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The energy transmission in a mechanically linked double-wall structure into an acoustic enclosure
is studied in this paper. Based on a fully coupled vibro-acoustic formulation, focus is put on
investigating the effect of the air gap and mechanical links between the two panels on the energy
transmission and noise insulation properties of such structures. An approximate formula reflecting
the gap effect on the lower-order coupled frequencies of the system is proposed. A criterion, based
on the ratio between the aerostatic stiffness of the gap cavity and the stiffness of the link, is proposed
to predict the dominant transmitting path, with a view to provide guidelines for the design of
appropriate control strategies. Numerical results reveal the existence of three distinct zones, within
which energy transmission takes place following different mechanisms and transmitting paths.
Corresponding effects on noise insulation properties of the double-wall structure are also
investigated. ©2005 Acoustical Society of America.@DOI: 10.1121/1.1886525#

PACS numbers: 43.20.Tb, 43.40.At@MO# Pages: 2742–2751
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I. INTRODUCTION

Double-wall structures are widely used in noise cont
engineering due to their superiority over single-leaf str
tures in providing better acoustic insulation. Typical e
amples include vehicles, partition walls in buildings and a
craft fuselage shells, etc. Early work can be traced bac
London,1 who discussed the sound transmission throu
double-leaf panels using a simplified model consisting
two identical walls. The model was then extended
Beranek,2 leading to the London–Beranek model for noi
transmission analysis of double walls with identical ma
Since then, the topic has received a great deal of atten
Various numerical techniques, such as the statistical en
analysis and the finite element approach, have been use
transmission calculation.3–5

A clear understanding of the energy transmission mec
nism between the two panels is of paramount importanc
the design of such structures. Among other parameters
air gap separating the two walls plays a critical role. A pra
tical method for estimating the sound transmission loss
double walls was presented by Iwashige and Ohta6 and was
applied to analyze the popular case of light panels with an
gap. Antonioet al.7 observed that the influence of the air g
on sound reduction was frequency dependent. At low
quencies a better performance was achieved using a th
air layer, while at higher frequencies a thinner air layer w
preferable. Meanwhile, filling the gap with porous sound a
sorbing materials to increase the sound insulation capab
of such structures has also been investigated.

Double-wall structures, however, are less efficient at l
frequency around the mass–air–mass resonance at whic
model for infinite panels reveals an out-of-phase motion

a!Author to whom correspondence should be addressed. Electronic
mmlcheng@polyu.edu.hk
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the two walls.8 Until quite recently, there has been a pers
tent effort to explore the potential of using active controls
increase the transmission loss of double-wall partitions
low frequencies.9–14 Literature review shows that most pre
vious studies used structures without any mechanical c
nections between the two walls. In such cases, sou
vibration energy is entirely transmitted through the air ga
i.e., from the acoustic transmitting path. In many applic
tions, however, there exist mechanical links to connect
two walls. As a result, energy might also be transmitted fr
the link, thus forming the structural transmitting path. In th
regard, Bouhioui investigated the effect of mechanical joi
on double wall systems using the finite element metho15

Bao and Pan experimentally examined the effect of the m
chanical path on the active control of noise transmission i
an acoustic cavity.16 Using a given configuration, they
showed that the existence of the structural transmitting p
presents formidable challenges to the control, in terms
both sensing arrangement and actuation mechanism. In
different transmitting paths~acoustic or structural! call for
different control strategies. If the acoustic transmitting pa
is dominant, acoustic treatment or controlling the sound fi
inside the gap would be a natural choice, whereas when
structural transmitting path is dominant, effort might be p
on reducing structural energy transmission. In a double-w
system, the energy transmission depends on many pa
eters such as the gap dimension, structural details and p
erties of the mechanical link. For a given configuration, u
fortunately, unless a complete vibroacoustic analysis
performed, which is rather complicated and computationa
demanding, there exists no simple rules to assess the rel
importance of each transmitting path to further guide
decision-making process in terms of control.

In this paper we attempt to bring some answers to
above mentioned problems. The configuration under inve
gation is a mechanically linked double-wall structure, radi
il:
17(5)/2742/10/$22.50 © 2005 Acoustical Society of America
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ing sound into a rectangular acoustic enclosure. Theore
development is first carried out, taking into account the f
coupling between different components~two panels, me-
chanical links, the gap cavity and the enclosure!. Numerical
studies are then conducted to investigate the coupling c
acteristics of the system, providing general information
energy transmission between different components. A sim
formula is derived to estimate the gap effect on the fun
mental frequencies of the coupled system. Effects of the
gap and the mechanical link on energy transmission betw
the two walls, and the noise insulation properties are stud
It is shown that the effect of the gap can roughly be rep
sented by an equivalent stiffness term, which is calcula
using parameters related to the gap cavity. A simple criter
based on the ratio between the aerostatic stiffness of th
gap and the stiffness of the mechanical link, is put forward
determine the dominant energy transmission path.

II. VIBROACOUSTIC MODELING

The structure under investigation, which comprises
double-wall structure connected to an acoustic enclosure
a mechanical link, is shown in Fig. 1. The double-wall stru
ture is composed of two homogeneous and isotropic rec
gular panels, which are simply supported along their bou
aries and separated by an air gap cavity with a volumeVg . A
mechanical link, located at (xm ,ym), connects the two panel
by its translational stiffness. The upper panel, called panea,
is subjected to external excitations; whereas the lower o
denoted as panelb, is coupled to the acoustic enclosure wi
a volumeVe . Apart from the surfaces occupied by the tw
panels,Aa andAb , all other surrounding walls of both the a
gap and the enclosure are acoustically rigid.

A brief description on the vibroacoustic modeling of th
coupled system is presented. For the two panels, the e
tions of motion under an external excitationP̃ can be de-
scribed as

FIG. 1. Schematic representation of a mechanically linked double-
structure.
J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005
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Da¹4wa1raha

]2wa

]t2
5 P̃2 f m•d~x2xm ,y2ym!

2Pg~zg50!, ~1!

for panela, and

Db¹4wb1rbhb

]2wb

]t2
5 f m•d~x2xm ,y2ym!

1Pg~zg5hg!2Pe~ze50!, ~2!

for panelb. In the above equations,wa , Da , ra andha are
the transverse displacement~positive downwards!, the flex-
ible rigidity, the density and the thickness of panela, respec-
tively. Symbols with subscriptb have the same meanings a
defined above but applied to panelb. Pg and Pe are the
acoustic pressures inside the air gap and the enclosure
spectively.P̃ can either be a point force or an acoustic pre
sure. In the former case, by neglecting the fluid loading
the emitter side of the system, a harmonic point force
amplitudeF0 applied at location (xe ,ye) is assumed,

P̃~x,y,t !5F0d~x2xe ,y2ye!e
ivt, ~3a!

in which d is the Dirac delta function. As to the latter, a
oblique incident plane wave is assumed. In general, the t
pressure acting on the panel can be decomposed into t
parts, i.e., the incident pressure, the reflected pressure w
the panel is assumed rigid and the radiated pressure du
the panel vibration. It is generally accepted that the radia
pressure is rather low compared to the other two com
nents. Therefore, by neglecting the radiated pressure tow
the outside and assuming equal magnitudes for the incid
and reflected pressure waves, the excitation pressure on
panel is twice the magnitude of the incident wave, known
blocked pressure:17

P̃~x,y,t !52P0 exp~ ivt2 ik0z cosf2 ik0x sinf cosu

2 ik0y sinf sinu!, ~3b!

where P0 is the amplitude of the incident pressure, andf
andu are the elevation angle and azimuth angle, respectiv
k05v/c0 is the wave number withc0 being the sound speed

In Eqs. ~1!–~2!, f m is the force produced by the me
chanical link, which can be simulated by a spring with
stiffnessKm as

f m5Km@wa~xm ,ym!2wb~xm ,ym!#. ~4!

In light of modal superposition theory,18 wa and wb can be
decomposed over their respective mode shape funct
wa,i j (x,y) andwb,i j (x,y) of panelsa andb as

wa~x,y,t !5(
i

(
j

wa,i j ~x,y!qa,i j ~ t !, ~5a!

wb~x,y,t !5(
i

(
j

wb,i j ~x,y!qb,i j ~ t !, ~5b!

whereqa,i j (t) and qb,i j (t) are the modal coordinates to b
determined. Substituting Eq.~5! into Eqs.~1!, ~2!, introduc-

ll
2743Cheng et al.: Energy transmission in a double-wall structure
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ing viscous damping terms and applying the orthogona
properties of shape functions yield

q̈a,kl~ t !12za,klva,klq̇a,kl~ t !1va,kl
2 qa,kl~ t !

5
1

ma,kl
H P̃wa,kl~xe ,ye!2 f mwa,kl~xm ,ym!

2E E Pgwa,kl dx dyJ , ~6!

q̈b,kl~ t !12zb,klvb,klq̇b,kl~ t !1vb,kl
2 qb,kl~ t !

5
1

mb,kl
H f mwb,kl~xm ,ym!1E E ~Pg2Pe!

3wb,kl dx dyJ , k51,...,M; l 51,...,N, ~7!

whereva,kl ~or vb,kl) andma,kl ~or mb,kl) are theklth natu-
ral angular frequency and the generalized mass of theklth
mode of panela ~or b!, respectively.

The acoustic pressurePg inside the gap cavity is gov
erned by the classical wave equation,

¹2Pg2
1

c0
2

]2Pg

]t2
50, ~8a!

with the constraint of the continuity of velocity on differen
parts of the cavity walls,

]Pg

]n
5H rẅa , on panel a,

2rẅb , on panel b,

0, on the rigid wall,

~8b!

where r is the equilibrium fluid density andn the normal
direction towards the outside. In general,Pg can also be
decomposed on the basis of acoustic mode shapescg, j as

Pg5(
j

cg, j pg, j~ t !, ~9a!

with

¹2cg, j52S vg, j

c0
D 2

cg, j , ~9b!

1

Vg
E

Vg

cg,icg, j dy5H 0 iÞ j ,

mg, j j , i 5 j ,
~9c!

wherepg, j (t), vg, j andmg, j j stand for thejth modal pressure
amplitude, angular frequency and the generalized mass o
gap cavity, respectively. The following Green’s theorem19

can then be used to transform the above wave equation
a set of ordinary differential equations:

E
Vg

~Pg¹2cg2cg¹2Pg!dy

5E
Aa

S Pg

]cg

]n
2cg

]Pg

]n Dds. ~10!

Substituting Eq.~9! into ~10! and introducing a moda
loss factorzg, j lead to the following set of acoustic equatio
for the gap cavity:
2744 J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005
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p̈g, j~ t !12zg, jvg, j ṗg, j~ t !1vg, j
2 pg, j~ t !

5
rc0

2

mg, j j Vg
FAa(

k
(

l
L j ,kl

ag q̈a,kl~ t !

2Ab(
k

(
l

L j ,kl
bg q̈b,kl~ t !G , j 51,...,ng ,

ng5ngx3ngy3ngz , ~11!

where (ngx ,ngy ,ngz) are the numbers of modes used
modal expansions for the gap cavity.L j ,kl

ag and L j ,kl
bg are the

modal coupling coefficients between thejth cavity mode of
the gap cavity and theklth structural mode of panelsa andb,
respectively:

L j ,kl
ag 5

1

Aa
E

Aa

cg, jwa,kl ds, L j ,kl
bg 5

1

Ab
E

Ab

cg, jwb,kl ds.

~12!

In the absence of mechanical links, the structural–acou
coupling occurs in a very selective way due to the ortho
nality of trigonometric functions involved in mode shap
functions. For instance, any symmetric mode of the pane
decoupled to an acoustic mode as long as the latter is a
symmetrical in one of the two directions parallel to the pa
surface.

Similarly, the acoustic pressurePe inside the enclosure
is expressed as

p̈e, j~ t !12ze, jve, j ṗe, j~ t !1ve, j
2 pe, j~ t !

5
rc0

2Ab

me, j j Ve
(

k
(

l
L j ,kl

be q̈b,kl~ t !, j 51,...,ne ;

ne5nex3ney3nez. ~13!

In Eq. ~13!, the quantities with the subscript ‘‘e’’ have the
same meaning as those defined before but apply to the
closure. In the case where the harmonic excitation is
sumed,

qa,kl~ t !5akle
ivt, qb,kl~ t !5bkle

ivt,

pg, j~ t !5cje
ivt, pe, j~ t !5dje

ivt. ~14!

Equations~6!, ~7!, ~11!, ~13! can be combined in matrix
form:

FH11 H12 H13 0

H21 H22 H23 H24

H31 H32 H33 0

0 H42 0 H44

G H A
B
C
D
J 5H Fa

0
0
0
J , ~15!

where H11,..., and H44 are coefficients calculated usin
expressions given in the Appendix.Fa is the generalized
force applied to panel a. AMN315$a11,...,aMN%T,
BMN315$b11,...,bMN%T, Cng315$c1,...,cng

%T, Dne31

5$d1,...,dne
%T.

Equation ~15! describes the vibroacoustic behavior
the coupled system, which can be used to calculate var
coefficients for constructing the displacement of each pa
and the acoustic pressures inside the air gap and the e
Cheng et al.: Energy transmission in a double-wall structure
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sure. It is evident that the formulation takes the full coupli
between different components of the system into accoun
reflected by the presence of termsH12,...,H42.

Two parameters, related to the vibration of the pan
and the acoustic field, are defined as follows.20

~1! Averaged quadratic velocitŷV2&,

^V2&55^V2&a5
v2

2Aa
E

Aa

wawa* ds, for panel a,

^V2&b5
v2

2Ab
E

Ab

wbwb* ds, for panel b,

~16!

where the asterisk denotes the complex conjugate of
quantity. In the following,̂ V2& is expressed in dB ref
erenced to 2.5310215m2/s2.

~2! Averaged sound pressure levelLp ,

Lp55
Lp,g510 log~^Pg

2&/Pref
2 !, for air gap,

^Pg
2&5

1

2Vg
E

Vg

PgPg* dy,

Lp,e510 log~^Pe
2&/Pref

2 !, for enclosure,

^Pe
2&5

1

2Ve
E

Ve

PePe* dy,

~17!

wherePref520mPa.

III. NUMERICAL RESULTS AND DISCUSSIONS

A double-wall structure with a dimension ofLL3LW
3ha50.530.3530.002 m3 for the upper aluminum plate,a,
and of LL3LW3hb50.530.3530.003 m3 for the lower
one, b, is used in numerical simulations. The depth of t
enclosure is set ashe50.55 m, while the depth of the air ga
hg varies to investigate the gap effect. The modal loss fac
are assumed as 0.005 for the two panels and 0.001 for
gap cavity and the enclosure.

The number of modes used for both structural displa
ment and sound pressure decomposition is the main fa
affecting the accuracy of the solution. In general, the ac
racy can be satisfied by increasing the number of modes
convergence is achieved in the frequency range of interes
the present case, a careful convergence study was carrie
by increasing the number for each variable involved in
modal expansion series, leading to the following selecti
~9,7,2! for the gap cavity,~9,7,8! for the enclosure and
~10,10! for the two panels.

A. Fundamental frequencies of the coupled system

Prior to detailed analyses on energy transmission
proper estimation of the aerostatic stiffness of the air ga
necessary. A good indication of the aerostatic stiffness of
air gap is the changes in the low-order natural frequencie
the coupled system due to the variation ofhg .

Upon assuming that only the mode~0,0,0! of the air gap
affects the system, the first natural frequency of a cav
backed panel~with a hard bottom! f coupled can be estimated
as20
J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005
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f coupled5S f in vacuo
2 1

1

4p2

rc0
2Aa

2L0,s
2

msVg
D 1/2

, ~18!

where f in vacuo is the fundamental frequency of the panelin
vacuo, ms is the generalized modal mass andL0,s the cou-
pling coefficient between thefirst panel modeand the mode
(0,0,0) of the cavity.

In the case of a double-wall structure, the stiffness of
air gap, seen by both panels, is frequency dependent. As
as low frequency modes are concerned, however, the e
of mode ~0,0,0! is overwhelming over other modes. Usin
Eq. ~18!, an aerostatic stiffness termKg can be defined as

Kg5
rc0

2Aa
2L0,s

2

Vg
. ~19!

Since the effect of the shallow gap on structural vibrati
surpasses that of the enclosure, a set of truncated equa
can be obtained from Eq.~15! by neglecting terms related t
the enclosure, while keeping those related to the first m
of each panel and mode~0,0,0! of the air gap. This operation
leads to the following frequency equation:

v42~va
21vb

21ea
21eb

2!v21~va
2vb

21eb
2va

21ea
2vb

2!50,
~20!

with

ea5A Kg

ma,11
, eb5A Kg

mb,11
, ~21!

whereva andvb are, respectively, thein vacuofundamental
angular frequencies of panelsa and b; ma,11 and mb,11 are
their corresponding generalized masses.

Solving Eq.~20! yields

v25~va
21vb

21ea
21eb

26Aeab!/2, ~22!

where

eab5~va
21vb

21ea
21eb

2!224~va
2vb

21eb
2va

21ea
2vb

2!.
~23!

Thus, for the coupled system, thefirst two natural frequen-
cies can be calculated by

f coupled5S f a
21 f b

2

2
1

1

8p2
•~ea

21eb
26Aeab!D 1/2

. ~24!

Equation~24! shows thatf coupleddepend on both the frequen
cies of the fundamental mode of each panel and the a
static stiffness of the air gap. It can been seen from Eqs.~19!,
~21! and~24! that a decrease ofhg leads to an increase ofea

andeb , and subsequently thef coupled. Figure 2 compares the
first fcoupledcalculated by Eq.~24! with the result obtained by
the full coupling analysis based on Eq.~15! in terms of
f coupled/ f a ( f a559.7 Hz) using differenthg /he . A good
agreement between the two curves shows the validity of
formula given by Eq.~24!. As a special case when panelb is
immovable, it can be mathematically shown that Eq.~24!
gives the same expression as Eq.~18!, the validity of which
is also shown in Fig. 2. In both cases, it can be seen that
derived formula gives a very good prediction on the chan
in f coupled caused by the air gap. A shallow gap increas
2745Cheng et al.: Energy transmission in a double-wall structure
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f coupled to a lesser degree if both panels are flexible. T
effect tends to be negligible whenhg becomes larger.

B. Mechanical excitation with subsections

1. General analysis

In this section, a harmonic exciting force with an amp
tude of 1 N is applied to panela at (0.4LL,0.4LW). To gain
basic understandings, a coupling analysis without mech
cal links is first investigated. The depth of the air gap is se
hg50.6he . The natural frequencies of the coupled syste
together with those of the corresponding uncoupled com
nents ~panelsa and b, the air gap and the enclosure! are
tabulated in Table I. A comparison between the two ca

FIG. 2. Frequency variation of thefirst vibration mode of panela with
hg /he varying from 0.05 to 2.
2746 J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005
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shows a significant alteration of the first two frequenci
dominated by panela andb, respectively, in agreement wit
the results presented in Sec. III A. It should be pointed
that for the coupled system, the values of the natural frequ
cies are determined from the peak locations of the for
response curves, instead of solving the coupled eigenv
problem. In order to identify the nature of a mode, the
sponses of each panel or the acoustic pressures of each c
at the resonant frequency of the coupled system are ca
lated. Contributions of each subsystem can therefore be id
tified to determine the dominant component. The classifi
tion of different types of modes in a coupled system has b
investigated previously.21 For the sake of convenience,
mode is loosely labeled as ‘‘mode dominated by one com
nent’’ to show the dominance of said component and
closeness of its natural frequency to its uncoupled coun
part.

As an example, the normal displacements of both pan
at the first two resonant frequencies and the correspon
fluid velocities in thez direction in the gap cavity~contour!
are illustrated in Fig. 3. It can be seen that the first mo
~v567.3 Hz! is mainly dominated by panela @Fig. 3~a!#;
whereas the second one~v596.7 Hz! by panelb @Fig. 3~c!#.
The two modes involve in-phase and out-of-phase moti
of the two panels, respectively. The velocity contours giv
by Figs. 3~b! and 3~d! clearly show the phenomenon of a
pumping~stiffness effect! due to the difference between th
motions of the two panels.

Figures 4~a! and 4~b! show the spectra of the average
quadratic velocitŷ V2& of the two panels and the average
sound pressure levelLp inside the air gap and the enclosur
respectively. Various peaks are marked with different sy
TABLE I. Natural frequencies of the system in Hz (hg /he50.6).

Uncoupled case

Mode\

Components Panela Panelb
Mode\

Component Air gap
Mode\

Component Enclosure

~1,1! 59.7 89.6 ~0,0,0! 0 ~0,0,0! 0
~2,1! 118.6 177.9 ~1,0,0! 340.0 ~0,0,1! 309.1
~1,2! 179.9 269.9 ~0,1,0! 485.7 ~1,0,0! 340.0
~3,1! 216.8 325.2 ~0,0,1! 515.2 ~1,0,1! 459.5
~2,2! 238.8 358.3 ~0,1,0! 485.7
~3,2! 337.0
~4,1! 354.2
~1,3! 380.3
~2,3! 439.2
~4,2! 474.5

Coupled case: Modes dominated by
Panela Panelb Air gap Enclosure

67.3 96.7 0 0
117.2 175.0 339.0 308.8
178.5 266.8 486.8 341.4
216.1 325.3 459.9
237.5 356.5 486.8
335.8
356.5
378.0
438.3
473.1
Cheng et al.: Energy transmission in a double-wall structure
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bols so as to identify modes of a different nature. Figure 4~a!
shows an obvious difference of around 30 dB in^V2& be-
tween the two panels. Panela exhibits resonances at freque
cies close to its own natural frequencies. Via the air gap,
feedback effect of the panelb on a is relatively weak, since
only the first mode of the panelb can be detected in̂V2&a .
However, the forward energy transmission through the
gap ~from a to b! is evident, because most of the resonan
peaks dominated by panela clearly appear in̂ V2&b . Reso-
nances of the air gap at 340 Hz~1,0,0! and 485.7 Hz~0,1,0!
create a negligible effect on panela, but an obvious effect on
panel b. All peaks identified in^V2&a induce high sound
pressure in the air gap, as shown in Fig. 4~b!. In addition,
two resonances of the air gap give raise to high acou
energy concentration. Comparing the sound pressure le
inside the two cavities, it can be seen that the sound tra
mission is particularly high at the first two resonances,
lated to panelsa and b, respectively, and also at mode
~1,0,0! and~0,1,0!, where both the air gap and the enclosu
undergo resonances. Generally speaking, the results bas
the present configuration without a mechanical link seem
imply a clear forward transmission path~panela—air gap,
panelb—enclosure! with a relatively small feedback effect

2. Effect of the depth hg

In order to reveal the effect of the depth of the air g
hg , the case whenhg /he50.2 is studied and the spectra

FIG. 3. Normal displacements of both panels at the first two resonant
quencies and the corresponding fluid velocities in thez direction at cross
sectiony5b1/2 in the air gap.~a! Displacements of two panels,v567.3 Hz;
~b! velocity distribution, v567.3 Hz; ~c! displacements of two panels
v596.7 Hz; and~d! velocity distribution,v596.7 Hz~a solid line for panel
a and dashed for panelb!.
J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005
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^V2& andLp are plotted in Fig. 5, together with their coun
terparts whenhg /he50.6 ~already shown in Fig. 4! for com-
parison purposes. It can be seen from Fig. 5~a! that a de-
crease inhg leads to an increase in the aerostatic stiffness
the air gap, consequently resulting in an obvious increas
the first two resonance frequencies dominated by panela
andb, respectively. For the same token, the feedback ef
of the acoustic mode~1,0,0! of the air gap at 340 Hz create
an obvious peak in̂V2&a @denoted by a ‘‘m’’ in Fig. 5~a!#,
implying a more significant coupling and a stronger rev
beration of energy when the double-wall structure has a s
low gap. Apart from these particular frequencies, the ove
level of ^V2&a is basically not affected. Subsequent ener
transmissions, however, be it for^V2&b in Fig. 5~a!, or Lp,g

and Lp,e in Fig. 5~b!, are all systematically increased to a
most the same extent due to the decrease ofhg .

3. Effect of the mechanical link

A mechanical link, modeled as a punctual translatio
spring with a stiffness ofKm5106 N/m is assumed to con
nect the two panels at (0.6LL,0.6LW). The spectrâV2& and

e-

FIG. 4. ~a! Averaged quadratic velocitŷV2& of panelsa and b when
hg /he50.6.j: modes dominated by panela; d: modes dominated by pane
b; m: modes dominated by the air gap;.: modes dominated by the enclo
sure.~b! Averaged sound pressureLp inside the air gap and the enclosur
whenhg /he50.6.
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Lp whenhg /he50.2 with and without the link are plotted in
Figs. 6~a! and 6~b!, respectively. It can be seen that, com
pared with the case without a mechanical link, the transm
sion of vibration energy from panela to b is significantly
increased@Fig. 6~a!#, resulting in an increase inLp inside
both cavities@Fig. 6~b!#. Although the vibration level of
panela remains more or less the same, resonance peak
evidently altered. In addition, resonance peaks dominate
panelb can also be clearly identified in̂V2&a as well as in
Lp,g and Lp,e . These results indicate a strong coupling b
tween the two panels and a more significant energy trans
sion due to the introduction of a mechanical link, which
quite understandable.

4. Comparison between gap effect and mechanical
effect on energy transmission

Previous results show that energy can be transmitted
ther through the acoustic path, especially with a shallow
gap, or through the structural path with a mechanical li
which are reflected by the parametershg and Km . In this

FIG. 5. ~a! Averaged quadratic velocitŷV2& of panelsa and b when
hg /he50.2 and 0.6.~b! Averaged sound pressureLp inside the air gap and
the enclosure whenhg /he50.2 and 0.6.
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section we aim at developing a criterion to predict the dom
nant transmission path in the presence of a mechanical

Based on the fact that the area under the spectrum o
averaged quadratic velocitŷV2& can roughly represent th
energy level within the analyzed frequency band, a glo
index characterizing energy transmission between the
panels can then be defined as

gpl5Epl,b /Epl,a , ~25a!

with

Epl,b5
1

2
rbhbAb^V

2&b , Epl,a5
1

2
rahaAa^V

2&a , ~25b!

in which ^V2&b and ^V2&b are the areas under the spec
^V2&b and ^V2&a , respectively.

Figure 7~a! illustrates the tendency plot ofgpl with dif-
ferent depth ratioshg /he and stiffnessKm of the mechanical
link. gpl decreases either with a decreasingKm or an increas-
ing hg /he , in agreement with observations made in Fig

FIG. 6. ~a! Averaged quadratic velocitŷV2& of panelsa andb of a double-
wall structure with (Km5106 N/m) and without (Km50) a link when
hg /he50.2. ~b! Averaged sound pressure levelLp inside the gap and the
enclosure with (Km5106 N/m) and without (Km50) a link whenhg /he

50.2.
Cheng et al.: Energy transmission in a double-wall structure
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5~a! and 6~a!. Given aKm , gpl drops rapidly with the in-
crease ofhg /he , then smoothly bends before reaching a p
teau. This tendency is most obvious whenKm becomes rela-
tively large. Obviously, the energy transmission underg
threedifferent zones. In the first fast dropping zone~before
the symbol ‘‘s’’ in the curve!, where the gap between tw
walls is shallow,gpl is very sensitive tohg /he , meaning that
a slight change inhg has a significant impact on energ
transmission between the two panels. Therefore, most en
will be transmitted from panela to b through the air gap. The
second zone is characterized by a smooth drop ofgpl ~ended
by a ‘‘m’’ in the curve!, within which the gap effect on
energy transmission is weakened and the air gap can b
garded as a soft spring. Energy is then transmitted simu
neously through the link and the air gap. In the plateau zo
gpl is insensitive tohg /he , implying that most energy is
transmitted through the mechanical link rather than the
gap. The separating points between different zones ap
ently depend on the value ofKm , which a stiff mechanical
link reduces thefirst two zones.

The prediction of these three zones is helpful for det

FIG. 7. Tendency plot ofgpl showing the energy transmission between tw
walls: ~a! with respect tohg /he ; ~b! with respect tolK .
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mining the most significant energy transmitting path. To t
end, a new parameter, defined as the ratio between the
nessKm of mechanical link and the aerostatic stiffnessKg of
the air gap, is used to generalize the aforementioned p
nomena:

lK5
Km

Kg
. ~26!

Using this normalized parameterlK , the same set of
results used in Fig. 7~a! is plotted in Fig. 7~b!, which shows
a systematic demarcation of the three different zones, i
spective of individual values ofKm and hg /he . Zone I is
roughly delimited bylK,0.1, in which the acoustic trans
mitting path is dominant; zone II is confined to 0.1,lK

,10, within which both acoustic and structural transmitti
paths play important roles in energy transmission; and z
III covers the regionlK.10, in which energy transmission i
mainly due to the structural path. Although the demarcat
lines between different zones are very vague, the use oflK

indeed facilitates the prediction of the dominant transmitt
path, since the calculation oflK only uses the physical an
geometrical parameters related to the mechanical link
the air gap.

C. Acoustic excitation

Different energy transmission paths between two wa
certainly affect the noise isolation properties of the doub
wall structure. This can be examined by investigating
noise peduction~NR! index when the panela is subjected to
an oblique incident plane wave. A NR index is defined as
difference between the outer surface-pressure levelLp,out and
averaged inner enclosure-pressureLp,e as

gNR5Lp,out2Lp,e , ~27a!

Lp,out510 log~^Pout
2 &/Pref

2 !, ~27b!

where^Pout
2 & is the mean-square pressure averaged over

outside panel surface, i.e.,

^Pout
2 &5

1

2Aa
E

Aa

PoutPout* ds. ~27c!

It should be pointed out that the above definition is d
ferent from the conventional NR in that the receiving side
the sound is an enclosure. As a result, the dynamic beha
of the enclosure has an influence on the resulting NR.

Figure 8~a! shows gNR when hg /he50.2, for three
cases:~1! Km50 ~without a link!; ~2! Km5103 N/m; and~3!
Km5106 N/m. The excitation is an oblique plane wave wi
P051 Pa,u560° andf530°. All three cases exhibit a simi
lar tendency when frequencies vary, i.e., poor insulation
low frequencies, especially around thefirst tworesonances of
the double-wall structure, with an obvious increase at hig
frequencies. Comparing different cases shows very little
ference betweenKm5103 N/m andKm50 cases, meaning a
negligible effect ofKm on NR for a soft link. With Km

5103 N/m, the correspondinglK50.03,0.1 (Kg53.625
3104 N/m), which is indeed inside zone I, where acous
transmitting path proves to be dominate. The increase inKm

from 103 N/m to 106 N/m pushes the case into zone III (lK
2749Cheng et al.: Energy transmission in a double-wall structure
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528.10), as evidenced by a clear decrease ingNR at fre-
quencies above thefirst two resonances, implying a signifi
cant energy transmission through the structural path.

By keepingKm5104 N/m, Fig. 8~b! shows the variation
of gNR with two different gap depths:~1! hg /he50.05 ~in
vacuo, lK50.07); ~2! hg /he50.05; and ~3! hg /he

50.25 (lK50.34). The difference ingNR between case~1!
and case~2! shows a very significant energy transmissi
through the acoustic path. Increasing the depth of the air
to hg /he50.25 approaches thegNR curve to that of case~1!,
implying a weakened acoustic transmitting path. If an ev
larger hg /he is used~not shown!, the gNR curve will con-
verge to thein vacuoone, that is, a total energy transmissi
through the structural path.

As a final remark, the observed phenomena and the
tablished criterion would also be useful in the modeling
the double-wall system. Most of the practical double-w
structures have closely spaced panels, which most likely
into zones I and II. Such structures require the inclusion
the air gap into the modeling. An exception occurs when
two panels are widely separated and connected by very
mechanical joints~zone III!. In such cases, the air gap b

FIG. 8. Noise reduction indexgNR of the double-wall structure.~a! Effect of
the mechanical link;~b! effect of the depth of the gap.
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tween the panels can be ignored to simplify the model
process.

IV. CONCLUSIONS

Based on a fully coupled vibroacoustic model, in t
present paper we focus on the effect of the air gap and
chanical links on the energy transmission and noise ins
tion properties of a double-wall structure coupled to
acoustic enclosure. Results lead to the following conclusio

~1! The existence of the mechanical link enhances the c
pling between the two panels. As a result, the forwa
transmission path, the feedback effect and the reverb
tion of vibration energy between the two panels inte
sify.

~2! The depth of the air gap has significant effects on b
the vibration of panels and the energy transmission. T
shallow gap has a remarkable added-stiffness effec
the panels and increases the forward energy trans
sion. A simple formula is proposed to estimate t
coupled fundamental frequencies of the double-w
structure without a mechanical link.

~3! In the presence of mechanical links, energy can be tra
mitted via both the acoustic path~through the air gap!
and the structural path~through mechanical links!. The
stiffness of the mechanical link and the aerostatic st
ness of the air gap are shown to be two governing
rameters. The latter can be roughly estimated using
definition given in the paper, which is based on the co
pling between the first structural mode and the fund
mental mode of the air gap. The ratio between the t
stiffness terms forms a parameterlK , which can be used
to identify the most dominant transmitting path in
given configuration. Numerical results reveal three d
ferent zones, which involve different transmissio
mechanisms. WhenlK is very small, e.g.,lK,0.1, cor-
responding to a soft mechanical link or a shallow g
case, energy goes mainly through the air gap to the s
tem. On the contrary, whenlK is very large, e.g.,lK

.10, the mechanical link will be the main media fo
energy transmission. In the intermediate zone, both
air gap and the mechanical link are responsible for tra
mission.

It should be mentioned that the proposed demarca
values oflK , which are used to separate different zon
should be regarded as indicative values with a certain m
gin. The criterion put forward in the present study, in
simple form, provides a practical means to estimate the m
energy transmission path without performing a complex
broacoustic analysis. This information is believed to be u
ful for providing guide on the design of control systems.
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APPENDIX: CALCULATION OF H11 ,..., AND H44

H115Ma1KmFa
T~xm ,ym!Fa~xm ,ym!,

Ma5F� ma,i j ~va,i j
2 12i za,i j va,i j v2v2!
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