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Abstract

When a segment of a rigid duct is replaced by a plate backed by a hard-walled cavity, grazing incident sound waves
induce plate vibration, hence sound reflection. Based on this mechanism, a broadband plate silencer, which works
effectively from low-to-medium frequencies have been developed recently. A typical plate silencer consists of an expansion
chamber with two side-branch cavities covered by light but extremely stiff plates. Such a configuration is two-dimensional
in nature. In this paper, numerical study is extended to three-dimensional configurations to investigate the potential
improvement in sound reflection. Finite element simulation shows that the three-dimensional configurations perform
better than the corresponding two-dimensional design, especially in the relatively high frequency region. Further analysis
shows that the three-dimensional design gives better plate response at higher axial modes than the simple two-dimensional
design. Sound absorption mechanism is also introduced to the plate silencer by adding two dissipative chambers on the
two lateral sides of a two-cavity wave reflector, hence a hybrid silencer. Numerical simulation shows that the proposed
hybrid silencer is able to achieve a good moderate bandwidth with much reduced total length in comparison with pure
absorption design.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Previous studies have shown that, in a duct, a tensioned membrane or a simply supported plate covering a
side-branch rigid cavity can function effectively as a wave reflector over a broad range of low-to-medium
frequencies [1,2]. Such a device can be named either a drumlike silencer or a plate silencer depending on
whether a tensioned membrane or plate is used to reflect the incident sound wave. The prototype drumlike
silencer has been tested successfully for the conditions of without and with flow [3,4]. Note that plates and
membranes have also been used in many other noise abatement applications. For example, panel absorbers
were used in broadcasting studios [5—7] and other architectural practices, and membrane absorbers were used
as a splitter silencer in the form of arrays of Helmholtz resonators [8]. In all these applications, the panel, or
membrane, is a component of resonator, which works for a relatively narrow frequency band for one such
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resonator, and the structural mass is a means to achieve a low resonance frequency. For the drumlike or plate
silencer, the most desirable properties of the membrane/plate are the high stiffness and low mass density,
which contrasts with the characteristics of the use of panels elsewhere [5-8]. The main difference between the
drumlike/plate silencer and the previous use of membrane or panel in resonators is that the former aims for a
broadband performance with one set of membrane or plate.

Besides the broad stopband in low-frequency region, the plate silencer shares another advantage of
creating zero back pressure. It is well known that a well-designed expansion chamber-type muffler
(for example, the vehicle exhaust muffler) can also treat the low-frequency noise effectively. However,
the most important detrimental effect in a vehicle muffler design is the back pressure (pressure loss) due
to the discontinuity of the duct cross-section. The back pressure results in extra power consumption. As a
result, more noise could be generated by the additional power required to overcome the pressure loss. To
reduce the back pressure, straight-through concentric resonator, plug muffler, and three-duct cross-flow
muffler have been proposed and their performance has been experimentally verified [9]. These designs
can reduce but cannot climinate the back pressure. In the design of the plate silencer, the plate is flush
mounted with the duct wall and there is no sudden change of the duct area. Thus, the flow can pass the silencer
smoothly without causing any extra pressure loss when compared with a uniform duct of the same total
length.

In all previous studies on drumlike/plate silencers, two rigid cavities are equipped on two opposite sides of a
rectangular duct [1-4]. The plates, which are flush mounted with the duct walls, cover the cavities completely.
Such a configuration is in fact two-dimensional (2D), say on x—y plane. In this study, numerical study is
extended to three-dimensional (3D) designs to investigate the potential improvement in sound reflection by
adopting better geometrical configurations. Also, the extension to 3D design will feed the needs of various
practical applications where a 3D configuration is more appropriate (for example, circular ducts). Four
different 3D configurations are investigated and compared with the 2D design. One direct way to construct a
3D plate silencer is to combine two identical two-cavity plate silencers, one on x—y plane and the other on x—z
plane, in parallel to form a so-called ““four-cavity plate silencer””, in which all of the four sides of the
rectangular duct are covered by plates. The cross-section of such silencer is shown in Fig. 3(a). Alternatively,
the four cavities can be replaced by a circular chamber and the rectangular duct itself may also be replaced by
a quasi-circular one. Unlike the 2D plate silencer studied before, both the four-cavity and the circular designs
involve many 3D effects, such as the loading on one plate caused by the vibration of neighboring plates, as
well as the effect of the 3D cavity. The method of solution developed for the 2D system in Ref. [1] may be
extended to analyze the current problem, but a finite element method (FEM) is more convenient to model and
simulate such a coupled 3D system.

The second type of 3D silencer investigated here is a hybrid silencer combining reactive and dissipative
elements in a parallel manner. The motivations for such design are as follows. Like any other reactive
silencers, the plate silencer generally has poor performance at high frequencies. On the other hand, dissipative
silencers, which often are filled with sound absorbing materials such as fiberglass, can attenuate the high-
frequency noise easily. But their performance (attenuation) is rather poor at low frequencies. Hence, it is
expected that a combination of a reactive plate silencers with the dissipative elements can lead to a silencer
effective from low-to-high-frequency range. Additionally, the interaction between plate vibration and sound
dissipation may improve the silencing performance at low frequencies, which is also a desirable property for
the low-frequency wave reflector itself. One straightforward design of a hybrid silencer is to add sound-
absorbing materials to the cavity covered by the vibrating plate, as investigated in Ref. [2]. Numerical results
showed that the use of sound absorbing material in the covered cavity is marginally beneficial for the stop
bandwidth since the presence of the sound absorbing material in the cavity has the general effect of
suppressing the plate response leading to reduced wave reflection capability. Instead of filling the cavity
covered by plate with sound absorbing material, the alternative method is to fill neighboring cavities reserved
for this purpose in a 3D design. For example, in a four-cavity design similar to the cross-section view shown in
Fig. 3(a), a pair of two opposing cavities are used for plate silencer, while the other two are filled with
sound absorbing material. The result is called a hybrid silencer arranged in parallel occupying a small axial
distance. On the other hand, when four plate-covered cavities are all used for sound reflection, it is designated
as a four-cavity wave reflector.



512 C. Wang, L. Huang | Journal of Sound and Vibration 313 (2008) 510-524

In what follows, finite element simulation shows that the silencing performance of the 3D wave
reflectors is extended into both lower and higher frequencies compared with its 2D counterpart of
the same total cavity volume. For the hybrid silencer, it is found that such a combination of sound absorption
and reflection mechanisms is able to achieve a moderate bandwidth with a much reduced total axial
length.

2. Theoretical outline
2.1. Finite element modeling

The finite element modeling procedure for a four-cavity wave reflector is presented. For other 3D plate
silencers considered in this study, similar procedures could be followed, hence the details are not given here.
The so-called four-cavity wave reflector can be considered as a parallel combination of two two-cavity plate
silencers, in which each module of cavity-backed plate is assumed to be identical to the opposite one. The
cross-section of the rigid duct is assumed to be square and the height is 4. Only one quarter of the four-cavity
wave reflector is modeled because of the symmetry in the system. As shown in Fig. 1, the bottom cavity of
depth A, is covered by a plate (a—b—c—d) of length L and width A, or half-width //2 in the quarter model
in Fig. 1. Similarly, the back cavity of depth /., is covered by a plate (b—e—f—c) of the same size as the plate
(a—b—c—d). The leading and trailing edges of the plates, that is, a—b, c—d, b—e, and c—f are simply supported.
These edges may also be clamped as in the 2D study reported earlier [10], and similar results can be obtained
and are not presented here. The other four edges are set free to allow the plate to respond to incident sound
waves with high vibration magnitude. Suppose that a plane incident sound wave comes from the left to the
right with unit amplitude

P = ei(wtfkox) (1)

and it induces the plates (a—b—c—d) and (b—e—f~c) to vibrate with normal displacement of complex amplitude
n,(x,¥), n,(x,z) with the same time dependence, exp(iw?), which is henceforth omitted. The plate motion
radiates sound in both direction of the duct axis, +x, and imposes a radiation pressure on the plate surface.
The problems of acoustics and plate vibration are coupled strongly.

Femlab®™ is a software package for solving partial differential equations based on FEM. Because of its
strong multiphysics capability, Femlab®™ is chosen to solve the current vibroacoustic coupling problem. The
code will be validated by comparing its result for a different configuration for which semi-analytical method
has been established. In the current numerical simulation, there are two types of physical domains. One is the
3D acoustic domain for the fluid (air) in the duct, the bottom and back cavities. The other is the 2D domain
for the plates, which is modeled based on the Mindlin plate theory. The duct and cavities are modeled by
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Fig. 1. The quarter model of a four-cavity wave reflector (or hybrid silencer). The bottom and top (not shown) cavities have a length of L
and depth /,; the back and front (not shown) cavities have a length of L and depth /. In the case of a hybrid silencer, the bottom and top
cavities are used to reflect sound and the other two cavities are filled with sound absorbing materials. Otherwise, all of the four cavities are
for sound reflection.
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Helmholtz equation using velocity potential ¢,
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The velocity potential ¢ is related to sound pressure p and acoustic particle velocity u as
0¢
P = _poé_[’ u= V(b: (3)

where ¢ is the speed of sound in air, and pg is the density of air. The vibroacoustic coupling between the duct,
the plate (a—b—c—d) and the bottom cavity is modeled as below. The vibration of plate (a—b—c—d) is governed by
the following equation:

62'71

Lo
where B is the bending stiffness of the plate, m; is the plate mass per unit area, and Ap is the sound pressure
difference across the interface at z = —h/2,

m + BV, +Ap =0, 4)

Ap = P|z=(—/1/2)+ - P|z=(_h/2)_. (5)

Meanwhile, the motion of the plate is also coupled to the sound wave in the duct and bottom cavity by a
kinematic condition on both sides of the plate

on, _9¢

_9%
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(6)

z=(—h/2)+ z=(—h/2)—

Eqgs. (4)—(6) describe the vibroacoustic interaction between the plate (a—b—c—d), the duct, and the bottom
cavity completely. The vibroacoustic coupling between the plate (b—e—f~c), the duct, and the back cavity can
be treated in the same way. For frequencies below the first cut-on frequency of the duct, the inlet and exit
boundaries are governed by simple traveling wave relationships:

qu: = Ai eXp(l(Ut + ikox)s P+ = :I:p()coua (7)

where the two signs of + apply to the right-going and left-going waves, respectively. At the exit, an anechoic
boundary condition is assumed so that p = pycou or
0¢

2y T ik =0. )
X

At the inlet, the incident sound wave p, is mixed with the unknown reflected sound wave p,. Noting that the
reflected sound wave p, is a simple left-going plane wave, the total sound pressure wave p, the total acoustic
particle velocity u, the incident sound wave p;, the incident acoustic particle velocity u,, the reflected sound
wave p, and the reflected acoustic particle velocity u_ satisfy the following relationships:

pPr=p—Di U-=U—Uy, Pp= —PoCOU-. (9)
Thus,
P —pi = —poco(u — uy), (10)
P+ pocou = 2p; (11)
and the boundary condition at the inlet is given as, assuming p; = 1,

o . 2
— —ikop = —. 12
oy kb= (12)

The walls of the duct and cavities are assumed to be acoustically rigid, so the particle velocity normal to the
wall vanishes. The boundary condition on the wall is then

0 _

=0 (13)
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where 7 is the outward normal direction. Egs. (2)—(13) are solved in Femlab® with the plate surface velocity
and pressure coupled across the structural and fluid domains, and the transmission loss (TL) of the plate

silencer is found as
o) d
TL = 1010g, [ Jo 9145 ) (14)
finlet |¢l| ds

where ¢, is the velocity potential of the incident sound wave, and ““inlet”” and “‘exit’ refer to the inlet and exit
cross-section, respectively. The energy coefficients of sound wave absorption (if applicable), «, and reflection,
p, are evaluated as

finlet lp — ¢i|2 ds + fexit |¢|2 ds

=1- T lords , (15)
_ j;nlet ¢ — ¢)l'|2 ds
ﬁ B jinlet |(],'),-|2dS . (16)

The hybrid silencer is constructed by adding two dissipative chambers on the two lateral sides of a
two-cavity wave reflector. So, the outlook of such a configuration resembles that of a four-cavity wave
reflector, and the configuration of the quarter model in Fig. 1 can also be used to describe the hybrid
silencer. Suppose the back cavity is the dissipative chamber, and the bottom cavity is covered by plate and is
employed to reflect the incident sound. The governing equations of the sound in the duct and the bottom
cavity, as well as the boundary conditions imposed on the inlet, the exit, the cavity and duct walls, and the
plates are the same as those for the four-cavity wave reflector. For the dissipative chamber (the back cavity),
the sound absorbing material is treated as an equivalent fluid with complex density and speed of
sound. Following Mechel and Vér [11], the wave equation in the sound absorbing material may be established
by combining the mass and momentum conservation laws. Similar to sound wave propagation in lossless
fluid, a velocity potential can be introduced and is related to sound pressure and velocity perturbations
as follows:

3 19
uZV(rba pz_pca_(fa (Vz_g@)(p:(), (17)

where p., u, and ¢, are, respectively, the complex density, particle velocity and complex speed of sound.
The complex density p. and speed of sound c¢. are given by empirical formulas using the data of glass
fiber [11]

E = ,OOf,/Rsama
? = 0.396E7% 1i(1 4 0.135E70%%)  (E<0.025),
Pefe — (14 0.0668E°77) —i x 0.196E-°%%  (E<0.025),
Poco
i_oz 0.179E7%™ 4 i(1 4 0.102E7°7%)  (E>0.025),
c
_Zc?‘ = (14 0.0235E-0%7) _i » 0.0875E~077 (E>0.025), (18)
0¢0

where Rg,., is the flow resistance of the sound absorbing material.

For convenience, parameters are normalized by three basic quantities: air density pg, speed of sound ¢y, and
the duct height 4. For example, time and pressure quantities are normalized by /1/cy and p,c3, respectively. The
normalization scheme for the four most important parameters: frequency, plate-to-air mass ratio, bending
stiffness, and flow resistance are given below:

=t e g B g Rl (19)

C() sam
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Fig. 2. Comparison between the FEM calculation (open circles) and the semi-analytical solution (solid lines): (a) TL spectra of a two-
cavity wave reflector. The cavities have a length of L = 5 and depth /. = 1. The plates with stiffness B = 0.129 and mass ratio m = | are
simply supported at the leading and trailing edges. (b) TL spectra of duct lining (flow resistance R, = 1.4) filling two cavities of depth
h. =1 and length L = 5.

For simplicity, the asterisk is omitted for the dimensionless parameter in the following presentation.
Thus defined, the dimensionless frequency of f'= 0.5 is the first cut-on frequency of the square duct of
cross-section /1 by /. To avoid confusion, the physical unit will be given whenever a dimensional quantity is
used.

2.2. Model validation

The accuracy of the finite element simulation depends mostly on the mesh model and the solver. To ensure
that the prediction is reliable, it is necessary to verify the finite element analysis against a well-established
method suitable for a simpler configuration. By assuming the duct wall facing plate (b—e—f~c) or plate
(a—b—c—d) to be acoustically solid, the hybrid silencer becomes a separate plate silencer or dissipative
chamber accordingly. Fig. 2(a) compares the TL spectrum of the plate silencer simulated by the
FEM model with that from the semi-analytical solution following the usual Galerkin procedure of modal
expansion [2]. The cavity geometry is of L = 5h, h,y = h and the properties of the plate (a—b—c—d) are
B; =0.129 and m; = 1. The leading and trailing edges of the plate are simply supported. Fig. 2(b) compares
the simulated spectrum of duct lining filling two cavities of depth s., = /& and L = 5h with that from the
semi-analytical solution [12]. The dimensionless flow resistance is R, = 1.4. The semi-analytical solutions are
shown in solid lines, and the FEM simulations are given as open circles. In the FEM simulation, a total of
1792 Lagrangian, hexahedral elements are used for the acoustic domain and 380 Lagrangian, triangular
elements are employed for the 2D plate, while the number of axial plate modes in the semi-analytical method is
25. As shown in Fig. 2(a) and (b), the FEM simulation matches with the semi-analytical results very well, and
no visible deviation between the results from the two methods can be observed except at the resonant peaks in
Fig. 2(a). In the design of the plate silencer, the main concern is the stopband in which the TL is above a
criterion value TL., over the whole frequency band, and the absolute values at the resonant peaks are of
little concern. In light of this, this finite element simulation is regarded as sufficiently accurate for the purpose
of this study.

3. 3D wave reflector
A comparative study is conducted between the 3D and 2D wave reflectors to examine the potential

performance improvement by adopting the 3D configuration. To facilitate the comparison, the plate-to-air
mass ratio and the total cavity volume are kept equal for all the wave reflectors studied.
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Fig. 3. Cross-sections for the 3D wave reflectors: (a) Four-cavity wave reflector. Four backing cavities with depth /. are shown in
shadowed area. Four plates forming part of the otherwise rigid duct walls are shown in thick solid lines. (b) Rectangular duct with circular
chamber of radius R. (¢) Regular octagon duct with circular chamber of radius R. The side length of the octagon a satisfies the relationship
2(1 + ﬁ)az = %, (d) Rectangular duct with rectangular chamber. The side lengths for the outer and inner square cross-sections are
H and h, respectively.

3.1. Performance of 3D wave reflectors

Fig. 3(a)—(d) shows the cross-sections of four types of 3D wave reflectors, which are designated as plate
silencer I, I1, III, and IV in the following text, respectively. Plate silencer I is a four-cavity wave reflector and a
quarter model for such a configuration has already been given in Fig. 1. The four backing cavities are
indicated by shadowed area in Fig. 3(a). For plate silencer II shown in Fig. 3(b), the four backing cavities are
replaced by a circular chamber of radius R, which is also shown in shadowed area. Plate silencer III shown in
Fig. 3(c) is constructed by a regular octagon duct of side length a with a circular backing chamber of radius R.
The last one shown in Fig. 3(d) is a square duct with a square chamber put outside. For plate silencers I, II,
and 1V, four plates of width / are flush mounted with the duct walls, while for plate silencer 111, eight plates of
width «a are required.

The silencing performance of the wave reflectors is affected by several variables related to the backing cavity
and plate properties. To simplify the investigation, the following parameters are set as default values for all the
four 3D plate silencers:

m=1, L=5 A=10, (20)

where m is the plate-to-air mass ratio, L is the cavity (or plate) length, and A is the total cavity volume, that is,
the total added volume occupied by the backing cavities. For instance, assuming the shadowed area in
Fig. 3(a) is S, the total cavity volume A of plate silencer I is then defined as

A=SL. 1)

The selection for the above default configuration in Eq. (20) is to facilitate the comparison between the 2D
plate silencer studied in Huang [2] and the 3D plate silencers in the current study. In the previous theoretical
study conducted [2], an optimal cavity shape with L = 5 and 4. = 1 was chosen to investigate the two-cavity
plate silencer. So, a total cavity volume A = 10 for the 3D configurations guarantees that the expansion ratios
for both the 2D and 3D configurations are the same. The stopband of the plate silencer is defined as a
continuous frequency band, f € [f|,f,], in which the TL is above a criterion value TL.. The silencing
performance of the 3D plate silencers is optimized. With the default parameters specified in Eq. (20), the
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so-called optimization is performed by varying the bending stiffness gradually and searching for the optimal
bending stiffness Bop so that the ratio £, /f is the highest. Since special emphasis is put on the low-frequency
noise, f,/f instead of (f, —f,) is chosen as the objective function to be maximized in the optimization
exercise. The criterion value TL,, is somewhat arbitrary but a procedure described in Huang [12] recommends
that the value be chosen as the peak TL for an expansion chamber with the added volume is three times the
actual added volume used by the plate silencer. For a total cavity volume of A = 10, this value can be
calculated and rounded up to 10dB.

3.1.1. Four-cavity wave reflector

Plate silencer I is a four-cavity wave reflector. The properties of the four cavities and plates are assumed to
be identical, namely, i, = ho = h,, m; = my, = mand B; = B, = B. For a four-cavity wave reflector with
cavity length L and cavity depth /4., the total cavity volume is

A = 4Lh.h, (22)

where 4 = 1 is the duct height that can be omitted. Such a definition of total cavity volume is equivalent to that
for the two-cavity plate silencer in [2]

A =20H,, (23)

where L' and /', are the cavity length and depth for the two-cavity plate silencer. Hence, the two definitions
are used equally without further notational distinctions. With m = 1, 4 = 10, and L = 5 given, the following
set of optimal results is found for plate silencer I:

Bop = 0215, f, =0.0341, f,=0211. (24)

For the two-cavity configuration, the corresponding maximum stopband found in Ref. [2] is f€[0.0353,
0.149], with the logarithmic bandwidth f5/f; = 4.25. Fig. 4 compares the TL spectra between the four- and
two-cavity wave reflectors. As shown in Fig. 4, the performance improvement of the four-cavity configuration
comes from both higher and lower frequencies, although the difference between the lower frequency limits of
the two configurations is very small.

3.1.2. Rectangular duct with circular chamber

Plate silencer II is constructed by replacing the four rectangular cavities of the four-cavity wave reflector
with a circular chamber of radius R. The four sides of the rectangular duct are still covered by four plates with
leading and trailing edges simply supported. Similar to the four-cavity configuration, a quarter model for the
circular design is established for the finite element simulation. The modeling procedure is almost the same as
that for plate silencer I except that the four cavities are replaced by one circular chamber as shown in Fig. 3(b).
The 3D mesh shown in Fig. 5 is generated by extruding the triangular mesh in one cross-section of the
chamber along the x direction, and a total of 6780 prism (wedge) elements are created for the quarter model.
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Fig. 4. TL comparison between the 3D plate silencer I (four-cavity, B, = 0.215) and the 2D design (2-cavity, B,y = 0.129). The two
configurations have the same cavity volume A = 10, cavity length L = 5, and mass ratio m = 1.
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Fig. 5. Geometry and structured mesh for the circular chamber (quarter model).
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Fig. 6. TL comparison between the 3D plate silencer II (rectangular duct with circular chamber, B,, = 0.212) and the 2D design
(2-cavity, B,y = 0.129). The two configurations have the same cavity volume A = 10, cavity length L = 5, and mass ratio m = 1.

With the cross-section of plate silencer II given in Fig. 3(b), the total cavity volume of the circular chamber
is calculated as

A= @R* - IP)L, (25)

where R and L are the radius and length of the circular chamber, and 4 = 1 is the height of the duct. For the
default configuration specified in Eq. (20), the radius of the circular chamber can be found as R = \/=n/3, and
the following optimal results are found for plate silencer II:

Bop = 0212, f, =0.0339, f,=02l. (26)

Fig. 6 shows the corresponding TL spectrum of plate silencer II (solid line), together with that for the two-
cavity design for comparison. The optimal stopband for plate silencer II is f€[0.0339, 0.21] with f5/f] = 6.2,
which also compares favorably with the stopband f€[0.0353, 0.149] for the two-cavity design.

3.1.3. Regular octagon duct with circular chamber

Circular ducts are also widely used in industry. Plate silencer III shown in Fig. 3(c) approximates the
circular duct using a regular octagon of side length a. Such a configuration can be simulated in the same way
as that for a rectangular duct with circular chamber. The cross-section of the octagon duct has the same area
Aot as the rectangular duct for plate silencer I and II, that is,

Aoer = 2(1 n «/i)cﬂ — P, 7)

where « is the side length of the regular octagon and /& = 1 is the height of the rectangular duct. The radius of
the circular chamber is also R = /n/3 so that the total cavity volume is kept at A = 10. Following the same
optimization procedure, the widest stopband is found with the following set of parameters:

By =0.188, f, =0.0335, f,=0.212. (28)

The corresponding TL spectrum is shown in Fig. 7 in solid line.
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Fig. 7. TL comparison between the 3D plate silencer I1I (regular octagon duct with circular chamber, B, = 0.188) and the 2D design
(2-cavity, B,y = 0.129). The two configurations have the same cavity volume A = 10, cavity length L = 5, and mass ratio m = 1.
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Fig. 8. TL comparison between the 3D plate silencer II (rectangular duct with rectangular chamber, B, = 0.215) and the 2D design
(2-cavity, Byp = 0.129). The two configurations have the same cavity volume A = 10, cavity length L = 5, and mass ratio m = 1.

3.1.4. Rectangular duct with rectangular chamber

For plate silencer IV, the four plates covering the square duct are backed by a rectangular chamber of cross-
section H x H, as shown in Fig. 3(d). In order to keep the same total cavity volume of the silencer installation,
the side length of the outer rectangular chamber is specified as H = +/3h. The performance for the plate
silencer 1V is optimized as

By = 0215, f,=0.0341, f,=0.211 (29)

and the corresponding TL spectrum is shown in Fig. 8 in solid line. Unlike in the previous three cases studied,
the second and third spectral peaks merge and only three peaks appear in the TL spectrum for plate silencer
IV. Nevertheless, plate silencer IV can also achieve a similar wide stopband from 0.0341 to 0.211, as shown
in Fig. 8.

So far, four types of 3D configurations have been simulated. Compared with the 2D design, the 3D
configurations have two obvious benefits in common. First, the four 3D silencers have much wider stopbands
than the 2D design of the same total cavity volume. Of the four 3D silencers studied, the design of a regular
octagon duct with circular chamber (type III) has the highest bandwidth f;/f1 = 6.33, followed by the design of
a rectangular duct with circular chamber (type 11, f5/f; = 6.20), the design of four-cavity wave reflector (type I,
f>/fi = 6.19), and the design of rectangular duct with rectangular chamber (type IV, f5/f; = 6.19). Hence, all
the four 3D silencers outperform their 2D counterpart, which having a maximum bandwidth of f5/f; = 4.25
[2]. As shown in Figs. 4, 68, the 3D designs extend the stopband in both lower and higher frequency regions
relative to the corresponding 2D design, although the performance improvement in the higher frequency
region is more significant than that in the lower frequency region. Second, as the cavity volume is distributed
uniformly around the four sides of the duct, the proposed 3D designs are more compact in terms of the
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Fig. 9. Three-dimensional effect of the four-cavity wave reflector: (a) Contour of the velocity potential inside the duct at the cross-section
of x =0 for f'=0.05. (b) Velocity response of the plate at frequency f'= 0.05.
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Fig. 10. Comparison of the optimal performance for the circular wave reflector (3D plate silencer I11I) with the 2D design of the same total
cavity volume A = 10: (a) TL spectra. (b) Contribution by the odd axial modes towards the total sound wave reflection. (c) Contribution
by the even axial modes towards the total sound wave reflection. (d) Odd—even interference index. The positions of the three spectral peaks
are marked by vertical dotted lines.

maximum radial dimension. With the radial dimension reduced, the 3D configuration will fit the situations
better where the installation space is limited.

3.2. Discussions

Owing to the 3D configuration, the sound field inside the duct also becomes complex for plate silencers
I-IV. Fig. 9(a) shows a typical contour of the velocity potential inside the duct at the cross-section of x = 0 for
f=0.05 for plate silencer I. It is not surprising to see that the velocity potential distribution is no longer
uniform along either y or z direction, and that the near pressure field inside the duct is really 3D. However, the
plate vibrates in a rather 2D manner, as shown in Fig. 9(b). The approximate 2D response of the plate makes
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it reasonable to investigate the modal vibration contribution to the total sound reflection in a 2D manner in
the following vibroacoustics analysis.

The contributions to sound wave reflections made by different axial modes of the plate are studied. The
velocity response of the plate vibration is decomposed into a series of in vacuo axial modes sin[jn(x/L + 1/2)]
with modal amplitude V7, and the contribution of each single mode towards the total sound reflection p, is
analyzed. In doing so, the plate vibration velocity V is simply averaged over the width of the plate since the
plate response is almost 2D, as already shown in Fig. 9(b). The contribution of each vibration mode, denoted
as V;R;, towards the total sound reflection p, is found by projecting the former to the latter. The result is called
the modal reflection contribution y;. Here, R; is the complex amplitude of the reflected sound by the induced
vibration of the jth mode with unit amplitude. Expressions for R; and y; can be found in Huang [1].

A comparative study is conducted on the vibroacoustic performance between the 3D (regular octagon
duct with circular chamber) and 2D (rectangular duct with two opposite cavities) plate silencers, as shown in
Fig. 10. The results for the 3D plate silencer are shown in solid lines and those of the 2D design are shown in
dashed lines. The configurations for the two silencers are the same as those described in Section 3.1. Fig. 10(a)
compares the TL spectra between the two types of silencers. The two designs are denoted by “3D, Oct and
“2D” in the figure legends, respectively. The frequency positions of the four peaks of the circular model are
marked by vertical dotted lines for easy reference. The sound reflections from all odd modes are lumped as one
spectral curve and compared in Fig. 10(b), and those from the even modes are compared in Fig. 10(c). The
general patterns shown in Fig. 10(b) and (c¢) are similar for both the 3D and 2D designs. However, for the odd
modes, the 3D design has better reflection at higher frequencies, which can be shown to be mainly from more
constructive interference between the first and the third modes instead of from an enhanced first mode. For the
even modes, the spectrum for the 3D design is stretched out towards lower and higher frequency regions
relative to the 2D design. Apart from higher sound reflection, the improved cross-modal interference also
accounts for the performance improvement of the 3D model from the 2D model in the relative high frequency,
as shown in Fig. 10(d). The interference index is given by cos 6, in which 0 is the phase angle between the
reflected wave from the odd modes and that from the even modes. For frequencies between the third and
fourth peaks, the odd—even interference for the 3D silencer is less destructive than that for the 2D silencer;
hence, stronger total sound reflection is expected for the 3D design. As a summary, it is pointed out that the
3D design gives better plate response at higher axial modes than the simple 2D (two-cavity) design.

4. Hybrid silencer

A hybrid arrangement of plate silencer and traditional duct lining is proposed to combine the advantages of
the two noise control methods. The full configuration of the hybrid silencer consists of two opposite reflection
cavities and two dissipative chambers. Fig. 1 can be considered as a quarter model of the hybrid silencer with
the bottom cavity working as the reflection cavity, and the back cavity as the dissipative chamber. The two
reflection cavities are covered by plates with leading and trailing edges simply supported and other lateral
edges free. For the two dissipative chambers, the sound absorbing material of the flow resistance Rg,n, is filled
into them. All of the four cavities are of length L = 54 and depth /&, = h, which is the optimal cavity shape for
the two-cavity plate silencer with the volume of Lh, = 5k [2]. Such a configuration is similar to that of the
four-cavity wave reflector except that only two out of the four cavities are used to reflect sound.

The performance of the hybrid silencer is optimized with respect to two controlling parameters: the bending
stiffness B of the plates and the flow resistance R, of the sound absorbing material. Unlike in the case of
wave reflector, the lower boundary limit f7 is chosen as the cost function above which TL is higher than the
criterion value, TL.,. The optimal results found with the following configurations:

Ramopt = 1.4, Bopt =0.0627, m=1, TL,=10dB (30)

are shown in Fig. 11. The frequency position of the lower limit f; is marked by a vertical line in the figure. As
shown in Fig. 11(a), a wide stopband ranging from f; = 0.0237 to high frequency is obtained for the hybrid
silencer. Fig. 11(b) and (c) shows the sound energy absorption coefficient « and the sound energy reflection
coefficient f3, respectively. An obvious peak can be observed just below frequency f; in Fig. 11(b), indicating
that significant sound absorption occurs due to strong interaction between the plate vibration and the sound
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Fig. 11. Optimal performance of the hybrid silencer: (a) TL. (b) Absorption coefficient, «. (c) Reflection coefficient, f. The optimal
bending stiffness B, = 0.0627 and optimal flow resistance Rgm opt = 1.4 are obtained with the following parameters given: L = 5; h. = 1,
m=1.
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Fig. 12. TL comparison between the four-cavity hybrid silencer (L =5, Bop = 0.0627, Rgumopt = 1.4) and a four-cavity absorptive
chamber (L =5, 10, Rgum opt = 1.4). The cavity depth is /. = 1 for the two designs.

absorbing material at that frequency. It is a desirable property that may improve the silencing performance of
the hybrid silencer in low frequency. However, in general, sound wave reflection is still the main mechanism
for noise reduction in the low-frequency region. Sound absorbing materials in the absorption cavities become
effective only when the excitation frequency is high enough.

A comparative study is conducted between the hybrid silencer and pure sound absorption. In doing so, the
plates covering the reflection chambers are removed and all the four cavities of the hybrid silencer are filled
with sound absorbing materials. Such a device may be called a four-cavity absorptive chamber in the current
context. The performance of the four-cavity absorptive chamber with two different configurations is
calculated. In the first example, the absorption cavity is of length, L = 5, and depth A. = 1, so that the total
cavity volumes of the absorptive chamber and the hybrid silencer are equal. In the second example, the cavity
length of the absorptive chamber is extended to L = 10 while the cavity depth remains 4. = 1. The flow
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Fig. 13. TL comparison between a hybrid silencer and a four-cavity wave reflector of the same total cavity volume A = 20.

resistance Rg,m, of the sound absorbing material is optimized in the same way as in the case of the hybrid
silencer. With a criterion value TL., = 10dB, the same optimal flow resistance Rgum opt = 1.4 is found for the
two configurations. Fig. 12 compares the TL spectra of the hybrid silencer (solid line) and the four-cavity
absorptive chamber (dotted line, L = 5; dashed line, L = 10). Logarithmic scales are used on both axes. As
shown in Fig. 12, the lower band limits for the three silencers, being marked by open circles for easy
identification, are 0.0237, 0.0451, and 0.0284, respectively. The lower boundary of the hybrid silencer
(f1 = 0.0237) is almost half of the pure absorptive chamber of the same length L =5 (f; = 0.0451), which
demonstrating a significant improvement of the performance of the silencer in the low-frequency region.
Doubling the length of the absorptive chamber can reduce its lower boundary to 0.0284 accordingly, but it is
still higher than that of the hybrid silencer. Hence, compared with the pure absorptive chamber, one obvious
advantage of the hybrid silencer is that it can achieve a good moderate bandwidth with a much reduced total
length.

However, since the noise reduction in low frequency is mainly caused by sound reflection, a hybrid silencer
cannot achieve better low-frequency performance than a pure wave reflector with the same cavity volume. In
Fig. 13, the solid line shows the TL of the hybrid silencer investigated above, and the dashed line shows that
for a four-cavity wave reflector with the following configuration:

L=76, Lh,=5 B=081, m=1l. 31)

The lower frequency limits of the four-cavity wave reflector and the hybrid silencer are f; = 0.02 and 0.0238,
respectively, as marked by the two open circles. So, if the main concern is the low-frequency performance at
the design stage, a wave reflector is preferred.

5. Concluding remarks

The acoustic benefit of using 3D configurations in a plate silencer design has been investigated numerically.
The finite element simulation scheme is made out of a software package specializing in solving partial
differential equations and multiphysics applications. The code is validated by known semi-analytical solutions.
Finite element simulation shows that the 3D design expands the bandwidth in both lower and higher
frequency regions relative to the corresponding 2D design. However, the advantage of adopting a 3D
configuration mainly comes from the relatively higher frequency region, and its benefit in low frequency region
is marginal. Of the four 3D silencers considered, the design of an octagon duct with circular chamber (type I11)
has the widest bandwidth, followed by the design of rectangular duct with circular chamber (type II),
four-cavity wave reflector (type I), and the design of rectangular duct with rectangular chamber.
Vibroacoustics analysis on the plates shows that the benefit of 3D design derives from better plate vibration
response from axial modes of higher orders.

A hybrid silencer is proposed to combine the merits of the plate silencer and the traditional duct lining.
Under the hybrid arrangement, the two-cavity plate silencer reflects the low-frequency sound waves, while the
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dissipative chambers attenuate effectively the high-frequency sound energy. Compared with the pure
absorption design, the hybrid silencer is able to achieve a good broadband noise reduction with much reduced
total length. However, as far as the low-frequency performance is concerned, a four-cavity wave reflector
outperforms the hybrid silencer with the same total cavity volume.
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