has a length of L; (J=1,2,3...)
and a bending stiffness of B, (J=1,2,3...). For convenience, all parameters are normalized by a set of
three basic quantities: air density po, speed of sound cg, and the duct height h. So, the frequency f is
normalized by co/h, bending stiffness per unit length By by poCo? h®, plate mass per unit area m by
poh.
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Figure 1 — Dual plate MPP silencer
Assuming the plate is in a harmonic motion, v, , =0n, /ot =iwn, , then dimensionless MPP
vibration is governed by the following equation for the Jth lower MPP,
B, 9,
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are the fluid Ioadmg on the upper (y=0+) and lower sides (y=0-) of the MPP. Note that P. q is
composed of three individual parts, which are sound radiation from both left and right sides of the
Jth plate, and radiation from the Jth plate itself respectively.

In order to describe the air particle motion inside the MPP orifices, the averaged velocity field of
the overall MPP surface is employed as below (11),

\2 :(1_G)Vj,p+o-v.],0:(1_G)VJ,p+VJ,O (2)
where ¢ is the perforation ratio and v, is the spatially averaged velocity inside the hole of the Jth
panel. Since the hole diameter is much smaller than the acoustic wavelength of interest, the air
particle velocity is assumed to be distributed uniformly within the area of each hole and the air-solid

interface depends on a relative velocity relation v;, - v; 0. Then the air-solid interaction related to the
acoustic impedance is given by (11)
P

er,O (VJ 0 _VJ,p) + Zfa,O cavity,d 0 (3)

where Z, o and Z,, o are the resistance and reactance of the MPP respectively, which are proposed by
Maa (12) as
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where 7 is the thickness of the plate, d is the diameter of the hole, and p is the coefficient of

viscosity, K:d«fpoa) T 12.

The dynamic response of the MPP expressed in Egs.(1) and (3) can be solved by the standard
Galerkin procedure. Note that in the following solution, the coordination system will be shifted on

each plate as a simple trick by
J-1

XJ _Z(Ln + gn,n+1)
&= n=0 ,J=1,2,3.... (5)
LJ
V;p is therefore expanded as a series of in-vacuo mode ¢,(¢) of the clamped-clamped plates with
modal amplitude V; ,

0 1 1
v p:Z;VJ,p(Dp(@gJ) ’VJ,p:L_IOVJ,p¢pdé:J (6)
p= 3
where

4,(8)=(1-¢,)e™ 12+(1+¢,)e ™ | 2+¢,sin(A,&)-cos(4,&),
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with
cosh(4,) —cos(4,)
E =
P sinh(4,)-sin(4,)
Owing to the orthogonal property of ¢,(¢), Egs. (1) and (3) then turn into

, €os(4,) ecosh(4,) =1.
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and
1
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The integrations of the fluid loading component are employed as below,

,[01 (P'” + P”ad - I:::351Vit3/)gpp (é)dé = IJ,p +ZJ,rad _ZJ,cav (9)

where Zj,.4 and Z; ., denotes the modal impedance contributed to the Jth panel by the sound
radiation inside the duct and cavity respectively, and 1;, denotes the modal coefficient of the
incident wave on the Jth panel, defined as

1
IJ,pz_[O pi¢j(§j)d§j (10)
For a duct of infinite length, the radiated sound caused by the vibration of the plate in the duct is
(13):

L, & 1 v n ik, (X=X ' +ik, (X=X '
Py v (69) =5 2 Oy (O (6, X[ H (x=x, )7 4 H (g = x)e ™ Ja g, (11)
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where ¢, =i/ (n;z/co)2 -1, v, (y)=\2-6,, cos(nzy/h),

H is the Heaviside function and ¢; is the Kronecker delta function.

Considering the MPP array configuration in the present study, the sound radiation pressure on the
Jth panel inside the duct is further divided into three parts, namely radiation from both left and right
sides, and from the Jth panel itself. Therefore, the modal impedance of sound radiation inside the
duct can be rewritten as,

Z a0 = L, Zi;cnwn Oy, OV (x)x[e ™ dg 0, (£)dE, @)

for the sound radiation from left side of the Jth panel,
AN 1 ; iy (X%, :
Zynrasn = L[, 2 Cwn @ wa OV (x ) x| ™0 [dE ', (£))dE, 13)
n=0
for the sound radiation from right side of the Jth panel,
RS 1 i ) +iky (X=X '
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for the sound radiation from the Jth panel itself.

The sound pressure inside the cavity P; ., can be expressed in terms of the acoustic modes of a

rigid-walled cavity with a light damping as
D _ i _ia)¢m,n (X! y) J‘

J, - -

= m,n Lj hc (Kri,n —k 2 + ZIé,m,nKm,nk )

where L; is the Jth cavity length and h. is the cavity depth, {y, is the damping ratio of the (m,n)th
acoustic mode wmn(X,y), and xnn the corresponding acoustic wave number of the acoustic mode

Win(X,Y), With wmna(X,y) and xn, given as
v, (9) =@ =8,)@=0,) cOs(T ST | k7, = (1) + ()

] C ] c
Then the modal impedance from the sound radiation inside the Jth cavity is obtained as
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Finally, for simple presentation, let

BJ( ) +miow (16)
o L

J
The solution of Egs. (7) and (8) can be cast into the following matrix in terms of modal vibration as:

and L;
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As a result, V;, and V;, can be solved through matrix inversion. In addition, the tfrangsmission
loss (TL) to the duct downstream can be calculated by taking the sound radiation of only the plane
wave mode n=0 from all the MPPs as:

N
Z P+rad,j (X’ y)

j=1 Nn=0,X—>+o0 ) ]

L=-20log,,(1+

R

3. ANALYSIS OF THE MULTIPLE PANEL PERFORMANCE

3.1 Performance of dual-plate without perforations

The optimal TL spectrum of a two-plate configuration is shown first in Fig.2(a). It can be seen
from the top figure of Fig.2(a) that compared with single plate silencer, by using two-plate
configuration the optimized maximum frequency band increases by about 15% from 2.81 to 3.22.
Although the lower limit increases from 0.0445 to 0.061, the upper frequency limit increases
significantly from 0.125 to 0.197. Such frequency increment in bandwidth probably comes from the
reduction of the maximum individual plate length in a two-plate configuration. Fig.2 (b)-(d) display
the stopband contour as a function of bending stiffness for different plate length combinations. It
can be observed that as far as the plate length combination considered here, the maximum stopband
ranges from 2.6 to 3.2. Thus the optimal plate lengths are 1 and 4, and the corresponding bending
stiffness are 0.002 and 0.038, respectively. Compared to the single clamped plate silencer, the
bending stiffness requirement can drop from 0.069 to 0.038 by about 45%, which is very attractive.

In order to further understand the noise reduction performance, the plate response and the first
fourth modal reflection effect is analyzed in Fig.3. The IL spectrum is attached on the top of each
column to facilitate the study of the peak and trough frequencies. The vibration response of each
individual mode, [V;,|, is shown in the subfigures on the first and second row for the first and
second plate respectively. It is obvious that the 1st vibration mode of the first plate (L;=1) is very
dominant in the middle frequency range from f=0.13 to 0.22. On the other hand, the 1st and 2nd
vibration modes of the second plate (L,=4) are more prominent in the low frequency range below
f=0.14. As far as the frequency range of interest is concerned, all the three kinds of vibration mode
are strong at high frequency range above f=0.22. Therefore, the good performance of the noise
reduction for the two-plate configuration benefits from the strong responses of the 1st modal
vibration of the first plate and the first two modal vibrations of the second plate. The combination of
the different responses sustains the high TL performance through the whole frequency range of
interest.
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Figure 2 - Optimized plate length and the optimal spectrum. The top figure is the TL spectrum at the

optimal bending stiffness. The subfigures show the optimal stopband contour as a function of different
bending stiffness for different plate length combination (a) L;=0.5,L,=4.5 (b) L;=1,L,=4 (c) L;=1.5,L,=3.5
(d) L1:2,L2:3.
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Figure 3 - Modal radiations. The top figure is the TL spectrum at the optimal bending stiffness. The

subfigures in the first row are the modal vibration amplitude | V; | for the first plate, the modal vibration
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amplitude | V;j | in the second row are for the second plate.
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3.2 Interval length effect on the performance of dual-plate silencer

The interval length between every two plates is necessary for installing the plates of such a plate
array configuration in practice. In the present theory, this length will affect the pressure loading on
one panel from another as shown in Egs. (13) and (14). In order to explore the length effect on the
performance, the selection of the interval length is considered in this part. Fig.4 (a) illustrates the
spectrum variation when the interval length increases under the optimized plate properties. In the
frequency bandwidth of interest, the existence of trough point near f=0.15 leads to the stopband to
be only 2.35. However, as the length increases, this trough point can disappear at L;=0.5 and 4, and
be shifted to another frequencies at Ly=2 and 10. Such variation of trough point directly causes a
stopband change as displayed Fig. 4(b). It is seen that basically the stopband experiences a repeated
pattern, and when Ls=4 the stopband reaches as high as 3.64 which is a 30% increment compared
with the single plate silencer. Besides, the stopband can sustain high within a small variation range
of 0.4 near this length. Similar phenomena is observed at the second high stopband when Ls=0.5.
Such variation of interval length can accommodate some unavoidable changes in practice, for
example the manufacturing accuracy, and demonstrates the robustness of the silencer.

d
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-
&)}
T
I

1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Ls

Figure 4 - (a) Transmission loss spectrum as function of interval length (Fixed L;=1, L,=4, B;=0.002,

B,=0.038), (b) Stopband variation with interval length.

To understand the mechanism of the performance change due to the interval length effect, the
modal impedance of the cross interactions between different plates defined in Eq. (12) and (13) are
analyzed in Fig. 5. Several observations are discussed here based on the first two modal impedance
spectrum. First, the modal impedance of cross interactions from one plate to another possesses more
periods when L increases; second, the modal impedances share the same pattern for each mode but
have different amplitudes; last but not the least, the modal impedance becomes to be vanish around
f=0.15 when L¢=0.5 and 4. The zero impedance indicates the strong sound reflections from the first
two dominant vibrations at this frequency point hence a TL improvement. Related to the stopband
variation, this cross modal impedance plays an important role in determining the TL at around
f=0.15 and stopband performance.
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Figure 5 - Reactance of the first and second modes from one plate to another. (a) and (c) Show the
component variation of the first and second mode reactance against frequency from the second plate to the
first plate with different interval lengths. (b) and (d) Show the similar curves from the first plate to the

second plate.

3.3 Performance of dual-MPP configuration

Similar optimization procedure is employed for a two-MPP configuration in the second step.
Note that the following parameters of MPP properties (14) are used in the calculation: 7=0.04,
d=0.005, and ¢=0.5%. Fig. 6(a) compares the TL spectrum of a two-MPP configuration under the
optimal condition with that of a two-plate one with the same plate length and bending stiffness. The
optimized MPP length ratio is 1 to 4 with bending stiffness of 0.004 and 0.034 respectively. It is
clear that the frequency bandwidth of the two-MPP configuration can be as broad as 4.14 with the
lower and upper limits are 0.058 and 0.24 respectively. For the performance of a single MPP
silencer (14), the lower and upper frequency limits and stopband are 0.044, 0.124 and 2.81
respectively. Obviously, the optimal performance of the two-MPP configuration is much better than
that of the single MPP silencer with an increment of 47% in terms of the achievable stopband.
Compared with the two-plate silencer with same plate length and bending stiffness, the TL is
improved near f=0.13 and frequency above f=0.15 when using two-MPP configuration. The two
rows of subfigures below the spectrum compare the vibration response of each individual mode [V g|.
In general, the dominant modal reflections of both plate and MPP silencer share nearly the same
contributions from the 1st modal vibration of the first panel and first two modal response of the
second panel. It can also be seen that the high TL in the frequency range of f=0.13 to 0.23 are
mainly due to the high response of the 3rd and 4th modal vibration as shown in Figs.6(d) and (e),
however, such modal vibrations are very weak on the two-plate silencer. Apart from these two
modes, the vibration peaks are reduced and smoothed compared with the pure plate silencer.
Previous study reveals that the vibration reduction mainly results from the introduction of the micro-
perforations that brings about a certain degree of pressure balance across the perforated panel
through the holes.
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Figure 6 - Spectrum and modal radiations. The top figure is the TL spectrum at the optimal bending stiffness for

the two-panel configuration with/without perforations. The subfigures in the first row are the modal vibration

amplitude | V; |, the subfigures in the second row are the modal vibration amplitude | V; | for the second plate.

4. CONCLUSIONS

The sound transmissions across a duct section will the wall-mounted arrays consist of
multiples plate silencer with or without micro-perforations are investigated analytically.
Analyses have been conducted to understand the vibro-acoustics mechanisms and cross
coupling effect between the plates. The findings of the current study are summarized as

follows:

1. A theoretical model of the array of plate silencers with or without perforations has been
developed. It involves the coupling between the plates with different mass and bending

stiffness.

2. For the dual plate silencer, the optimal plate lengths ratio is 1:4 and the corresponding
bending stiffness are 0.002 and 0.038, respectively. Compared to the single clamped plate
silencer, the bending stiffness requirement can drop from 0.069 to 0.038 by about 45%. At
the same time, the stopband can be enhanced by about 30%.

3. The separation between the plate silencers crucially influence the cross coupling between

Inter-noise 2014
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the adjacent plates and thus the sound radiation will also be affected.
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