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In this paper, we present one approach to improve the soundproofing performance of the double-panel
structure (DPS) in the entire audible frequencies, in which two kinds of local resonances, the breathing-type
resonance and the Helmholtz resonance, are combined. The thin ring resonator row and slit-type resonator
(Helmholtz resonator) row are inserted between two panels of DPS together. Overlapping of the band gaps due
to the individual resonances gives a wide and high band gap of sound transmission in the low frequency range.
At the same time, the Bragg-type band gap is created by the structural periodicity of the scatterers in the
high audible frequency range. In addition, the number of scatterer rows and the filling factor are investigated
with regard to the sound insulation of DPS with sonic crystals (SCs). Consequently, the hybrid SC has the
potential of increasing the soundproofing performance of DPS in the audible frequency range above 1 kHz by
about 15 dB on average compared to DPS filled only with glass wool between two panels, while decreasing the
total thickness and mass compared to the counterparts with the other type of local resonant sonic crystal.
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1. Introduction

BRILLOUIN (1946) described mathematically the
propagation of waves in periodic structures in 1946.
Subsequently, the transmission properties of the elec-
tromagnetic wave in periodic structures was studied in
late 1980s. It was shown that infinite periodic struc-
tures do not support wave propagation in certain fre-
quency ranges relating to the spacing between the scat-
tering elements (Lattice constant).

The first experimental study on the sound atten-
uation by periodic structure was undertaken in 1995
(MARTINEZ-SALA et al., 1995). The sculpture consists
of a periodic square symmetry arrangement of stain-
less steel pipe with a diameter of 29 mm, a distance
between 2 pipes next to each other of 100 mm. Filling
factor of 0.066 was used in their experiment. Sound
attenuation was measured at various angles in out-
door conditions for sound wave incidences perpendic-
ular to the cylinders’ vertical axes, resulting in sev-
eral maxima (sound attenuation) and minima (sound
reinforcement) in the frequency spectrum. The first

upon the material, the modified material must be licensed under identical terms.

(lowest) band gap had a center frequency at 1.7 KHz,
which could be attributed to the periodicity of the
structure. Ever since, researches on the application
of periodic arrays of cylinders for noise control have
increased (SANCHEZ-PEREZ et al., 2002; ROMERO-
GARCIA et al., 2011). Investigation of sound attenua-
tion effects of regularly planted trees has also been con-
ducted (MARTINES-SALA et al., 2006). There were nu-
merical and theoretical works in respect to periodic ar-
rays of elastic scatterers in gas involving hollow spheres
and cylinders (SAINIDOU et al., 2006).

Local sound absorption properties have been used
in sonic crystal noise barriers. For example, both nu-
merical and experimental studies have been made of
the reflectance and transmittance spectra of the sonic
crystals (SCs) consisted of rigid perforated cylindri-
cal shells filled with recycled rubber crumb mate-
rial (SANCHEZ-DEHESA et al., 2011). Such design of-
fers the additional mechanism of absorption, apart
from the multiple scattering phenomenon in perio-
dic structure, to further attenuate noise (UMNOVA
et al., 2006).
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A conventional way for reducing low frequency
noise transmission is to increase the thickness or mass
per unit area of the sound insulation material. How-
ever, a drawback of this technique is that usually it
results in large size and mass of the insulator. One
possibility for targeting the band gap without increas-
ing the size is to use the resonant scatterers. Besides
Helmholtz resonator, there are several cavity-type res-
onators such as half- and quarter-wave tubes, which
are used comonly on air intake systems to attenuate
noise at specific frequencies (SOHN, PARK, 2011).

The concept of split ring resonator (SRR) was ini-
tially introduced in 1999 in the electromagnetism field.
There have been theoretical and experimental studies
on SRR which gave the frequency range related to the
resonant frequency in which waves could not propagate
through the system (MOVCHAN, GUENNEAU, 2004;
WU et al., 2008). Another type of SC using concen-
trically placed Helmholtz resonators has been studied
numerically (ELFORD et al., 2011). It was found that
the natural resonance properties of the six shell Ma-
tryoshka SC give rise to multiple independent reso-
nance band gaps below the first Bragg band gap (i.e.,
due to the periodicity of the SC) between 400 and
1600 Hz. There have also been numerical studies of
acoustical performance of a periodic array of resonant
silicone rubber scatterers embedded in an epoxy resin
matrix (HIRSEKORN et al., 2004). Experimental work
in respect to periodic array of scatterers in air has in-
vestigated the use of pressurized gas-filled cylindrical
balloons (FUSTER-GARCIA et al., 2007). It was found
that resonance attenuation peaks can be obtained at
frequencies which do not depend on the periodicity
of the SC but on the resonance frequency of the res-
onators. Predictions and measurements of sound trans-
mission through a periodic array of elastic shells in air
have been conducted (KYRNKIN et al., 2010). Besides,
several shapes of local resonant SCs have been pro-
posed for enhancing the sound insulation through the
multi-layer structures in the entire audible frequency
range as well as in the low frequencies (CAVALIERI
et al., 2019; GuLia, GupTaA, 2018; 2019; Kim, 2019;
KM et al., 2021; QIAN, 2018).

Plane wave expansion (PWE) method is one of the
most studied methods for research into the phononic
or sonic crystal band gaps (CHEN, YE, 2001; VASSEUR
et al., 2008). It can be applied to the infinite arrays
of any scatterer shape. Multiple scattering approach
was first published for the potential flow through
a periodic rectangular array of identical cylinders in
1892. Subsequently, investigations on multiple scatter-
ing have been made for a variety of 2D or 3D problems
(LINTON, EVANS, 1990).

Those two methods are not always feasible to solve
for scatterers with non-geometrical shapes or resonant
constructions by means of an exact analytical solution.
In such a case, the finite element method (FEM) based

on numerical solutions of partial differential equations
(PDEs) offers a method for finding approximate nu-
merical solutions of the scattered and total fields in
a wide range of physical and engineering problems. The
numerical results for the acoustical properties of SCs
have been reported using the FEM commercial soft-
ware such as COMSOL or ANSYS.

In this paper a DPS is proposed with a local reso-
nant SC based upon the combination of the breathing
resonance of a thin ring-type shell and Helmholtz res-
onance, and some issues for its application are also
explored.

2. Numerical modelling

Figure 1 shows the schematic of DPS with SC as
well as the Brillouin zone, which depicts the I'X and
I'M directions of acoustic wave propagation. The SC
consists of 7xn square arrangement of scatterers. Two
panels of DPS have thickness of 4 mm and 6 mm, re-
spectively, and are assumed to be made of plastic of
which density, Young’s modulus, and Poisson’s ratio
are 1380 kg/m?, 3.2 GPa, and 0.37, respectively. The
space between two panels changes with the number
of scatterer rows. The domain between two panels is
filled with air or porous material, glass wool. Density
and sound speed of air are 1.2 kg/m?3 and 344 m/s, re-
spectively.
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Fig. 1. DPS with 7 x n square arrangement of scatterers
and Brillouin Zone.

A plane wave source is applied to the entrance of
DPS, i.e., the inward normal velocity is applied to the
left boundary surface of the DPS in Fig. 1, while the in-
finite radiation conditions to the source and receiver
boundaries. It can be assumed that there exists no
back reflection of acoustic waves on such boundaries,
and thus the following boundary conditions are satis-
fied (GuL1A, GUPTA, 2018b):

Vp W w
-—]'n=—p-—rpo, (1)
p pee pee
Vp w
(-*2)n =22 (2)
p pCe

where p = poe™ ™ and p is the acoustic pressure, k is the
wave vector, p is the density, n is the normal vector,
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w is the angular frequency, and ¢, is the sound speed.
The surfaces of scatterers are assumed to be free to
take account of the vibration of thin shells. The other
boundaries of DPS are all considered to be solid wall.
The normal particle velocity is equal to zero on the
solid wall, where the Neumann boundary condition is

satisfied as follows:
(—@) ‘n=0. (3)

In this work, glass wool is taken as porous material
and modelled by Delay-Bazley model (DELANY, BAz-
LEY, 1970). The wave number k, and the characteristic
impedance z, of glass wool are then expressed by the
complex forms:

kg = “ [1 +0.0978y 77 _j0'189X_0'595], (4)
Co
zg = poco [1+0.0571x 0™ - j0.087x "7, (5)

where x = pof/Rg, po and ¢y are the density of fluid
and the sound velocity in fluid without porous mate-
rial, respectively, f denotes the frequency, w indicates
the angular frequency, and R, marks the flow resis-
tance of glass wool.

The mean fiber diameter (d,) and density (py) are
10 pm and 12 kg/m?, respectively. The flow resistance
can be calculated by the expression as following (BIES,
HANSEN, 1980):

3.18-1079pl 53
g

SC is a periodic array of the finite scatterers embed-
ded in homogeneous medium and can be characterized
by the geometry of its primitive cell as in semicon-
ductor. The concept of wave reflection in Bragg’s Law
which refers mainly to light diffraction can be analo-
gously used for sound waves. In the periodic structures
comprised of rigid scatterers, the sound waves could
interfere with each other constructively and destruc-
tively, resulting in a total reflection regime (complete
band gap) in certain frequency range. The frequency
range depends on the lattice constant of the array as
given by Bragg’s Law. In a square lattice, the funda-
mental Bragg resonance frequencies in the I'X and
I'M directions are, therefore, as follows:

frx = 2L (7)

where ¢ is the sound speed in host medium. If the
two Bragg resonances are wide enough in frequency

to overlap, then a complete band gap can be realized
based solely on the Bragg resonance condition. The

frv =

width and depth of Bragg resonance is dependent on
the acoustic impedance mismatch between the host
medium and scatterer as well as the filling fraction
(function of lattice constant). Forming a sonic band
gap requires the careful selection of materials with
both the mass densities and modulus to yield the de-
sired acoustic impedance, and velocity mismatch be-
tween the matrix and scatterer.

The resonant frequency of SRR is given by CHAL-
MERS et al. (2009):

where L is the neck length, o is the slit width, and S is
the inner cross-sectional area. It can be seen that the
Helmholtz resonance frequency decreases with increas-
ing the volume of the air cavity and the length of the
neck while increases with increasing the slit width.

Calculations are conducted in the FE software AN-
SYS Multiphysics (v18.0) acoustic package and the
soundproofing performances of DPSs are evaluated
through the sound transmission loss (STL) and inser-
tion loss (IL), assuming that the flanking sound trans-
mission is negligibly small.

If the power incident on the DPS (left side in Fig. 1)
is W; and the power transmitted through the DPS
(right side in Fig. 1) is W}, STL is determined by:

W,
STL =101 (—Z) 10
o8 | 1y, (10)
IL is calculated from the following equation:
w
IL = 1010g(W), (11)

where W and W' refer to the power transmitted through
the DPS without or with the scatterer array.

Harmonic analysis is performed in the range of
20-8000 Hz with the frequency interval of 20 Hz. The
model is meshed with an element size (about 4 mm) of
one-tenth of the minimum wavelength.

3. Results and discussion

3.1. Number of scatterer rows and filling fraction

in DPS

The filling fraction is defined as the ratio between
the volume occupied by one scatterer and the volu-
me occupied by a unit cell and thus can be determi-
ned once the lattice constant and the size of the
scatterers are known. Properly specifying the num-
ber of scatterer rows and the filling fraction is very
important for decreasing the geometrical size and cost
of DPS. For this purpose, the Bragg band gap was in-
vestigated with varying such two parameters by the
finite element method.
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The shapes of scatterers are cylindrical and they
are arranged on 7 x n square lattice as in Fig. 1. The
cylinders have an outer diameter of 40 mm and the lat-
tice constant of SC is 42.8 mm. The number of rows, n,
is varied from 1 to 3. The domains between two panels
and scatterers are considered to be filled with air.

Figure 2 shows the IL spectra as a function of the
number of scatterer rows. For all three cases, there is
a peak of IL around 4020-4040 Hz, which matches well
with the Bragg frequency calculated by Eq. (7) for the
lattice constant of 42.8 mm. Bragg band gap cannot
be created for one row of scatterers in free space. How-
ever, DPS with one row of scatterers gives a distinct
band gap around the Bragg frequency due to the mul-
tiple reciprocating reflection between two panels. The
ILs at the Bragg frequency are 49.7 dB, 56.9 dB, and
64.8 dB for the number of rows from 1 to 3, respec-
tively. For the number of 2 and 3, several sharp peaks
appear in the insertion loss spectrum, which might be
attributed to the suppression of stand wave resonance
by the inserted array of scatterers.

100

Insertion loss [dB]

-100 : . :
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Frequency [Hz]

Fig. 2. IL as a function of number of scatterer rows in DPS.

The widths of frequency range where the IL is
larger than zero are 2660 Hz, 3980 Hz, and 3820 Hz.
And the widths for number of 2 and 3 are about the
same.

Figure 3 shows the STL through the DPS for the
number of scatterer rows of 2. The sound insulation,
added the effect of two panels, exhibits a high transmis-
sion loss (TL) of larger than 80 dB in a broad frequency
range from 2360 Hz to 6540 Hz, even though the num-
ber of scatterer rows is 2. It is therefore obvious that
two rows of scatterers are enough to give a sufficiently
wide and high band gap around the Bragg frequency
in DPS.

Next, the maximum TL and width of the Bragg-
type band gap are evaluated with varying the filling
fraction from 10% to 70% through the outer radius of
the 2 rows of cylindrical scatterers (Figs. 4 and 5).

For the filling fraction of larger than 10%, the peak
of the IL increases slowly giving a relatively small
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Fig. 3. STL of DPS with 7 x2 cylindrical scatterers ar-
ranged on square lattice.
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Fig. 4. Peak of IL as a function of filling fraction.
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Fig. 5. Width of insertion loss peak as a function of filling
fraction.

steepness. The variation of the peak is about 10-14 dB
in the entire range of filling fraction from 10% to 70%.
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Besides, it can be found from Fig. 5 that the width
of frequency range where the IL is larger than zero
does not change remarkably for the filling fraction from
10% to 60%. However, it increases rapidly for the filling
fraction larger than 60%. As a result of this, it can be
concluded that the effect of the filling fraction on the
Bragg-type band gap is relatively weak.

3.2. Effects of local resonances

Since an array of elastic shells exposed to the en-
vironment would not be practical for an outdoor noise
barrier, protecting the shells using concentric outer
PVC cylinders offers a simple solution. However, for
those inserted between two panels, there is no such
problem.

The ring-type shells are considered to be made
of commercially available non-vulcanized rubber, of
which the material properties are the density of p =
1100 kg/m3, the Young’s modulus of E = 1.75 MPa,
and the Poisson’s ratio of v = 0.4997. The outer
diameter and thickness of the ring shells are 40 mm
and 0.5 mm, respectively. Spacing between neighbor-
ing scatterers is 42.8 mm and they are arranged on
7 x 3 square lattice.

Figure 6 shows STL through the DPS with three
rows of the thin ring shells.
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Fig. 6. STL through DPS with a ring-type scatterer array.

The curve has a very high band gap around the
low frequency, 1060 Hz, as well as a Bragg-type band
gap caused by the periodicity of the lattice, which is
attributed to the local resonance of the ring-type scat-
terers. Meanwhile, TLs in the Bragg band gap fluctu-
ate constantly. This might be due to the variation of
the outer diameter caused by the breathing vibration
of the scatterers. Fluctuating the outer diameter of the
scatterers follows by one of the filling fraction, result-
ing in the following variation of the sound performance
of the SCs.

Figure 7 shows the IL spectra for the solid cylinder
array and the ring-type scatterers. As shown in the fig-
ure, unlike the case of cylindrical scatterers, there ex-
ists a band gap of very large ILs (78 dB) at low frequen-

80 T T T T T T T

Ring

60 | ! — — —Solid |

N
o

20+ [ K {Hl

Insertion loss [dB]

0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency [Hz]

Fig. 7. IL spectra for solid cylinder arrays and ring-type
scatterers.

cies (center frequency of 1020 Hz, width of 600 Hz) at-
tributed to the local breathing-type resonance for the
ring scatterers.

Figure 8 shows the IL for SC consisted of the cylin-
drical scatterers compared to one for the Helmholtz
resonant scatterers. Helmholtz resonators have the
outer diameter of 35 mm, the thickness of 1.5 mm, and
the slit width of 14 mm. They are assumed to be made
of the same plastic as two panels.
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Fig. 8. ILs for solid cylindrical scatterers versus Helmholtz
resonant scatterers.

Two ILs at the Bragg frequency are approximately
comparable with each other. However, Helmholtz res-
onator array gives the IL higher than that for the cylin-
drical scatterer array at the stand wave resonance fre-
quencies as in 1400 Hz. It is also the same at the local
resonance frequencies.

3.3. Combination effect of breathing resonance
and Helmholtz resonance

Coupling the local resonances in the individual
scatterers enables the sound insulation in a certain fre-
quency range to be enhanced. From Eq. (9), it is nec-
essary to increase the thickness or the diameter of the
scatterers in order to decrease the resonance frequency
of SRRs. This results in the thicker and more weighted
construction for soundproofing.
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On the other hand, as shown in Figs. 6 and 7,
the thin ring scatterer exhibits a very high local res-
onant band gap. And because the ring scatterers are
very thin and made of the materials with a relatively
small density, they are lighter than the Helmholtz res-
onators with the same outer diameter. For example,
the mass per length of a Helmholtz resonator used
above is about 250 g, while one of a ring scatterer is
68 g, lighter by a factor of about 3.6. If the Helmholtz
resonators were made of metallic material rather than
plastic, the mass difference would become larger. Thus,
coupling the two kind of resonators would not only
create the several local resonant band gaps at low fre-
quencies, but also reduce markedly the total weight of
the soundproofing structure.

Figure 9 shows the schematic and STL of a DPS
with one row of Helmholtz resonators, of which the
outer diameter is 35 mm, the thickness 1.5 mm, and
the slit width 14 mm, and two rows of ring scatterers,
of which the outer diameter is 35 mm and the thickness
0.5 mm. The STL for the DPS filled with air between
two panels is also plotted in the figure.

Insertion loss [dB]

201 — Hybrid SC| ]
77777 Air

00 1060 2060 3060 4060 5060 6000 7000 8000
Frequency [Hz]
Fig. 9. Schematic (a) and STL (b) of DPS with 7 x 3 hybrid
SC and filled with air.

In the TL curve, there exist very high peaks at the
frequencies of 1080, 1440, 1980, and 2860 Hz below
the Bragg-type band gap. The peaks at 1080 Hz and
1980 Hz are attributed to the breathing-type resonance
of ring scatterers and Helmholtz resonance of SRR,
while the other peaks are caused by the suppressions of
stand wave resonances. These two types of resonances

improve the sound insulation in the frequency range
from 1000 Hz to 2300 Hz by an average of 13 dB com-
pared to that without the hybrid SC, with a maximum
of 50 dB.

Figure 10 shows the STLs for one row versus two
rows of ring scatterers (solid line in Fig. 9b).
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Fig. 10. STLs through DPSs with 7x2 and 7x 3
hybrid SCs.

It can be seen from the figure that when the total
number of scatterer rows decreases from three to two,
the maximum TL of the Bragg band gap was reduced
by 8 dB, and the maximum TL of the resonant band
gap at the breathing resonance frequency was also re-
duced by a few dB due to a reduction in the number
of ring resonator rows. However, the sound insulation
performances in the other frequency ranges are almost
similar, and the position and width of the Bragg band
gap are also unchanged. In addition, even when the
number of ring scatterer rows is 1, the maximum TLs of
both the Bragg band gap and the resonant band gap
at the breathing resonance frequency are higher than
100 dB. At the same time, the total thickness of DPS
decreased by 40 mm from 130 to 90 mm as the scat-
terer decreased by one.

It can be concluded that combining the two res-
onances can improve the low-frequency sound insula-
tion, reduce the mass and volume of the entire struc-
ture as well as SC.

3.4. Combination effect of porous material
and hybrid local resonant SC

Figures 11 and 12 show the effect of porous mate-
rial (glass wool) on the sound insulation of DPS with
the hybrid SC as in Fig. 9 through the STL and IL. As
shown in Fig. 11, inserting the porous material leads
to the elimination of the deep dips in the STL spec-
trum due to the two kinds of local resonant scatterer
arrays, a significant increase in the soundproofing per-
formance in the overall frequency range, and a rela-
tively smooth TL over 60 dB in the frequency range
above 1 kHz. Figure 11 also shows TL through the
DPS filled only with glass wool (without hybrid SC)
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Fig. 11. STLs of DPSs with hybrid SC embedded in porous
material or without it.
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Fig. 12. ILs in DPSs with hybrid SC embedded in porous
material and without it.

(dashed dotted line). It can be seen that the sound in-
sulation is improved by more than 15 dB on average in
the frequency range above 1 kHz compared with DPS
only with glass wool.

These tendencies can be seen in Fig. 12, and by
filling with the glass wool, the insertion loss at almost
all frequencies is greater than zero. Therefore, in or-
der to enhance sound insulation of DPS only in a par-
ticular low frequency range, a hybrid local resonator
array with appropriate resonant frequencies should be
inserted in two panels of the DPS, while in the case
of high insulation performance in the whole frequency
range, SCs and porous materials must be combined
together.

4. Conclusions

In this paper, a new approach was proposed to re-
duce the size and mass of DPS while improving the
acoustic insulation performance by using the SC cou-
pled with two kinds of local resonance effects. It is
found that the minimum number of scatterer rows to
form a broad and high forbidden band at the Bragg
frequency is two and the filling fraction has relatively
little effect on the Bragg band gap in the DPS. In addi-
tion, combining the resonances of Helmholtz resonators

with the breathing resonances of ring scatterers can not
only reduce the thickness and mass of DPS, but also
create several resonant band gaps at low frequencies.
Also, when the local resonant SCs are applied to DPS,
the use of porous materials together can lead to a rela-
tively smooth and high forbidden band around the res-
onance frequencies. It also provides about 15 dB higher
sound insulation than DPS only with glass wool in the
frequency range above 1 kHz.
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