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Main aim of this study is to combine the characteristics of the sonic crystal (SC) with acoustic panels
and porous materials to improve the sound transmission loss (STL) through the triple-panel structure. SCs
cause a bandgap centered around a certain frequency (Bragg’s frequency) due to generation of destructive
interference. Initially, an analytical method is developed that extends the previous theory of double-panel
structure to predict STL through a triple-panel structure. Finite element (FE) simulations are performed
to obtain the STL through the triple-panel, which are validated with the analytical predictions. Various
configurations are analyzed using the FE method based on the method of inserting the porous material
and SCs between the panels to address the combined effect. STL through the triple-panel structure is
compared with that through the double-panel structure having the same total weight and total thickness.
It is found that the combined structure of the triple panel and the SC with glass wool as filler gives the
best soundproof performance for the same external dimensions. For narrow air gaps, filing with glass wool
is more advantageous than inserting one row of SC. In addition, the triple panel combined with a SC has
better soundproofing than the two-panel counterparts.
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1. Introduction

Acoustic panels are widely used for sound insula-
tion purposes in a variety of engineering application.
The double-wall structure provides superior perfor-
mance over a wide frequency range. Xin et al. (2008)
conducted an analytical and experimental study of
STL in a double-panel structure with an enclosed air
cavity. Doutres and Atalla (2010) conducted an an-
alytical study of a double-panel with multilayer ab-
sorbing blankets. Pellicier and Trompette (2007)
studied various methods of calculating the sound re-
duction index, and the numerical results agree well
with the experimental results. Arjunan et al. (2014)
performed a three-dimensional vibration-acoustic FE
modelling to calculate the sound reduction index of
a stud-based double panel. Putra et al. (2013) con-
ducted an experimental study of a microperforated
panel (MPP) inserted between a double leaf partition.
Wang et al. (2005) performed theoretical modelling
of the effect of vertical metal studs placed between
two panels on STL. Kang and Bolton (1996) did
a theoretical study of a double panel lined with foams.

Bolton et al. (1996) presented a theoretical modelling
of sound transmission through laterally infinite double-
panel structured lined with poroelastic materials in
a diffuse field. Panneton and Atalla (1996), and
Sgard et al. (2000) calculated the normal and ran-
dom incidence STLs through finite double panels lined
with porous materials, respectively, using FE method
and boundary element (BE) method. Lee et al. (2007)
used a topology optimization for sound transmission
through normal incidence multilayered foams. How-
ever, their assumption that difference between boned
and unbonded multilayers is insignificant is contradic-
tory to the finding by Bolton et al. (1996) and Zhou
et al. (2013a; 2013b). Tanneau et al. (2006) employed
a genetic algorithm to optimize multilayered panels
with a combination of solid, fluid and porous compo-
nents.

A triple-panel structure has better mechanical,
thermal and sound insulation properties than its
double-panel counterpart, so it can replace the double-
panel structures in soundproofing. Triple-glazing win-
dows or triple-leaf walls without absorbent lining ex-
hibit poor sound insulation performance in the low fre-
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quency range compared to its double-leaf counterparts
with the same total weight and total air gap depth
(Bies, Hansen, 2009). Experiments by Tadeu and
Mateus (2001) showed that the triple glazing exhib-
ited reasonable improvements compared to the double
glazing yet with the penalty in weight and volume. Xin
and Lu (2011) presented an analytical model for sound
transmission of clamp-mounted triple-panel partitions,
but this model does not take into account the effect of
poroelastic lining. Sharp (1973) suggested an empiri-
cal model for predicting the STL of a triple-panel wall
with at least 2 in of fiberglass batts in each cavity.
Measurements by Quirt (1983) showed that STL for
a triple-glazing window below the fundamental reso-
nance frequency is slightly larger than a double-glazing
window as predicted by Brekke (1981). Liu (2015)
extended Bolton et al. model (1996) for predicting
STLs of double-panel structures lined with poroelas-
tic materials to deal with the problems of triple-panel
structures on the basis of Biot’s theory (1956) and
transfer matrix method showed the obvious advantages
of the triple-panel structure with poroelastic materials.

SCs are composed of periodical solid scatter ar-
rays embedded in a host material, which was first
observed in 1995 in nature (Martinez-Sala et al.,
1995). Later on, it was also found that periodical scat-
terer arrays show good sound attenuation (Sanchez-
Perez et al., 2002). Due to the occurrence of de-
structive interference, sound waves with wavelengths
equal to half the periodic constant cannot propagate
in the SC (Gupta et al., 2011). Sanchez-Dehesa
et al. (2011) studied a SC combined with the recy-
cled material (absorbing rubber crumb or porous ma-
terial) and showed that the porous material in perfo-
rated scatterers increases the soundproof performance
of a SC and that three rows of cylinders are enough to
get well defined bandgaps. Gulia and Gupta (2018a)
presented a compounded single-column model of SC
and showed that the first bandgap of single-column SC
appears in the lower frequency range than the multi-
column SC with the same area and the same filling
factor. Garcia-Raffi et al. (2018) showed a signifi-
cant amount of broadband noise attenuation by using
a SC made of rigid scatterers in water. Guild et al.
(2018) designed a sound absorber using a SC made of
a functionally graded material and showed the pres-
ence of zero transmittance over a given frequency re-
gion. Gulia and Gupta (2018b) inserted a SC and
porous material in the double panel to study their in-
dividual and combined effect. Results showed that the
combined structure of the double panel and the SC
with glass wool filling gives the best STL for all cases
for the same external dimensions.

In this present work, STL through the triple-panel
structure with air gap is calculated by means of re-
flection and transmission coefficients using analytical
method and compared with FE simulation results. In

addition, SCs and porous materials are inserted be-
tween the panels to study their individual and com-
bined effects. Further, STL of a triple-panel structure
with the SC is compared with a double-panel counter-
part to explorer its potential advantages.

2. Theoretical formulation

An analytical method is presented to calculate STL
through the triple-panel by means of the reflection and
transmission coefficients. z1, z2, z3, z4, z5, z6, and z7

in Fig. 1a are the acoustic impedance of media A1, A2,
A3, A4, A5, A6, and A7, respectively and l1, l2, l3, l4, l5,
and l6 are the width of media. A1, A3, A5, and A7 are
air domains while A2, A4, and A6 are panel domains.
p is the sound pressure, u denotes the particle velocity.
p1i, p1r, and p1t are sound pressures of incidence, re-
flected, and transmitted wave, respectively. Subscripts
and represent transmitted and reflected wave, respec-
tively. The travelling wave components in each domain
can be expressed as

p1i = Aiei(ωt−k1x), p1r = Arei(ωt+k1x),

p2t = Biei(ωt−k2x), p2r = Brei(ωt+k2x),

p3t = Ciei(ωt−k3x), p3r = Crei(ωt+k3x),

p4t =Die
i(ωt−k4x), p4r =Dre

i(ωt+k4x),

p5t = Eiei(ωt−k5x), p5r = Erei(ωt+k5x),

p6t = Fiei(ωt−k6x), p6r = Frei(ωt+k6x),

pt = Giei(ωt−k7x),

where Ai, Ar, Bi, Br, Ci, Cr, Di, Dr, Ei, Er, Fi, Fr,
and Gi are the complex sound pressure amplitudes,
ω – the angular frequency, t – the time variable, x –
the space variable, k1, k2, k3, k4, k5, k6, and k7 are
the wave vectors in media A1, A2, A3, A4, A5, A6,
and A7. As the interface considered is massless, both
pressure and particle velocity at the interface should
be continuous (Kinsler et al., 2000)

∣p1i + pir ∣x=l1 = ∣p2t + p2r ∣x=0, (1)

∣u1i + uir ∣x=l1 = ∣u2t + u2r ∣x=0 ⇒

∣Aie
i(ωt−k1x)

z1
− Are

i(ωt+k1x)

z1
∣
x=l1

= ∣Bie
i(ωt−k2x)

z2
− Bre

i(ωt+k2x)

z2
∣
x=0

. (2)

Applying the boundary conditions at each interface
(interface 1, 2, 3, 4, 5, and 6) and combining all the
equations, the net reflection coefficient (R), which is
the ratio of sound pressure level of reflected wave to
the incident wave, is written as

R = e−2ik1l1 {(z2 − z1) + (z2 + z1)M
(z2 + z1) + (z2 − z1)M

}, (3)
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where

M = e−2ik2l2 {(z3 − z2) + (z3 + z2)N
(z3 + z2) + (z3 − z2)N

},

N = e−2ik3l3 {(z4 − z3) + (z4 + z3)P
(z4 + z3) + (z4 − z3)P

},

P = e−2ik4l4 {(z5 − z4) + (z5 + z4)Q
(z5 + z4) + (z5 − z4)Q

},

Q = e−2ik5l5 {(z6 − z5) + (z6 + z5)S
(z6 + z5) + (z6 − z5)S

},

S = e−2ik6l6 (z7 − z6)
(z7 + z6)

.

The intensity transmission coefficient (TI) is calcu-
lated using the formula (Kinsler et al., 2000)

TI = 1 − ∣R∣2 . (4)

3. FE analysis

There are three panels located at a certain dis-
tance as in Fig. 1. Aluminum sheets are used for
the three panels. The thickness of the first and third
panel is 0.8 mm while the second panel is 0.4 mm. The
density of aluminum is 2700 kg/m3, Young’s modu-
lus 70 GPa and Poison’s ratio 0.33. The density of air

a)

b)

Fig. 1. Schematic of the triple-panel with two air gaps (a)
and with three rows of scatters (b).

is ρ0 = 1.25 kg/m3 and the speed of sound in air is
c = 343 m/s. A source of a plane wave is applied on
the inlet of the triple-panel structure. Infinite radiation
conditions are applied at the source and the receiver
boundary. It can be assumed that there is no back re-
flection of the sound wave at the source and receiver
boundary where following boundary conditions must
be satisfied (Gulia, Gupta, 2018b)

(−∇p
ρ

) ⋅ n = iω

ρcc
p − iω

ρcc
p0, (5)

(−∇p
ρ

) ⋅ n = iω

ρcc
p, (6)

where p = p0e
ikr, p is sound pressure, k – wave vector,

r – direction vector, ρ – density, n – normal vector, ω –
the angular frequency of the sound wave, and cc – the
sound speed. The remaining sides of the triple-panel
structure are assumed to be rigid wall boundary. Par-
ticle velocity of sound wave perpendicular to the rigid
wall boundary is zero. Neumann boundary condition is

(−∇p
ρ

) ⋅ n = 0. (7)

To explor the effect of a SC on the soundproof per-
formance of a triple-panel structure, the scatterers are
inserted between the triple panel as in Fig. 1b. A num-
ber of cylindrical scatterers are arranged periodically
inside the air cavity. Exterior surface of the scatterers
is assumed to be sound hard. Repeat fully reflection
on the scatterer’s surface causes the destructive inter-
ference which leads to the formation of bandgaps in
the SC.

Porous materials are widely used as a sound ab-
sorber for many practical applications. Models of the
acoustics of porous materials include an empirical
model (Delany, Bazley, 1970), analytical models
(Allard, Atalla, 2009; Zwikker, Kosten, 1949),
semi-phenomenological models (Johnson et al., 1987;
Champoux, Allard, 1991; Lafarge et al., 1997)
and Biot’s model (1956). In this work, glass wool is
taken as a porous material and the Delany-Bazley
model is used to model the glass wool. Wave num-
ber (kg) and characteristic impedance (zg) of the glass
wool are represented in the form of complex number as

kg =ka
⎡⎢⎢⎢⎢⎣
1+0.098(ρaf

Rg
)
−0.7

−0.189i(ρaf
Rg

)
−0.595⎤⎥⎥⎥⎥⎦

, (8)

zg =za
⎡⎢⎢⎢⎢⎣
1+0.057(ρaf

Rg
)

0.734

−0.087i(ρaf
Rg

)
−0.732⎤⎥⎥⎥⎥⎦

, (9)

respectively, where ka = 2πf/ca, za = ρaca, ρa is density
of air, ca – sound speed in air, f – frequency, ka – free
space wave number, za – characteristic impedance of
the air, and Rg is flow resistivity of glass wool. Mean
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fiber diameter (dg) and density (ρg) of glass wool are
10 µm and 12 kg/m3, respectively. Flow resistivity can
then be obtained as (Bies, Hansen, 1980)

Rg =
3.18 × 10−9ρ1.53

g

d2
g

. (10)

Software ANSYS Multiphysics is used for FE cal-
culation. For meshing, the maximum size of the ele-
ment is taken as one eighth of the minimum wavelength
(4 mm). STL is given by the ratio of sound power at
receiver side to that at source side. Harmonic excita-
tion is applied at the source and STL is calculated as
the average sound power difference between the source
and the receiver side.

4. Results and discussion

In this work, STL is calculated in the triple pan-
els for different widths of two air cavity (parameter l3,

a) b)

c) d)

Fig. 2. STL through the triple panel calculated by the analytical method vs. FE simulation; air gaps are:
a) 1 cm, 9 cm, b) 2 cm, 8 cm, c) 3 cm, 7 cm, d) 4 cm, 6 cm.

l5 in Fig. 1) for a fixed total width (l2 + l3 + l4 + l5 +
l6 = 102 mm) and panel thickness (l2 = l6 = 0.8 mm,
l4 = 0.4 mm) using analytical method and FE simu-
lation. Figure 2 shows the STL calculated using the
analytical method versus FE simulation at 4 different
widths of the air cavities. The width of the first air gap
varies from 1cm to 4cm while the second varies from
9 cm to 6 cm. As shown in Fig. 2, the analytical re-
sults are in good agreement with the FE simulation
results. Two kinds of resonances are observed in Fig. 2,
i.e. the “mass-spring” resonance and the standing-wave
resonance. The resonance frequencies of the equivalent
“mass-air-mass-air-mass” system are as follows (Xin,
Lu, 2011):

fm1,2 =
√

2

4π

¿
ÁÁÀλ1 + λ2 ∓

√
(λ1 − λ2)2 + 4κ1κ2m2

s1m
2
s3

ms1ms2ms3
,

(11)
where λ1 = κ1ms3(ms1 +ms2) and λ2 = κ2ms1(ms2 +
ms3) are the equivalent stiffnesses of the two air gaps
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and κ1,2 = ρ0c
2/l3,5, msi(i = 1,2,3) is the mass per

unit area of three panels. When the widths of two air
gaps are 1 cm and 9 cm, the mass-spring frequencies
calculated from Eq. (11) are 174 Hz and 738 Hz which
are reproduced in Fig. 2a. Such a reproduction of dips
in STL can be observed in Figs 2b–d. The standing-
wave resonance occurs when the width of air gap (δ)
matches integer numbers of the half wavelength of the
incident sound, and the n-th standing-wave resonance
frequency can be expressed as (Wang et al., 2005)

fs,n =
nc

2δ
(n = 1,2,3,⋯). (12)

Except for the first two dips in Figs 2a–d, the re-
maining dips represent the standing-wave resonance,
which also match well with that calculated from
Eq. (12).

To enhance the efficiency of double-panel structure,
porous material and SCs are inserted inside the air
gaps between panels. The scatterers are inserted be-

a) b)

c) d)

Fig. 3. STL in the triple-panel structure calculated by FE simulation: l2 + l3 + l4 + l5 + l6 = 130.4 mm, l2 = l6 = 0.8 mm,
l4 = 0.4 mm, l3 = 4.28 cm, l5 = 8.56 cm: a) second gap filled with air, b) first gap filled with air, c) SCs not embedded in

the glass wool, d) SCs embedded in the glass wool.

tween the air gaps of a triple panel as well as the porous
material and the coupled effect of panel, porous ma-
terial and a SC is investigated. Schematic diagram of
the triple-panel structure is shown in Fig. 1b. The total
width is l2+l3+l4+l5+l6 = 130.4 mm and the thickness
of panels are l2 = l6 = 0.8 mm, l4 = 0.4 mm. The width
of the first air gap (l3) is 4.28 cm while the width of
the second (l5) is 8.56 cm. In the present work, glass
wool is taken as a porous material and scatterers are
cylindrical in shape. Radius of scatterers is 2 cm and
lattice constant is 4.28 cm. Accordingly, one row of SC
can be inserted into the first air gap and two rows of
SC can be inserted into the second air gap. And panels
are at a distance of half the lattice constant from the
centre of the scatterers.

The STL calculated using FE simulation for vari-
ous configuration of the triple-panel structure is shown
in Fig. 3. Figure 3a shows STLs for four configurations
with air filling between the second and the third
panel, i.e. air-air, air-wool, air-SC and air-wool (SC).
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Figure 3b shows that with air filling between the first
and the second panel. Figures 3c and 3d correspond
to the cases for those with SCs embedded in the glass
wool and not embedded. There are some sudden dips
in STL through the panels with air gap which may be
due to the “mass-spring” resonance and the “standing-
wave” resonance as mentioned in Fig. 2. However, such
a resonance is damped out by adding the glass wool.
This leads to elimination of those sudden dips in the
triple panel in all graphs.

Introducing a SC causes a bandgap due to de-
structive interference which results in improvement of
STL in a particular range centered around Bragg’s
frequency. For the lattice constant of 4 cm, the
Bragg’s frequency is 4007 Hz, around which the broad
bandgap is present in all graphs. Bragg’s bandgap
becomes higher and broader with increasing rows of
scatterers. However, it can be observed in Fig. 3a that
the effect of one row of SC on STL is not distinct,
on the contrary, the sound insulation performance is

a) b)

c) d)

Fig. 4. Comparison of STL of a triple-panel structure and a double-panel counterpart: a) with two air gaps (3.5 cm,
6.5 cm), b) with two air gaps (5 cm, 5 cm), c) with glass wool in two gaps, d) with SCs embedded in glass wool.

less than the case with air gap in the high frequency
range (above 5 kHz in this work). There are some
unusual dips in STL through the SC-triple panel
assembly, which might be associated with the complex
interaction between the SC and the triple panel. The
efficiency of a SC gets more distinct in Fig. 3b. In
addition, when SC is embedded in the glass wool, the
dips due to the resonances and the interaction be-
tween the SC and the panels can be eliminated which
leads to enhancement of soundproof performance
over the entire frequency range. It can be observed
in Fig. 3c that insertion of one row of SC into the
first air gap results in the worst sound insulation.
And glass wool filling in the first gap and inserting
SC and glass wool assembly in the second gap gives
the best sound insulation. Such a tendency is also
shown in Fig. 3d. If the first gap is filled with glass
wool instead of one row of SC, the Bragg’s bandgap
becomes wider (solid line in Fig. 3d). It can therefore
be concluded that triple panel-SC-glass wool assembly
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gives the best STL for all cases for the same exter-
nal dimensions. And the intensity of sound attenuation
by one row of SC is very weak, it rather reduces the
overall soundproofing performance of the triple-panel
structure. This might be because the number of rows
is one in the fundamental direction of sound propaga-
tion (normal to the panel), and complex interaction of
sound waves occurs between the panels and scatterers.
Therefore, if the air gap is narrow so as to insert only
one row of SC, it is reasonable to fill it with glass wool.

Figure 4 shows STL through the triple-panel struc-
ture vs. that through the double-panel counterpart
with the same total mass and total thickness. In or-
der to equalize the mass, the plate thickness was set to
0.8 mm, 0.4 mm, and 0.8 mm for the triple-panel struc-
ture, and 1 mm and 1 mm for the double-panel structu-
re. Figures 4a and 4b show the case where two gaps
between the panels are filled with air. The width of
the air gaps is l3 = 3.5 cm, l5 = 6.5 cm in Fig. 4a
and l3 = l5 = 5 cm in Fig. 4b. From these figures, it
can be seen that the STL of the triple panel is higher
than the double panel by more than 20 dB on aver-
age in the middle and high frequency bands. Figure 4c
shows the case where two gaps between the panels are
filled with glass wool while Fig. 4d the case where three
rows of scatterers are embedded in glass wool. Fig-
ure 4c shows that the STL of the triple-panel structure
is 20 dB higher than the double-panel in the entire fre-
quency region. It can also be seen from Fig. 4d that
the triple-panel structure gives more than 20 dB higher
peak of STL around the Bragg’s frequency than that
of the double-panel counterpart. Considering the fact
that the sound insulation performance of wool-wool
(SC) configuration (solid line in Fig. 3d) is higher than
that of wool (SC)-wool (SC) configuration (dashed line
in Fig. 3d), the triple-panel structure is possible to pro-
vide better soundproofing properties than the double-
panel structure while reducing the overall weight.

5. Conclusions

In this paper, a previous work (Gulia, Gupta,
2018b) on improving the sound transmission loss
through the double-panel structure using porous ma-
terial and sonic crystal has been extended to address
the problem of a triple-panel structure. First, we pre-
sented an analytical method for calculating the STL of
a triple panel with two air gaps by means of the reflec-
tion and transmission coefficients. FE simulations were
performed for several structures with different widths
of air gap between panels and compared with analyt-
ical results, the two results agree very well. Next, we
investigated the combined effect of panel, glass wool,
and SC by using FE study on the various configura-
tions where glass wool and SC are inserted in the air
gaps. SCs cause a bandgap centered around Bragg’s
frequency, which results in a great enhancement of the

soundproof performance. The Bragg’s bandgap gets
higher and wider with increasing rows of scatterers in
SC. The porous material plays a role of eliminating the
sudden dips of the STL caused by the “mass-spring”
resonance and the “standing wave” resonance and the
complex interaction between the SC and the panels in
the triple-panel structure. The combined structure of
panel, glass wool, and SC gives better soundproofing
than all other cases. Meanwhile, if one row of SC is
located in a narrow gap, the sound insulation char-
acteristics gets much worse in the medium and high
frequency bands. This suggests that the influence of
SC on the sound attenuation, as shown in previous
studies, is highly depended on the number of rows of
scatterers. It also shows that it is more reasonable to
insert perforated materials instead of one row of SC in
a multi-panel structure with a gap narrow enough to
accommodate one row. Finally, STL of a triple-panel
structure was compared with a double-panel structure
with same total mass per unit area and total thickness.
The triple-panel structure filled with porous material
exhibited 20 dB higher sound insulation characteris-
tics than the double-panel counterpart in the entire
frequency band. Also, even though the number of scat-
terers’ row is smaller than double-panel structure, the
triple-panel structure has higher STL in the entire fre-
quency band. In other words, a triple-panel structure
has potential to provide better soundproofing prop-
erties than the double-panel structure, reducing the
overall weight.
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