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Abstract: With the aim of applying various Helmholtz resonant cavities to achieve low-frequency
sound absorption structures, a pipe structure with periodic, additional, symmetrical, multi-local
resonant cavities is proposed. A thin plate with additional mass is placed in the cylindrical Helmholtz
resonant cavity structure to form a symmetric resonant cavity structure and achieve multi-local
resonance. The simulation results show that the periodic structure proposed in this paper can
produce multiple, high acoustic transmission loss peaks and multiple lower broadband sound
absorption frequency bands in the low-frequency range. In this paper, this idea is also extended to
the Helmholtz resonant cavity embedded with multiple additional mass plates. The results show
that the periodic arrangement of the multi-local resonant symmetric cavity inserted into multiple
plates with mass can significantly increase its transmission loss and show a better performance on
low-frequency sound absorption characteristics.

Keywords: periodic structure; local resonance; acoustic pipe; sound absorption characteristics

1. Introduction

Not only can noise affect the use and performance of the apparatus, but noise pollution
can negatively affect human health. Sound waves are divided by the frequency ranges
into three kinds: low-frequency sound wave, intermediate-frequency sound wave and
high-frequency sound wave. Due to their strong penetration power and slow dissipation,
it is challenging to control low-frequency sound waves. Moreover, resonance in organs of
the body caused by low-frequency sound waves would severely influence physical health.
Therefore, low-frequency sound control is always a popular subject for scholars [1,2]. The
Helmholtz resonator is employed widely in the field of noise control due to its simple
structure and excellent acoustic properties [3], such as its application in ducts for its
effective sound absorption characteristics [4]. Pipe systems are widely used in ships, and
the sound transmission of pipes in engineering, as well as the sound radiation of sea-going
pipeline nozzles, is too large. This affects the sound radiation performance of ships and
submarines, reduces their stealth performance, and seriously affects their survivability
and combat effectiveness; therefore, the design of a pipeline system with effective sound
absorption characteristics is vital for noise control.

Based on extensive use of Helmholtz resonators, domestic and foreign scholars con-
ducted an array of relevant studies. Cai et al. [5] first put forward the theoretical formulas
of noise reduction in Helmholtz resonators and found that their noise attenuation capac-
ity was related to geometric shapes. They [6] also proposed a periodic, dual-Helmholtz
resonator array and found that it could reduce mixed noise at a low frequency; many re-
searchers also improve the necks of the Helmholtz resonators. Langfeldt et al. [7] designed
Helmholtz resonators with multiple necks and obtained the explicit equations to explain
the acoustic performances of their structure. They came to a conclusion that the increase
in the number of the necks will cause the addition of their resonance frequencies. Ge
et al. [8] adopted the four-pole parameters method to build double necks for the Helmholtz

Symmetry 2021, 13, 2233. https:/ /doi.org/10.3390/sym13122233

https:/ /www.mdpi.com/journal /symmetry


https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0003-0724-7973
https://doi.org/10.3390/sym13122233
https://doi.org/10.3390/sym13122233
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13122233
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13122233?type=check_update&version=1

Symmetry 2021, 13, 2233

2 0f 23

resonators. They found that increasing the number of necks could widen the resonance
band and increasing the offset of the necks could achieve a larger transmission loss. Zhang
et al. [9] combined Helmholtz resonators with necks from different locations and acquired
acoustic metamaterials to accessibly control noise from 1300 Hz to 1500 Hz and from 1500
Hz to 2000 Hz.

Researchers also tried to insert different structures into the Helmholtz cavity. Guan
et al. [10] proposed an improved resonator with an additional rigid baffle, and studied
the influence of five different variables on the transmission loss of the improved resonator.
Zhou et al. [11] inserted a thin film into a Helmholtz resonance cavity to form an acoustic
metamaterial, and found that the curve had multiple peaks, its natural frequency shifted to
low frequencies, and its low frequency bandwidth was also broadened. By optimizing the
geometric size of the structure, the curve with the lowest transmission coefficient (around
280-350 Hz) could also be obtained. Inserting other structures in the cavity could shift the
natural frequency to low frequencies. By optimizing the size of the composite structure,
a better sound absorption effect could be obtained.

However, the studies of Helmholtz resonators mentioned above are focus on rigid
cavities. Each traditional, rigid Helmholtz resonator can only generate a single-frequency
sound absorption peak. In practical applications, on the contrary, the materials are elastic.
There are a few scholars who pay attention to the influence of the elasticity of the cavity
top and wall. Zhou et al. [12] studied the influence of the elastic cavity walls on acoustic
performances of a water-filled Helmholtz resonator and employed the electroacoustic
analogy to analyze its acoustic impedance. Cui et al. [13] designed an adaptive Helmholtz
resonator with flexible structures and found it could customize the sound attenuation
properties by its adaptive constructions.

In order to control the noise of pipeline system, researchers introduced the concept
of acoustic metamaterials to the design of pipe. Liu et al. [14] installed the acoustic
metamaterials of a thin film at the wall of the acoustic metamaterial and found that it
demonstrated effective noise elimination performances by theoretical calculations and
simulations. As the common elements in noise elimination of pipes, there are a number of
studies on acoustic pipes which focus on Helmholtz resonators. Li et al. [15] distributed
Helmholtz resonators at equal distances along the pipeline, which was proven to contain
Bragg bandgaps and local resonance bandgaps to attenuate sound waves. Zhang et al. [16]
carried out a kind of pipeline-united Helmholtz resonance with spring-mass resonance,
which could simultaneously modulate noises in two frequency ranges and achieve self-
adaption control. Hu et al. [17] suggested applying Helmholtz resonators with thin films
and to an acoustic pipe system. They found that this could develop many bandgaps among
the low frequencies. Shen et al. [18] devised a fluid-filled pipe of dark acoustic metamaterial
type and proved its ability to produce extra-wide bandgaps in the low-frequency range
to achieve noise reduction. It can be concluded through many studies that considering
the elasticity of the wall and inserting the elastic structures into a Helmholtz cavity can
develop effective sound absorption characteristics.

Because the periodic arrangement structure has a better effect on sound transmission
loss, researchers also carried out many studies on periodic configurations. Catapane
et al. [19] studied the acoustic transmission loss of a glass wool structure embedded with
periodic inclusions, considering the influence of the unit cell size, the angle and the quality
of the inclusions on the structural acoustic transmission loss. In addition to the multi-
parameter simulation study of the periodic configuration of the structure, some scholars
proposed a semi-analytical model of the structure containing periodic inclusions. Weisser
et al. [20] established a semi-analytical model of a porous medium containing periodic
inclusions with a rigidly supported pore-elastic layer, and verified it using a finite element
code. The absorption of large frequency bands can also be obtained by adjusting the
characteristics of the thin shell inclusions.

This paper focuses on the design of a periodic, multi-local, resonant, local-resonance
acoustic pipe structure that can be applied to underwater ships and sea-to-sea pipelines.
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This design ensures the structure of vibrator attached on the plate embedded in the cavity.
The resonance generated by mass on plate and cavity achieves the absorption of the
sound-wave energy in a single cavity with multiple resonance modes, thereby achieving a
multi-local resonance and multi-frequency sound absorption of the pipeline.

2. Characteristics of Acoustic Pipe Added Multiple Local Resonant Cavities
2.1. Cell of Acoustic Pipe Added Multiple Local Resonant Cavities

This work proposes an acoustic pipe with the periodical configuration of multiple
local resonance cavities, and introduces the single cell of the pipe; see Figure 1. The
multiple local resonant cavity is composed of a thin plate with a mass m inserted in the
cylindrical Helmholtz cavity. The distance between thin plate with mass and the top is L.
The distance between thin plate with mass and the neck is L,. The radii of the thin plate
and Helmholtz cavity are both R. The thickness, Young’s modulus, and Poisson’s ratio are
E, u and p, respectively. The radius and length of the Helmholtz cavity’s neck are r and |,
separately. The section of the main duct is a square of length a. The length of a single cell
isd.
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Figure 1. Schematic diagram of a single cell of an acoustic duct with multiple local resonant cavities.

The acoustic module and shell module in a commercial finite element software are
used to establish model (see Figure 2).

Figure 2. The model diagram of a single cell of an acoustic duct with multiple local resonant cavities.

After the geometric model is established, the attributes of air are assigned to the acous-
tic domain in the model. The pressure acoustics—frequency domain control equation is:

1 kgqpt
Vo (=5:(Vpe—aq)) = 5= = Qm

Pr=p+po 1)
kgq = (%)2
Cc =C,Pc=p

where p is the sound pressure, p; is the total sound pressure, p;, is the background sound
pressure, p./p is the density, q is the dipole domain source, k., is the wave number used
in the equations, and Qj;, is the monopole domain source.
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Since this model does not consider the elasticity of the pipe wall, the pipe wall can be
set as the hard sound field boundary, and the hard sound field boundary satisfies:

1
Oc

—n (= (Vpt—qq)) =0 2
where n represents the normal direction.

The left and right ends of the unit cell are set as the plane wave radiation conditions,
and the equation is:

i

S
c 2kech

.keq
—n- Vpr — +i—p+
(= (VPe—aa) +i0p

Ajp = Qi ®)

When the incident pressure field is added to the left end, there are:

ke ;
—n- (=L (Vpr—qq)) +igtp+ Fope DIP = Qi
.k, i

Qi = ig!pit ap, 5 O pi 1 Vi @

ik )
pi = poe'Pe 1ol

2
ki = (%)

where, pj is pressure amplitude, ey is wave direction, and ¢ is phase.
Due to the small thickness of the plate, a plate with additional masses built with shell
modules is adopted. The equation of the shell module in the frequency domain study is:

—pw?u =V -0+ Fye'? + 6(My x n)ZeMen, —ik, = A 5)
0, =0-1<z<1

where u is displacement of the shell, Fy is the body force, My is the body moment, ¢ is
stress of the shell, ¢ is the load phase, and Mpy, is moment load phase.

The flat plate is a linear elastic material, the thickness of the plate is set in the thickness
and offset in the shell module, and the thickness is filled in d. A circle added the intermedi-
ate mass in the middle of the plate to form the additional mass which is attached the plate
(see Figure 3).

Figure 3. The schematic diagram of additional mass in the middle of the plate.

The mass per unit area in the mass type is selected, and then the density per unit area
pa is filled in. The additional mass satisfies the following equation:

Fo = —pa(—w’u+ a) ©6)
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where F, is the load (force per unit area) experienced by the structure and a¢ is coordinate
system acceleration.
Both boundaries of the flat plate adopt fixed constraints to satisfy:

u=20
ar=20 @
where ar is the normal displacement of the shell.
The fluid—solid coupling of the plate with the mass and the cavity, that is, the pressure
acoustics—frequency domain module and the shell module, are selected for the acoustic—
structure boundary physical field coupling. The coupling equation for the exterior is as
follows:
—n- (= 1(Vpr—qq)) = —1n-uy
FA = pmn

®)

where uy is the structural acceleration, n is the surface normal, and p; is the total acoustic
pressure:

—n- (=5 (Vpt — %))up =-n-uy
-n: (—p%(vpt —da))y,,, = ~0-ux ©)
FA = Ptdown — Ptupn

The up and down subscripts refer to the two sides of the interior boundary.

The flat plate with mass is divided into a free quadrilateral mesh. The cavity and the
neck are divided into the mesh by sweeping the plate with a three fixed elements. The
upper boundary of the square pipe is divided into a free triangle mesh, and the maximum
element size is 0.02 m. The remaining part of the square tube is divided into the mesh
by the distribution of sweep method with ten fixed elements. The total number of the
elements of the single cell is 4743.

The finite element mesh division diagram of the unit cell is shown in Figure 4. The
finite element mesh of the shell in the unit cell is shown in Figure 5. A select frequency
domain is studied in order to solve the model.

Figure 4. The finite element meshing diagram of a single cell of an acoustic duct with multiple local
resonant cavities.

When calculating the band gap of the unit cell, after the geometric model is estab-
lished, based on the above frequency domain calculation, periodic conditions are added
to the pressure acoustic frequency domain module. The Floquet period is selected as the
periodicity type [21]. The following equation is satisfied under periodic conditions:

Ptdst = pt,srce_ikF'(rde_rm) (10)
1 = 1 —ikp- st —Isrc
st (=5 (Vpr = dq)) ,, = s (=5 (Vpr —qq)) e (rast—Eore)
The value of the Floquet period vector k is the value calculated from the wave vector
7 along the x direction of the main pipe. The characteristic frequency study is increased,
the parameterized scan is added to the study, and the wave vector is used to scan the first
irreducible Brillouin zone [22] to obtain the energy band structure diagram.
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Figure 5. Finite element mesh of the shell in the unit cell.

2.2. Acoustic Pipe with Periodic Multiple Local Resonant Cavities

Figure 6 shows a sketch of the proposed acoustic pipe. Multiple local resonant
cavities are arranged at fixed intervals of 0.5 m along the square duct in the section area of
0.05 m x 0.05 m. This paper uses an acoustic pipe with eight local resonant cavities as an
example for discussion. The finite element model is shown as Figure 7.

i JaR JaR
N\ —/

O

L,

(n-1) n (n+1)

Figure 6. Schematic diagram of the acoustic duct with periodic multiple local resonant cavities.

Figure 7. Finite element model of the acoustic duct with periodic multiple local resonant cavities.

When calculating the transmission loss of a periodic pipeline, the sound intensity at
the inlet and outlet of the pipeline should be extracted. The perfect matching layer (PML) is
an artificially proposed loss layer in which waves attenuate and propagate without causing
reflection. The perfect matching layer (PML) is set at the inlet and outlet of the periodic
pipeline to reduce the reflection of sound waves at the interface. The effect of the perfect
matching layer on the numerical simulation prevents the influence of reflected waves. The
pipeline is a plane wave propagating in the positive X direction. The sound intensity can
be obtained by extracting the sound pressure and particle velocity [23]:

2

2
pﬂ pe 1 2 > 1
2p0c0  PoCo 2pocovu PocoTe zpavu PeTe (11)
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where p, is sound pressure amplitude, pg is density, ¢ is sound speed, p, is effective sound
pressure,v, is particle velocity amplitude, and v, is effective particle velocity.

According to the extracted sound intensity at the entrance and exit, the transmission
coefficient of the sound intensity can be calculated as follows:

tr=— (12)

where I; is transmitted wave sound intensity and [; is the incident wave sound intensity.
The transmission loss is defined by the calculated sound intensity transmission coeffi-
cient as follows:

1

TL = 10log,, t—(dB) (13)
I

3. Transmission Loss of the Acoustic Duct with Periodic Multi-Local Resonant Cavity

with Single Plate with Mass

3.1. Parameters for Simulation

The relevant parameters used in finite element simulation and their values are dis-
played in Table 1.

Table 1. Parameters of simulation model.

Parameters/Units Definition Value
po/kg-m~3 density of air 1.25
co/m-s~1 sound speed in air 343
d/m length of cell 0.5
a/m cross section length of duct 5x 1072
r/m the neck radius 5% 1073
I/m length of the neck 25 x1072
R/m cavity radius 5x 1072
Li/m height of upper cavity 1.667 x 1072
Ly/m height of lower cavity 3.333 x 1072
p/kg-m™3 density of plate 1000
h/m thickness of plate 0.001
U Possion’s ratio of plate 0.4
m/kg mass of mass block 5x 1074

3.2. Transmission Loss of Multi-Local Resonant Cavity Acoustic Duct with Periodic Plate
with Mass

The transmission loss curve of the proposed pipe system is shown as Figure 8a, the
enlarged view of the curve in the frequency between 300 Hz and 800 Hz is shown in
Figure 8b.

The transmission loss curve shows four peaks in the frequency between 0 and 1000 Hz,
in which the first peak is analyzed. A thin plate with mass divided the cavity into two
cavities. The lower cavity and the neck form a Helmholtz resonator with an elastic top
which is % higher than the original one. When neglecting the wall friction, the upper and
lower cavity are equivalent to two springs in series in the mass—spring system. According
to the spring series relation, the total stiffness is:

1_1 1
K Kupper Klower

(14)

If the plate inserted is rigid, the stiffness of the upper cavity is Kypper — 00, so the
total stiffness is K ~ Kj,y.r- However, the thin plate is assumed to be elastic in this study.
Therefore, the stiffness of the upper cavity Ky pper is not infinite. The reciprocal value of

total stiffness % increases and the total stiffness K decreases.



Symmetry 2021, 13, 2233

8 0f 23

(a)
350

300

250

200 -

TL/dB

100 -

50

(b)

150 -

3 30 :
—single —single
—periodic 25 ——periodic
20
g 1s
~
=
]0 BIGEE lCﬂCbiiUll
; |
l A A A a L 0 ‘Jl i VAN .
0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency/Hz Frequency/Hz

Figure 8. Transmission loss versus frequency. (a) The transmission loss of multiple local resonant cavity acoustic duct with

additional single plate and mass; (b) The enlarged view of peak value of Figure 8a.

Moreover, regarding the material of plate as a rigid plate largely influences the Young’s
modulus. The Young’s modulus of the top plate is smaller, but the elasticity is larger.
Additionally, the stiffness Kjy,,, is smaller but the reciprocal value of total stiffness %
increases. As a result, the total stiffness K decreases.

When neglecting the damping of the system, the resonant frequency can be ex-
pressed as:

1 /K

f:E i (15)

Through the analysis above, it is found that inserting an elastic plate with mass in
a cylindrical Helmholtz cavity causes a total decrease in stiffness K and the resonant
frequency f to move to the low frequency.

Moreover, by analyzing the electroacoustic analogy diagram of the proposed structure,
the resonant circular frequency can be obtained. When the frequency of the input pressure
matches the resonant frequency, a local resonance occurs and the control of noise of different
frequencies can achieve.

From Figure 8, it can be concluded that the periodic pipeline system develops lower
peaks around 343 Hz and 686 Hz, as well as peaks close to the peaks of the cell transmission
loss curve. The two mechanisms of the band gap formation of the acoustic pipe with
periodic additions are the resonance of single-cell and Bragg scattering [24]. The reason
why the peaks of the cell are close to the resonant frequencies of multiple local resonant
cavities is the resonant mechanism of multiple local resonant cavities. The other frequencies
of the stopband caused by Bragg scattering can be derived by:

fm = n;—(;o (m is an integer) (16)

For an interval of the pipeline system (length of cell) measuring 0.5 m, this interval

can be substituted into (16) to obtain:

fm = 343m(Hz)(m is an integer) (17)
The frequencies calculated from the above equations match the simulation results.

3.3. Band Structure Analysis of Multi-Local Resonant Cavity with Additional Plate and Mass

By selecting the two-dimensional resonant cavity cell with the same parameters (see
Figure 9), the band structure can be calculated, as shown in Figure 10. The band gap in the
energy band structure diagram is indicated by the gray area and the red circle. Its periodic
pipeline transmission loss is shown in Figure 11.
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Figure 9. The model diagram of two-dimensional resonant cavity cell with the same parameters.

1000}

Freqency(Hz)
Loa)
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2007
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Figure 10. Band structure diagram of a two-dimensional multi-local Helmholtz resonator.
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Figure 11. Acoustic transmission loss in periodic pipes of two-dimensional shaped Helmholtz

resonator.

The band structure diagram and the periodic, pipeline transmission loss diagram of the
two-dimensional, heterogeneous Helmholtz resonator unit cell with the same parameters,
were compared. It was found that seven obvious band gaps could be seen in the band
structure diagram, all of which corresponded to the periodic pipeline. In the transmission
loss graph, there are six transmission loss peaks caused by local resonance and one peak
caused by Bragg scattering. There are two typical band gaps for analysis: observing the
band gap diagram at the 288 Hz frequency corresponding to the end of the band, for which
the unit cell presents a flat plate mode (see Figures 12 and 13); and the response of the
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periodic pipe at this frequency, which is also shown on the flat plate (see Figures 14 and 15).
Each cell in the periodic pipe has a flat plate. The plate in the first cell deforms, has the
largest response, and is similar to the mode.

x107°

Figure 12. Mode of flat plate in single cavity at 288 Hz.

- L

Figure 13. Mode of single cavity at 288 Hz.

According to the energy band structure diagram, the first energy band for analysis is
chosen. The upper and lower limits of the first energy band are 194.45 Hz and 213.69 Hz,
respectively. When the wave number is 7, the mode of the unit cell is observed at the
frequency of 194.45 Hz. It is found that the mode of the unit cell at this time is mainly
represented by a flat plate (see Figures 16 and 17). The flat plate vibrates and stores energy
in the pipe. The sound pressure in the unit cell is mainly concentrated in the upper cavity.
When considering periodic pipelines, at 195 Hz, the sound pressure is concentrated in the
cavity of each cell, and, in Figures 18 and 19, the sound pressure in each upper cavity is
presented in a darker color than that in the pipeline, which corresponds to the high sound
pressure in the legend. Additionally, the sound pressure distribution of the first unit in
the periodic pipe is very similar to the sound pressure distribution of a single cavity. The
response of the total slab of the periodic pipe is observed. The first unit cell has the largest
response, and the deformation is similar to the mode.
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Figure 14. Sound pressure of periodic pipe at 288 Hz.
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Figure 15. Response of the plate in the periodic pipe at 288 Hz.

x1077 (m)
12

10

Figure 16. Mode of flat plate in single cavity at 195 Hz.
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Figure 17. Mode of single cavity at 195 Hz.
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Figure 18. Sound pressure of periodic pipe at 195 Hz.
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10

0
Figure 19. Response of the plate in the periodic pipe at 195 Hz.

There is a band gap between 340 and 380 Hz (see Figure 10) caused by the Bragg
band gap of the periodic arrangement of the multi-local Helmholtz resonator. Because
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of the periodic arrangement, the multi-local Helmholtz resonator strongly couples with
the incident wave, reflected wave, and transmitted wave, and interferes with a specific
frequency band, which affects the sound propagation at this frequency. From the above
analysis, the center frequency of the Bragg band gap is determined by the speed of sound
and the length of the pipe unit. According to the calculation, the center frequency is 343 Hz,
which is located at the lower band edge of the band gap.

4. Transmission Loss of the Acoustic Duct with Periodic Multi-Local Resonant Cavity
with Several Plates with Masses

Based on the acoustic duct with a periodic, local, resonant cavity with a single plate
with mass, further studies on the acoustic duct are ongoing. The local resonant acoustic
duct with two plates with masses or three plates with masses is designed.

4.1. Transmission Loss of Acoustic Duct with Periodic Multi-Local Resonant Cavity with Two
Plates with Masses

4.1.1. Transmission Loss of Multi-Local Resonant Cavity with Two Plates with Masses

The multi-local Helmholtz resonant cavity is composed of two plates which have the
same radius as the cavity, with a mass at % and % the height of the cavity, respectively
(see Figure 20). The transmission loss of this multi-local, resonant cavity is displayed in
Figure 21. The enlarged view of the four peaks of the transmission loss curve is shown in
Figure 22.

Y.box

Figure 20. Single-cell structure of multiple local resonant cavities acoustic duct with two plates and
masses.

30

20

TL/dB

10 -

J L.

0 L I
0 200 400 600 800 1000
Frequency/Hz

Figure 21. Transmission loss of single cell of multiple local resonant cavities acoustic duct with two
plates and masses.
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Figure 22. Enlarged view of peak transmission loss of single cell of multiple local resonant cavities acoustic duct with two

plates and masses. (a) Enlarged view of the peak at 120 Hz; (b) Enlarged view of the peak at 190 Hz; (c) Enlarged view of
the peak at 415 Hz; (d) Enlarged view of the peak at 690 Hz.

The transmission loss of the multi-local Helmholtz resonant cavity with two plates
with mass reaches 16.26 dB at 120 Hz (see Figure 22a), 5.98 dB at 190 Hz (see Figure 22b),
27.30 dB at 415 Hz (see Figure 22c), and 9.41 dB at 690 Hz (see Figure 22d).

Among the peaks, the explanation for the first two peaks is similar to the first two
peaks of the Helmholtz resonant cavity with a single plate with mass. The two plates
divided the cavity into three parts. When neglecting the wall friction, the cavities can be
regarded as a spring-mass system and the system is three springs in series. According to
the equation of the springs in series:

WL ®

Kiotal i=1

When considering the plate inside as the rigid plate, the stiffnesses of the upper two
cavities are Ky — co, K3 — oo, then Kio,1 & Kj. This paper considers the plate as an elastic
one, so the stiffness of the upper cavities K, K3 is a finite number. As a result, the total
stiffness K;,, decreases.

Because of the elasticity of the plates inside, when the elasticity increases, the stiffness
of the two cavities K, K3 decreases and the total stiffness K;,;;; decreases. Then, the
resonant frequency shifts to the lower range.

The third peak of the transmission loss appears at 415 Hz and the vibration response
of the plate is shown in Figure 23. The transverse displacement of the circular plate varies
with the radial direction, as shown in Figure 24. The sound pressure distribution of the
cavity is shown in Figure 25. It is found that two plates vibrate in the same direction. In this
case, fluid in the upper cavity is compressed but fluid in the lower cavity is stretched. The
fluid in the middle cavity is stretched because the displacement of the upper plate is larger
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than that of the lower plate. At the same time, the influence of the two plates is partly
counteracted.

400 (Pa)
I350
- 1 300
4 | 2s
-1 200
e e | s

100

V4
x- 0
y
Figure 23. The response of plates in a resonant cavity with two plates and masses at 415 Hz.
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displacement of the upper plate

et
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displacement of Z direction(*107)/m
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L T
™

2.0

distance along radial direction/m

Figure 24. Lateral displacement diagram of plates in a resonant cavity with two plates and masses at
415 Hz.

The upper and lower cavity and the two plates form the spring-mass system separately.
The vibration process of the spring—mass system is the transformation of kinetic energy
and potential energy. When the lower fluid is stretched, the equivalent spring is stretched.
The energy of the lower plate and lower cavity mostly transforms into potential energy.
When the top fluid is compressed, the equivalent spring is compressed. Additionally, the
energy of the upper plate and top cavity mostly transforms into potential energy. The
middle fluid behaves as a spring. In this process, the volume of the middle fluid changes
minimally. This means the potential energy of the equivalent spring in the middle fluid is
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at the minimum while the kinetic energy is at the maximum. In this case, the kinetic energy
and potential energy of the system reach their maximum.

15 (Pa)

-10

v.f x 15

Figure 25. Sound pressure distribution image of resonant cavity with two plates and masses at
415 Hz.

Most of the energy in the duct is simultaneously saved in the cavity and plate with
mass, so there is a lot of attenuation in the energy, which appears as a peak.

The fifth peak appears at 690 Hz. The vibration response of the plate is shown as
Figure 26. The transverse displacement of the circular plate varies with the radial direction,
as shown in Figure 27. The sound pressure distribution of the cavity is shown in Figure 28.
It is found that two plates vibrate in the opposite direction but their vibration displacements
are the same. Therefore, the fluid in the top and bottom cavities is compressed and the
middle fluid is stretched. The cavity and the neck, or the plate with mass, form the spring—
mass system and the fluid in the cavity is compressed/stretched means the shape change
of the corresponding spring. The volume of the cavity changes represents the vibration
of the spring—mass system. When the kinetic energy and potential energy both reach the
maximum, the cavity stores the energy from the duct. The energy attenuation appears
while it leaves the duct, and then forms a peak.

x10° (Pa)
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7
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T e————
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Figure 26. The response of the plates in a resonant cavity with two plates and masses at 690 Hz.
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Figure 27. Lateral displacement diagram of plates in a resonant cavity with two plates and masses at
690 Hz.

40 (Pa)
30

20

10

0

Figure 28. Sound pressure distribution image of resonant cavity with two plates and masses at
690 Hz.

4.1.2. Transmission Loss of the Acoustic Duct with Periodic Multi-Local Resonant Cavity
with Two Plates with Masses

Multiple local resonant cavities with two plates and masses are arranged at fixed
intervals of 0.5 m along the square duct. This paper focuses on an acoustic pipe with
eight local resonant cavities as an example for discussion. The transmission loss of the
acoustic duct is shown in Figure 29a and the enlarged view is shown in Figure 29b. It can
be concluded from the enlarged view (Figure 29b) that the transmission loss curve of the
periodic duct peaks appear not only close to the peaks of the original cell but also at 505 Hz.
The sound pressure distribution of the cavity at 505 Hz is shown in Figure 30. The plate
response at 505 Hz is shown as Figure 31.
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Figure 29. Enlarged view of peak value and transmission loss of multiple local resonant cavity acoustic duct with two

additional two plates and masses. (a) The transmission loss of multiple local resonant cavity acoustic duct with two

additional two plates and masses; (b) Enlarged view of peak value of Figure 29a.
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Figure 30. The sound pressure distribution diagram of the acoustic duct with local, resonant cavities
with two plates with masses at 505 Hz.

From Figure 30, the sound pressure of the first cell of the acoustic duct is much larger
than the other cells, meaning that the responses of the two plates are much larger than
those in the other cells (see Figure 31). This means the vibration of the two plates counts
most in the form of the transmission loss peak. Moreover, the two plates vibrate in the
opposite direction and the response is the largest at this frequency. Under the input sound
wave, the fluid in the cavity is compressed/stretched due to the vibration of the plate with
mass, and the energy in the duct is saved or released. The vibration of the multi-local
resonant cavity and sound field have a mutual effect and resonance occurs, which leads to
a peak in the transmission loss. The periodic duct also appears shorter in the wide-band
absorption segment at 343 Hz and 686 Hz, which coincides with the mechanism of Bragg
scattering.
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Figure 31. The plate response diagram of the acoustic duct with local, resonant cavities with two
plates with masses at 505 Hz.

4.2. Transmission Loss of Acoustic Duct with Periodic Multi-Local Resonant Cavity with Three
Plates with Masses

4.2.1. Transmission Loss of Multi-Local Resonant Cavity with Three Plates with Masses

The multi-local Helmholtz resonant cavity is composed of two plates with the same
radius as the cavity, with masses at , 3 and 3 the height of the cavity, respectively (see
Figure 32). The transmission loss of this multi-local resonant cavity between 0 Hz and
1000 Hz is displayed in Figure 33. The enlarged view of the three peaks of the transmission

loss curve is shown in Figure 34.

Yol ox

Figure 32. Single-cell structure of multiple local resonant cavities acoustic duct with three plates and
masses.
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Figure 33. Transmission loss of single cell of multiple local resonant cavities acoustic duct with three
plates and masses.
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Figure 34. Enlarged view of the peak transmission loss of single cell of multiple local resonant cavities acoustic duct with
three plates and masses. (a) Enlarged view of the peak at 115 Hz. (b) Enlarged view of the peak at 200 Hz. (c) Enlarged view

of the peak at 395 Hz.

Due to the coupling of the circular plate and the cavity, the sound transmission loss
curve of the heterogeneous, multi-local resonant cavity has multiple peaks: the transmission
loss peak corresponding to 115 Hz is 20.29 dB, the peak corresponding to 200 Hz is 32.40 dB,
and the peak corresponding to 395 Hz is 7.54 dB (see Figure 34). However, due to the
circular plate dividing the cavity into multiple cavities and the elasticity of the flat plate,
the resonant frequency of the special-shaped, multi-local resonant cavity moves to the
low frequency. Therefore, the frequency corresponding to the first peak is lower than the
frequency corresponding to the peak of the traditional Helmholtz resonator.

The third peak of the acoustic transmission loss curve of the heterogeneous, multi-local
resonant cavity with three plates and masses appears at 395 Hz. At this time, the vibration
response of the plate in the resonant cavity is shown in Figure 35, and the transverse
direction of the circular plate at this frequency is plotted. The change in displacement with
radial direction is shown in Figure 36.
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Figure 35. The response of plates in a resonant cavity with three plates and masses at 395 Hz.

From Figures 35 and 36, it can be observed that three plates vibrate in the same
direction. The vibration displacement of the top plate is the largest and the displacement
bottom plate is the smallest. Due to the difference in the vibration displacement of the
three plates, their volumes change dramatically. The volumes of the upper two cavities
are suppressed and the lower two volumes are stretched. The change in the four volumes
leads to the changing shape of the springs. Energy is stored while the spring-mass system,
formed by cavities, necks, and plates with mass, vibrates. The sound pressure in the square
duct reduces after the multi-local resonant cavity and a peak appears in the transmission
loss curve.
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Figure 36. Lateral displacement diagram of plates in a resonant cavity with three plates and masses
at 395 Hz.

4.2.2. Transmission Loss of Acoustic Duct with Periodic Multi-Local Resonant Cavity with
Three Plates with Masses

Multiple local resonant cavities with three plates and masses are arranged at fixed
intervals of 0.5 m along the square duct. The paper uses an acoustic pipe with eight local
resonant cavities as an example for discussion. The transmission loss of the acoustic duct is
shown in Figure 37a and the enlarged view is shown in Figure 37b. It can be concluded
from the enlarged view (Figure 37b) that the peaks of the transmission loss curve of the
periodic duct appear not only close to the peaks of the original cell but also to the broad-
band sound absorption segment caused by Bragg scattering. Additionally, the frequencies
of the broad band satisfy Equation (14), which demonstrates that the proposed acoustic
duct can make the natural frequency move to the lower range and perform more effective
low-frequency sound absorption.

(b) 30
single —single
— periodic 251 periodic
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Figure 37. Enlarged view of peak value and transmission loss of multiple local resonant cavities acoustic duct with three

additional plates and masses. (a) The transmission loss of multiple local resonant cavities acoustic duct with three additional

plates and masses; (b) Enlarged view of peak values of (a).



Symmetry 2021, 13, 2233 22 of 23

5. Conclusions

In this paper, a multi-local resonant symmetric cavity was established and applied
to the acoustic duct. The influence of adding different numbers of plates with masses on
the acoustic characteristics of the cavity was analyzed, and the band gap of the symmetric
resonant cavity, with a single plate with a mass inserted, was verified.

Studies showed that when a plate with a mass was inserted into the cavity, the plate
and its quantity had a great influence on the acoustic characteristics of the Helmholtz
resonant cavity. The plate with a mass causes its resonance frequency to shift to lower
frequencies. Among the proposed structures, the multi-local resonant cavity with two mass
plates can produce a 27.30 dB acoustic transmission loss at 415 Hz; the multi-local resonant
cavity with three mass plates can produce a 32.40 dB acoustic transmission loss at 200 Hz.

The periodic arrangement of the symmetrical resonant cavity with the interpolated
mass plate has a shorter broadband sound absorption section that enhances its sound
absorption effect. Notably, the maximum transmission loss of the multi-local resonator
acoustic pipe, with a periodic, additional single plate and mass, is close to 350 dB, and
the maximum transmission loss of the multi-local resonant acoustic pipe with a periodic,
additional double plate and mass exceeds 500 dB.

This work focused on the low-frequency range. While the definition of low-frequency
range is different in various engineering cases, the purpose of this work was to demonstrate
the mechanism of the proposed acoustic pipe. Additionally, the specific frequency could
be tuned according to practical engineering. The structure proposed provided a certain
reference for the design of sound absorption ducts.
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