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A method based on the combination of the (u,p) formulation and the finite element approach is proposed
for calculating the transmission loss of double-wall active sound packages with porous-material cores in
a rectangular tube. The (u,p) formulation based on the displacement in the solid phase and the pressure in
the fluid phase is rewritten to investigate sound propagation in porous materials, and the coupled bound-
ary conditions and related parameters involved are given. The transmission loss of the double-wall active
sound packages excited by a plane wave is calculated via the COMSOL environment with passive and
active control. Moreover, a two source-location method is developed to measure the transmission loss
of these double-wall active sound packages in a rectangular tube. Some results from numerical examples
are shown to be in good agreement with the measured data. It is concluded that with active control, the
transmission loss of double-wall active sound packages can be improved by more than 10 dB around res-
onance frequencies.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Finite multilayer systems are widely used for noise control in
automobiles, aircrafts, buildings and other engineering applica-
tions. A particular example of such multilayer systems is a double-
wall structure, which is composed of two elastic plates (called an
‘excited plate’ and a ‘radiating plate,’ respectively) and a core, such
as an air gap or highly dissipative medium. Indeed, porous material
has been commonly used as a passive core for reducing both struc-
tural and airborne sound in double-wall systems because of its abil-
ity to dissipate acoustical energy in the medium. Nevertheless, it is
well known that such double-wall passive packages with porous-
material cores are efficient enough at medium and high frequencies
but exhibit poor performance at low frequencies, where the reso-
nance inherent to the layer distribution occurs. As an alternative
to passive control, active control appears to be a possible approach
for remedying this problem. Since active control was proposed by
Leug [1], many researchers have proceeded to use it to reduce struc-
tural vibration and acoustic transmission at low frequencies and
some progress has been achieved [2–15]. Guigou and Fuller [5]
and Johnson and Fuller [6] introduced a smart skin for reducing
the noise transmitted into an aircraft, using an efficient piezoelec-
tric actuator as a secondary source. Pan and Bao [7] presented a the-
ll rights reserved.
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oretical model for active control of sound transmission through
double-panels, in which three different control arrangements were
investigated. Using control loudspeakers inside the air gap, Fonseca
et al. [8] experimentally demonstrated that active sound transmis-
sion reduction could be achieved by reducing the energy transmis-
sion through the gap. After a few years, Carneal and Fuller [10]
developed a robust analytical model of a simply supported plate-
air-plate system, finding an optimal position for piezoelectric
patches. Lee and his colleagues [13] demonstrated some experi-
mental results obtained with a hybrid concept involving a dou-
ble-plate panel with a porous-material core and active control.
Over the past decade, the LMFA, Centre Acoustique, at École Cent-
rale de Lyon has developed a design for a hybrid broadband absorb-
ing liner that combines the passive properties of absorbent
materials with active control [15]. The sound transmission perfor-
mance of these double-wall active sound packages is of utmost
importance for noise control, and the demand for tools to predict
their acoustical and structural behavior has increased considerably.

Due to the biphasic nature of a porous material, the character-
ization of its acoustical behaviour is crucial to predict the acousti-
cal performance of double-wall systems with porous-material
cores. For high-frequency excitation or porous materials attached
to a rigid wall structure, the porous material is often considered
as an equivalent fluid with an effective density and bulk modulus
[16]. This type of modeling applies to porous materials having
either a rigid skeleton (i.e., motionless) or a very limp skeleton
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[17–19]. In this case, only one compression wave propagates in the
air-saturated medium, and five important parameters are needed
to define the equivalent density and the equivalent impedance:
porosity, resistivity, tortuosity, viscous length and thermal length
[20]. Hence, Helmholtz’s equation is a governing equation in the
porous material.

For low-frequency excitation or porous materials attached to an
elastic plate, the porous material bears three basic waves propagat-
ing simultaneously in the solid and fluid phases: two compression
waves and one shearing wave. In this case, the elasticity of the
skeleton should be considered, and the strong coupling between
the solid and fluid phases cannot be ignored. The mechanical
behavior of poroelastic materials has been established by Biot’s
theory describing the propagation of elastic waves [21]. For several
decades, many efforts were made to adapt Biot’s theory to specific
acoustic problems in porous materials using the finite element
method [22–28]. Following these works, the equations of dynamic
equilibrium of the porous medium were solved in terms of the so-
lid and fluid displacements: u describing the displacement of the
solid phase, and U describing the displacement of the fluid phase.
The first model [25,26], motivated by biomedical and geomechan-
ical problems, was based on classical plate theory with Kirchhoff’s
assumptions and the (u,U) formulation of Biot’s relations. More re-
cently, Leclaire et al. [27] used the (u,U) formulation of Biot’s equa-
tions to derive two equations of equilibrium for the porous plate.
The main advantages of this model are the simplicity of the equa-
tions and the fact that they can be solved under boundary condi-
tions other than simply supported edges. This model has been
validated by experiments on high-density clamped porous plates
[28]. For simple one-or two-dimensional structures, the vibro-
acoustic responses can be accurately calculated by the finite ele-
ment method with the (u,U) formulation; however, for complex
three-dimensional structures, at least six degrees of freedom per
node are required to calculate the vibration response, which leads
to cumbersome calculations for large finite element models and
spectral analysis.

To alleviate these difficulties, a mixed formulation using the
displacement of the solid phase and the interstitial fluid pressure
as variables was proposed by Atalla et al. [29]. This formulation,
called the (u,p) formulation, seems more suitable for large finite
element models and requires only four degrees of freedom per
node. Lately, the strain couplings between the fluid and solid
phases of porous materials have been derived according to the con-
tinuity of the solid-phase displacement vector and the interstitial
fluid pressure [30]. However, because of the biphasic nature of por-
ous materials, in the case of broadband source excitation, excessive
computing difficulties persist in finite element models; hence, the
(u,p) formulation must be simplified according to the characteris-
tics of the solid and fluid media. Dazel et al. [31–34] proposed a
simplified ( u,p) formulation based on the dominant vibration
modes of porous materials; Bermudez [35] presented a simplified
finite element model for porous materials with a non-viscous
and pore-interlinked fluid medium; and Batifol [36] deduced the
partial differential equations of porous materials in the COMSOL
environment based on the ( u,p) formulation. Etchessahar et al.
used the (u,p) formulation of Biot’s equations in association with
the classical theory of plates to derive two coupled equations of
equilibrium of a homogeneous and isotropic poroelastic plate
[37,38]. This theory is valid in the case of porous materials as long
as the wavelength of the bending waves is much greater than the
size of the pores. Because of these simplified finite element models,
the (u,p) formulation has been widely used to model sound prop-
agation in porous materials.

Another effective approach to predicting transmission loss is di-
rect measurement. Generally speaking, the reverberation room
method [39] and the standing wave tube method [40] are the
two most useful methods that have been widely applied to mea-
sure the acoustical properties of a certain material. In fact, the
reverberation room method provides authoritative test results,
but it is difficult to apply. This method not only takes time but also
requires some specialized equipment, such as a reverberation
room and a high-quality microphone. In addition, this method re-
quires the dimensions of the tested structure to be somewhat
large.

To remedy the drawbacks of the reverberation room method, the
standing wave tube method, which can measure the acoustic prop-
erties of small-dimensioned structures, has also been used widely
and adopted as an ISO standard [40]. Apfel et al. [41] developed a
new laboratory method to evaluate the acoustical properties of
expandable sealants and other automotive sealants in the standing
wave tube. Song and Bolton [42] described a two-microphone
standing wave tube method for evaluating the acoustical properties
of homogeneous and isotropic porous materials based on the trans-
fer matrix method. Zhu et al. [43–45] proposed a four-microphone
method to measure sound transmission loss in the standing wave
tube. This method can separate the transmission wave from the re-
flected wave in the absorbent end and improve the precision of the
measurement in the low-frequency range.

Nevertheless, the major drawback of the standing wave tube
method is that an anechoic termination is required. In principle,
an anechoic termination could be constructed using a long exhaust
tube, highly absorbent materials, horn-shaped pipes or an active
anechoic termination [46]. However, a fully anechoic termination
is difficult to build, particularly one that is effective at low frequen-
cies. Thus, two alternative measurement approaches, which do not
require an anechoic termination, are considered: the two-load
method [47] and the two source-location method [48]. Both meth-
ods are realized by measuring acoustic pressures at four fixed loca-
tions, two upstream and two downstream of the tested structure,
with a different load (two-load method) or a random source
(two-source-location method) on both sides of the test tube. Then
the four-pole parameters of the tested structure are calculated by
means of a dual-channel FFT analyzer and time-domain ensemble
averaging. The two-load method suffers from an additional disad-
vantage in that the two loads may not be sufficiently different at all
frequencies of interest, so the two source-location method is much
more stable and entirely independent of the loading terminations.

This study aims to develop a finite element model of double-wall
active sound packages with the (u,p) formulation in the COMSOL
environment based on Batifol’s accomplishments [36]. The partial
differential equation of the porous material is described with the
COMSOL formulation, and the couplings between the porous mate-
rial and the air gap, between the porous material and the elastic
plate, and between two different porous materials are formulated
in COMSOL environment. The model is validated by describing
the normal surface impedance for the analytically solved case of a
one-dimensional porous material with three boundary conditions:
bonded to a rigid wall, attached with a layer of air, and under an ac-
tive control condition with zero pressure in the rear of the porous
medium. Secondly, the dynamic responses of some double-wall ac-
tive sound packages, in which piezoelectric patches are added onto
the excited plate to serve as secondary vibrational sources and en-
hance the sound packages’ effectiveness at low and/or resonance
frequencies, are studied. The properties of different layers in these
double-wall active sound packages are tested and compared to
the numerical results in the COMSOL environment. Lastly, the
sound transmission performance of the double-wall active sound
packages is described in terms of transmission loss (TLdB) and vali-
dated by experimental data obtained in the tube with the two-
source-location method [48], using a dSPACE-DS1103 controller
implemented with Simulink to find the optimal value of the
secondary sound source.
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2. Theories

2.1. The (u,p) formulation for poroelastic medium

The motion of poroelastic media can be described by the mac-
roscopic displacement of the solid phase and the sound pressure
of the fluid phase represented respectively by u and p. This classical
displacement–pressure (u,p) formulation, proposed by Atalla et al.
[29] based on Biot’s poroelasticity equation, can be written in the
form of

r � r̂sðusÞ þx2 ~qus þ ~crp ¼ 0; ð1-aÞ
r2pþx2 ~q22p=R�x2ð~q22~c=/2Þr � us ¼ 0; ð1-bÞ

where the tilde symbol indicates that the associated physical prop-
erty is complex and frequency dependent. In Eq. (1), x is the angu-
lar frequency, us and p respectively denote the solid macroscopic
displacement vector and the fluid sound pressure. r̂s denotes the
modified partial stress tensor associated with the skeleton particle
and only depends on the displacement of the solid phase. / stands
for the porosity defined as the ratio between the volume of the fluid
phase and the total volume of the porous material, ~q22 is the mod-
ified Biot’s density of the fluid phase accounting for viscous dissipa-
tion. ~q is an effective density given by ~q ¼ ~q11 � ~q12ð Þ2=~q22 where
~q11 is the modified Biot’s density of the solid phase accounting for
viscous dissipation. ~q12 is the modified Biot’s density which ac-
counts for the interaction between the inertia forces of the solid
and fluid phases together with viscous dissipation. The coefficient
~c is given by ~c ¼ /ð~q12=~q22 � Q=RÞ where Q is an elastic coupling
coefficient between the two phases; R is interpreted as the bulk
modulus of the air occupying a fraction of the unit volume
aggregate.

In consequence, Eq. (1-a) is the solid phase equation in terms of
the (u,p) formulation, and the first two terms represent the elasto-
dynamic equation of the material in vacuo. Eq. (1-b) is exactly the
classical equivalent fluid equation for absorbing media, and the
first two terms represent the dynamic behavior of the material
when its frame is supposed motionless. The third term in both
equations couple the dynamic of the two phases.

2.2. The finite element model for poroelastic medium

The acoustic wave propagation in the double-wall active sound
package is calculated by the finite element method and corre-
sponding models can be founded in Comsol environment. Comsol
provides powerful application modes for acoustic, piezoelectric
and elastic problems, but it does not currently provide a specific
application mode for the poroelastic medium. Since the coupling
between the fluid and solid phases occurs in the poroelastic med-
ium, the partial differential equation (PDE mode) provided by
Comsol is chosen for modeling the poroelastic material [36]. The
partial differential equation can be rewritten here as follows:

C � r ¼ F

� C � n ¼ Gþ ð@L=@UÞT l

0 ¼ L;

ð2Þ

Here, U is the vector of unknowns and C, F, G, L are PDE coefficients
depending on U or its differentiation, L and G represent the
‘Dirichlet’ and ‘Neumann’ vector respectively, l denotes the
Lagrange multiplier; n is the outward normal unit vector. The first
term in Eq. (2) is the partial differential equation of variable U,
and the last two terms denote respectively the Dirichlet and Neu-
mann boundary condition of porous materials.

In Cartesian coordinate system, the displacement of the solid
phase is presented by us = (u,v,w), whereas the pressure of the
fluid phase is described by p. Comparing the first term of Eq. (2)
to Eq. (1), C and F can be written as follows:

C ¼
Cij

C4j

� �
¼

r̂sðusÞ
rp

� �
; ð3Þ

F ¼
Fi

F4

� �
¼ �x2 ~qus � ~crp
�x2 ~q22p=Rþx2ð~q22~c=/2Þr � us

" #
; ð4Þ

According to the definition in Ref. [29], the expression of r̂sðusÞ
can be written as

r̂sðusÞ ¼ ðA� Q2=RÞr � us þ 2Nes; ð5Þ

where A is the Lamé coefficient for the elastic solid.
Defining us

k;k ¼ r � us ¼ @u=@xþ @v=@yþ @w=@z ¼ ux þ vy þwz;

C and F can be rewritten in details as

C ¼

2Nux þ bAus
k;k Nðuy þ vxÞ Nðuz þwxÞ

Nðuy þ vxÞ 2Nvy þ bAus
k;k Nðwy þ vzÞ

Nðuz þwxÞ Nðvz þwyÞ 2Nwz þ bAus
k;k

px py pz

2666664

3777775; ð6Þ

F ¼

�x2 ~qu� ~cpx

�x2 ~qv � ~cpy

�x2 ~qw� ~cpz

�x2 ~q22p=Rþx2 ~q22~cus
k;k=/

2

266664
377775; ð7Þ

Here bA ¼ A� Q2=R, N is shearing modulus of the poroelastic med-
ium; the subscripts ‘x’, ‘y’ and ‘z’ represent the derivation of x, y, z.

2.3. Coupling boundary conditions

The poroelastic/air, poroelastic/elastic and poroelastic/poroelas-
tic couplings will be presented in this section. Simpler boundary
conditions (a rigid wall, imposed pressure, imposed displacements)
can be directly derived from these formulations, described below.

2.3.1. Poroelastic/air coupling
In the case of a poroelastic medium linked to an acoustic med-

ium, Eq. (8) describes the continuity conditions of the total normal
stress, acoustic pressure and fluid flow [30].

rt � n ¼ �pa � n
p ¼ pa

ð1� /Þus � nþ /Uf � n ¼ ðq0x
2Þ�1rpa � n:

ð8Þ

Here, pa is the pressure in the acoustic medium, rt is the total stress
tensor in the poroelastic material, Uf is the displacement of the fluid
phase in the (u,U) formulation, and n is the outward normal unit
vector.

The detailed expressions for Uf and rt were given by Atalla et al.
[29] as follows:

Uf ¼ ð/=x2 ~q22Þrp� ð~q12=~q22Þus; ð9Þ

rt ¼ rtðus;UfÞ ¼ rsðus;UfÞ þ rfðus;UfÞ
¼ r̂sðusÞ � /ð1þ Q=RÞp: ð10Þ

Using Eq. (10), the first two equations of Eq. (8) can be transformed
into

r̂sðusÞ � n ¼ �½1� /ð1þ Q=RÞ�pa � n
rp � n ¼ rpa � n ¼ 0
p� pa ¼ 0:

ð11Þ
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Substituting Eq. (9) into the third equation of Eq. (8) gives the
correct normal acceleration as written in Eq. (12).

rpa � n=q0 ¼ x2½us � nð1� /ð1þ ~q12=~q22ÞÞ� þ ð/2=~q22Þrp � n;
ð12Þ

Eq. (12) shows that the coupling effect between a porous mate-
rial and an air gap behaves as acceleration into the air layer.

By comparing Eq. (11) with the last two terms of Eq. (2), the
well-formulated vectors G and L can be expressed as

G ¼

½1� /ð1þ Q=RÞ�panx

½1� /ð1þ Q=RÞ�pany

½1� /ð1þ Q=RÞ�panz

0

26664
37775; L ¼

0
0
0
p� pa

26664
37775: ð13Þ
2.3.2. Poroelastic/elastic coupling
Suppose the poroelastic material is bonded onto an elastic solid,

enforcing total continuity between the solid phase and elastic dis-
placements. The continuities of the total normal stress, displace-
ment and no fluid flow at the interface are conserved as follows
[30]:

rt � n ¼ re � n
us ¼ ue

Uf � n� us � n ¼ 0;

ð14Þ

Here, re is the total stress tensor in the poroelastic material.
Eq. (14) can be rewritten as follows by substituting (9) and (10):

r̂sðusÞ � n ¼ /ð1þ Q=RÞp � nþ re � n
rp � n ¼ x2=/ð~q12 þ ~q22Þus � n
ue � us ¼ 0:

ð15Þ

By comparing Eq. (15) to the last two terms of Eq. (2), the well-
formulated vectors G and L can be expressed as

G¼

�/ð1þQ=RÞpnx� re
xxnxþre

xynyþre
xznz

� �
�/ð1þQ=RÞpny� re

xynxþre
yynyþre

yznz

� �
�/ð1þQ=RÞpnz� re

xznxþre
yznyþre

zznz

� �
�ðx2=/Þð~q12þ ~q22ÞðunxþvnyþwnzÞ

266666664

377777775; L¼

ue�us

ve�vs

we�ws

0

26664
37775:

ð16Þ
Hp

Hs

impV

wp+ws

A

inP

Fig. 1. The transfer function schematic of double-wall active systems.
2.3.3. Poroelastic/poroelastic coupling
In the case of a poroelastic medium linked to another poroelas-

tic medium, the continuity conditions of the total normal stress,
the displacements of the solid and fluid phases and the fluid flow
can be described by the following equation [30]:

rt
1 � n ¼ rt

2 � n
us

1 ¼ us
2

ps
1 ¼ ps

2;

/1 Uf
1 � n� us

1 � n
� �

¼ /2 Uf
2 � n� us

2 � n
� �

:

ð17Þ

Substituting Eqs. (9) and (10) into (17), for the poroelastic med-
ium 1, yields

r̂s
1ðus

1Þ � n ¼ r̂s
2ðus

2Þ � nþ /1 1þ Q 1

R1

� �
� /2 1þ Q2

R2

� �� �
p1 � n;

rp1 � n ¼ x2 /2
2

/2
1

rp2 � nþx2 ~qð1Þ12 þ ~qð1Þ12

/2
1

�
~qð2Þ12 þ ~qð2Þ12

/2
2

 !
us

1 � n:

ð18Þ
For the poroelastic medium 2:

r̂s
2ðus

2Þ � n ¼ r̂s
1ðus

1Þ � nþ /2 1þ Q 2

R2

� �
� /1 1þ Q 1

R1

� �� �
p2 � n

rp2 � n ¼ x2 /2
1

/2
2

rp1 � nþx2 ~qð2Þ12 þ ~qð2Þ12

/2
2

�
~qð1Þ12 þ ~qð1Þ12

/2
1

 !
us

2 � n:

ð19Þ

By comparing Eqs. (18) and (19) to the last two terms of Eq. (2),
the well-formulated vectors G and L can be expressed as

G1 ¼ �A1C2 � n� B1; ð20Þ
G2 ¼ �A2C1 � n� B2; ð21Þ

L1 ¼ �L2 ¼ u1 � u2 v1 � v2 w1 �w2 p1 � p2½ �T ; ð22Þ

in which the matrices A1, A2, B1, B2 are written as detailed in the
Appendix A.

2.4. Active control

For active control, the surface pressure of the acoustic wave at
the center of the radiating plate (point A in Fig. 1) has been chosen
as the control objective instead of the vibration displacement at
point A, because some vibrational modes of this plate cannot be
controlled by using the central vibration displacement as the
objective function. In the COMSOL environment, a piezo solid
mode is used to model the piezoelectric patches glued onto the
two sides of the excited plate. Supposing that Pin is the pressure
of the incident acoustic wave and Vimp is the voltage imposed on
the piezoelectric patches, the active behavior of the double-wall
active sound package can be obtained in three steps under the con-
dition that this sound package is a linear system. Fig. 1 shows the
transfer function schematic of double-wall active systems.

(1) Pin = P0, Vimp = 0
The pressure Pin of the incident acoustic wave is chosen to be
P0, and the voltage Vimp is zero, that is, the active control is
turned off. The surface pressure of the acoustic wave at the
radiating side can be calculated and represented as wp(x).
Then the first transfer function of the incident wave can be
written as
HpðxÞ ¼
wpðxÞ

P0
: ð23Þ
(2) Pin = 0, Vimp = V0

In this step, no more incident wave is transmitted into the
double-wall active sound package, and an electric potential
V0 applied to the piezoelectric patches is imposed on the
excited plate. Once again, the surface pressure of the acous-
tic wave at the radiating side can be calculated and repre-
sented as ws(x). Therefore, the second transfer function of
the secondary sound source can be written as
HsðxÞ ¼
wsðxÞ

V0
: ð24Þ
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(3) Pin = P1, Vimp = Vs

Finally, an incident acoustic wave pressure of P1 is imposed,
and the optimal voltage exciting the plate is calculated to be
VsðxÞ ¼ �
HpðxÞ
HsðxÞ

P1: ð25Þ
Therefore, the displacement or surface pressure of the acoustic
wave at the radiating side can be reduced significantly.

2.5. Transmission loss

The acoustic performance of the double-wall active sound pack-
ages is described by the transmission loss as defined in Eq. (26).

TLdB ¼ 10 lgðWi=WtÞ; ð26Þ

where Wi and Wt are the amplitudes of the incident and transmitted
wave energies, respectively. In the COMSOL environment, only
plane waves under normal incidence are considered, and no reflec-
tion occurs in the rear of the packages.

3. Experiment

A transmission-loss measurement was carried out in a rectan-
gular tube to validate the finite element models of the double-wall
active sound packages. The cross-section of the rectangular tube
was 66 � 66 mm2, and its cut-off frequency was 2500 Hz, which al-
lowed the transmittance of a normal plane wave in the tube. The
secondary acoustic source was controlled by the classical FXLMS
algorithm implemented on a dSPACE-DS1103 controller with Sim-
ulink. Only one error sensor located on the front of the radiating
plate was used for active control.

3.1. The measurement with a two source-location method

The two source-location method was applied to measure the
scattering matrix of the sound packages, from which the transmis-
sion loss could be calculated. The measurement characterization of
the two source-location method is shown in Fig. 2. The definition of
the scattering matrix is provided by Eq. (27), which gives the linear
relationships between the incoming pressure wave vector {P+(zup),
P�(zdn)}T and the outgoing pressure wave vector {P�(zup),P+(zdn)}T.

P�ðzupÞ
PþðzdnÞ

� 	
¼ ½D�2�2

PþðzupÞ
P�ðzdnÞ

( )
; ð27Þ

Eq. (27) shows that the incoming and outgoing pressures on
both sides of the samples are needed to calculate the scattering
matrix. Microphones, however, measure the total sound pressure;
hence, at least two measuring points on each side are required to
separate the incoming and outgoing pressures from the total pres-
sure. However, due to the presence of standing waves in the tube,
the spacing between the two measuring points cannot be equal to
an integer multiple of the half-wavelength of the broadband noise
Fig. 2. The measurement of tw
excitation, and the spacing must also satisfy the condition d < 2c0/
5fmax [48], where c0 is the sound speed and fmax is the maximum
measuring frequency. In addition, if some measuring points are
adjacent to the nodes of some singularity frequencies, the mea-
surement error will be increased due to the low signal-to-noise
ratio (SNR); hence, additional measuring points should be set on
both sides of the tested structure to eliminate this phenomenon.
In this study, four measuring points on each side were used, and
the scattering matrix was calculated by the expression as follows:

½D�2�2 ¼ ½P
out�2�2:½P

in��1
2�2: ð28Þ

Here,

½Pout�2�2 ¼
P�ð1ÞðzupÞ P�ð2ÞðzupÞ
Pþð1ÞðzdnÞ Pþð2ÞðzdnÞ

" #
2�2

and

½Pin�2�2 ¼
Pþð1ÞðzupÞ Pþð2ÞðzupÞ
P�ð1ÞðzdnÞ P�ð2ÞðzupÞ

" #
2�2

;

where P±(i)(zup) and P±(i)(zdn) represent the incoming and outgoing
waves in the ith excitation source, i = 1,2.

PþðzupÞ
P�ðzupÞ

( )
¼ ½Mdup�H2�4 � ½Mdup�4�2

h i�1
� Mdup
 �H

2�4 � Pðzup
i Þ

� 
4�1;

ð29Þ

PþðzdnÞ
P�ðzdnÞ

( )
¼ ½Mddn�H2�4 � ½Mddn�4�2

h i�1
� ½Mddn�H2�4 � Pðzdn

i Þ
� 

4�1:

ð30Þ

Here, the superscript H denotes the conjugate transpose, and Pðzup
i Þ

and Pðzdn
i Þ represent the pressures measured by the ith microphone,

i = 1, . . ., 4. In the following expressions, d1, . . ., d3 are the spacing
measurements between the microphones:

½Mdup�4�2 ¼
1 ejkd1 ejkd2 ejkd3

1 e�jkd1 e�jkd2 e�jkd3

" #T

;

½Mddn�4�2 ¼
1 e�jkd1 e�jkd2 e�jkd3

1 ejkd1 ejkd2 ejkd3

" #T

: ð31Þ

Therefore, the transmission loss can be calculated from the D21

element of the scattering matrix, which is the transmission coeffi-
cient in the positive z direction.

TL ¼ 10 lgð1=jD21j2Þ: ð32Þ
3.2. Experimental disposition

The experimental apparatus consisted of four parts: the source,
the test section, the control system and the data processing. The
two sources used in the experiments generated white noise signals
with an emission band of 50–2000 Hz, and one of the sources
o source-location method.
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located on the upstream of the test section was the primary source.
The piezoelectric ceramics that were added onto the excited plate
behaved as the secondary source.

The tested structure was installed in the test section, and each
layer of the structure was fixed on a frame that could slide freely
in the tube. These frames could be used to isolate air layers with
different thicknesses and quickly form different multilayer active
acoustic structures. The radiating and excited plates each had an
area slightly larger than the cross-section of the tube, and the
two plates were adhered to the frame, whereas the porous material
had the same cross-section as the tube and was simply embedded
in the frame.

In the two source-location measurement, a Siglab dynamic sys-
tem analyzer generated the broadband noise signals and then
transmitted them to source 1 or source 2. In the active-control sce-
nario, the error sensor signal was amplified and filtered, and then it
was controlled by the classical FXLMS algorithm implemented on a
dSPACE-DS1103 controller with Simulink to determine the control
signal. Fig. 3 shows the characterization of the control system and
data processing. The microphones used for the acoustic pressure
measurements were B&K 1/4 4939-type. The pressure signals were
pre-amplified with a gain of 10 dB.

3.3. The error analysis of measurements

In this section, the measurement error of the two-source-loca-
tion method is analyzed to ensure that the transmission loss calcu-
lated by the measured pressures is accurate and valid. In effect, the
transmission loss is obtained by measuring the pressures on both
sides of the tested structure; hence, the error on TLdB depends on
the measurement error on the pressures. Eqs. (29) and (30) show
that the incoming and outgoing waves on both sides of the tested
structure are related to the microphones’ errors and their position
errors; however, the position error is negligible, so only the micro-
phone errors must be considered. For convenience of analysis, con-
sidering only the two measuring points on each side, the vectors
[Mdup] and [Mddn] can be rewritten as

½Mdup�2�2 ¼
1 1

ejkd1 e�jkd1

� �
; ½Mddn�2�2 ¼

1 1
e�jkd1 ejkd1

� �
: ð33Þ

The incoming and outgoing waves on the left side of the tested
structure (the right side can be treated similarly) can be formu-
lated as
Amplifier

Amplifier

SigLab

Source 1

Piezoelectric 
patches

Two source-loca

microphone Sample

Fig. 3. The characterization of the con
PþðzupÞ
P�ðzupÞ

" #
¼ ½Mdup��1

2�2: Pðzup
i Þ

� 
2�1 ¼

1
2 sin kd1

e�jkd1 1
ejkd1 1

" #
Pðzup

1 Þ
Pðzup

2 Þ

" #
:

ð34Þ

It can be seen that Eq. (34) is solvable under the condition that
sin kd1 – 0, that is, the spacing d1 between the two microphones
cannot be an integer multiple of the half-wavelength. Otherwise,
Eq. (34) is insolvable, invalidating the measurement. Suppose

that P is the truth-value of Pðzup
1 Þ Pðzup

2 Þ

 �T and that its measuring

error is DP, which induces a calculated error DR of PþðzupÞ



P�ðzupÞ�T , for which the associated truth-value is R. If the matrix

½Mdup��1
2�2 is non-singular, the relation between the relative errors

of R and P can be expressed as [49]

0 6
kDRk1

kRk1
6

2
j sin kd1j

kDPk1

kPk1
: ð35Þ

Here, kk1 denotes the first norm of a matrix. Because
kDRk1
kRk1
¼ jDPþðzupÞjþjDP�ðzupÞj

jPþðzupÞjþjP�ðzupÞj , Eq. (36) can be obtained with an inequality

operation:

0 <
jDPþðzupÞj
jPþðzupÞj

6
4

j sin kd1j
kDPk1

kPk1
: ð36Þ

Similarly,

0 <
jDPþðzdnÞj
jPþðzdnÞj

6
4

j sin kd1j
kDPk1

kPk1
: ð37Þ

Suppose that TL is the truth-value of TLdB and that its calculated
value is TL⁄; the error DTL = TL � TL⁄ can be written as

DTL ¼ 20 lg
j1� DPþðzdnÞ=PþðzdnÞj
j1� DPþðzupÞ=PþðzupÞj

: ð38Þ

Eq. (38) can be further simplified [49]:

jDTLj 6 20 lg
1þ jDPþðzdnÞ=PþðzdnÞj
1� jDPþðzupÞ=PþðzupÞj

: ð39Þ

Suppose that ±ddB is the microphone error. Then, the corre-
sponding maximum relative error of the sound pressure can be
written as g = jDPj/jPj = 10d/20 � 1, and the range of DTL can be de-
duced from Eqs. (36), (37) and (39):

jDTLj 6 20 lg
1þ 4g=j sin kd1j
1� 4g=j sin kd1j

; ð40Þ
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Eq. (40) shows that DTL depends on kd1 and d; hence, the func-
tional description of their relationships can be drawn in the (0,p)
interval, as shown in Fig. 4. To ensure that DTL does not exceed
5 dB, the condition (0.3 + n)p 6 kd1 6 (0.7 + n)p must be satisfied
and the microphone error must be within ±0.5 dB. When the
microphone error is known, DTL reaches a minimum under the
condition that kd1 = (0.5 + n)p, n = 0, 1, . . .; therefore, the optimal
spacing between the microphones is 1/4 of the wavelength of the
frequency of interest.
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4. Numerical and experimental validations

In this section, the results of the numerical and experimental
evaluation of the sound transmission performance of the double-
wall active packages and their constituent layers are presented.
The numerical results obtained from the COMSOL environment
are validated by experiments, and the properties of the materials
used in this study are given in Table 1. For each structure, only
one quarter of the structure was modeled in COMSOL to reduce
the memory storage and time cost, and 5 � 5 � 1, 5 � 5 � 2,
5 � 5 � 2 and 4 � 4 � 1 3D meshes were applied, respectively, to
the plate, the air gap, the porous material and the piezoelectric
patches. Each type of element used in COMSOL was quadratic.
For each structure, the computational performance was good,
and the maximum computation time did not exceed 4 h.
Table 1
Materials’ properties for the double-wall structures.

Radiating plate
Thickness 0.2 mm
Mass density 7700 kg/m3

Young’s modulus 2.16e11 N/m2

Poisson’s ratio 0.27

Excited plate
Thickness 0.2 mm
Mass density 7700 kg/m3

Young’s modulus 2.16e11 N/m2

Poisson’s ratio 0.27

Piezo ceramic
Thickness 0.5 mm
Mass density 7760 kg/m3

Young’s modulus 9.6e10
Poisson’s ratio 0.34
Coupling (C/N) �2.14e�10
Relative permittivity 2109
Compliance (1/Pa) �7.107e�12
4.1. Sound leakage analysis

The rectangular tube used in the measurements was made of
steel with a thickness of 15 mm, and the upstream, downstream
and test sections were bonded by rivets, which could induce sound
leakage in the tube. Therefore, a measurement was carried out to
analyze the sound leakage in the condition that no test structure
was installed in the test section.
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0
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Fig. 6. Transmission loss of the radiating plate with simply support.
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Fig. 7. The configuration of the excited plate.
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Fig. 5 shows the modulus of the reflection and transmission
coefficients (D11 and D21) of the tube with no test structure in-
stalled. In this case, the ideal transmission coefficient would be
equal to one and the ideal reflection coefficient would be zero; be-
cause there was no test structure in the test section, no sound
should have been reflected and all acoustic waves should have
been transmitted. However, the measurement result shows that
the transmission coefficient was equal to 0.95 and that the reflec-
tion coefficient was near to 0.02 in the all-range frequency. Hence,
the crack between each section allowed 5% of the sound energy to
be leaked, and the remaining 95% of the sound wave could be
transmitted through the test structure. This sound leakage pro-
duced a �0.45 dB correction to the transmission loss, which is
slight and could be ignored in the measurements.
200 400 600 800 100
0

10

20

30

40

50

60

70

Frequen

TL
 / 

dB

a

b 

Fig. 8. Transmission loss of the excited plate wit

a b

Fig. 9. Porous material with three boundary conditions: (a) wi
4.2. The radiating plate

The radiating plate used in the double-wall active sound pack-
ages was a normal steel panel with a thickness of 0.2 mm. In the
COMSOL environment, only a quarter of this simple support plate
was modeled because of its symmetry, reducing the required
memory storage and calculation time. This radiating plate was ex-
cited by a normal plane wave, and its transmission loss results are
given in Fig. 6 for the numerical and experimental cases. The two
results show that the first resonance frequency of the radiating
plate was close to 250 Hz, and good agreement can be seen at
low frequency. However, some offset of the second resonance fre-
quency is noted; this may be because a thin aluminum sheet was
used to glue this plate to the framework of the test tube, which
0 1200 1400 1600 1800 2000
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FE Comsol model
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h simply support: (a) TL; (b) TL on average.

c

th a rigid wall; (b) with a layer of air; (c) active condition.



0 500 1000 1500 2000 2500
0

1

2

3

4

5

Frequency / Hz

 R
e 

(Z
s/

Z0
) 

0 500 1000 1500 2000 2500
-5

0

5

 Frequency / Hz

 Im
 (Z

s/
Z0

) 

Biot-Allard Theory
FE Comsol model

0 500 1000 1500 2000 2500
0

2

4

6

8

 R
e 

(Z
s/

Z0
) Biot-Allard Theory

FE Comsol model

a

b

Y. Hu et al. / Applied Acoustics 73 (2012) 323–337 331
may have changed the attributes of the plate and caused a shift in
the resonance frequency.

4.3. The excited plate

The configuration of the excited plate with piezoelectric patches
is shown in Fig. 7, and its parameters are also given in Table 1.
Fig. 8a presents the transmission loss in the experiment and the
simulation under the condition of no excitation of the piezoelectric
patches. With the piezoelectric patches glued onto the excited
plate, its first resonance frequency shifted to 320 Hz, and its trans-
mission loss was improved due to the piezoelectric patches
increasing the thickness of the excited plate as compared with
the radiating plate. Fig. 8b shows the transmission loss of the ex-
cited plate on average at the center frequency of 1/3 octave. It
shows that the experimental results and the simulation match
each other very well, and the discrepancy is less than 5 dB.

4.4. Porous material

In most problems, the hypothesis of a rigid skeleton for the por-
ous material is valid, and the medium behaves as a visco-thermal
equivalent fluid. However, this assumption is not adopted in this
work because the active control procedure must be efficient over
low frequencies, where strong coupling between the solid and fluid
phases occurs in the poroelastic material. In the COMSOL environ-
ment, a PDE model was used to model this poroelastic material.
The surface impedance Zs at normal incidence was calculated in
three boundary condition limits, as shown in Fig. 9: with a rigid
wall, with a layer of air and under the active control condition, that
is, with zero pressure at the rear of the poroelastic medium. In the
Biot–Allard theory, the surface impedance is calculated with Eqs.
(41)–(43). Zc, k and Z0, k0 are the impedances and wave numbers
of the porous material and the air layer, respectively.

(1) With a rigid wall, Fig. 9a
Frequency / Hz
5
Zs ¼ �j

Zc

/
cotðkhÞ: ð41Þ
Z0
) 
(2) With a layer of air, Fig. 9b
-5

0

 Im
 (Z

s/
Zs ¼
Zc

/
�jZa cotðkhÞ þ Zc

Za � jZc cotðkhÞ : ð42Þ

Here, Za = �jZ0cot(kd).

0 500 1000 1500 2000 2500
(3) Under the active control condition, Fig. 9c
Frequency / Hz
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Zs ¼

Zc

/
tanðkhÞ: ð43Þ
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 R
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(Z
s/

Z0
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However, in the COMSOL environment, Zs is defined as the ratio

of the acoustic pressure and the total velocity at the impinged face,
and it can be written as
Table 2
Parameters of porous materials (felt).

Thickness 25 cm
Porosity 0.93
Resistivity 23,150 rayls/m
Young’s modulus 12,000 Pa
Mass density 50 kg/m3

Tortuosity 1.1
Viscous length 44 lm
Thermal length 121 lm
Poisson ratio 0.06
ZsðxÞ ¼
p

jx /Uf
3 þ ð1� /Þus

3

� �
¼ p � jx

/
x2 ~q22

pz þ 1� / 1þ
~q12

~q22

� �� �
w

� �� 	�1

: ð44Þ

To confirm that the PDE model modeling this poroelastic mate-
rial was available in COMSOL, we calculated the ratio of the surface
impedance to the air impedance, Zs/Z0, by applying the Biot–Allard
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Fig. 10. Comparison of surface impedance in Biot–Allard theory and FE Comsol
model: (a) with rigid wall; (b) with a layer of 12 cm air; (c) active condition.
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theory to some examples, given in Table 2, which have been vali-
dated with experimental measurements [50]. By comparing to
the results obtained in COMSOL with the finite element method,
good agreement can be noted for the three boundary conditions,
as shown in Fig. 10.

The properties of the porous material used in this study as cores
for the double-wall active sound packages are shown in Table 3.
The acoustical performance curves of this porous material backed
by an air gap are shown in Fig. 11 for both the experiment and
the simulation. The first resonance frequency of this material
was about 360 Hz, and its absorption coefficient was excellent
(more than 0.8 for all frequencies of interest), whereas its trans-
mission loss was less than 8 dB. Good agreement between the
numerical and experimental results was obtained for the fre-
quency of interest, and the discrepancy between the two methods
does not exceed 1 dB.
Table 3
Parameters of the porous materials (felt).

Thickness 20 mm
Porosity 0.95
Resistivity 14,750 rayls/m
Shearing modulus 55,000 ⁄ (1 + j ⁄ 0.055) N/m2

Mass density 100 kg/m3

Tortuosity 1.1
Viscous length 37 lm
Thermal length 196 lm
Poisson ratio 0.3
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Fig. 11. The acoustical performance of the porous material.
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Fig. 12. The configuration of the double-wall structure with air gap.
4.5. Double-wall active sound packages

Some examples of double-wall active sound packages with dif-
ferent cores are presented in this section. The numerically and
experimentally determined transmission losses of these packages
are given, and both methods demonstrate that clear improvements
in the performance of the packages can be obtained by active
control.
Fig. 13. The error sensor signals in point A before and after active control.
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Fig. 14. Transmission loss of a double-wall structure with air gap in simulation
with passive and active control.
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Fig. 15. Transmission loss of a double-wall structure with air gap in experiment
with passive and active control.
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Fig. 16. Comparison in transmission loss of a double-wall structure with air gap in simulation and experiment: (a) passive; (b) active.
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Fig. 18. Transmission loss of a double-wall structure with porous material in
simulation with passive and active control.
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4.5.1. A double-wall structure with air gap
A configuration of a double-wall active sound package with an

air gap of 20-mm thickness is shown in Fig. 12. In this configura-
tion, we treated the air as an ideal medium, and therefore its
viscosity and damping were neglected. An error sensor was posi-
tioned in point A, and the experimental signals from this error
sensor both with and without active control are shown in Fig. 13.
Obvious reduction in transmission loss could be seen under active
control, and the cost time to reach the minimum pressure was
short.

In the COMSOL environment, 5 � 5 � 1, 5 � 5 � 2 and 4 � 4 � 1
3D meshes were applied to the plate, the air gap and the piezoelec-
tric patches, respectively. The numerical and experimental results
concerning the transmission loss of this double-wall structure with
both passive and active control, using the minimum pressure at
point A, are shown in Figs. 14 and 15. The resonance frequencies
of the double-wall structure were 340 Hz and 460 Hz, according
to the numerical results, while they were observed to be 350 Hz
and 440 Hz in the experiment; the relative error between the
two methods was less than 5%. The first resonance frequency is
the first mode frequency of the active plate, and the second reso-
nance frequency is the resonance frequency of the structure.
Fig. 14 shows that the active control should be valid up to
1600 Hz and that about a 15-dB improvement in the transmission
loss can be obtained at the resonance frequencies in the numerical
results; Fig. 15 shows that a gain of approximately 15 dB was ob-
tained near the resonance frequencies in the experiment and that
no improvement could be realized with active control at frequen-
cies greater than 500 Hz. The reason for this discrepancy is that
the active control was only operated at less than 500 Hz in the
experiment to avoid destroying the piezoelectric ceramic with high
Rigid wall

Rigid wall

porous

20mm

A

Fig. 17. The configuration of the double-wall structure with porous material.
voltage. It should be noted that no improvement was obtained at
frequencies below 100 Hz in the experiment due to the very low
voltage imposed on the piezoelectric ceramic, which meant that
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Fig. 19. Transmission loss of a double-wall structure with porous material in
experiment with passive and active control.
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Fig. 20. Comparison in transmission loss of a double-wall structure with porous material in simulation and experiment: (a) passive; (b) active.
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the excited plate could not vibrate as a secondary source at these
low frequencies, invalidating the active control. For the purpose
of clear illustration, Fig. 16 presents a comparison between the
numerical and experimental transmission-loss results. The com-
parison shows that without active control, the transmission loss
seen in the experimental measurement was in good agreement
with the numerical all-range frequency result of the finite element
method. With active control, the two results matched each other
very well at frequencies below 500 Hz.
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Fig. 21. The configuration of Cell A.
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Fig. 22. Numerical results of Cell A with passive and active c
4.5.2. A double-wall structure with porous material
The numerically and experimentally determined transmission

losses of the double-wall package after changing the air gap to a
porous-material core with the same thickness (see Fig. 17) are
shown in Figs. 18 and 19. In this configuration, the viscous damp-
ing of the porous material is represented by the dynamic viscosity
of air in the pores when modeling it in the (u,p) formulation. In the
COMSOL simulation, 5 � 5 � 1, 5 � 5 � 2 and 4 � 4 � 1 3D meshes
were applied to the plate, the porous material and the piezoelectric
patches, respectively. The minimum pressure at point A was still
used to define the active control condition. The resonance frequen-
cies of the double-wall structure were 340 Hz and 540 Hz, accord-
ing to the numerical results, while they were observed to be
320 Hz and 515 Hz in the experiment; the relative error between
the two methods was less than 7%. The first resonance frequency
is the first mode frequency of the active plate, and the second res-
onance frequency is the resonance frequency of the structure.
Fig. 18 shows that the active control should be valid up to
800 Hz and that about a 10-dB improvement in the transmission
loss can be obtained at the resonance frequencies in the numerical
results; Fig. 19 shows that a gain of approximately 10 dB was ob-
tained near the resonance frequency and that no improvement
was obtained at frequencies below 120 Hz in the experiment due
to the very low voltage imposed on the piezoelectric ceramic.
In addition, the numerical and experimental results in the
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ontrol: (a) transmission loss; (b) absorption coefficient.
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Fig. 23. Experimental results of Cell A with passive and active control: (a) transmission loss; (b) absorption coefficient.
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Fig. 24. Comparison of Cell A in simulation and experiment without active control: (a) transmission loss; (b) absorption coefficient.
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passive-control scenario show that the transmission loss at the res-
onance frequencies of the double-wall structure was noticeably
improved by the use of a porous-material core, as compared to that
achieved with an air–gap core. For the purpose of clear illustration,
Fig. 20 presents a comparison between the numerical and experi-
mental transmission-loss results. The comparison shows that with-
out active control, the transmission loss seen in the experimental
measurement was in good agreement with the numerical all-range
frequency result of the finite element method. With active control,
the two results matched each other very well at frequencies below
500 Hz.
4.5.3. A double-wall structure with several layers
A complex double-wall structure with several air gaps and por-

ous materials, named ‘Cell A’ (Fig. 21), is presented in this section.
The reason for choosing these layers is that this composition is effi-
cient for both absorption and insulation [51], because the porosity,
resistivity and thickness of the porous material and the air layer lo-
cated at the front of the excited plate strongly affect the sound
absorption and insulation performance of the double-wall struc-
ture. The transmission losses and absorption coefficients of Cell A
as determined by numerical simulation and experimental mea-
surement are shown in Figs. 22 and 23, respectively. The same
meshes as previously noted were applied to the layers, and the
minimum pressure at point A was still used to define the active
control condition. The resonance frequencies of the double-wall
structure were 320 Hz and 420 Hz, according to the numerical
results, while they were observed to be 325 Hz and 400 Hz in the
experiment; the relative error between the two methods was less
than 5%. The first resonance frequency is the first mode frequency
of the active plate, and the second resonance frequency is the res-
onance frequency of the structure. In the 300–500 Hz frequency
range, a 15-dB improvement could be achieved in the transmission
loss in both the numerical results and the experiment, whereas the
absorption coefficient exhibited a small offset in both results. In
addition, the absorption coefficient in both the numerical and
experimental results exceeded 0.6 at frequencies greater than
500 Hz. For the purpose of clear illustration, Fig. 24 presents a com-
parison between the numerically and experimentally determined
transmission losses and absorption coefficients. The comparison
shows that without active control, the transmission loss seen in
the experimental measurement matched well with the numerical
all-range frequency result of the finite element method. The
absorption coefficients of this structure evaluated by the two
methods matched each other very well, and the absolute error
did not exceed 0.1 at the frequency of interest.
5. Conclusions

The acoustical transmission performance of double-wall active
sound packages subjected to a plane wave excited in a rectangular
tube was studied via two approaches. In the numerical approach,
the poroelastic mixed (u,p) formulation was developed in the
COMSOL environment for modeling the porous-material layer of
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the double-wall active packages. Boundary conditions on the cou-
pling surfaces of the elastic, poroelastic and air layers were formu-
lated in COMSOL modes. In the experimental approach, a two
source-location method was applied to measure the transmission
loss of the double-wall packages, using piezoelectric ceramics as
the secondary source. It has been shown that the acoustical trans-
mission performance of double-wall active sound packages at their
resonance frequencies can be improved with active control, and
the numerical and experimental results agreed with each other
well.

Some experimental examples have been considered to illustrate
the theoretical results obtained in the COMSOL environment.
Firstly, the validity of the transmission loss of each layer in the
double-wall structures was demonstrated, and the surface imped-
ance of the porous materials was validated by Biot’s theory under
different boundary conditions. Secondly, it was both theoretically
and experimentally demonstrated that a gain of more than 10 dB
in the sound insulation performance of the double-wall active
sound packages can be obtained at the resonance frequencies with
active control. To ensure the minimum possible error on the mea-
surement of the transmission loss in the experiment, the micro-
phones were chosen to have a precision within ±0.5 dB, and their
spacing was set equal to 1/4 of the wavelength of the frequency
of interest.
Appendix A
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