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Model for Active Control of Flow-Induced Noise
Transmitted Through Double Partitions

Cedric Maury,¤ Paolo Gardonio,† and Stephen John Elliott‡

University of Southampton, High� eld, Southampton, England SO17 1BJ, United Kingdom

The results are presented of a study concerned with the prediction of the air� ow noise transmitted through an
element of the fuselage structure: a doublepanelof � nite extent that consists of apairof thin elastic plates containing
a light insulatingmaterial separated from the inner skinby an air gap.This con� guration is representative of typical
compound sidewalls in large commercial aircraft. A solution based on modal coupling is obtained and validated
by comparisons with other solutions on various test cases. A physical interpretation is given for the calculated
vibroacoustic response of a double partition system excited by a turbulent boundary layer, and the effect of an air
gap between the insulation facing bag and the trim panel is analyzed. It is shown that the levels of the inwardly
radiated sound power are mainly determined by the contribution of the � rst skin panel-controlled mode, and
the added damping effect due to the insulating material has little effect below this resonance. To achieve sound
reduction in the very low-frequency domain, the performance of various active control strategies are examined
and compared. It is found that the most ef� cient strategy is the suppression of the low-order skin panel structural
modes. However, we note that signi� cant reductions in the sound power radiated can also be achieved by the active
suppression of the low-order structural modes of the trim panel.

Nomenclature
As , At = skin and trim panel surfaces
a = vector of cavity modes amplitudes
C = damping modal matrix
Ce = cospectrum of the wall-pressure � eld
ca = sound speed of the equivalent � uid into the

cavity
ce = external sound speed
ci = sound speed of the internal � uid
c j = equivalent � uid coef� cients, j D 1; : : : ; 8
Ds = skin panel � exural rigidity
d = cavity depth
F = vector of the cavity modes
Fn = rigid wall cavity modes
fc = hydrodynamic coincidence frequency
k = wave number vector
L s;nm , L t;nm = modal coupling coef� cient between the nth

cavity mode and the mth skin or trim panel mode
lx , ly = respectively, spanwise and streamwise

dimensions of the panels
M = mass modal matrix
Mi;m , Ma;n = generalized masses associated to the m th panels

mode and to the nth cavity mode
Na = number of cavity modes accounted for in the

simulations
Ns , Nt = number of skin and trim panels modes accounted

for in the simulations
Pi = amplitude of the incident pressure � eld
pa = cavity pressure � eld
pt = sound pressure radiated by the trim panel on its

surface
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pt = vector of complex acoustic pressure at the trim
panel surface

Q = eigenvector matrix of <[Z]
Qe = vector of generalized forces
Qe

s;m = generalized external force associated to the mth
skin panel mode

qfs;tg = vector of complex structural modes amplitudes
<[Z] = modal radiation resistance matrix

of the trim panel
rx , ry = separation distances, respectively, in the

spanwise and in the streamwise directions
S = stiffness modal matrix
t = time
Uc = convection velocity
U1 = freestream velocity
V = cavity volume
Wi = incident sound power
Wr = sound power radiated by the trim panel
ws , wt = skin and trim panels de� ections
X = vector of unknown modal amplitudes
Z = matrix of speci� c modal acoustic impedance
®x , ®y = empirical coef� cients for the cospectrum of the

excitation in the spanwise and streamwise
directions, respectively

³i;m = damping ratio of the mth structural mode
µ = incidence angle
3 = eigenvalue matrix of <[Z]
N = spatial position vector
» = nondimensionalfrequency parameter of the

equivalent � uid model
½a = mass density of the equivalent � uid

into the cavity
½e = external air density
½i = internal air density
½s = skin panel mass density
¾ = � ow resistivity of the equivalent � uid
8e = cross-spectraldensity function of the

wall-pressure � eld
U Qe = cross-spectraldensity matrix between the

generalized forces of the excitation
8Wr = spectrum of the acoustic power radiated by the

trim panel
U ®¯ = cross-spectraldensity matrix between the

random variables ® and ¯
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80 = point-power spectral density of the wall-pressure
� eld

W fs;tg = vectors of the skin and trim panels’ structural
mode

Ãs;m , Ãt;m = skin and trim panels structural modes
! = angular frequency
!i;m , !a;n = eigenfrequenciesassociated to the mth panels

mode and to the nth cavity mode
!pcp;1 = � rst plate–cavity–plate resonance frequency

I. Introduction

U NDER typical cruise conditions, the turbulentboundary-layer
pressure � uctuations imparted on the exterior fuselage shell of

a high-speed, jet-powered, well-streamlined aircraft constitute the
most importantsourceof cabinnoise.The spectrumof theboundary-
layer pressure is mostly signi� cant at frequencies from below 100
to above 2000 Hz (Ref. 1). A representativemodel to describe noise
transmission through aircraft sidewalls is to consider a fuselage
double-panelsystem � lled with an insulatingbag. For air� ow noise
transmissionproblems, the outer panel is then excitedby a turbulent
boundary layer (TBL).

Sidewall treatments have been extensively studied2;3 to � nd a
way to reduce the airborne path for noise transmission through the
fuselage structure. It has been shown that applying damping mate-
rials to the fuselage skin provides signi� cant increases in sidewall
transmission loss at high frequencies, especially where the sound
transmission is governed by the resonant responseof the skin struc-
ture.However, such treatmentsare inef� cientbelowthe fundamental
frequencyof the skin panel. Active noise control systems applied to
aircraft sidewalls provide a potential solution to improve the reduc-
tion of noise due to TBL in this frequency range.

Although there are many experimental and theoretical studies
on the sound transmission through fuselagelike structures and its
control when driven at a single frequency, the number of models
describing the response of aircraft sidewalls to random convected
� elds is more limited. One of the � rst analytical models was con-
cerned with the boundary-layernoise transmitted through a � exible
plate into a closed cavity.4 A parametric analysis was carried out
on the mutual interaction between the plate, the external � ow, and
the internal air cavity, with emphasis on the aerodynamic damping
effect at high supersonic Mach numbers.

However, the problem of cavity-backed � nite panels has been
the subject of many more investigations in case of forced har-
monic regimes, thus leading to a better understandingof structural–
acoustic couplingbetween the panel and the cavity.5;6 A general an-
alytical formulation of this problem has been developed by Dowell
et al., based on the expansionof the system response in terms of the
eigenmodes of the uncoupled subsystems.7 This computationally
ef� cient method has been used by Sas et al. to understand the lim-
itations in the performance of an active noise control system using
small loudspeakers inserted into an air gap enclosed by two � exible
panels.8

As an alternative, an analytical study based on modal acoustic
transfer impedance and mobility matrices has been proposed by
Pan and Bao to explain the mechanisms of attenuation associated
with different control arrangements.9 Experiments have con� rmed
that active control of sound transmission through double-panelpar-
titions using either cavity control or radiating panel control is more
effective than room control for global noise reduction.10 Moreover,
cavitycontrolachievesbetterperformancesthan panel control in the
very low-frequency domain, whereas panel control becomes more
ef� cient at higher frequencies. A recent paper on the active con-
trol of structure-borneand airborne sound transmission through an
aircraft sidewall using a discretized version of the impedance and
mobility matrix approach observed that, in the low-frequency do-
main, the airborne transmission path is dominant compared with
the structure-borne transmission path and that control systems act-
ing directly on the sound transmission–radiation mechanisms are,
therefore, more effective.11

So far, these approaches do not account for a random excitation
of the double-panelsystem. Thus, the main objectiveof this paper is
to extend the previous analysis to the case of a turbulent boundary-

layer excitation of a double-partition representative of an aircraft
sidewall. From this model, a parametric analysis is conductedto un-
derstand the physics of the vibroacoustic phenomena involved but
also to show the limited performances of passive treatments in the
low-frequency domain. The effectiveness of several active control
approaches for reducing sound transmission through aircraft side-
walls are then explored individually and compared. Among those
strategies, the most feasible are based on active structural acoustic
control (ASAC) of the radiating panel, and we examine the in� u-
ence on the sound power radiated of either canceling the structural
modes or the radiation modes of the trim panel.

II. Theory
In this section, if we denote f . N I t/, a function of the two-

dimensional spatial vector N and time variable t , and f .kI !/, its
wave number frequency Fourier transform, which is a function of
the wave number vector k and angular frequency variable !, then
use is made of the following Fourier transformconventionbetween
these two quantities:

f .kI !/ D
Z C1

¡1
dt

Z Z

1
d2 N f . N I t/ exp[¡ j .!t ¡ k ¢ N /] (1)

A. Double-Panel Model
In practice, lightweight fuselage shells are rather complicated

structuresbecauseskin–stringer–frame constructionsare commonly
used for many commercial aircraft. However, measurements have
shown that, depending on the frequency range of interest, different
simpli� ed models canbe applied to describeaccuratelythe vibrating
response of the skin structure.12 At high subsonic Mach numbers
and for frequencies above 500 Hz, the vibrations between adjacent
panels separated by frame lines are weakly correlated. Moreover,
the stiffener motion becomes less important than the panel motion.
Thus, the high-frequency panel model is appropriate to describe
noise transmissionthrough individualvibratingskin panels.Models
valid at lower frequenciesshouldconsideran arrayof � exiblepanels
reinforced by elastic stiffeners. For the purposes of this study, we
will only concentrate on the high-frequency double-panel model.
Becauseof the cabinpressurization,the in� uenceof panel curvature
on the interior sound level can be neglected.13

Figure 1 shows the double-panel model adopted to represent an
aircraft fuselage section. The outer part of the double panel is as-
sumed to be excited by a fully developed turbulent � ow. The skin
panel is modeledbya simplysupportedaluminium� at platestressed
by tension forces and set in an in� nite rigid baf� e. The dimensions
of this panel are determined by the dimensions of neighboring cir-
cumferential doublers and longitudinal stringers, whereas the di-
mensions of the trim panel correspond to the dimensions of the
region de� ned by adjacentframes and stringers, also referred to as a
fuselage bay.1 The trim panel is modeled by a simply supported � at
composite plate set in an in� nite rigid baf� e. The cavity is assumed
to contain an insulationbag � lled with a dissipativematerial, which
can be separated from the trim panel by an air gap. Because of the
low density of the air and the high stiffness of the panels, the radi-
ation loading has little effect on the panels’ vibration.14 Therefore,
we can neglect the acoustical loadingof both panels by the external
� uid medium, which is small compared with their mutual coupling
by the cavity, especially if it is a shallow cavity.5 The geometrical
and physicalproperties for the air� ow, the two panels and the cavity
are listed in Table 1 (see Ref. 1).

Fig. 1 Double-panel model.
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Table 1 Geometrical and physical parameters
for a typical aircraft sidewall at the forward location

Parameter Value

Air� ow
Freestream velocity U1 D 225 m/s
RMS wall pressure 72.6 N/m2

External air density ½e D 0:53 kg/m3

External sound speed ce D 310 m/s

Skin panel
Dimensions lx D 0:20 m, ly D 0:17 m
Thickness hs D 0:0015 m
Mass density ½s D 2700 kg/m3

Young’s modulus 7:1 £ 1010 Pa
Poisson ratio 0.33
Damping ratio 0.01
Streamwise tension 29:3 £ 103 N/m
Spanwise tension 62:1 £ 103 N/m

Trim panel
Dimensions lx D 0:20 m, ly D 0:50 m
Thickness 0.004 m
Mass density 255 kg/m3

Young’s modulus 1:5 £ 109 Pa
Poisson ratio 0.3
Damping ratio 0.05

Dissipative material (� berglass)
Thickness d D 0:07 m
Flow resistivity ¾ D 12000 N m¡4s
Equivalent � uid constants c1 D 0:070, c2 D ¡0:632

c3 D 0:107, c4 D ¡0:632
c5 D 0:160, c6 D ¡0:618
c7 D 0:109, c8 D ¡0:618

Note that, for the simulations presented in this paper, the outer
part of the fuselagebay has been modeled by a single skin panel set
in a rigid baf� e. A more representative model would have been to
consider three uncorrelated skin panels with the same total size as
the trim panel.The only differencewith this re� ned model concerns
the couplingbetween the inner panel and the cavity in the very low-
frequencydomain, but it has been found that the results obtainedby
the simpli� ed model are not qualitatively modi� ed.

B. Modal Formulation for the Vibroacoustic Problem
We use the modal formulation developed by Dowell et al.7

because the success and the ef� ciency of the method has been
largely demonstrated in the study of the response of a panel–cavity
system.7;8 In this method, the panels de� ections ws and wt of the
skin panel and the trim panel, respectively, are expanded as a � nite
series of Ns and Nt orthogonal functions, that is, the corresponding
panels structural modes Ãs;m and Ãt;m . The acoustic pressure � eld
in the cavity pa is expanded as series of Na orthogonal functions,
the rigid wall cavity modes Fn , so that

wfs;tg.x; yI t/ D
Nfs;t gX

m D 1

qfs;tg;m .t/Ãfs;tg;m .x; y/ D W T
fs;tgqfs;tg (2)

pa.x; y; zI t/ D
NaX

n D 0

an.t/Fn.x; y; z/ D FT a (3)

where W fs;tg and F are, respectively, the Nfs;tg-length vectors of the
panels structural mode shapes and the Na-length vector of the rigid
wall cavity mode shapes. Here, qfs;tg and a both have second-order
behavior.

When Eqs. (2) and (3) are substituted into the variational equa-
tions of motion for the panels and the acoustic cavity, a set of
.Ns C Nt C Na C 1/ coupled algebraic equations is obtained as
follows7;8:

Mi;m

£
Rqi;m C 2³i;m!i;m Pqi;m C !2

i;mqi;m

¤

D ½ac2
a Ai

NaX

n D 0

Pan

³
L i;nm

Ma;n

´
C Qe

s;m ; i D fs; tg (4)

V

µ
Ran C

³
ca

c0

´2

!2
a;nan

¶
D ¡As

NsX

m D 1

Pqs;m L s;nm ¡At

NtX

m D 1

Pqt;m L t;nm

(5)

where fMi;m; Ma;ng are the generalized masses and f!i;m ; !a;ng the
eigenfrequenciescorresponding to the m th panels mode and to the
nth cavity mode. Afs;t g and V are the panels surfaces and the cavity
volume, respectively.fQe

s;m g are the generalized forces correspond-
ing to the external pressures that act on the skin panel. Here ½a and
ca are used to model the acoustic properties of the dissipativemate-
rial inside the cavity (see Sec. II.E). Lfs;tg;nm is the modal coupling
coef� cient between the mth panel mode and the nth cavity mode,
which is given by

L fs;tg;nm D 1
Afs;tg

Z

Afs;t g

FnÃfs;t g;m dA (6)

and represents a measure of the spatial matching between the mth
panel mode and the nth cavity mode.

By the use of a matrix formulation,Eqs. (4) and (5) can be written
as follows:

M RX C C PX C SX D Qe (7)

where M and S are the diagonal mass and stiffness matrices, C
gathers the diagonal damping matrix and the sparse skew coupling
matrix, X is the vector of the unknown complex modal amplitudes
fqfs;tg; ag and Qe D fQe

s;1; : : : ; Qe
s;Ns

; 0; : : : ; 0; 0; : : : ; 0g.
We note that the resonance frequencies (or damped natural fre-

quencies) and the corresponding resonance modes of the double-
panel system are the nontrivial solutions, in the frequency domain,
of the homogeneoussystemof equationsassociatedto Eq. (7). When
the cavity is � lled with air, the resonance frequenciescorrespond to
the eigenvalues of the coupled problem. They are calculated by a
standard polynomialeigenvaluetechnique.Whenthe cavity is � lled
with a porous material, its acoustic properties are frequencydepen-
dent, and the related eigenvalue problem is nonlinear. Because the
eigenvaluesdependanalyticallyon the frequency, the argument the-
orem can then be used, in conjunction with Newton’s method, � rst
to isolate and second to approximate each resonance frequency in
the complex frequency plane.15

In the case of a harmonic excitation of the double-panel system,
the sound power radiated by the trim panel may be written as16

Wr D 1
2
<[pt Pqt ] (8)

where pt and Pqt are the Nt -length vectors of the modal amplitudes,
respectively,associated to the complex acoustic pressure at the trim
panel surface and to the velocity of the trim panel. These quantities
are linked by the following relationship:

pt D ½i ci ZPqt (9)

in which ci is internal sound speed. By the use of Eq. (9) for the
vector of pressure modal amplitudes, the sound power radiatedmay
be written as

Wr D
¡
½i ci !

2
¯

2
¢
qH

t <[Z]qt (10)

where <[Z] is the modal radiation resistance matrix. Note that an
ef� cientmethoddue to Mangiarottyis used to computeeachelement
of this matrix.17 By the use of a set of linear transformations, the
calculationof a quadruple integral for each element of the radiation
matrix is then reduced to the evaluation of a double integral of a
regular function over the transformed domain.

The case is � rst considered of excitation by an acoustic plane
wave, in which case the sound transmissionloss throughthe double-
panelsystemis de� ned in terms of the ratio betweenthe soundpower
incident on the skin panel and the sound power radiated by the trim
panel Wr as

TL(dB) D 10 log.Wi=Wr / (11)

where Wi D jPi j2lx ly cos µ=2½ece .
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C. Double-Panel Response to a Random Excitation
Let us now consider the response of the double-panel system to

a random stationary excitation. An example is the wall-pressure
� eld due to a turbulent boundary layer, which is, strictly speak-
ing, a weakly stationary process with respect to the time and
space variables.18 It is characterizedby the followingcross-spectral
density (CSD) function:

8e.x; y; x 0; y0I !/ D 80.!/Ce.x ¡ x 0; y ¡ y 0I !/ (12)

where 80.!/ is thepoint-powerspectraldensityof the wall-pressure
� eld. We have chosen for 80.!/ a model arising from recent labora-
tory measurements.19 The cospectrumCe is a measure of the spatial
coherence of the excitation between two points. By the use of the
Corcos model and according to the Fourier transform convention
[Eq. (1)], it is given by20

Ce.rx ; ryI !/ D exp.i!ry=Uc/ exp.¡!ry=®yUc/

£ exp.¡!rx =®x Uc/ (13)

where rx D x ¡ x 0 and ry D y ¡ y0. Uc ¼ 0:7U1 is the convection
velocity and the empirical coef� cients ®x and ®y are usually taken
to be 1.2 and 8.

On introducing Eq. (12) into the input–output relationship be-
tween theCSD of the system responseand the CSD of theexcitation,
we can establish that21

U n
ws;t

pa

on
ws;t

pa

o.x; y; z; x 0; y0; z 0I !/

D
»
W s;t .x; y/

F.x; y; z/

¼ T

U n
qs;t

a

on
qs;t

a

o.!/

»
W s;t .x 0; y 0/

F.x 0; y0; z0/

¼
(14)

The CSD between the complex modal amplitudes can be written as

U n
qs;t

a

on
qs;t

a

o.!/ D L¡1
!

2

4
U Qe .!/ 0 0

0 0 0

0 0 0

3

5¡
L¡1

!

¢H
(15)

where L! D ¡!2M C i!C C S and U Qe is the (Ns £ Ns / cross spec-
tral density matrix between the generalized forces of the excitation.
Exact analyticalexpressionscanbederivedfor eachelementof U Qe ,
also called the joint acceptance functions.22 However, at high sub-
sonic Mach numbers, it can be shown that the skin panel structural
modes are excited independently,that is, the cross terms in U Qe are
small comparedto the diagonalterms and U Qe is well approximated
by its main diagonal.23

The spectrum of the acoustic power radiated by the trim panel is
given by

8Wr .!/ D 1
2

<

" Z

At

8pt Pwt .x; yI !/ dx dy

#
(16)

On using Eq. (14) and the integral representation of pt in terms of
Pwt , we � nd

8Wr .!/ D
¡
½i ci !

2
¯

2
¢

tr[U qt qt <[Z]] (17)

where <[Z] is the modal radiationresistancematrix used in Eq. (10).

D. Radiation Modes
The modal radiation resistance matrix <[Z] is real, symmetric,

and positive de� nite. An eigenvalue/eigenvector decomposition of
<[Z] can be written as

<[Z] D Q3QH (18)

where Q is the unitary matrix of eigenvectorsand 3 is the diagonal
matrix of eigenvalues,which are all real and positive.When Eq. (18)
is used, the sound power radiatedby the trim panel undera harmonic
excitation, Eq. (10), now becomes

Wr D ½i ci !
2

2
bH

t 3 bt D ½i ci !
2

2

PtX

m D 1

3m jbt;m j2 (19)

where bt D QH qt is the vector of transformed modes amplitudes.
From Eq. (19), it is clear that the transformed modes or radiation
modes radiate sound independently of each other.16 Because the
radiation resistance matrix <[Z] is frequency dependent, the shape
of the radiationmodesalso dependon frequency,unlike the classical
modes. In particular, it can be shown that the � rst radiation mode is
well approximatedat low frequenciesby the net volume velocityof
the panel.16 The contributionof this mode to the acoustic power is
most important at low frequencies, and so signi� cant reductions in
the sound power radiated can be achieved by controlling this single
mode. For harmonicexcitation, it can be signi� cantly more ef� cient
to control actively radiation mode amplitudes than structural mode
amplitudes, although this advantage is not so pronounced when a
singlepanel is excitedby a TBL.24 In Sec. VI, both control strategies
will be considered for the control of the TBL-excited double-panel
system de� ned earlier.

E. Equivalent Fluid Model of the Insulating Material
Insulationbags containinglayers of porous materials are inserted

between the skin and trim panels in each frame bay to limit heat
transfer and acoustic transmission as indicated in Fig. 1. Much re-
search has been devoted to wave propagation through such materi-
als, and a rigorous description should consider poroelastic model-
ing, that is, both airborne and structure-bornetransmission through
the medium.25 However, as shown by Beranek, longitudinal elastic
waves are generally much more attenuated than the acoustic com-
pression wave that propagates through insulating materials with a
relatively low frame stiffness such as unreinforced� berglass.26 The
porous material used in insulation bags is often of this form, and
so an equivalent � uid model can be used to describe the vibration
transmission between the panels.

The equivalent � uid parameters are a complex effective density
½a and sound speed ca that are both frequency dependent. They are
given, in terms of the empirical constants listed in Table 1, by27

½a. f / D ½i ci

£
1 C c1» c2 ¡ ic3» c4

¤¯
ca. f /

ca. f / D ci

¯£
1 C c7»

c8 ¡ ic5»
c6

¤
(20)

where the nondimensional frequency is equal to » D f½i=¾ and ¾
is the � ow resistivity.

III. Comparison with Different Methods
in Harmonic Regime

To validate the vibroacousticmodel for the double-panelsystem,
comparisons have been made on a test case between our predic-
tions and the results from two alternativeanalysismethods. We have
considered a double-plate system containing an air cavity enclosed
between two simply supported identical panels. The outer panel is
excited by a normal incident plane wave of unit pressure ampli-
tude (1 N/m2/. Each panel is aluminum made and is assumed to
have dimensions 350 £ 220 £ 1 mm3 thick, with a constant modal
dampingratioof 1%. The cavitydepthis 76.2mm. The modaldamp-
ing ratio of the air cavity is 1%. These parameters are those used in
a recent study on the � nite element/boundary element computation
of the sound transmitted through a double-partitionsystem.28

The sound transmissionloss (decibels) using our model is plotted
as the solid line in Fig. 2. The dashed line corresponds to numerical
predictions issued from a discretized impedance and mobility ma-
trix approach.11 The agreement is excellent, and these results also
compare very well with those published by Panneton et al.28

Figure 2 shows very poor transmissionloss for thesepanelsat low
frequencies. An improvement in the transmission loss is observed
at higher frequencies. The � rst and third dips in Fig. 2 are due
to odd–odd resonances of the panels, the fourth dip to a cavity
resonance,and the second dip to a plate–cavity–plate resonance.At
this frequency (157 Hz), a decrease of almost 30 dB is observed in
the transmissionloss. In particular,it correspondsto the � rst bending
mode of the panels when they vibrate out of phase, that is, the (1, 1)
mode, whereas, at the � rst dip at about 70 Hz, the panels vibrate in
phaseon the same � rst mode. In the lattercase, the addedmass effect
of the air cavity results in a very small decrease of the � rst panel
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Fig. 2 Normal incidence sound transmission loss through a double
panel; comparison between ——, a modal approach; and – – – , a mobil-
ity approach.

resonant frequency. In the � rst case, there is a signi� cant increase
in the � rst panel resonant frequency due to an important coupling
with the (0; 0; 0) uniform pressure cavity mode that gives rise to
equivalent stiffness. From Eqs. (2–3), it can be shown that the � rst
plate–cavity–plate resonant frequencycan be well approximatedby

!2
pcp;1 ¼ !2

s;1 C
2½ac2

a A2
s

V Ms;1
L2

s;01 (21)

This formula predicts, in our case, the � rst plate–cavity–plate
resonance at 163 Hz, that is, with an error less than 3.7%. Other
plate–cavity–plate resonances occur but to a lesser extent because
it is the � rst panel mode that is mostly in� uenced by the (0; 0; 0)
cavity mode.

It can be concluded that the vibroacoustic model we have cho-
sen provides satisfactory results in the harmonic regime. We now
analyze the predictions obtained for a TBL excitation.

IV. Numerical Results with a TBL Excitation
Results will now be discussed for two design con� gurations: the

case where the panels are bonded directly to the surfaces of the
� berglass layer and the case where the skin panel is bonded to
the outer face of the insulating layer, whereas the trim panel is
separated from the inner face of the � berglass by an air gap.

A. Equivalent Fluid in Entire Cavity
The numerical results presentedhere have been calculatedfor the

physical and geometrical parameters listed in Table 1. To ensure
convergence of the results up to 3 kHz, we have considered up
to .Ns;x D 3, Ns;y D 9/ structural modes for the skin panel, up to
.Nt;x D 4, Nt;y D 11/ structural modes for the trim panel, and up to
.Na;x D 3; Na;y D 3; Na;z D 2/ cavity modes.

Figure 3 shows a comparison between the sound power radi-
ated inward by a single skin panel, by the double-panel system
with air between the panels, and by the double-panel system with
the equivalent � uid between the panels, all excited by the TBL.
We note that the vibroacoustic response of the skin panel alone
is signi� cantly modi� ed when backed by an air cavity with one
� exible wall (dashed line): the resonant behavior of the cavity is
easily seen, and plate–cavity–plate resonances are observed below
500 Hz, where the (0; 0; 0) cavity mode induces signi� cant changes
in the trim panel � rst resonant frequencies. Above 500 Hz, the
plate–cavity–plate resonancescan be interpretedas perturbedstruc-
tural or cavity resonances, that is, panel-controlled resonances or
cavity-controlled resonances. In this frequency range, we also ob-
serve that the trim panel-controlledmodes are so damped that they
do not contributesigni� cantly to the responseof the panel–air–panel

Fig. 3 Sound power radiated inward by an aircraft sidewall excited
by a TBL: ­­­­, skin panel alone; – – –, double panel with air cav-
ity; and ——, double panel with � berglass cavity. The crosses denote
a plate–cavity–plate resonance, the up arrows, a skin panel-controlled
resonance; the down arrows, a trim panel-controlledresonance; and the

, a cavity-controlled resonance.

system.Therefore,we are left with skin panel-controlledmodes and
cavity-controlledmodes.

When� berglass is insertedwithin the cavity,thecavity-controlled
modes are so damped that the resonant behavior of the cavity is
not seen. In this con� guration, the vibroacoustic response of the
panel–� berglass–panel system is mainly governed by skin panel
controlled modes. Above the � rst skin panel resonant frequency,
the � nite size of the insulatingmaterials and trim panel can, thus, be
neglected in the predictionof boundary-layernoise in the aircraft.A
muchsimplerbut still representativemodel for boundary-layernoise
transmission through aircraft sidewalls above about 500 Hz would,
therefore, be a simply supported skin panel, set in an in� nite rigid
baf� e and in contact with an in� nite layer of dissipative material
backed by an in� nite trim plate.29

Another important feature seen in Fig. 3 is the added damp-
ing effect induced by the absorbent material on both the plate–

air–plate resonances and the structural resonances. It leads to an
overall sound power reduction that increases toward high frequen-
cies compared with the single panel case. However, only a 4-dB
reduction is observedfor the total sound power radiatedup to 3 kHz
by the panel–� berglass–panel system comparedwith the panel–air–
panel system. Such a result is not surprising because it is the � rst
skin panel-controlled resonance that determines the overall level
of sound power radiated, and the contribution of this resonance to
the sound power levels is weakly modi� ed by the insertion of the
� berglass treatment.

Figure 3 also shows that, below 2 kHz, the contribution of some
other skin panel-controlledmodes to the sound power inwardly ra-
diated is weakly affected by the insertion of insulatingmaterial. As
a whole, these are the (1; 1) mode occurring at 453 Hz, the (1; 2)
mode at 839 Hz, and the (1; 3) mode at 1484 Hz. To explain the
signi� cant contribution of these modes to the system response, the
modal joint acceptances of skin panel modes have been plotted in
Fig. 4.

The modal joint acceptances represent a measure of the spa-
tial match between the convective scale of the turbulent excitation,
where the main � uctuating energy lies, and the scale of each panel
mode. For each mode, the main maximum occurs at the hydro-
dynamic coincidencefrequencydetermined by f ms;y

c D ms;yUc=2ly ,
where ms;y is the streamwise modal order. We observe that, when
the (1, 1), (1, 2), and (1, 3) modes are resonant, they are also highly
correlatedwith the wall-pressure� uctuations,whereas, for instance,
the (1, 4) mode and (2, 4) mode, at their excitation frequencies
of 2379 and 2685 Hz, respectively, are no longer coincident with
the forcing � eld. A guideline to determine the frequency range
above which resonant modes cannot be coincident is determined
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Fig. 4 Modal joint acceptances for the simply supported skin panel
subjected to a turbulent boundary layer: ——, (1, 1) mode; – – – , (1, 2)
mode; ­­­­, (1, 3) mode; ­­­, (1, 4) mode; and ¢ ¢ ¢ ¢ , (2, 4) mode.

Fig. 5 In� uence of the air gap thickness on the sound power inwardly
radiated by an aircraft sidewall under a TBL excitation: ——, bonded–

bonded case; – – – , bonded–unbonded case with an air gap of 15% of
the cavity depth; ¢ ¢ ¢ ¢ , 45% of the cavity depth; ¢ –¢ –, 90% of the cavity
depth; and ——, air cavity case.

by equating the panel � exural wave speed and the � ow convection
velocity.22 It is given by 2¼ fc D U 2

c

p
.½s hs=Ds / , where ½shs is the

mass density per unit area of the skin panel. It correspondsto an up-
per frequency of 2450 Hz for the untensioned skin panel. Because
of pressurization effects, the skin panel resonant frequencies are
shifted up, and the hydrodynamic coincidence frequency range is
consequentlyreduced. According to our simulations, no coincident
and resonantmodes are observedabove2 kHz. This is in accordance
with the fact that, as observed in Fig. 3, above 2 kHz, no skin panel-
controlled mode is excited with enough ef� ciency to overcome the
added damping effect due to the cavity treatment.

B. Equivalent Fluid Only in a Proportion of Cavity
We now examine the in� uence of an air gap separating the insu-

lation bag facing from the trim panel. In Fig. 5, the spectrum of the
sound power radiatedhas been calculatedfor various air gap depths.
As expected, when the air gap thickness increases, the spectrum in
the bonded–bonded case gradually tends toward the spectrumin the
air cavity case shown in Fig. 3. We also observethat the introduction
of a � berglass layer with a thicknessequal to only 10% of the cavity
depth is suf� cient to suppress the resonant behavior of the cavity.

The most important featureof Fig. 5, however, is that, becausewe
can neglect the frame waves transmissionwithin � berglassmaterial,
there is very little difference in terms of the sound power radiated
between the bonded–bonded case and the bonded–unbonded case
with a thin air gap (15% of the cavity depth). Such a conclusionhas
also been observed by Panneton and Atalla.28

From Fig. 5, it is evident that the � berglass treatment starts to be
ef� cient only above the � rst skin panel-controlled resonance, that
is, 500 Hz. Below this frequency, the performance for the treated
case and the untreated case are similar. It is, therefore,of interest to
investigate the performance of active control strategies in this fre-
quency range. Note that, although the model described in Sec. II.A
is, strictly speaking, valid only above 500 Hz, recent calculations
have shown that the results concerning the performance of active
control strategies below 500 Hz are not dramatically modi� ed if
elastic reinforcementsbetween each skin panel are included.

V. Limitations of Active Control Performances
for a TBL Excitation

We now examine the limitation performancesof ASAC and cav-
ity control to compensate,in the low-frequencydomain, for the poor
noise reduction obtained by inserting insulating materials into the
double-panelcavity. In practice, two ASAC strategiescould be con-
sidered to reduce the sound power radiated by the trim panel.30;31

We can either control the � rst structural modes or the � rst radiation
modes of this panel. In Sec. V.A, we compare active systems that
control the structuralmodes of either the trim panel or the skin panel
with systems that control the modes of the cavity. In Sec. V.B, we
consider the control of the trim panel radiation modes, which are
frequency dependent.

In practice,thedesignof a sensor/controller/actuatorarrangement
that could excite/detect only one of these radiation modes over any
frequency bandwidth is not physically possible. However, in a � rst
step, suppressing the contribution of these modes from the modal
summations used to calculate the double-panel response provides
an upper limit in the performance of a collocated actuator/sensor
pair. Indeed, this type of idealizedfeedbackcontrol system has been
shown to achievegoodperformancesto an arbitraryexcitationwhile
ensuring unconditional stability because the feedback gain can be
made arbitrarily large.24

A. Panels’ Structural Modes Control and Cavity Control
To de� ne a suitable control strategy, we � rst examine the re-

ductions obtained in the inwardly radiated sound power [Eq. (17)]
by canceling the participation of the � rst modes of different sub-
systems: the trim panel structural modes (Fig. 6), the skin panel

Fig. 6 Sound power inwardly radiated by the double-panel system
when controlling the structural modes of the trim panel: ——, before
control; ­­­­, after cancellation of the � rst structural mode of the trim
panel; – – –, after cancellationof its two � rst structural modes; and¢ ¢ ¢ ¢ ,
after cancellation of its three � rst structural modes.
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Fig. 7 Sound power inwardly radiated by the double-panel system
when controlling the structural modes of the skin panel: ——, before
control; ­­­­, after cancellation of the � rst structural mode of the skin
panel; – – – , after cancellationof its two � rst structural modes; and¢ ¢ ¢ ¢ ,
after cancellation of its three � rst structural modes.

Fig. 8 Sound power inwardly radiated by the double-panel system
when controlling the cavity modes: ——, before control; faint ——,
after cancellation of the � rst cavity mode; – – – , after cancellation of
the two � rst cavity modes; and ¢ ¢ ¢ ¢ , after cancellation of the three � rst
cavity modes.

structural modes (Fig. 7) and the cavity modes (Fig. 8). The perfor-
mances are summarized in Fig. 9.

An importantfeature for the double-panelsystem is that the struc-
tural modes of both panelsare mutuallycoupledthroughthe shallow
cavity, especially in the very low-frequencydomain. From Fig. 6, it
can be seen that this coupling has a bene� cial effect on modal sup-
pression. Indeed, canceling the contribution of the � rst trim panel
structuralmode also reduces the contributionof all of the skin panel
modes that couple well with this trim panel mode, especially the
� rst structural mode of the skin panel, which mostly contributes to
the total sound power inwardly radiated.

However, as explained in Sec. IV, most of the resonances that
contribute to the double-panel response are controlled by the skin
panelresonances:theycorrespondto the skin panel structuralmodes
that are both coincident and resonant. From Fig. 7, we observe, as
expected, that canceling the contributionof these modes leads to an
important reduction for the total sound power radiated (up to 16-dB
reduction after suppression of the � rst structural mode). As seen
from Fig. 9, when the higher-order structural modes are canceled,
sound power reductions are achieved more ef� ciently when sup-

Fig. 9 Attenuation in the total sound power radiated by the double-
panel system up to 3 kHz: N, after cancellation of the � rst struc-
tural modes of the skin panel; H, after cancellation of the � rst struc-
tural modes of the trim panel; and , after cancellation of the � rst
cavity modes.

pressing the contribution of the skin panel modes compared with
the trim panel modes.

From Fig. 8, we note that the cancellationof the � rst cavitymodes
does not involve a signi� cant reduction in the sound power radiated
up to 3 kHz and, as observed by Bao and Pan for tonal excitation,
is only ef� cient in the very low-frequency domain.10

A comparison of the performances associated with each strategy
can be interpreted in terms of the modal overlap of each subsys-
tem (i.e., the average number of modes that falls within the band-
width of any one mode at a given frequency) and the nature of
the panel–cavity coupling. We note that the modal overlap of both
panels increases linearlywith frequency, the trim panel modal over-
lap being greater than the tensioned skin panel modal overlap. The
modal overlap in the cavity is a quadratic function of frequency in
this region. The nature of the panel–cavity coupling is determined
by the average number of panels modes in the region of the nat-
ural frequency of a cavity mode. The three � rst cavity modes are
below 700 Hz, and the skin panel modal overlap is very small in
this frequency region. As observed in Figs. 7 and 9, because very
few panel modes couple with the cavity modes in this frequency
range, we can achieve a good sound reduction with only one control
source. Because the trim panel modal overlap is higher in this fre-
quency range,more trim panelmodes couple with the cavity and the
performancesachievedwith a limited numberof control sources are
reduced. Because the cavity modal overlap increases quadratically
with frequency, it is expected that the control of the acoustic modes
with a limited number of independent sources is only ef� cient in
the very low-frequency domain, as con� rmed by the results shown
in Figs. 8 and 9.

In summary, it can be seen that the strategybased on the suppres-
sion of the skin panel structural modes is the most ef� cient in terms
of attenuation of the total inwardly radiated sound power.

B. Trim Panel Control: Structural Modes
vs Radiation Modes Cancellation

Figure 10 summarizes the attenuationachievedfor the total sound
power radiated up to 3 kHz by suppressing a limited number of
higher-orderstructuralor radiation modes of the trim panel. We ob-
serve that approximatelythe same level of attenuation(about12 dB)
can be achieved by canceling the � rst structural mode or radiation
mode of the trim panel. When higher-ordermodes are suppressed,
the sound power reduction is slightly more signi� cant when can-
celing the contribution of the structural modes compared with the
radiation modes. From Fig. 6, we observe that the cancellation of
the � rst structural modes provides sound reduction not only in the
low-frequency domain where these modes are resonant but also at
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Fig. 10 Attenuation in the total sound power radiated by the double-
panel system up to 3 kHz: ¤, after cancellation of the � rst radiation
modes of the trim panel; and H, after cancellation of its � rst structural
modes.

higher frequencies where other structural modes of the trim panel,
which are mutually coupled with them through the � uid cavity, be-
come resonant. However, note that, when suppressing the very � rst
structural modes of the trim panel, the reduction induced by the
contribution of these coupled modes is far less important than the
reduction induced by the participationof the � rst structural modes.
On the other hand, we have observedthat the cancellationof higher-
order radiation modes does not involve sound power reduction in
the very low-frequency domain but only at higher frequencies for
those sets of structuralmodes that have a multipolelikecontribution
to the sound pressure radiated. Consequently, suppressing higher-
order radiation modes on the trim panel is less ef� cient than sup-
pressing higher-order structural modes, as observed for the single
TBL-excited panel.24 Thus, we have shown that the maximum re-
ductions predicted in the total sound power, radiatedup to 1 kHz by
a single skin panel excitedby a TBL after canceling the contribution
of the � rst radiation mode, are of the same order as the attenuations
observedin an experimentalstudyon activecontrolof TBL-induced
sound radiation from panels.30;31

VI. Conclusions
In this paper,we havepresenteda simpli� ed model to describethe

boundary-layer noise transmitted through aircraft sidewalls. This
model has been successfully compared with other methods when
subject to harmonic excitation. The results predicted with a TBL
excitation of the panel–� berglass–panel system con� rm that there
is very little difference in terms of the sound power radiated be-
tween the bonded–bondedcase and the bonded–unbondedcase with
a small air gap. The � berglass treatment starts to be ef� cient only
above the � rst skin panel-controlledresonance, that is, above about
500 Hz in our case. In this frequency range, the vibroacoustic re-
sponse of the system is essentially governed by the modes of the
skin panel. This suggests the use of a much simpler but still repre-
sentativesystemfor modelingaircraft sidewalls that can be obtained
by neglecting the � nite size effect of the cavity and trim panel.

The added damping effect induced by the insulating material is
not pronounced below 500 Hz. To overcome this problem, the per-
formanceof various activecontrol strategieshave been investigated.

It has been shown that the most ef� cient strategy for this TBL-
excited double-panel system is the suppression of the skin panel’s
structuralmodes.This strategycouldprovideattenuationup to 16dB
with a singlecontrolchannel.However, this strategymay be dif� cult
to implement in practice because of the need to bond actuators
and sensors on the skin panels, which are repeatedly tensioned and
untensioneddue to pressurization.It may be more feasible to control
the vibrationof the trim panel or the pressurein the cavity, and these
simulationssuggest that the inwardly radiated sound power can still

be reduced by about 12 dB, if only the � rst structural mode of the
trim panel is activelycontrolled,or by about8 dB, if the � rst acoustic
mode of the cavity is actively controlled.As previouslyobserved in
a study of TBL transmission through single panels, however, there
appears to be no advantage in controlling the trim panel’s radiation
modes rather than its structural modes when it is excited by a TBL
via the skin panel and cavity.24

Because idealized and collocated sensor/actuator arrangements
have been assumed in this paper, the performance has not been
degraded by any spillover effects. In practice, the predicted results
obtained when using feedback control techniques will always be
degradedby issuesassociatedwith the selectionof discreteactuators
and sensors, model � delity, and controller design. However, the
object here was to derive the performance limitations due to the
physical properties of the double-panel system excited by a TBL,
rather than a particular actuator–sensor arrangement, and so the
results provide an upper bound on the possible reductions achieved
when using modal cancellation techniques.

The maximum gains predicted in the sound power radiated by
double-panel partitions excited by a TBL have not yet been com-
pared with any known previous experience. However, we have
shown that the maximum reductions predicted in the total sound
power, radiated up to 1 kHz by a single skin panel excitedby a TBL
after cancelingthe contributionof the � rst radiationmode, are of the
same order as the attenuations observed in an experimental study
on active control of TBL-induced sound radiation from panels.30;31
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