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In this work, the authors study sound transmission through single- and double-walled thin rectangular
plates of finite extent, theoretically and experimentally. For this purpose, statistical energy analysis
(SEA) is developed to predict the sound transmission loss of the plates. The essential SEA parameters,
modal density and loss factors, are calculated and expressions for the sound transmission loss based
on the SEA method are presented for both single- and double-walled plates. In order to validate the ana-
lytical results obtained for the transmission loss, an experimental setup was constructed including two
reverberant chambers and a plate structure. The plate was placed between two rooms and the rooms
were made in such a way that the sound waves propagate from the source room to the receiving room
only through the rectangular panel. The sound transmission losses evaluated from the SEA models are
compared with the experimental results which show good agreement. Three experimental methods were
used to measure the transmission loss: The transmission suite method, a sound intensity method with a
direct approach and a sound intensity method with an indirect approach. It is shown that the sound
intensity method with a direct approach is more accurate than the other methods. This latter method
could predict the critical frequency of the plate with only 0:5% error, whereas the other two methods
had an error of more than 5%. The effects of using absorbing materials with single-walled plates were
investigated experimentally and the effects of filling the cavity of double-walled plates with absorbing
materials were also studied analytically. It was found that filling the cavity of the double-walled plate
with lightweight absorbing material such as fiberglass increases the sound transmission loss at the crit-
ical frequency from 39 dB to a value slightly more than 53 dB. Also about 45 dB improvement in noise
reduction is achieved in comparison to a similar single-walled plate.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Thin rectangular plates have a wide variety of engineering
applications in various industries. They are used in architectural
structures, bridges, naval structures, machine parts and also aero-
space structures such as tail surfaces, flaps and fins of aircraft.
Extensive studies in the area of the acoustic behavior of thin plates
have been carried out in the last few decades. This is mainly
because achieving a suitable acoustical condition has become the
main goal of designers and engineers specially in structures sub-
jected to noise such as automotive and aircraft or in places with
specific acoustical standards such as concert halls.

The control of noise is of particular importance in occupied
spaces in buildings, hotels, offices and residences, where noise
annoyance is caused by sound transmitted between rooms through
the wall structures and from heating, ventilation and air-
conditioning mechanical rooms [1,2]. Various innovative
approaches have been proposed by researchers for sound attenua-
tion and insulation of plate structures. Sound transmission loss has
been used in numerous studies as a criterion for noise reduction
and is defined as the ratio of the incident sound energy relative
to the transmitted sound energy expressed in decibels [1]. These
studies can be categorized into two groups; one based on finite
plate models, whereas the other is based on infinite plate models.

Trochidis and Kalaroutis [3] studied sound transmission
through double partitions. They presented a simple model of two
infinite parallel thin plates containing sound absorbing materials
between them. Chonan and Kugo [4] obtained an exact solution
for the sound transmission loss of two-layered infinite plates based
on two-dimensional elasticity theory. Steel [5] analyzed sound
transmission at joints between plates in framed structures such
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as rooms that are constructed using partitions. Osipov, Mees and
Vermeir [6] investigated the airborne sound transmission of single
partitions in the low frequency range of 20 Hz� 250 Hz. Liu, Cai
and Lam [7] studied sound transmission and reflection of an infi-
nite plate immersed in fluids. They showed that attaching a coating
layer of thickness 0:1 m on the incident side can decrease the
sound reflection by about 6 dB above a frequency of 10 kHz. Cam-
polina et al. [8] examined the effect of porous material lined with
an isotropic plate on the sound transmission of a single-walled
plate using the transfer matrix method. They also carried out sev-
eral experiments to measure the transmission loss and placed a
plate between a reverberant room and an anechoic room. They
measured the transmitted sound power by intensimetry and
deduced the incident sound power from measuring the sound
pressure level and assuming a diffuse sound field inside the rever-
berant room. Zhou, Bhaskar and Zhang [9] optimized sound trans-
mission through a double-walled plate by minimizing its weight
and maximizing the transmission loss. All of these studies are
based on infinite models and almost all of them used the wave
propagation approach in order to compute the transmission loss.
Pellicier and Trompette [10] published a review paper about mod-
els based on the wave approach for calculating transmission loss in
infinite partitions.

The wave approach used in predicting sound transmission
through infinite plates does not consider the effects of boundary
conditions in theoretical calculations. An approach which is sug-
gested for finite models of plate structures with defined boundary
condition is the statistical energy analysis (SEA) method. The SEA
method was developed by Maidanik [11], Lyon [12] and Crocker
and Price [13]. In the SEA method, a system is modeled as several
subsystems. Each subsystem may receive input power by an exter-
nal source. The input powers flow from one subsystem to other
subsystems and can be dissipated because of the damping in each
subsystem. Therefore, the effect of dissipation in sound transmis-
sion can also be taken into account in the SEA method.

Jean and Roland [14] presented a simple SEA method to predict
the sound insulation between dwellings. Hynna, Klinge and
Vuoksinen [15] used the SEA method for predictions of structure-
borne sound transmission in large welded ship structures. Craik,
Steel and Evans [16] also studied the influence of resonant modes
in the low frequency range while using the SEA method for
structure-borne sound transmission. Osipov and Vermeir [17]
investigated the effect of elastic layers at junctions on airborne
and structure-borne sound transmission in buildings. Hopkins
[18] presented measured data for the validation of SEA evaluations
of sound transmission through masonry cavity wall constructions.
Craik and Smith [19,20] investigated airborne and structure-borne
sound transmission through double leaf lightweight partitions.
They examined different SEA models based on the details of con-
struction and categorized them as SEA models of a double wall
with no structural connections, with structural coupling at a few
point connections and with structural coupling as a line connec-
tion. They found out that the performance of each model is depen-
dent on the frequency range and the construction details. In this
paper, no structural coupling is assumed for the double-walled
plate. Therefore, the first SEA model was used. Zhou and Crocker
[21] analyzed sound transmission through honeycomb sandwich
panels. They developed a closed form solution for the modal den-
sity of sandwich plates which is one of the important and essential
parameters that is involved in the SEA modeling. Reynders et al.
[22] presented a stochastic method, consisting of finite element
method (FEM) and SEA method. They showed that this hybrid
approach is suited for the mid-frequency analysis of sound trans-
mission through a wall between two rooms. Although the FEM
approach is useful for predicting the sound transmission between
rooms in the low- and mid-frequency range, it becomes unman-
ageable at high frequencies, in which the number of finite elements
becomes very large. However, it can be used in estimating the
modal density and other modal parameters needed in plate and
cylindrical shell structures [23,24].

Besides the wave approach and the SEA method, other methods
such as transfer matrix methods [25] and FEM numerical methods
[26] have also been used in order to investigate the sound trans-
mission through plate structures.

Experimental techniques have also been developed to measure
the sound transmission loss of structures. Wang, Crocker and Raju
[27] measured the transmission loss of an aluminum cylinder
using the sound intensity technique and the transmission suite
method. Chen et al. [28] used the sound intensity method in order
to measure damping components of plates. Connelly and Hodgson
[29] studied the sound transmission of vegetated roofs experimen-
tally using the sound intensity method. Oliazadeh, Farshidianfar
and Crocker [30] recently studied the sound transmission through
a cylindrical shell with absorbing material using both the transmis-
sion suite and sound intensity methods. They compared the exper-
imental results with those obtained by the SEA theory. Luo, Sun
and Wen studied the influence of the boundary conditions on the
modal parameters of thin cylindrical shell [31]. Composite cylin-
drical shells are being increasingly used as aircraft cabins instead
of metal ones. Florence, Renji and Subramanian have now
extended studies on cylindrical shells to those made of honeycomb
sandwich composite [32].

In the present work, a finite model for sound transmission
through a panel is considered. Therefore, the SEA theory is used
in order to find the sound transmission loss of a thin single-
walled rectangular plate and the theory is developed for a
double-walled plate. The analytical expression is obtained and
presented for each of the single- and double-walled plates. The
transmission loss is also measured using three experimental
methods, the transmission suite method, the sound intensity
method with a direct approach and the sound intensity method
with an indirect approach. The effectiveness of each method is
discussed by comparing the analytical and experimental results.
Then the effects of applying absorbing material in the design of
single- and double-walled plate structures are examined
completely.
2. Theoretical Model

Consider a rectangular plate with length lx and width ly in
the x and y directions, respectively and thickness h � lx and ly
lying in the x� y plane, as shown in Fig. 1. The plate material
is assumed to be isotropic, homogeneous and elastic with Pois-
son ratio m; invacuo bulk mass density q, and invacuo Young’s
modulus of elasticity E. It is assumed that the plate has uniform
thickness and undergoes small displacements. The partial differ-
ential equation of motion of a plate can be obtained by employ-
ing equilibrium equations of forces and moments for a section
of the plate and using Hooke’s law to find their constitutive ela-
tions [33].
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 !
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where wðx; y; tÞ is the transverse displacement of the neutral plane
of the plate and D is the flexural rigidity of the plate which is
defined by

D ¼ Eh3

12ð1� m2Þ : ð2Þ



Fig. 1. Thin rectangular plate.
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2.1. Natural frequency of a clamped plate

The expression for calculating the natural frequencies of a
clamped thin rectangular plate can be obtained using the
Rayleigh-Ritz method. Therefore, the angular natural frequency,
xmn, is given by [33]

xmn ¼ p
lx

� �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where m and n are the mode numbers along the x and y directions,
respectively and

Um ¼ 1:506 m ¼ 2
m� 0:5 m > 2

�
; ð4aÞ

Un ¼ 1:506 n ¼ 2
n� 0:5 n > 2

�
; ð4bÞ

Wm ¼
1:248 m ¼ 2
ðm� 0:5Þ2 1� 2

pðm�0:5Þ

h i
m > 2

(
; ð4cÞ

Wn ¼
1:248 n ¼ 2
ðn� 0:5Þ2 1� 2

pðn�0:5Þ

h i
n > 2

(
: ð4dÞ

The Rayleigh-Ritz method is described in detail in the references
mentioned in the literature. However, the details of obtaining the
mode shape of vibration of a clamped plate is explained in the
Appendix.

2.2. SEA model

In the statistical energy analysis (SEA) method, the structures
under investigation are divided into a number of subsystems. The
behavior of each subsystem is related to its modal energy and the
response of the entire model can be characterized by predicting the
coupling between subsystems. The power flow between subsys-
tems comes from the input energy of each subsystem which is
assumed to be due to random external sources. This amount of
energy that enters the system is transferred from one subsystem
to others and some part of it is dissipated by mechanical damping
in the subsystems.
Consider that the thin rectangular panel is clamped between
two reverberant rooms and is excited by a loudspeaker in one of
the rooms which is called the source room or transmission room.
The other room, in which the transmitted sound propagates is
called the receiving room or reception room. Using the procedure
presented in Refs. [13,34], SEA models are developed here by con-
sidering the effect of non-resonant power flow between the source
room and the receiving room in double-walled systems. The influ-
ence of using absorbing material in both the single- and double-
walled systems is also considered. Therefore, new equations are
obtained for the SEA modeling of single- and double-walled plates
which are explained in detail in this section.

The SEAmodels for single- and double-walled plates which con-
sist of three and five coupled subsystems, respectively are shown
schematically in Fig. 2, see [13,34]. In the first SEA model, the
source room and the receiving room are considered as subsystems
1 and 3, respectively and the panel structure is assumed as subsys-
tem 2 [13]. In the second SEA model, the source and receiving
rooms are considered as subsystems 1 and 5, respectively, the first
and second walls of the plate are considered as subsystems 2 and 4,
respectively and the cavity between the plate walls is assumed to
be subsystem 3 [34]. The SEA matrix for models 1 and 2 is given in
Eqs. (5) and (6), respectively considering that the exchange of
energy is proportional to the modal energy difference [12].
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wherex ¼ 2pf is the circular frequency of the band of interest, gi is
the internal loss factor of subsystem i;gij is the coupling loss factor
between subsystems i and j; Ei is the total energy stored in subsys-
tem i and Pi is the rate of energy flow into subsystem i. Since the
sound source is only located in the transmission room (subsystem
1), therefore the energy flow into subsystems 2, 3, 4 and 5 is zero;



Fig. 2. Schematic display of the SEA model: (a) Single-walled plate (Model 1); (b) Double-walled plate (Model 2).
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P2 ¼ P3 ¼ P4 ¼ P5 ¼ 0. Thus the power balance equations written
in the matrix form in Eqs. (5) and (6) can be rewritten as:
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The energies in each subsystem are obtained by inverting the coef-
ficient matrix of Eqs. (7) and (8). In the context of noise reduction,
the energy level difference between source room and receiving
room should be calculated. Hence, the ratio of total energies in
these two reverberant rooms is obtained as follows for single-
and double-walled plates, respectively [13,34].

E3

E1
¼ g12g23 þ g2g13

g2g3 � g23g32
; ð9Þ

E5

E1
¼ C1

C2
; ð10Þ

where

C1 ¼g13g34ðg2g4 þ g12g45Þ þ g23g12ðg4g35 þ g34g45Þ
þ g15ðg2g3g4 � g4g23g32 � g2g34g43Þ;

C2 ¼g4g5ðg23g32 � g2g3Þ � g2g35ðg43g54 þ g4g53Þ
þ g2g34ðg5g43 � g45g53Þ þ g45g54ðg23g32 � g2g3Þ:

ð11Þ

The noise reduction is then evaluated by taking the logarithm of
Eqs. (9) and (10). The coupling loss factors in the reverse direction
are calculated using the reciprocity relationship [12].

gijni ¼ gjinj ð12Þ
where ni and nj are the modal densities of subsystems i and j,
respectively. Therefore Eqs. (9) and (10) become
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ð15Þ
In order to obtain the noise reduction, the parameters of Eqs. (13)
and (14) must be calculated first.

2.3. Modal density

n1;n2 and n3 in Eq. (13) are the statistical modal densities of the
source room, the thin rectangular plate and the receiving room,
respectively. While n1;n2;n3;n4 and n5 in Eq. (14) are the statistical
modal densities of the source room, first wall of the plate, cavity,
second wall of the plate and the receiving room, respectively.
The modal densities of the acoustical spaces (source room and
receiving room) are given by [12]

niðf Þ ¼ 4pf 2Vi

c3air
þ pfSi
2c2air

þ Pi

8cair
; i ¼ 1 and 3 single-walled plate

1 and 5 double-walled plate

�
ð16Þ

where Vi is the volume of the acoustical element, Si is the total sur-
face area of the acoustical element, Pi is the total edge length of the
acoustical element and cair is the speed of sound in air. The modal
density of the cavity in the double-walled plate model is expressed
as [19]

niðf Þ ¼ 2pfSi
c2air

; i ¼ 3 double-walled plate ð17Þ

The modal density of the thin panel is defined as the number of nat-
ural frequencies per hertz and is given by [35]

niðf Þ ¼
ffiffiffi
3

p
Si

cplateh
; i ¼ 2 single-walled plate

2 and 4 double-walled plate

�
ð18Þ
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where Si is the surface area of the plate and cplate is the speed of
quasi-longitudinal waves in the plate which is obtained from [35]

cplate ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E
qð1� m2Þ

s
: ð19Þ

The modal density can also be expressed as the number of nat-
ural frequencies per radian per second, niðxÞ, which is 1=ð2pÞ
times niðf Þ.

niðxÞ ¼
ffiffiffi
3

p
Si

2pcplateh
; i ¼ 2 single-walled plate

2 and 4 double-walled plate

�
ð20Þ
2.4. Loss factor

The loss factors in Eqs. (13) and (14) include internal loss factors
of the plate, cavity and receiving room, coupling loss factors
between the acoustical spaces (reverberant rooms and cavity)
and the coupling loss factors due to sound radiation from the plate
to the acoustical spaces (reverberant rooms and cavity).

The internal loss factor of the lightly damped plate can be
assumed to vary from 0:001 to 0:05 [35]. Furthermore, since the
dissipation mechanism is caused by radiation damping, the follow-
ing expression can be used [15]

gi ¼ 0:041f�0:7
; i ¼ 2 single-walled plate

2 and 4 double-walled plate

�
: ð21Þ

The internal loss factor of the receiving room is obtained from [36]

gi ¼
2:2
fT60

; i ¼ 3 single-walled plate
5 double-walled plate

�
; ð22Þ

where T60 is the reverberation time of the acoustical space that can
be measured experimentally or calculated analytically using the fol-
lowing equation [1,37]

T60 ¼ 55:26Vi

cairSi
; i ¼ 3 single-walled plate

5 double-walled plate

�
: ð23Þ

The internal loss factor of the cavity in a double-walled system is
assumed to be g3 < 0:1 for the case that it is not lined with absorb-
ing material. The coupling loss factor between source and receiving
spaces for the single- and double-walled plates is obtained from
Eqs. (24) and (25), respectively [38]

g13 ¼ cairS2
8pfV1

s13; ð24Þ

g15 ¼ cairS2
8pfV1

s15; ð25Þ

in which s13 and s15 are the mass law transmission coefficients due
to non-resonant transmission from the source room to the receiving
room. s13 and s15 for normally incident sound are defined by [26]

snormal
13 ¼ 1

1þ pfqh
qaircair

� 	2 ; ð26aÞ

snormal
15 ¼ 1

1þ pf ð2qhþqairdÞ
qaircair

h i2 ; ð26bÞ

where qair is the mass density of air and d is the distance between
the plate walls.

The mass law transmission coefficient for a normal plane wave
does not provide an appropriate physical interpretation for the
sound transmission mechanism. The effect of incidence angle
should be taken into account in order to gain a physical insight
which conforms to reality. Therefore, the mass law transmission
coefficient for spherical wave incidence or diffuse incidence is sug-
gested. s13 and s15 for the spherical wave incidence [39] and the
diffuse incidence [40] are defined by the following equations:

sspherical13 ¼
tan�1ð pfqh

qaircair
Þ

pfqh
qaircair

; ð27aÞ

sspherical15 ¼
tan�1½pf ð2qhþqairdÞ

qaircair
�

pf ð2qhþqairdÞ
qaircair

; ð27bÞ

sdiffuse13 ¼
ln½1þ ð pfqh

qaircair
Þ2�

ð pfqh
qaircair

Þ2
; ð28aÞ

sdiffuse15 ¼
ln½1þ ½pf ð2qhþqairdÞ

qaircair
�2�

½pf ð2qhþqairdÞ
qaircair

�2
: ð28bÞ

The coupling loss factors between the cavity, which is assumed
as a two-dimensional sound field, and the source and receiving
rooms for non-resonant transmission in the double-walled plate
model are given by [41]

g31 ¼ g35 ¼ q2
airc

3
airS2rf critical

8p3f 3ðqhÞ2V3

; ð29Þ

where rf critical is the radiation efficiency of the plate at its critical fre-
quency. The radiation efficiency is explained in detail in the next
section.

In addition to the loss factors calculated so far, the SEA models
also require the coupling between the thin plate and both rever-
berant rooms and cavity. The coupling loss factors from the struc-
ture to the acoustical media in the single- and double-walled plate
models are given by Eqs. (30) and (31), respectively [42]

g21 ¼ g23 ¼ qaircairr
2pfqh

; ð30Þ

g21 ¼ g23 ¼ g43 ¼ g45 ¼ qaircairr
2pfqh

; ð31Þ

where r is the radiation efficiency of the plate.

2.5. Radiation efficiency

The radiation efficiency of a structural element such as a plate is
derived from the radiated acoustic intensity, I [6] or the radiated
sound power, P [14] and the mean quadratic surface velocity,
< v2 > using the following equations.

r ¼ I
qaircair < v2 >

; ð32aÞ

r ¼ P
qaircairS2 < v2 >

: ð32bÞ

The radiation efficiency of the plate varies according to the fre-
quency band of interest as follows:

1) For a band that includes frequencies below the plate critical
frequency, the radiation efficiency is divided into the radiation effi-
ciency in the edge mode region, redge, and the corner mode region,
rcorner. The critical frequency of an isotropic plate is defined as the
frequency at which the speed of bending waves in the plate is
equal to the speed of sound waves in air and is given by [43]

f critical ¼
c2air
2ph

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12qð1� m2Þ

E

r
: ð33Þ
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Since sound transmits easily through a plate at its critical fre-
quency, it is important to evaluate it accurately from an acoustical
point of view. The rcorner and redge are expressed as [13]

rcorner ¼ 8
p4

k2critical
S2

 !
f

f critical

� � 1� 2 f
f critical

� 	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f
f critical

1� f
f critical

� 	r ; f <
1
2
f critical;

ð34aÞ

redge ¼ 1
4p2

P2k
2
critical

S2

 ! 1� f
f critical

� 	
ln

1þ
ffiffiffiffiffiffiffiffiffi

f
fcritical

q
1�

ffiffiffiffiffiffiffiffiffi
f

fcritical

q
2
4

3
5þ 2

ffiffiffiffiffiffiffiffiffiffi
f

f critical

q

1� f
f critical

� 	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f

f critical

q ;

ð34bÞ
where kcritical is the acoustic wavelength at the critical frequency and
is defined by

kcritical ¼ cplate
f critical

¼ phEffiffiffi
3

p
qc2airð1� m2Þ : ð35Þ

In the corner mode region, the radiation efficiency is assumed to be
zero for frequencies greater than 0:5f critical and less than f critical.

Oppenheimer and Dubowsky [44] introduced three correction
factors for the radiation efficiency of plates below the critical fre-
quency that account for the effect of inertial flows in the vicinity
of the plate perimeter at low frequencies ð�plateÞ and from corner
ð�cornerÞ and edge ð�edgeÞ modes at higher frequencies. These correc-
tion factors are as follows:

�plate ¼
53 f 4S22

c4
air

� �

1þ 53 f 4S22
c4
air

� � ; ð36aÞ

�corner ¼
13 f

f critical

� 	
2 1þ 13 f

f critical

� 	h i ; ð36bÞ

�edge ¼
49 f

f critical

� 	
2 1þ 49 f

f critical

� 	h i : ð36cÞ

Hence, the total radiation efficiency can be given as:

r ¼ �plateð�cornerrcorner þ �edgeredgeÞ; f < f critical: ð37Þ
2) For frequencies around the critical frequency of a plate, the radi-
ation efficiency is obtained as [45]

r ¼ 0:5� 0:15ly
lx

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2plyf critical

cair

s
; f ¼ f critical: ð38Þ

It should be noted that ly is assumed to be the smaller dimen-
sion of the rectangular plate in Eq. (38).

3) For a band that has frequencies above the critical frequency
of a plate, the radiation efficiency is calculated using following
expression [34]

r ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f critical

f

q ; f > f critical: ð39Þ
2.6. Sound transmission loss

Sound transmission through a plate structure in the reverberant
field causes a drop in the noise level which is called noise reduction
(NR). The noise reduction can be obtained experimentally by mea-
suring the sound pressure level in the source room and the receiv-
ing room and calculating the difference between them.

NR ¼ Lp1 � Lpi ; i ¼ 3 single-walled plate
5 double-walled plate

�
ð40Þ

where Lp1 is the sound pressure level in the source room and Lp3 and
Lp5 are the sound pressure levels in the receiving room for the
single- and double-walled plate models, respectively. The noise
reduction is evaluated theoretically by taking the logarithm of
Eqs. (13) and (14) for the first (NR1) and second (NR2) SEA models,
respectively.

NR1 ¼ 10 log
n2

n1

� �
g21g23 þ g2g13

� �
� 10 log g2g3 �

n2

n3

� �
g2
23

� �
ð41Þ

NR2 ¼ 10 log
n4
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ð42Þ

Another parameter which is usually used in the room acoustic
measurements is sound transmission loss (TL). Unlike noise reduc-
tion which is influenced by the panel and the absorption in the
receiving room, the transmission loss is only related to the vibra-
tional properties of the panel (mass, damping and stiffness). There-
fore, in order to investigate the acoustic behavior of a plate
structure, it is more appropriate to study the transmission loss
which is defined as the ratio of the incident sound power
(Pincident) to the transmitted sound power (Ptransmitted).

TL ¼ 10 log
Pincident

Ptransmitted
ð43Þ

The transmission loss is also obtained from the noise reduction by
using Eqs. (44) and (45) for first (TL1) and second (TL2) SEA models,
respectively [46]

TL1 ¼ NR1 þ 10 log
S2
S3

ð44Þ

TL2 ¼ NR2 þ 10 log
2S2 þ S3

S5
ð45Þ
3. Experimental analysis

A thin rectangular plate was constructed which was made of
galvanized steel with material properties;
E ¼ 200 GPa;q ¼ 7850 kg=m3 and m ¼ 0:28. It had length and
width of 1:04 m and 0:609 m, respectively with the wall thickness
of 1:27 mm. The experimental setup is shown in Fig. 3. The plate
was clamped between heavy steel frames using two sets of bolts
which were tightened and placed along all four edges of the frame
in order to achieve clamped boundary conditions.

3.1. Analytical and experimental comparison of the natural frequency

In order to find the natural frequencies of the thin rectangular
plate, two different methods of excitation were used: (1) the con-
tact excitation method which utilized a modal hammer to excite
natural frequencies of the plate and (2) the non-contact excitation



Fig. 3. Experimental setup of the thin rectangular plate.
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method in which a loudspeaker was used to acoustically excite res-
onance frequencies of the panel.

3.1.1. Hammer excitation
Two contact excitation methods have been used by researchers

for vibration analysis of thin-walled structures such as plates and
cylindrical shells. These two methods are hammer and shaker exci-
tation techniques. Using hammer allows the plate to undergo free
vibration in its natural modes, because there are no external forces
after the impact is applied. Therefore, this type of excitation, the
hammer excitation method, was found suitable here to find natural
frequencies of the plate under consideration.

Several points were chosen in order to attach the Bruel and
Kjaer accelerometer (type 4375) to the surface of the panel. These
points were marked on the surface of the plate from 1 to 8 as are
seen in Fig. 3. The accelerometer in conjunction with a transducer
was connected to a Bruel and Kjaer charge amplifier (type 2647B).
The measurements were analyzed with a Bruel and Kjaer Pulse
multi-analyzer system (type 3560) using the Pulse software 10.1.
Several tests were carried out for various positions of the
accelerometer. Fig. 4 shows the Fast Fourier Transforms (FFTs)
obtained from four locations of the accelerometer. The locations
of 1, 6, 7 and 8 cover all the surface of the plate including points
near the boundaries, far from the boundaries, and at the middle
of the plate. It was observed in the frequency range 0� 1000 Hz
that the hammer excited some modes better than other modes
and some of them were completely missed or barely recognizable
due to their small peaks specially after 700 Hz since no noticeable
peak can found in FFT graphs. There are some minor peaks at fre-
quencies between 300 Hz and 700 Hz and most specific peaks
appeared at frequencies less than 300 Hz.

3.1.2. Acoustical excitation
Three loudspeakers (Community M4, EM282 and VHF100) with

different crossover frequencies were utilized in order to excite the
plate through emitting a random white noise signal generated by
the Bruel and Kjaer pulse system. These loudspeakers covered
the low range of frequency (200� 2000 Hz), the medium range
of frequency (1000� 12000 Hz) and the high range of frequency
(1800� 18000 Hz). The modal experiment using acoustical excita-
tion was conducted in a reverberant chamber which is shown in
Fig. 5 where the sound pressure is similar for all surface points.
The Fast Fourier Transforms obtained by the acoustical excitation
method for different positions of accelerometer on the surface of
the panel are shown in Fig. 6. It was observed that sound waves
easily excited frequencies higher than 500 Hz. This type of excita-
tion, unlike the hammer excitation method which was efficient in
the low frequency range less than 300 Hz, was more efficacious in
the medium range of frequency between 500 Hz and 2000 Hz and
to some extent in high frequency ranges.

The values of the first ten natural frequencies of the thin rectan-
gular plate obtained by two experimental techniques are presented
in Table 1 and compared with the theoretical results. The compar-
ison shows very good agreement between analytical and experi-
mental results.
3.2. The reverberation time measurement

It is necessary to find the reverberation time of the receiving
room, since the internal loss factor of the receiving room is related
to its reverberation time. An analytical expression was presented
in the former part in order to calculate the reverberation time of
a room; however, the reverberation time of the receiving room
was also measured during the experiment. The Bruel and Kjaer
pulse system was used for the measurement of the reverberation
time. Two Pioneer loudspeakers (type CS-G405Q) were placed at
opposite corners in the receiving room and were connected to
the Pulse system in order to generate the sufficient noise inside
the room. The Pulse software was used to evaluate the reverbera-
tion time by measuring the time needed for the sound pressure
level to drop by 60 dB after switching off the sound source. There-
fore, a Bruel and Kjaer microphone (type 4188L1) was also located
in the receiving room to measure the sound pressure level. Fig. 7
shows the setup prepared for measuring the reverberation time



Fig. 5. The reverberant chamber.

Fig. 4. FFT comparisons of hammer excitation method for different positions of accelerometer: (a) accelerometer at position 1; (b) accelerometer at position 6; (c)
accelerometer at position 7; (d) accelerometer at position 8.
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of the receiving room. Several tests were conducted in which the
position of the microphone was modified to estimate the reverber-
ation time. Fig. 8 shows the reverberation time of the reception
room for one-twelfth octave frequency bands from 16 Hz to
16 kHz.
3.3. Transmission loss measurement of the thin rectangular plate

In order to validate the analytical expression obtained for trans-
mission loss of a finite thin plate through the SEA theory, a set of
experiments were performed in the Sound and Vibration Labora-



Fig. 6. FFT comparisons of acoustical excitation method for different positions of accelerometer: (a) accelerometer at position 1; (b) accelerometer at position 6; (c)
accelerometer at position 7; (d) accelerometer at position 8.

Table 1
Comparison between experimental and theoretical results of first ten natural
frequencies of the thin rectangular plate

Mode Number Natural Frequency (Hz)

m n Experiment Theory

2 1 140 134
1 1 152 142
3 1 252 238
1 2 304 315
2 2 332 354
4 1 364 372
3 2 384 394
4 2 452 483
5 1 564 544
5 2 648 622
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tory of Auburn University. The experiments were made by clamp-
ing the steel panel between two cubic reverberation chambers of
the same dimensions with sides of length 3:76 m. Fig. 9 shows
the reverberation rooms with a window constructed between
them where the panel was clamped. The loudspeakers were placed
in one of the rooms which was considered as the source room and
were connected to the Bruel and Kjaer Pulse system in order to
produce a steady randomwhite noise signal. The propagated sound
in the source room transmitted through the plate to the receiving
room. Since it was needed to provide enough sound power in the
source room, three air jet nozzles with different tube dimension
were used so that the sound pressure levels in both chambers were
at least 10 dB above the background noise. The air jet nozzles are
high pressure sources that were utilized to increase the noise level
in high frequency bands. The nozzles were connected to the air
supply in the source room. The high pressure air flowed through
the tubes and interacted with the flow from other tubes to produce
high sound pressures in the room. The peak frequency of the noise
produced depends on the air flow speed and tube diameter. By
arranging flow from tubes to impinge on flow from other tubes
in 180� opposite directions, high levels of turbulence and noise is
produced. The three air jet nozzles used in the experiment are
shown in Fig. 10.
Two experimental methods were used in order to measure the
sound transmission loss of the thin rectangular plate. These two
approaches are: transmission suite method or two room method
and sound intensity method.

3.3.1. Transmission suite method
The transmission suite method which is also known as two

rooms method consists of two reverberant chambers, source room
and receiving room, which are shown in Fig. 9. The thin rectangular
plate under consideration was mounted in the window between
two chambers. In order to avoid vibration transmission from the
ground to the two rooms and its side effect, the reverberation
chambers were mounted on four air bags for each chamber. In
order to minimize the background noise in both rooms and also
transmission of environmental noise from outside to the rooms,
the walls were constructed double-walled with fiberglass in
between them. The inner wall which separated the source and
receiving rooms was also made in the same way as other walls.
Therefore, it can be assumed that the sound transmission between
two acoustical spaces only occurred through the plate under test.

The sound transmission loss of the single-walled steel plate can
be obtained experimentally by applying the transmission suite
method and using the following expression [13]

TL ¼ NR þ 10 log
S2cairT60

24V3 lnð10Þ
� �

ð46Þ

In order to evaluate the noise reduction, two Bruel and Kjaer
microphones (type 4188 L1) with optimized frequency range of
8� 12500 Hz were placed in the source and receiving rooms to
measure the sound pressure level in each room. The experimental
setup is shown in Fig. 11. As explained in the theoretical part, the
noise reduction is the difference between sound pressure levels of
the source and receiving rooms. The measurements of the sound
pressure levels were made several times by changing the position
of two microphones in each room. Positions near the plate in the
receiving room and near the speakers in the source room include
higher sound pressure levels. Therefore, it was important to mea-
sure the sound pressure levels at several different positions to



Fig. 7. The experimental setup for measuring the reverberation time of the receiving room.

Fig. 8. Reverberation time of the reception room.
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obtain a good space-average sound pressure level results in each
room. The noise reduction was obtained by calculating the spatial
averages of the results. The reverberation time of the receiving
room (T60) which was also needed, measured previously and the
transmission loss was estimated experimentally using Eq. (46).
Fig. 12 shows the sound transmission loss of the thin rectangular
plate using the transmission suite method. The speed of sound in
air, cair, is considered to be 343 m=s, the surface area of the plate,
S2, and the volume of the reverberation room, V3, are 0:63 m2

and 53:16 m3, respectively.
It is observed that there is a remarkable dip at 10290 Hz. This

frequency is the critical frequency of the plate that was predicted
by the experiment. The analytical value of the critical frequency
can be obtained using Eq. (33) and is 9719 Hz. The percentage of
error between the experimental and theoretical results for the crit-
ical frequency of the plate is 5:5% which is a good agreement.

3.3.2. Sound intensity method
The sound intensity method is based on measuring the sound

intensities in the source and reverberation rooms. Then the trans-
mission loss can be obtained using following expression [47]

TL ¼ 10 log
Iincident

Itransmitted

� �
ð47Þ

where Iincident and Itransmitted are the incident and transmitted intensi-
ties, respectively. In order to measure the sound intensity a Bruel
and Kjaer intensity probe (type 3599) was used. The probe com-
prised two 1=2 inch phase-matched microphones (type 4197)



Fig. 9. The source and receiving rooms in the laboratory of sound and vibration.

Fig. 10. The air jet nozzles: (a) low frequency; (b) medium frequency; (c) high frequency.

Fig. 11. The experimental setup for the transmission suite method: (a) the source room; (b) the receiving room.
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which were positioned face to face and separated by a spacer. The
probe contained three spacers: 8:5 mm spacer (type UC-5349),
12 mm spacer (type UC-5269) and 50mm spacer (type UC-5270).
Fig. 13 shows the intensity probe with the spacers. The sound inten-
sity measurement in the receiving room was carried out by scan-
ning the entire surface of the plate with the intensity probe
following the international standard ISO 15186-1. The scanning
procedure repeated several times with all the spacers and the
12 mm spacer revealed the best result in the frequency range of
interest.

The sound intensity in the source room cannot be obtained by
moving the intensity probe over the plate surface because when



Fig. 12. Sound transmission loss of the thin rectangular plate measured by the transmission suite method.

Fig. 13. The sound intensity equipments: (a) the sound intensity probe with 50 mm spacer; (b) 8:5 mm spacer (type UC-5349); (c) 12 mm spacer (type UC-5269); (d) 50 mm
spacer (type UC-5270).
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the noise source is in the same room, the intensity probe measures
both the incident and radiated sound waves near the plate and it
returns zero result for sound intensity of the source room.Whereas
in the receiving room, the intensity probe only measures the trans-
mitted sound. Fig. 14 represents the sound transmission phenom-
ena through the plate between the rooms. Hence, by assuming that
the sound field in the source room was diffuse, the incident inten-
sity was evaluated using the measured sound pressure results in
the source room which is given by [48]
Iincident ¼ p2
rms

4qaircair
ð48Þ

where prms is the measured average sound pressure in the source
room.

The sound intensity of the source room was also measured
directly without considering the assumption of diffuse sound field
in the source room. In this approach, the plate was removed and
the sound intensity was measured by scanning the empty space



Fig. 14. Schematic illustration of sound transmission through a plate.
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that was belonged to the plate. The measurements were carried
out from the receiving side of the window Thus, the sound inten-
sity probe was subjected to the incident sound waves. Hence, the
incident intensity was achieved directly. It should be mentioned
that since the loudspeakers are working while measuring the inci-
dent intensity, precautions should be taken to avoid hearing dam-
age caused by exposure to loud noise.

The transmission losses obtained by the sound intensity
method which is also known as the two-microphones method
due to the two closely spaced microphones used in the probe,
using both direct and indirect approaches for measuring incident
acoustic intensity are shown in Fig. 15. It is seen that the procedure
which was performed to obtain the incident sound intensity inside
the room affected the transmission loss trend. The direct approach
predicted the critical frequency of the thin rectangular plate at
9669 Hz (0:5% error) whereas the critical frequency estimated by
the indirect approach is 10480 Hz (7:8% error). Not only the value
of critical frequency is different in these two approaches but also
the predicted transmission loss has about 20 dB difference. The
critical frequency plays a significant role in specifying the acoustic
behavior of plates, because at this particular frequency plates
become acoustically transparent which means that noise
Fig. 15. Sound transmission loss of the rectangular plate measured by the sound inte
( ), Incident intensity measured directly ( ).
transmission occurs easily between source and receiving rooms.
Therefore, it is of great importance to use a method that has higher
accuracy. In the following section, the experimental results of
transmission loss are compared with the analytical ones.
3.3.3. Comparison of analytical and experimental results
A comparison is made between the experimental measure-

ments of the sound transmission loss of the thin single-walled
rectangular plate and analytical calculations based on SEA theory
and is represented in Fig. 16. Since the angle of incidence for the
incident sound wave is not obvious, the diffuse and random inci-
dence is considered in computing the coupling loss factor between
source and receiving rooms. The internal loss factor of the plate is
considered to be g2 ¼ 0:02 according to the setup condition and
the density of air is considered to be qair ¼ 1:21 kg=m3. It can be
seen from Fig. 16 that the analytical result and the transmission
loss measured using sound intensity method with direct approach
are in very good agreement specifically at critical frequency. The
transmission suite method and the sound intensity method with
indirect approach followed a similar trend and showed some dis-
crepancies in comparison with the analytical calculations in the
nsity method; Incident intensity obtained indirectly using sound pressure results



Fig. 16. Comparison between experimental and analytical results for sound transmission loss of the thin single-walled rectangular plate; SEA theory ( ), Transmission
suite method ( ), Sound intensity method with direct approach ( ) and Sound intensity method with indirect approach ( ).
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low and medium frequency bands and at the critical frequency. As
mentioned before, the sound transmission loss prediction at the
critical frequency has a high priority in evaluating the sound insu-
lation performance of a structure made of plate elements. As it can
be observed in Fig. 16, the analytical SEA-based model predicted
the critical frequency to be 9669 Hz which is very close to the
result obtained by Eq. (33) which is 9719 Hz. The sound intensity
method using the direct approach also predicted the critical fre-
quency of the plate and its sound transmission loss to be similar
to the analytical model prediction. Therefore, the sound intensity
method using the direct approach, which is explained in the previ-
ous section, is an appropriate experimental technique for the anal-
ysis of the sound transmission loss of a plate structure due to its
high accuracy.

4. Parametric studies

The analytical model is also developed for double-walled plates
in the theoretical section and can be used for a proper and efficient
design of vibro-acoustic systems that include plate structures. In
order to examine the efficacy of different parameters on improving
acoustic performance of double-walled structures, parametric
studies are conducted.

As mentioned in the introduction, various techniques have been
proposed to reduce noise transmission through a plate shape struc-
ture. Using absorbing materials such as fiberglass on each side of
the plate or in the cavity between two walls of the plate is a proper
way to increase sound transmission loss without any significant
influence on the weight of the structure and its natural frequen-
cies. Therefore, using absorbing material is studied analytically
and experimentally here as a main approach to improve acoustic
performance of plates.

4.1. Effect of single- and double-walled constructions

Fig. 17 shows the sound transmission losses of single- and
double-walled thin rectangular plates. The dimensions and mate-
rial properties are similar to the plate used in the experiment.
The cavity depth in the double-walled plate is d ¼ 0:01 m. It can
be seen that the double-walled configuration provided a better
performance of sound transmission loss than single-walled plate.
Its effect at the critical frequency of the panel and the frequency
region near the critical frequency was quite noticeable. The
double-walled configuration with a cavity contained only air and
the cavity loss factor of g3 ¼ 0:01 caused about 30 dB increase in
the transmission loss of the panel at these frequencies.

4.2. Effect of absorbing materials on sound transmission loss of single-
walled plates

Absorbing material such as fiberglass can be used on the source
or receiving side of the plate or inside the cavity for the double-
walled plate. Fig. 18 shows the transmission losses obtained exper-
imentally using sound intensity method with direct approach for
the cases of applying absorbing material as a sound insulation on
each side of the single-walled plate. It is seen that applying absorb-
ing material did not have much effect on the transmission loss of a
single-walled plate. Using absorbing material on the source and
receiving sides of the plate caused about 10 dB and 5 dB enhance-
ment, respectively in low and medium frequency regions. How-
ever, their effects in high frequency region and at the critical
frequency was not noticeable.

4.3. Effect of absorbing material on sound transmission loss of double-
walled plates

It is seen in Fig. 17 that making a double-walled panel with cav-
ity depth of 1 cm improves the transmission loss in all frequency
ranges and specifically about 30 dB at the critical frequency of
the panel. With this information, the authors suggest filling the
cavity with lightweight absorbing materials such as fiberglass to
achieve more noise reduction. In order to examine the perfor-
mance of absorbing materials in double-walled plates, it is neces-
sary to find the absorption coefficient of the absorbing material
under investigation. Therefore, several reverberation time mea-
surements were performed in one of the reverberation chambers
in which the floor was covered with the fiberglass. By measuring
the reverberation time and using the Sabine’s equation [49]

T60 ¼ 0:16VP6
i¼1Siai

ð49Þ

in which V is the volume of the reverberation chamber, i is the num-
ber of room surface, S is the area of each room surface and a is the



Fig. 17. The effects of single ( ) and double ( ) walled thin rectangular plates on transmission losses.

Fig. 18. The effects of using absorbing material for a single-walled plate: Absorbing material on the source side ( ); Absorbing material on the receiving side ( )
and Single-walled plate without absorbing material ( ).

Fig. 19. Comparison of the sound transmission loss of the double-walled plate with ( ) and without ( ) fiberglass inside the cavity.
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Fig. 20. Effect of cavity depth on noise reduction of a double-walled plate with absorbing material; d ¼ 0:5 cm (����); d ¼ 5 cm ( ) and d ¼ 20 cm ( ).
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absorption coefficient of each room surface, the absorbing coeffi-
cient of the fiberglass was obtained a ¼ 0:32. Hence, the internal
loss factor of the cavity contained fiberglass in the double-walled
SEA model is assumed as g3 ¼ 0:32.

Fig. 19 shows the sound transmission loss of the double-walled
plate with fiberglass inside the cavity compared with the case
without fiberglass. It is seen that filling the cavity with fiberglass
has a positive effect on noise reduction and the transmission loss
is improved about 15 dB at the critical frequency which is a good
progress in decreasing noise transmission through double-walled
plate structures. Besides fiberglass influence on sound transmis-
sion at the critical frequency, it is also effective in low and medium
frequency regions.

4.4. Effect of cavity depth on sound transmission loss of double-walled
plates

It was found out in Fig. 19 that using absorbing material is an
appropriate way to reach an improvement in sound insulation per-
formance of double-walled plate structures. It is of great signifi-
cance to understand the effectiveness of cavity depth while it is
filled with absorbing materials. Therefore, a comparison is made
for three cavity depths of 0:5 cm;5 cm and 20 cm. The comparison
is shown in Fig. 20. It can be seen that increasing the cavity depth
from 0:5 cm to 20 cm does not make any significant change in the
sound transmission loss trend. Its only effect is an enhancement of
slightly less than 5dB in low frequency region and at the critical
frequency. Hence, it is deduced that increasing the depth of the
cavity in double-walled plates which may cause some problems
in designing the structure is not very helpful in noise reduction.

5. Conclusions

In this paper, the statistical energy analysis (SEA) approach was
used in order to study the sound transmission through a thin
single-walled rectangular plate and it was developed for a thin
double-walled rectangular plate. The effects of structural and cav-
ity damping were considered in the derivation and the parameters
that are involved in SEA modeling such as modal density, loss fac-
tors and radiation efficiency were obtained for both single- and
double-walled plates. Then two expressions were presented for
the transmission loss of single- and double-walled plate structures.
An experimental setup was also conducted in order to predict the
transmission loss experimentally. First, natural frequencies of a
single-walled plate were evaluated using two methods of hammer
and acoustical excitations and compared with the analytical results
which showed a good agreement. It was observed that the contact
method in which a modal hammer was utilized is applicable in low
frequency region and the non-contact method in which a loud-
speaker was used for the acoustical excitation is more effective
in medium and high frequency regions.

Then the sound transmission loss was measured and the results
compared with the analytical ones. Three experimental methods
were used in order to predict the sound transmission loss: Trans-
mission suite method, sound intensity method with direct
approach and sound intensity method with indirect approach.
The transmission suite method and sound intensity method are
based on measuring the sound pressure levels and acoustic inten-
sities in both source and receiving rooms, respectively. The inci-
dent sound intensity in the indirect approach were calculated by
using the measured sound pressure level in the source room,
whereas it was measured directly in the direct approach. It was
shown that the sound intensity method with direct approach gave
the most accurate result with an error of 0:5% for the transmission
loss at the critical frequency.

The effects of using absorbing material in single- and double-
walled plate constructions were examined. Theoretical analysis
shows that a double-walled panel results in more noise reduction
in all frequency regions compared with a single-walled panel and
specifically it improves the noise reduction by about 30 dB at the
critical frequency. It was shown theoretically that filling the cavity
of a double-walled plate with absorbing material is a suitable way
to achieve high sound insulation performance.
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Appendix A

The procedure to obtain the mode shape of vibration for a thin
rectangular clamped plate is explained as follows:

Since free vibrations are assumed, the motion is considered to
be harmonic.

wðx; y; tÞ ¼ Wðx; yÞ sinðxmntÞ; ðA-1Þ
where W is a function of position coordinates. By substituting Eq.
(A-1) into Eq. (1), the differential equation governing the free vibra-
tion of the plate can be obtained as

D
@4W
@x4

þ 2
@4W
@x2@y2

þ @4W
@y4

 !
� qhx2

mnW ¼ 0: ðA-2Þ

By using the Rayleigh-Ritz method, the transverse displacement of
plate Wðx; yÞ can be written as

Wðx; yÞ ¼
X1
m¼1

X1
n¼1

XmðxÞYnðyÞ; ðA-3Þ

in which XmðxÞ and YnðyÞ denote the shape functions describing the
modes of vibration along the x and y directions, respectively. The
assumed shape functions must satisfy the boundary conditions of
the plate. In this paper the clamped and immovable boundary con-
ditions at all of the edges of the rectangular plate are considered,
which are expressed as

Wðx; yÞ ¼ @Wðx; yÞ
@x

¼ 0 at x ¼ 0 and lx; ðA-4aÞ

and

Wðx; yÞ ¼ @Wðx; yÞ
@y

¼ 0 at y ¼ 0 and ly: ðA-4bÞ

By using beam characteristic functions having the boundary
conditions of the plate, the following shape functions are obtained
[33]

XmðxÞ ¼ cosh
kmx
lx

� �
� cos

kmx
lx

� �� �

� coshðkmÞ � cosðkmÞ
sinhðkmÞ � sinðkmÞ sinh

kmx
lx

� �
� sin

kmx
lx

� �� �
; ðA-5aÞ

YnðyÞ ¼ cosh
kny
ly

� �
� cos

kny
ly

� �� �

� coshðknÞ � cosðknÞ
sinhðknÞ � sinðknÞ sinh

kny
ly

� �
� sin

kny
ly

� �� �
: ðA-5bÞ

where the values of km and kn are calculated as roots of Eqs. (A-6a)
and (A-6b), respectively.

coshðkmÞ cosðkmÞ � 1 ¼ 0; ðA-6aÞ

coshðknÞ cosðknÞ � 1 ¼ 0: ðA-6bÞ
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