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Sound insulation of the finite double-panel structure (DPS) inserted with a cylindrical shell array is inves-
tigated by varying the sound incidence direction to improve its applicability. The effects of the vibro-acoustic
characteristics of its constituents on the sound transmission loss (STL) are estimated in one-third octave bands
from 20 Hz to 5 kHz for different incidence conditions. It shows that the first acoustic mode in the direction par-
allel to two panels (longitudinal modes) produces both the sudden variation of sound insulation with frequency
and a large dependency on the incidence angle. Mineral wools are placed on two boundaries perpendicular to
the panels, and the sound insulation is explored for different thicknesses of the porous materials. An absorbent
layer with a certain thickness (more than 30 mm in our work) sufficiently eliminates the longitudinal mode,
resulting in the improvement in the sound insulation by more than 15 dB and the decrease of its large varia-
tion with incidence direction. STLs with varying shell thicknesses are also assessed. It shows that the natural
vibrations of the thin shells can give an enhancement in sound insulation by more than 10 dB in the frequency
range of 1600–3700 Hz, corresponding to constructive interference.
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1. Introduction

It was first found experimentally in 1995 that
the periodic arrangement of scatterers gives a high
acoustic attenuation in the frequency range centered
around Bragg’s frequency (Martínez-Sala et al.,
1995). Since then, several studies have been performed
to control the noise using a cylindrical solid array.

The acoustical band structure of the regularly ar-
ranged solid cylinders in the free field was predicted
by the plane wave expansion (PWE) method (Chen,
Ye, 2001; Romero-García et al., 2011) and multi-
ple scattering theory (MST) (Krynkin et al., 2011)
and validated experimentally. Martínez-Sala et al.
(2006) conducted a free field measurement on the tree
arrangement similar to the periodic lattice and showed
that it behaves like a sonic crystal (SC), its acoustic
attenuation is higher than those for the ordinary forest
and grass in the frequency range below 500 Hz, and it
has the practical possibility to be used as a green noise

barrier. Sound attenuations through the solid cylin-
der arranged in periodic arrays were investigated us-
ing the coupling of Bragg-type reflection and the sound
absorption caused by placing the absorbents, such as
porous material, on the scatterers or filling the gaps be-
tween them (Umnova et al., 2006; Sánchez-Dehesa
et al., 2011).

Inserting an SC between two panels can improve
the sound insulation of the structure in the audible
frequency range. Tang (2018) reported that installing
cylinder columns into a plenum window gave rise to
a broadband improvement in noise reduction. The au-
thor also investigated the effect of parameters such as
the number and location of columns, lattice arrange-
ment, and so on. Gulia and Gupta (2018) estimated
the individual and coupling effects of SC and porous
material inserted into double-panel structure (DPS)
and found that the coupling of two elements gave the
highest sound insulation. Kim (2019a) extended the
work of Gulia and Gupta (2018) to the triple-panel
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structure and showed that it exhibited higher sound in-
sulation than DPS with the same total thickness and
mass over the entire frequency range, even giving a po-
tential to reduce the overall weight.

Using the local resonance effect is one way to re-
duce sound transmission in the low-frequency range
or in the frequency range of interest without increas-
ing the thickness and weight. Chalmers et al. (2009)
suggested two types of SCs comprised of C-shaped
Helmholtz resonators: the first is simply mixing two
columns with different resonance frequencies, and the
second is the arrangement of concentric resonators.
Elford et al. (2011) presented a six concentric Ma-
tryoshka configuration of slit cylinders. Simulation
results demonstrated the overlapping of the individual
resonance peaks in the low-frequency range and the
broadening of the resonant band gap. Local resonant
SCs comprised of thin elastic shells were also presented,
in which the breathing mode resonance of the shell
was used. Krynkin et al. (2010) showed that the
periodic arrangement of the thin elastic shells made
of soft rubber exhibits a wide band gap due to the
axisymmetric resonance in the shell. Fuster-Garcia
et al. (2007) demonstrated experimentally the resonant
behavior of an array formed with pressurized gas-filled
balloons and the possibility of achieving a full band gap
in a desired frequency range. Chong (2012) presented
a study on the sound insulation of a noise barrier con-
sisting of a concentric arrangement of an outer 4-slit
rigid cylinder and an inner elastic cylindrical shell.

Local resonant SCs were applied to the multiple-
panel structure to enhance the sound insulation. Kim
(2019b) proposed an array of C-shaped scatterers
with different Helmholtz resonance frequencies and
showed that the DPS with the array gave a relatively
wide band gap in the low-frequency range. Gulia and
Gupta (2019) showed that coupling the effects of the
local resonant SC and porous material in the triple
panel gave better sound transmission loss (STL) in the
low-frequency range as well as in the high-frequency
range. Kim et al. (2021) formed the resonant band gap
in the low-frequency range by using the local resonant
SC comprised of slot-type resonators, in which the
slots were elongated into the cavity and had different
depths.

Normal incidence condition is usually applied to the
inlet of SC for numerical and analytical research, in-
cluding the calculation of the acoustic band structure,
the prediction of STL and the optimization. In addi-
tion, its dimension is considered infinite and the peri-
odicity condition is used to reduce the computing cost.
For the cylindrical scatterers, sound hard condition is
applied to their surfaces, leading to no accounting for
the effect of shell vibration on the sound propagation.

In this work, variation of the sound insulation
through a DPS with a periodic arrangement of cylin-
drical shells is systematically investigated with vary-

ing the incidence angle of sound waves. Particularly,
the dependency of sound insulation on the incidence
direction is analyzed in relation to the acoustic mode
of the finite air cavity. By weakening the longitudi-
nal acoustic mode using the sound-absorbing material
of a certain thickness, the large variation in STL with
frequency is eliminated and the sound insulation is im-
proved. Varying the shell thickness, the sound insula-
tions are estimated in the frequency range where the
scattered waves interfere constructively. Structural and
acoustical characteristics of the entire structure and its
constituents are analyzed using the VA One v.2015
software for analysis and design of vibro-acoustic sys-
tems.

2. Numerical modeling

A schematic diagram of DPSs with a periodic ar-
rangement of the cylindrical shells is shown in Fig. 1.
Figure 1a presents the DPS without any sound ab-
sorbent and Fig. 1b shows the one with the absorbent
on two boundaries in the longitudinal direction (upper
and lower in the figure).

a) b)

Fig. 1. DPSs with a cylindrical shell array:
a) without absorbent; b) with absorbent.

Cylindrical shells are arranged on a 7× 3 square lat-
tice, and they are inserted between two parallel panels,
as shown in Fig. 1. Distance between the two centers
of the neighboring shells (lattice constant) is 40 mm
and the outer diameter of the shell is 35 mm. The left
side of the DPS is the aluminum panel with a thickness
of 4 mm, and the right side is the plywood panel with
a thickness of 5 mm. Cylindrical shells are considered
to be made of aluminum. The sound speed in air is
c0 = 343 m/s, the density of air ρ0 = 1.25 kg/m3, and
the material properties of aluminum and plywood are
presented in Table 1.

Table 1. Material properties of aluminum and plywood.

Density
[kg/m3]

Young’s modulus
[GPa]

Poisson’s ratio

Aluminum 2700 71 0.33
Plywood 700 6 0.25
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Table 2. Non-acoustic properties of mineral wool.

Flow resistivity
[N ⋅ s/m4]

Porosity Tortuosity Viscous characteristic length
[m]

Thermal characteristic length
[m]

6× 104 0.95 3.2 5× 10−5 1.06× 10−4

The DPS is mounted in an infinite baffle and sound
waves are incident on the left side (i.e., aluminum panel
with a thickness of 4 mm). The acoustic velocity is zero
in the infinite baffle. The infinite air regions on both
sides of the DPS are modeled using the boundary ele-
ment method (BEM). Sound hard condition is applied
to the upper and lower boundaries of the air region
between the two panels. Sound waves are completely
reflected by such boundaries, and the particle velocity
perpendicular to the boundaries is zero as expressed
by Eq. (1) (Gulia, Gupta, 2018):

(−
∇p

ρ
) ⋅ n = 0, (1)

where p and n denote the sound pressure and normal
vector, respectively.

For harmonic excitation, the vibration displace-
ment of the panel can be expanded on the basis of
eigenfunctions ψmn, which satisfy the following equa-
tion (Bruneau, 2006):

(
∂4

∂x4
+ 2

∂4

∂x2∂y2
+
∂4

∂y4
− k2

mn)ψmn = 0, (2)

where k2
mn = ω

2
mnMs/B,Ms = ρph, B = Eh3/12(1−ν2),

ωmn, Ms, and B represent the natural angular fre-
quency, the mass per unit area and the bending stiff-
ness, respectively, and ρp, ν, h, and E are the density,
Poisson’s ratio, the thickness, and Young’s modulus of
the panel, respectively.

For the simply supported rectangular panel, the dis-
placement and bending moment are zero at the bound-
aries and the natural angular frequencies are as follows:

ωmn =

√
B

Ms
[(
mπ

w
)

2

+ (
nπ

l
)

2

], (3)

where w and l are the width and length of the panel,
respectively.

Because the identical shells are arranged periodi-
cally, a high and wide band gap is formed around the
Bragg frequency (Eq. (4)) due to the destructive inter-
ference of the scattered waves:

fB =
c

2a
, (4)

where a is the lattice constant and c is the sound speed
in air. On the contrary, the sound insulation around the
frequency corresponding to half the Bragg frequency
tends to get worse compared to that without the scat-
terer array due to constructive interference (Gulia,
Gupta, 2018; Kim, 2019a; Kim et al., 2021).

A porous material is one of the most widely used
absorbents for noise control. In this work, porous ma-
terials with different thicknesses were placed on the
upper and lower boundaries of the DPS. Mineral wool
is taken as a porous material and an equivalent fluid
model-limp porous model (Allard, Atalla, 2009) is
used to describe the sound propagation in the mineral
wool. The limp model of the porous material is valid
when the thin light foam is decoupled with an air gap
from a vibrating system. This model requires the evalu-
ation of the acoustic and non-acoustic (or microscopic)
properties. The acoustic property is sound absorbing
efficiency, while there are five non-acoustic properties,
including static airflow resistivity, porosity, tortuosity,
viscous characteristic length, and thermal characteristic
length.

Similar to other porous materials, the absorption
coefficient of mineral wool also increases with in-
creasing thickness. The density of the mineral wool
is 50 kg/m3, and its non-acoustic properties are pre-
sented in Table 2.

Harmonic analyses are performed to estimate STLs
in the 1/3 octave bands covering the range from 20 Hz
to 5 kHz. For the sake of reducing the computing cost,
two-dimensional analyses are conducted, considering
the length of shells to be large enough compared to the
outer diameter and thickness. Acoustical and struc-
tural constituents are modeled using the finite element
method (FEM), while the fluid medium (air) is mod-
eled using the BEM. STL is taken as the difference in
sound power levels at the 4 mm-thick aluminum panel
and the 5 mm-thick plywood panel.

3. Results and discussion

Figure 2 shows the STLs in 1/3 octave bands for
two cases of the incidence angles, 10 and 90○, between
the panel surface and the sound incidence direction.
For the incidence angles from 10 to 90○, STLs lie mainly
between the two curves. In the figure, STL for diffused
field incidence is also plotted.

The frequency range below 100 Hz can be consid-
ered as the stiffness-controlled portion in Fig. 2. The
range from 100 to 200 Hz corresponds to the first reso-
nances of the two panels. The first resonance frequen-
cies of two panels are 84.6 and 118.7 Hz, respectively,
leading to the high sound transmission in the frequency
range.

STLs increase rapidly for the frequency range over
4 kHz and then become higher than 110 dB at 5 kHz.
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Fig. 2. STLs in 1/3 octave bands.

This corresponds to the Bragg band gap due to the
periodic arrangement of cylindrical shells between two
panels with a lattice constant of 40 mm. According to
Eq. (4), the Bragg band gap is centered at 4287.5 Hz.

The sound insulation of the DPS gets higher when
the incidence angle increases, and the STL for the dif-
fused incidence falls approximately in between the val-
ues observed for two extreme cases (10 and 90○).

The variation width in STL with the incident an-
gle is shown in Fig. 3. The variation in STL is uni-
form around 7.5 dB in the frequency range from 20 to
250 Hz, but large above that. Especially it is partic-
ularly large in the frequency ranges of 250 to 630 Hz
and 2 to 4 kHz.
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Fig. 3. Variation width in STL as a function of 1/3 octave
band.

Since both the acoustic and structural elements of
the DPS have finite dimensions, there are acoustic and
structural eigenmodes in different directions.

Figure 4 shows the number of acoustic modes gener-
ated in the air region surrounded by cylindrical shells,
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Fig. 4. Numbers of acoustic modes in 1/3 octave bands.

two parallel panels, and upper and lower boundaries.
There is no acoustic mode in the frequency range be-
low 400 Hz, and one mode exists in the 1/3 octave
band with a center frequency of 500 Hz. For the fre-
quencies above 1 kHz, the number of acoustic modes
increases gradually, reaching a maximum of 11 in the
band centered at 2500 Hz. Then, it decreases rapidly
and becomes zero again at 5 kHz.

There are three types of acoustic eigenmodes:
transverse, longitudinal, and coupled ones. Figure 5
shows four natural acoustic modes with frequencies of
469.9, 929.9, 1079.2, and 1182 Hz, respectively.

a) b)

c) d)

Fig. 5. Acoustic modes: a) 469.9 Hz; b) 929.9 Hz;
c) 1079.2 Hz; d) 1182 Hz.

In the figure, 469.9 Hz corresponds to the first longi-
tudinal mode, 929.9 Hz to the second longitudinal mode,



S.-H. Kim, M.-J. Kim – Relationship Between the Sound Transmission Through. . . 385

1079.2 Hz to the first transverse mode, and 1182 Hz to
the coupled mode. Such acoustic modes provide differ-
ent contributions to sound transmission through the
DPS according to the incidence angle.

For a given incidence angle of 10○, four acoustic
modes are suppressed one after another and the re-
sults are presented in Fig. 6. As presented in the figu-
re, suppressing the first longitudinal mode eliminates
the large fluctuations in sound insulation in the range
from 250 to 630 Hz and STL increases monotonically.
Considering the fact that the first longitudinal mode is
in the range from 250 to 630 Hz, it can be seen that the
large reduction and strong fluctuation in sound insula-
tion are caused by the first eigenmode. The more the
incident sound wave is inclined, the stronger the exci-
tation of the first longitudinal mode becomes. Then,
the scattering of sound waves by the cylindrical shells
becomes stronger, resulting in an increase in sound en-
ergy radiated from the output surface of the DPS.
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Fig. 6. STLs in 1/3 octave bands for an incidence angle
of 10○.

For the other cases of 929.9, 1079.2, and 1182 Hz,
the sound insulation is improved by about 1 dB in the
frequency range from 630 to 1250 Hz and there is no
change in STL in the remaining range. As shown in
Fig. 4, there are a relatively large number of natu-
ral acoustic modes in the frequency range from 2 to
4 kHz, so it can be understood that the addition of ef-
fects of the individual modes results in a large variation
in STL in the frequency range. From these behaviors,
it can be concluded that, for a sound wave obliquely
incident on the boundary of DPS, the first longitudi-
nal acoustic mode produces the largest influence on its
sound insulation. On the other hand, the influences of
the remaining modes are very small compared to that
of the first longitudinal mode.

In order to eliminate the remarkable variation and
reduction in STL in the frequency range from 250
to 630 Hz, it is necessary to reduce the intensity of

the first longitudinal mode using the sound-absorbing
materials. To confirm this, mineral wools with non-
acoustic properties, as shown in Table 2, are placed
on the upper and lower boundaries, as in Fig. 1b, and
then STLs are evaluated for three different thicknesses
of mineral wool. The absorption coefficients of the min-
eral wool are shown in Fig. 7.

a)

1/3 octave center frequency [Hz]

α

b)

1/3 octave center frequency [Hz]

α

c)

1/3 octave center frequency [Hz]

α

Fig. 7. Absorption coefficient of mineral wool thickness:
a) 10 mm; b) 20 mm; c) 30 mm.

Similar to other porous materials, the sound ab-
sorption coefficient of mineral wool is very small at
low frequencies and relatively great at high frequen-
cies. As shown in Fig. 7, the absorption coefficient
is smaller than 10% at frequencies below 500 Hz for
a thickness of 10 mm. With increasing thickness, the
absorption peak shifts towards the lower frequencies,
and for a thickness of 30 mm, the absorption coefficient
is greater than 10% at 200 Hz and increases rapidly be-
yond that frequency.

Figure 8 shows STLs with various thicknesses of
mineral wool for an incidence angle of 10○.

Increasing the absorbent thickness not only reduces
the unexpected fluctuation in STL with frequency, but
also significantly enhances the sound insulation in the
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Fig. 8. STL with various thicknesses of absorbing material
for an incidence angle of 10°.

frequency range of interest. Especially, the sound in-
sulation for a thickness of 30 mm is higher than that
without absorbing materials approximately at all the
bands and the variation width in SPF with the inci-
dence angle decreases to less than 10 dB.

Figure 9 shows STLs with varying thicknesses
of the mineral wool for diffused field incidence. Similar
to the above case of the incidence angle of 10○, placing
the absorbent of thickness 30 mm improves the overall
sound insulation and completely eliminates the abrupt
change in STL in the frequency range from 250 to
630 Hz. From these results, it can be concluded that
the variation in STL through DPS with the incidence
direction of a sound wave is primarily caused by the
longitudinal acoustic modes in the direction parallel to
the panel surface of DPS. And a certain thickness of
absorbent is required not only to decrease the strong
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Fig. 9. STL with various thicknesses of absorbing material
for diffused incidence.

dependency of STL on the incidence angle but also to
improve the overall sound insulation.

The cylindrical shell can be made either of polyvi-
nyl chloride (PVC) or sheet metal. In the case of cylin-
drical shells with finite thickness, they will oscillate by
acoustic loading and consequently would have some
influences on the sound propagation through DPS.

Figure 10 shows the overall sound power transmit-
ted through the DPS in the frequency range from 20 Hz
to 5 kHz when the thickness of the cylindrical shell,
made of aluminum, varies from 0.2 to 2 mm. The sound
wave is diffusely incident on the DPS and the amplitu-
de of the sound pressure in all directions is 1 Pa.
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Fig. 10. Overall transmitted sound power as a function
of shell thickness.

In Fig. 11, the overall transmitted sound power is
a maximum for the shell thickness of 0.4 mm and ap-
proximately decreases with increasing the shell thick-
ness. It has little variation above 1.4 mm, which means
that vibration displacement can be regarded as almost
zero for acoustic loading. Although the overall trans-

Tr
an

sm
is

si
on

 lo
ss

 [d
B

]

Thickness
Thickness
Thickness

Fixing

1/3 octave center frequency [Hz]

Fig. 11. STLs with various shell thicknesses.
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mitted sound power varies with the shell thickness,
its variation width is negligibly small on a logarith-
mic scale (about 0.15 dB). But, the individual ones in
1/3 bands might be significantly different from each
other when the shell thickness varies.

Figure 11 shows STLs for three cases with shell
thicknesses of 0.2, 0.4, and 1 mm. STL for the DPS
with perfectly fixed shells is also shown in the figure.
Differences in the STLs between the four cases are
small except in the frequency ranges below 1600 and
above 3700 Hz, where the sound insulation varies
greatly with the shell thickness and is lower than those
in the two adjacent frequency bands, even lower than
that without the shell array. This result was already
reported in previous research (Gulia, Gupta, 2018;
2019; Kim, 2019a; Kim et al., 2021).

The reason for this is that the range is around the
frequency at which the lattice constant is equal to 1/4
of the wavelength and thus the acoustic waves scat-
tered by periodic cylindrical shells constructively in-
terfere with each other.

In the figure, the sound insulation in the frequency
range from 1600 to 3700 Hz is the highest for the
shell thickness of 0.4 mm, and it is up to 10 dB higher
than the other cases in the frequency range.

The natural frequencies in the entire frequency
range from 20 Hz to 5 kHz are shown in Table 3 for
different shell thicknesses. In all the cases, the cylin-
drical shells exhibit one or two natural frequencies in
the frequency range from 1600 to 3700 Hz.

Table 3. Natural frequencies of shells with various shell
thicknesses.

Shell thickness
[mm]

Natural frequency
[Hz]

0.2 431, 1220, 2344, 3796
0.4 852, 2413, 4634
0.6 1269, 3593
0.8 1685, 4769
1 2100

As shown in Fig. 11, the even-order mode (2413 Hz
for shell thickness of 0.4 mm) disturbs the construc-
tive interferences of the acoustic waves scattered by the
shells, resulting in an improvement of the sound insu-
lation in the frequency range from 1600 to 3700 Hz. On
the contrary, the odd-order modes (2344 Hz for shell
thickness of 0.2 mm and 2100 Hz for shell thickness of
1 mm) exhibit no improvements in the sound insula-
tion; instead, they negatively contribute to the sound
insulation, as shown in Fig. 11.

4. Conclusions

The effects of the structural and acoustic modes
on sound transmission through a finite-size DPS were

evaluated and analyzed. For the inclined incidence,
STLs strongly vary around the frequency (489.9 Hz
in this work) corresponding to the first longitudinal
mode in the direction parallel to the panel surface of
DPS, resulting in poor sound insulation. The variation
in the sound insulation with incidence angle is also the
largest around that frequency. With varying the inci-
dence angle of sound waves from 10 to 90○, the sound
insulation changes within 7 to 8 dB in most 1/3 octave
bands, but it has a variation width of even more than
25 dB in some bands around that frequency. The first
longitudinal acoustic mode gives the largest effect on
the sound insulation and those of the other acoustic
modes are very small. Placing the mineral wool of a cer-
tain thickness (30 mm in this work) on two longitudi-
nal boundaries can significantly suppress the intensity
of the first longitudinal acoustic mode. This exhibits
a reduction of the variation in STL with an incident
angle to less than 10 dB and an increase of the sound
insulation by more than 15 dB in the frequency range
around the mode (250 to 630 Hz in this work). Cylin-
drical shells can have their natural vibration modes
in the frequency range where the sound waves scat-
tered by the shells interfere constructively. Even-order
modes of them behave to disturb the constructive in-
terferences of the scattered waves, which can greatly
enhance the sound insulation through the DPS in the
frequency range (1600 to 3700 Hz in this work). On
the other hand, the odd-order modes have negative ef-
fects on sound insulation.
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