
JOURNAL OF AIRCRAFT

Vol. 36, No. 6, November–December 1999

Active Control of Structure-Borne and Airborne Sound
Transmission Through Double Panel

Paolo Gardonio¤ and Stephen John Elliott†

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

This paper presents a theoretical study of the active control of both structure-borne and airborne noise trans-
mission through a double-panel system. The physical and geometrical characteristics of the system were chosen to
be similar to those of the fuselage of a civil aircraft. The total sound power transmitted by the double-panel system
was used to evaluate the active control performance of four different strategies for the control system: � rst, active
mounts connecting the two panels and loudspeakers placed between the two panels were driven to minimize the
total sound power radiated by the panel (the reference case); second, active mounts connecting the two panels were
driven to cancel the out-of-plane velocities at the connecting points on the radiating panel; third, loudspeakers
placed between the two panels were driven to cancel the acoustic pressure at points near each control loudspeaker;
and fourth, active mount and control loudspeaker systems were used simultaneously as already stated. The simu-
lations show that the control loudspeakers are able to produce large attenuation of the sound transmission at low
frequencies close to the mass-air-mass resonance of the double panel. The performance is signi� cantly better if the
loudspeakers are driven to minimize radiated sound power, rather than cancel pressure between the panels. The
active mount con� guration studied in this paper does not produce signi� cant reductions of the sound transmission
except in the case where it is used in combination with the control loudspeakers.

I. Introduction

I NTERIOR cabin noise in civil aircraft has been studied widely
in the past four decades, and it is now possible to � nd general

reviews summarizing the most important aspects of the problem.1¡3

Several studieshavebeenpublishedon the classi� cation of the main
sources of interior noise,4¡12 on the identi� cation of airborne and
structure-borne noise transmission paths,10¡19 and on the evalu-
ation of the effects produced by added passive treatments to re-
duce the noise transmission to the cabin.20;21 This paper is focused
on the problem of noise transmission through the fuselage of air-
craft, which is de� ned as the airborne transmission path in the
literature.1 Many experiments on either laboratory test structures
or real aircraft fuselage structures have shown that, in general, the
sound-transmission reduction effects of stiffening, mass addition,
anddamping treatmentsof the fuselageskin vary with frequencyand
tend to be more effective at relatively high frequencies.20;21 Good
improvementin noise reductionis obtainedwhen double-panelcon-
structions with acoustic treatments (high-density � berglass blan-
kets) are used.16;17;22¡25 However, double-panel treatments provide
good sound attenuationonly at frequenciesabove the mass air mass
resonance.26 Grosveld24 has shown that the blanket of absorbing
material placed between the fuselage skin and the trim panel does
not eliminate the mass-air-mass resonance.

Recent studies27¡32 have shown that improvements in the noise
isolation at relatively low frequencies could be achieved using ac-
tive control systems acting on the fuselagedouble-panelsystem. As
shown in Fig. 1, in this paper two types of active control actuators
are studied:� rst, an active mounting system that is used to attach the
trim panel to the fuselagestructureandsecond,a controlloudspeaker
system placed in the space between the trim panel and the skin of
the fuselage. Three different con� gurations of the actuators have
been investigated: � rst, only active mounts; second, only control
loudspeakers;and third, both active mounts and control loudspeak-
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ers. The reduction in the total sound power radiation is estimated
when using these three con� gurations of the control actuators. The
reductions in the radiated sound power are also investigated when
the active mounts are driven to cancel the out-of-planevelocities at
the point where the mounts are connected to the receiver panel and
when the controlloudspeakersare driven to cancelthe acousticpres-
sure at points between the panels, near to each control loudspeaker.
The effect of using both active mounts and control loudspeakers in
combination when velocities and acoustic pressure are cancelled is
also investigated.

To study the effectiveness of these control systems, a theoreti-
cal model of sound transmission through a section of the fuselage
double-wall system has been developed. In general, three different
models of sound transmission through the fuselage of an aircraft
could be used dependingon the frequency range of the problem be-
ing considered.1 At low frequencies, such that the longitudinaland
circumferential wavelength of the fuselage skin � exural vibrations
are longer than the stiffeners spacing (ring frames and stringers),
the sound transmission into the cabin could be calculated using a
smeared shell model.33;34 This model calculates the sound transmis-
sion through the fuselage considered as an equivalent orthotropic
cylindricalskin whose dynamics includes the mass and stiffness ef-
fects of the stiffeners. An alternative approach considers the noise
transmission through a monocoque shell with rings and stiffeners
treated as discrete structural elements.35 For intermediate frequen-
cies, up to 1 kHz, the vibrationsof the frames become less important
so that only the effectsof the fuselageskin and longitudinalstringers
need to be considered in the calculationof the noise transmissionof
a fuselage section between two adjacent frames.36¡38 For frequen-
cies beyond 1 kHz (high frequencies), the dynamics of the stringers
no longer affect the fuselage skin vibration.1;28;37 To calculate the
noise transmission, it is then necessary to consider only a section
of the fuselage skin con� ned between two adjacent frames and two
adjacent stringers. For the purposes of the study presented in this
paper, a model has been chosen that is valid in the intermediate
frequency region.

Most of the analytic studies of sound transmission through air-
craft fuselage double walls assumes that the walls are acoustically
coupled only and usually are � at.39¡44 The � nite element method
can be used to study a section of the fuselage double wall of � nite
size,25 but the model can become complicated and physical insight
limited. The results presented here have been obtained by using an
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approachwhere the system is divided into individualcomponents45:
the source panel, the transmitting system, and the receiving panel,
and each component is studied in terms of point and transfer mobil-
ities or impedances.46

Although some mechanisms of sound excitation, transmission,
and radiation of the fuselage double wall of an aircraft have been
neglected in this model, it is felt to contain the most important
features of the problem and therefore should provide a good under-
standingof the phenomenaoccurringwhen active mounts or control
loudspeakers are used.

II. Matrix Model
The mathematicalmodel developednext assumes that the system

is divided into three elements as shown in Fig. 2: the source panel
(section of fuselage between two adjacent frames including a � nite
number of stringer stiffeners), the receiving panel (trim panel), and
the structure-borne and airborne transmitting paths. (In this paper
structure-bornepath and airborne path are assumed to be the sound
transmitted to the receiver trim panel via the frame-mounting sys-

Fig. 1 Sketch of an aircraft fuselage section.

Fig. 2 Scheme of a general complete isolating system.

tem or via the medium con� ned between the trim panel and the
fuselage skin, respectively.) The forces generated by active mounts
� xed to the frames would produce local perturbationson the frames
that would be transmitted to the fuselage skin. Because the model
chosen does not account for the presence of the frames, these cou-
pling effects have been modelled by structurallyconnectingthe two
panels thorough a set of small cylindrical rubber mounts. The pan-
els are also fully acoustically coupled via the response of a small
heavily damped enclosure.The dynamics of each of these elements
is evaluated using point and transfer mobility or impedance terms.
The three elements are modelled as distributed systems on which
structural or acoustical waves can propagate. The acoustical cou-
pling between the panels and the backpressure on the panels are
calculated using the transfer impedances between a � nite number
of elements on the surfaceof the panels.The excitationof the source
panel by an incident acoustic wave and the radiated sound power
from the receiverpanel are also calculatedby assumingthe two pan-
els are divided up into a � nite number of elements. Both the source
and receiver panels are assumed to be baf� ed but otherwise in free
space.

The structural path of the transmitting system consists of n dis-
tributed mounts. The mounts are connected to the source and re-
ceiverpanelsat a � nite numberof junctions.At each mount junction
the motion and the forces transmitted are characterizedby six com-
plex parameters at a single frequency of excitation corresponding
to six degrees of freedom. These velocity and force parameters are
grouped into a velocity junction vector and a force junction vector,
which, for the j th junction, can be written as

vmj ´ f Pu j Pv j Pw j
Pµx j

Pµy j
Pµz j gT (1)

fmj ´ fNx j Ny j Nz j Mx j My j Mz j gT (2)

where Pu j ; Pv j ; Pw j are the linearvelocitiesrespectivelyalong the x; y,
and z directions; Pµx j ; Pµy j ; Pµz j are the angular velocities referred re-
spectively to the x; y, and z axis; Nx j ; Ny j ; Nz j are the forces in the
x; y, and z directions;and� nally Mx j ; My j ; Mz j are the moments re-
ferred respectivelyto the µx j ; µy j , and µz j rotations.The transmitting
system also includes the effect of the acoustic transmission through
the cavity con� ned between the source panel and the receiverpanel.
As shown schematically in Fig. 2, the boundaries that the cavity
has with the source panel and receiver panel surfaces are modelled
by a discrete number of elements k whose dimensions are much
smaller than an acoustic wavelength. The remaining boundaries, at
the edges, are assumed to be rigid walls. Each of these elements
can vibrate in one direction, which is orthogonal to the surface of
the element itself and is connected either to the source panel or to
the receiver panel at a � nite number of points, whose position is
de� ned by the geometrical center of the element. At the junction of
each element, the motion and forces transmitted are characterized
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by only one complex parameter, at a single frequencyof excitation,
which can be written as

vej ´ Pw j fej ´ Nzj (3, 4)

With referenceto the notationshown in Fig. 2, combinationsof these
junction vectors are then grouped together to form three combined
pairs of vectors: the sourcevelocityvectorvs and force vector fs , the
receiver velocity vector vr and force vector fr , and the transmitting
systemvelocityvectorvt and forcevector ft . The sourceand receiver
velocity vector and force vector are given by

vs ´
vsm

vse
´

vsm1

vsm2

:::

vsmn

vse1

vse2

:::

vsek

fs ´
fsm

fse
´

fsm1

fsm2

:::

fsmn

fse1

fse2

:::

fsek

(5, 6)

vr ´
vrm

vre
´

vrm1

vrm2

:::

vrmn

vre1

vre2

:::

vrek

fr ´
frm

fre
´

frm1

frm2

:::

frmn

fre1

fre2

:::

frek

(7, 8)

where vsmj; fsmj and vsej; fsej representthe velocitiesand forcesat the
source junction for the j th mount and for the j th acoustic element,
while vrmj; frmj and vrej; frej represent the velocities and forces at
the receiver junction for the j th mount and for the j th acoustic
element. The vectors of velocities and forces at each element of the
transmitting system are given by

vt ´

vtm1

vte1

vtm2

vte2

´

vtm11

:::

vtm1n

vte11

:::

vte1k

vtm21

:::

vtm2n

vte21

:::

vte2k

ft ´

ftm1

fte1

ftm2

fte2

´

ftm11

:::

ftm1n

fte11

:::

fte1k

ftm21

:::

ftm2n

fte21

:::

fte2k

(9, 10)

wherevtm1 j ; ftm1 j andvte1 j ; fte1 j representthevelocitiesand forcesat
the sourcejunctionfor the j th mountand for the j th acousticelement
while vtm2 j ; ftm2 j and vte2 j ; fte2 j represent the velocities and forces
at the receiver junction for the j th mount and for the j th acoustic
element.

The dynamics of the source and receiver panels are modelled
using a mobility matrix approach so that their velocity and force
vectors can be written in the form:

vs D Ms1 fs C Ms2qp vr D Mr 1 fr C Mr2q f (11, 12)

where Ms1; Ms2 and Mr1; Mr2 are mobility matrices of the source
and receiver panels and qp , q f are the primary excitationvector and
the � anking excitation vector. The � anking excitation acting on the
receiver q f could be caused by a subsystemconnected to it or to an
additional � anking path connecting the source panel to the receiver
panel. A detailed description of the source and receiver panel mo-
bility matrices is given in Ref 45. The dynamics of the transmitting
system are expressed using an impedance matrix approach:

ft D Zt1vt C Zt2qs (13)

where Zt1 and Zt2 are impedance matrices of the transmitting
system45 and qs D fqsf qslgT is the excitation vector of the con-
trol forces acting on the mounts qsf D fFs1 Fs2 ¢ ¢ ¢ Fsng and the
source strength of the loudspeakers placed in the acoustic cavity
qsl D fPs1 Ps2 ¢ ¢ ¢ Pstg . Note that the components of the matri-
ces Zt1 and Zt2 caused by the mounts are block diagonal, but those
caused by the acoustic cavity are fully populatedbecause a velocity
at one element will generate a force caused by the pressure at all
of the other elements. The source and receiver panel equations (11)
and (12) can be grouped together in one equation:

vsr D Msr1 fsr C Msr2 qpf (14)

where the mobility matrices and the excitationvectorhave the form

Msr1 D
Ms1 0

0 Mr 1
Msr2 D

Ms2 0

0 Mr2
(15, 16)

qpf D
qp

q f
(17)

and the junction velocity and force vectors are given by

vsr ´
vs

vr
fsr ´

fs

fr

(18, 19)

where vsr and fsr are called respectively source-receiver velocity
vectorand source-receiverforce vector. The source-receivervectors
are related to the analogous transmitting system vectors in such a
way as to satisfy the continuity principle (for the velocity vectors)
and the equilibriumprinciple(for the forcevectors) at each junction:

ft C fsr D 0 vt D vsr (20, 21)

Using these two relations, Eqs. (13) and (14) can be related in
such a way as to � nd the vector of velocities of the elements on the
source and receiver panel as a function of the primary-� anking and
secondary sources:

vsr D Qpvqpf C Qsvqs (22)

where

Qpv D .I C Msr1 Zt1/
¡1Msr2 (23)

Qsv D ¡.I C Msr1 Zt1/¡1Msr1 Zt2 (24)

The matrices Qpv and Qsv relate the behavior of the fully coupled
system (vsr; fsr) to the primary-� anking and secondary excitations
(qpf; qs ). The sound power radiated by the receiving panel can then
be evaluatedusing the velocitiesof the radiatingelementswhich are
a subset of vsr, as

Wr .!/ D vH
re Rvre (25)

where R is the radiation resistance matrix.47
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III. Control Strategies
All of the strategies considered here for active control can be

expressed in terms of a quadraticcost function,which is minimized
and which can always be written in the form48

J D qH
s Aqs C qH

s b C bH qs C c (26)

The controlsource that minimizes this quadraticequationis given
by48

qs.opt/ D ¡A¡1b (27)

Four control strategiesare studied:1) minimizing total sound power
radiation using either the active mounts or the control loudspeak-
ers and using both the active mounts and the control loudspeakers;
2) cancellation of out-of-plane input velocities to the receiver us-
ing only active mounts; 3) cancellationof acoustic pressure at � xed
points of the cavity using only control loudspeakers;and 4) cancel-
lation of both out-of-plane input velocities to the receiver panel and
acoustic pressure at � xed points of the cavity using both the active
mounts and control loudspeakers.

In this paper these four control strategies will be referred to as
1) sound radiation minimization (Jsr), 2) velocity cancellation (Jv ),
3) pressure cancellation (Jp ), and 4) velocity and pressure cancel-
lation (Jv; p ). When the total sound radiation is minimized, the cost
function is

Jsr D vH
re Rvre (28)

where the velocity vector vre contains only the velocities of the
radiatingelementson the receiverplate and is givenby the following
equation vre D Srevsr. The two matrices required in the quadratic
form of Eq. (26) are then:

Asr D QH
svST

reRSreQsv bsr D QH
svST

reRSreQpvqpf (29, 30)

When velocity cancellation is implemented, then the cost function
has the form

Jv D vH
rmvrm (31)

and the velocity vector vrm , which contains only the out-of-plane
velocity terms at the receiver panel junctions, is obtained with the
following equation: vrm D Srmvsr. The two matrices in Eq. (26) are
then given by

Av D QH
svST

rmSrmQsv bv D QH
svST

rmSrmQpvqpf (32, 33)

When pressure cancellation is implemented, then the cost function
has the form

Jp D pH
c pc (34)

and the pressure vector pc is given by pc D Zc1vsre C Zc2qsl. Zc1

and Zc2 are two matrices that give the pressure terms caused by the
vibration of the boundary elements of the cavity vsre D fvT

se vT
regT

taking into account both primary-� anking and secondary sources
and caused by the direct � eld generated by the control loudspeaker
source qsl. In this case the velocities of the source and receiver
boundary elements are given by vsre D Ssrevsr. The two matrices in
Eq. (26) are then given by

Ap D PH
2c C QH

svSH
sreP

H
1c P1cSsreQsv C P2c (35)

bp D PH
2c C QH

svSH
sreP

H
1c P1cSsreQpvqpf (36)

Finally, when velocity and pressureminimization are implemented,
then the cost function has the form

Jv; p D vH
rm pH

c

vrm

pc
(37)

and the velocity and pressure vectors are the same as those just
considered, for velocity or pressure cancellation.The two matrices
in Eq. (26) are given by

Av; p D
SrmQsv

P1cSsreQsv C P2c

H SrmQsv

P1cSsreQsv C P2c

(38)

bv; p D
SrmQsv

P1cSsreQsv C P2c

H SrmQpv

P1cSsreQpv
qpf (39)

IV. System Studied
In general, the fuselage of a commercial aeroplane is composed

of a structure of circular rings (frames) and longitudinal stringers
on which is wrapped an aluminum skin of thickness varying be-
tween 1 and 1.5 mm. The interior of the fuselage is furnished by
trim panels � xed on the frames via rubber mounts. The space be-
tween the fuselage skin and the trim panels is � lled with blankets
of insulating material. The main purpose of this cavity treatment is
thermal insulation;however, acoustic absorption is also achieved at
relatively high frequencies.22¡24 The sketch in Fig. 1 illustrates the
main features of the fuselage wall of a commercial aircraft. (The
curvature of the frames and fuselage skin is not shown.)

The assumption is made that the trim panel is attached to the
frames via active mounts. The control actuator of the active mount
couldbe placed within the space occupiedby the frame, as shown in
Fig. 1, whereas the velocity sensor should be � xed on the trim panel
points connected to the active mount. The control loudspeakers are
placed between the trim panel and the blanket of insulating mate-
rial. They have been placed near the corners of the system so that
they couple well with the acoustic modes of the cavity. The control
microphones are placed 5 mm from the loudspeakers, as shown in
Fig. 1.

Figure3 shows thegeometryof the systemthathasbeenmodelled.
The sourcepanel has beenmodelled as a � at panel simply supported
on the four edges with four stringers equally spaced. The natural
frequencies and modes of such a stiffened panel has been derived
using a transfermatrix method,49;50 which has been used in the past
by severalauthors to model the sound transmissionthrougha section
of the fuselage at low-intermediate frequency.36;37 The trim panel
has also been modelled as a � at plate, simply supportedat the edges
parallel to the x axes and free on the edges parallel to the y axes.

Fig. 3 Schematic representation of the system modelled.
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Fig. 4 Mesh of elements for the source and receiver plates and for the
acoustic cavity. Source, receiver, and transmitting system velocity and
force vector for element and mount junctions.

For both panels the effects of bending waves only have been
considered; therefore, at the j th mount junctions the velocity and
force vectors, shown in Fig. 4, are de� ned as

vmj D
Pw j

Pµx j

Pµ j y

fmj D
Nz j

Mx j

My j

(40, 41)

whereas the velocity and force vectors at the j th element junctionof
the two panels account only for the out-of-planedegree-of-freedom
as shown in Fig. 4:

vej D Pw j fej D Nz j (42, 43)

The pointand transfermobilitiesreferringto themount junctions,el-
ement junctions,and force excitationpositions required in Eqs. (11)
and (12) have been calculated using the formulas reported in Ap-
pendix C of Ref. 45. The force excitations are harmonic with time
dependenceexp( j!t ). When a plane acoustic wave excites the sys-
tem, the primary excitation consists of a vector of I point forces
qp D fNzse1 ¢ ¢ ¢ NzseIgT acting on the center of the acoustic I ele-
ments of the source panel. If the harmonic incident plane acoustic
wave at angles µ and Á creates a pressure � eld on the plate given by

pi D Po exp[ j .!t ¡ kx x ¡ ky y/] (44)

where Po is the wave amplitude, kx D k sin µcosÁ and ky D
k sin µ sin Á are the wave numbers in x and y directions and k is
the air wave number, then the force at each element junction can be
evaluated with the following formula:

Nz j D 2A j Po exp[¡ j .kx x j C ky y j /] (45)

where A j is the area of the j th element and the factor2 takes into ac-
count the pressure doubling at the surface.26 Equation (44) neglects
the � uid loading of the air in the incident � eld.

The mobility formulas used for the two panels neglect the effects
on the source panel related to the fuselagecurvature, the cabin pres-
surization, and external temperature and moisture con� ned within
the fuselage double wall.51;52 The physical characteristics of the
source panel and the weight and stiffness of the receiver panel have
been chosen to be similar to those of the fuselage and of the trim
panel of a commercial aircraft. The geometry and physical charac-
teristics of the two panels are summarized in Tables 1–3.

The active mounts have each been modelled by a rubber cylin-
der with two idealized reactive control forces acting at the ends.

The dynamics of the actuators have been neglected. In the interme-
diate frequency range the ring frames vibration is very low when
the fuselagesectionunder considerationis excitedonly acoustically
as described in Sec. I. The dynamics of the ring frames have been
neglected in the model, and simply supported boundary conditions
have been assumed for the fuselage panel along the edges parallel
to the x axis. The structural coupling produced by the mounts is
provided by coupling the mounts directly to the source and receiver
panels, as shown in Fig. 4. The mounts have been placed very close
to the edges of the source panel so that the coupling effect is rep-
resentative of the real system with the frame shown in Fig. 1. The
positionsof the four mounts are listed in Table 4, whereas the geom-
etry and physical characteristicsof the rings of rubber are given by
Table 5.

Table 1 Geometry and physical constants
for the source panel

Parameter Value

Dimensions lx D 0:6 m, ly D 0:5 m
Thickness s1 D 0:0015 m
Mass density ½1 D 2796 kg/m3

Young’s modulus E1 D 7:24 £ 1010 Pa
Poisson ratio º1 D 0:33
Loss factor ´1 D 0:02

Table 2 Geometry and physical constants
for the receiver panel

Parameter Value

Dimensions lx D 0:6 m, ly D 0:5 m
Thickness s2 D 0:003 m
Mass density ½2 D 255 kg/m3

Young’s modulus E1 D 1 £ 109 Pa
Poisson ratio º2 D 0:3
Loss factor ´2 D 0:03

Table 3 Geometry and physical constants
for the stringers50

Parameter Value

Frame distances bs D 0:2 m
Cross-sectional area As D 1:48 £ 10¡4 m2

Warping constant of Cws D 4:43 £ 10¡12 m6

stringer cross section
St. Venant torsion cost. C D 9:42 £ 10¡11 m4

Moments of inertia I´ D 5:08 £ 10¡8 m4

I´³ D 0
I³ D 3:45 £ 10¡8 m4

Js D 1:06 £ 10¡7 m4

Shear center distances cy D 0, cz D 0:02 m, sz D 0:002 m
Young’s modulus Es D 7:24 £ 1010 Pa
Poisson ratio ºs D 0:33
Mass density ½s D 2796 kg/m3

Table 4 Position of the mounts

No. x, mm y, mm

1 20 20
2 20 480
3 580 20
4 580 480

Table 5 Geometry and physical constants
for the rubber mounts

Parameter Value

Diameter and height Á D 0:015; h D 0:12 m
Mass density ½m D 1078 kg/m3

Young’s modulus Em D 1:5 £ 106 Pa
Poisson ratio ºm D 0:49
Loss factor ´m D 0:05
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The mounts are modelled as distributed systems on which lon-
gitudinal and � exural waves can propagate. The point and transfer
impedances for each mount required in Eq. (13) have been derived
from Appendix B of Ref. 45. The velocity sensors are placed at the
connecting points of the mounts with the radiating panel as shown
in Fig. 1.

The acoustic cavity con� ned between the two � exible panels is
assumed to be bounded on the four edges by rigid walls and is as-
sumed to be heavily damped. The two panels are divided into a
� nite number of elements, which vibrate in the direction orthogonal
to the area of the element itself and excite the cavity (see Fig. 4).
The analytical expressionof the point and transfer impedances that
relates the pressure,i.e., the normal force, at one cavityelementwith
the velocity imposed at the same (point impedance) or at another
cavity element (transfer impedance) can be derivedusing the modal
formulation described in Chap. 10 of Ref. 48. A similar formula
is used to evaluate the pressure at one cavity element because of
the control loudspeaker excitation or the pressure at the error mi-
crophones caused either by the excitations imposed by the cavity
elements or by the control loudspeakers.With these equations it is
then possible to calculate the relevant impedance terms in Eq. (13).

The geometry and physical characteristicsof the cavity are sum-
marized in Table 6, whereas Table 7 gives the positions of the four
control loudspeakersand control microphones.

Once the matrices of Eqs. (11–13) have been calculated it is pos-
sible to evaluate the total sound power radiation [Eq. (28)] when
either only primary or both primary and secondary excitations act
on the system. The matrix of radiation resistances in Eq. (28) has
been derived, assuming the radiatingpanel is baf� ed and neglecting
the � uid loading on the plate because of the air in the free � eld26:

R D
!2½S2

4¼c

1
sin.kr12/

kr12
¢ ¢ ¢ sin.kr1 I /

kr1I

sin.kr21/

kr21
1

¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢
sin.kr1I /

kr1 I
1

(46)

where k; ½ , are c the wave number, density, and speed of sound of
air in the free � eld. S is the area of the plate, whereas ri j is the
distance from the element i to the element j .

The presence of insulating material in the cavity between the
two panels has also been modelled.An equivalent� uid model53 has
been used that takes into account the acoustic wave in the porous
part of the insulating material and neglects the effects of the struc-
tural waves propagating in the solid structure of the material. The
equivalent � uid is assumed to have a complex wave number53¡56:

ka D k 1 C c7» c8 ¡ jc5» c6 (47)

Table 6 Geometry and physical
constants for the cavity

Parameter Value

Dimensions lx D 0:6 m, ly D 0:5 m
Deep d D 0:12 m
Density of air ½c D 1:19 kg/m3

Speed of sound of air cc D 341 m/s
Modal damping ratio ³2 D 0:1

Table 7 Position of the loudspeakers and microphones

No. x, mm y, mm z .loud/, mm z .mic/; mm

1 50 50 72 77
2 50 450 72 77
3 550 50 72 77
4 550 450 72 77

Table 8 Equivalent � uid parameters

Parameter Value

Dimensions lx D 0:6 m, ly D 0:5 m
Thickness t D 0:72 m
Flow resistivity ¾ D 12;000 Rayls/m
Equivalent � uid constants c1 D 0:070; c2 D ¡0:632

for � berglass type materials c3 D 0:107; c4 D ¡0:632
c5 D 0:160; c6 D ¡0:618
c7 D 0:109; c8 D ¡0:618

and a complex speci� c impedance

Za D ½c 1 C c1» c2 ¡ jc3»
c4 (48)

The constantsc1; : : : ; c8 dependon the type of material in the cavity
as described in Ref. 54. Those used here are listed in Table 8. The
nondimensionalparameter » is given by the equation:

» D f½o=¾ (49)

where ¾ is the � ow resistivity55 measured in mks Rayls/m.
The point and transfer impedances for the cavity elements have

been calculated using the same formulas used for the cavity � lled
with air, except that the complex wave number, density, and speed
of sound for the equivalent � uid have been used. The model also
allows the analysis of a cavity partially � lled with this porous ma-
terial, which is possible by considering the space between the two
panels occupied by two distinct cavities connected in series. The
transmission matrices57 are derived for each cavity, and then using
the four pole theory58 the impedance matrix for the two cavities in
series can been derived.

The validity of the model used here has been veri� ed by compar-
ing the sound reduction index of the double panel calculated using
the precedingmodel with the sound-reductionindex calculatedwith
the textbook theory for in� nite size double panels.26 The details of
this comparative analysis can be found in Ref. 59.

V. Results with Different Active Control Strategies
The sound transmission through the aircraft panel system de-

scribed in Sec. IV has been studied for three different cases. In the
� rst two cases the � uid in the cavity has been assumed to be air, and
a primary harmonic excitation is assumed to be either a unit force
acting at x p D 0.15 m, xp D 0.2 m, or a plane wave of unit amplitude
with orientationµp D 45 deg and Á p D 135 deg. In the third case the
assumption has been made that the cavity between the two panels
is completely � lled by porous material with � ow resistivity equal to
¾ D 12;000 Rayls/m. The primary excitation was a plane wave as
for the second case. For each case three graphs have been produced;
the top plot shows the passive behavior of the double panel sys-
tem, the center plot shows the when total sound power radiation is
minimized using either active mounts and/or control loudspeakers,
and the third plot shows when the velocity or the sound pressure is
cancelled using either active mounts and/or control loudspeakers.

The top plots of Figs. 5, 6, and 7 show the total sound power
radiation by the receiving panel for three different double-panel
con� gurations: 1) when both structure-borne and airborne sound
transmissionis considered(solid line), 2) when only airborne sound
transmission is accounted for (dashed line), and 3) when only
structure-bornesound transmissionis considered(dash-dottedline).
These plots give an overall estimate for the passive sound transmis-
sion of the system in the three control cases studied.With reference
to the � rst case, the top plot of Fig. 5 shows that the sound trans-
mission is largely airborne at low frequencies, but both air- and
structure-bornecomponents are important at higher frequencies.

Table 9 summarizes the � rst 10 natural frequencies of the struc-
tural modes for the source and receiver panels respectively,60

whereas Table 10 gives the 12 natural frequencies for the acoustic
modes of the cavity that have been used in the simulations. Below
the � rst resonance of the source panel, the sound transmission is
quite low, and the double-panel system is controlled by the stiff-
ness of the source panel itself. In the frequency range between 100
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Fig. 5 Case 1: point force primary excitation and gap between the two
panels � lled by air. Top plot: total sound power radiated when there
is both structure-borne and airborne sound transmission (——), only
airborne sound transmission (– – – ), and only structure-borne sound
transmission (– ¢ – ). Center plot: total sound power radiated before
control (——) and when total sound power radiation is minimized
using active mounts (– ¢ – ), control loudspeakers (– – – ) and both ac-
tive mounts and control loudspeakers ( ¡ ¡ ¡ ¡ ). Bottom plot: total sound
power radiated before control (——), when active mounts cancel ve-
locities at mount control sensors (– ¢ –), when control loudspeakers
cancel sound pressure at control microphones (– – – ), and when both
active mounts and control loudspeakers cancel velocities and sound
pressure ( ¡ ¡ ¡ ¡ ).

Fig. 6 Case 2: plane acoustic wave primary excitation and gap be-
tween the two panels � lled by air. Top plot: total sound power radiated
when there is both structure-borne and airborne sound transmission
(——), only airborne sound transmission (– – – ), and only structure-
borne sound transmission (– ¢ – ). Center plot: total sound power radi-
ated before control (——) and when total sound power radiation is min-
imized using active mounts (– ¢ – ), control loudspeakers (– – –), and both
activemountsand control loudspeakers( ¡ ¡ ¡ ¡ ). Bottomplot: total sound
power radiated before control (——), when active mounts cancel veloc-
ities at mount control sensors (– ¢ – ), when control loudspeakers cancel
sound pressure at control microphones (– – – ), and when both active
mounts and control loudspeakers cancel velocities and sound pressure
( ¡ ¡ ¡ ¡ ).
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Fig. 7 Case 3:planeacousticwaveprimaryexcitationandgapbetween
the two panels � lled by porous material. Top plot: total sound power
radiated when there is both structure-borne and airborne sound trans-
mission (——), only airborne sound transmission (– – – ), and only
structure-borne sound transmission (– ¢ – ). Center plot: total sound
powerradiatedbefore control (——), andwhen total soundpower radia-
tion isminimizedusingactivemounts(– ¢ – ), controlloudspeakers(– – –),
and both active mounts and control loudspeakers ( ¡ ¡ ¡ ¡ ). Bottom plot:
total sound power radiated before control (——), when active mounts
cancel velocities at mount control sensors (– ¢ –), when control loud-
speakers cancel sound pressure at control microphones(– – –), and when
both activemountsand control loudspeakerscancel velocities and sound
pressure ( ¡ ¡ ¡ ¡ ).

Table 9 Natural frequencies of the source and receiver panelsa

Source panel Receiver panel

m n fm;n , Hz m n fm ;n , Hz

1 1 131.9 0 1 36.1
2 1 148.8 00 1 52.7
3 1 177.8 1 1 106.6
1 2 228.8 0 2 144.4
2 2 234.6 00 2 163.5
3 2 240.5 2 1 204.9
1 3 297.6 1 2 226.7
2 3 298.5 0 3 324.9
3 3 300.4 2 2 331.6
4 1 305.5 00 3 344.7

a0 refers to modes in which both free ends of the panel move in phase and 00

to those in which the free ends move out of phase.60

Table 10 Natural frequencies of the cavity con� ned
between the two panels � lled by air

m n p fm ;n;p , Hz m n p fm;n;p , Hz

0 0 0 0.0 0 2 0 682.0
1 0 0 284.2 1 2 0 738.8
0 1 0 341.0 3 0 0 852.5
1 1 0 443.9 2 2 0 887.8
2 0 0 568.3 3 1 0 918.2
2 1 0 662.8 0 3 0 1023.0

and 250 Hz, the sound transmission is relatively high because it is
controlled by the mass-air-mass sound transmission mechanism.26

In this frequency range the vibration of the two panels is domi-
nated by the resonances of the modes characterizedby at least one
modal order equal to one that produces a large net volume velocity
of the air at both sides of each panel ( fs11 D 13:19, fs21 D 148:8,
fs12 D 228:8, and fr11 D 106:6 Hz). The � rst resonanceof the air in
the cavity between the two panels is at fc100 D 284:2 Hz; thus, in the
frequency range between 100 and 250 Hz, the air between the two
panels acts as a spring that is compressed by the volumetric motion
of the two plates. This type of coupling gives rise to a resonant ef-
fect, known as the mass-air-mass resonance of double partitions,26

that strongly couples the two panels. Moreover, the volumetric mo-
tion of the receiver panel ef� ciently radiates sound. The combined
effect of mass-air-masssound transmissionmechanismand ef� cient
sound radiation of the receiver panel is the cause of the relatively
high level of sound transmission in the frequency band between
100 and 250 Hz. At higher frequencies the acoustic response in
the cavity con� ned between the two panels is also characterizedby
resonances. Therefore, for frequencies above 250 Hz, the airborne
sound transmission is controlled by the coupling of the modes of
the two panels with the modes of the cavity con� ned between them.
This results in a reductionof the sound transmissionexcept at about
310 Hz, where the vibration of the receiver panel is controlled by
modes with a component equal to one which ef� ciently radiates
sound.

The same type of trend is obtained with an incident plane wave
excitation when the cavity is � lled by air as can be seen by com-
paring the top plot of Figs. 5 and 6. When the cavity is entirely
� lled by porous material (top plot of Fig. 7), the effects of the cavity
resonances are smoothed by the added dissipative effect. In agree-
ment with the observationsof Grosveld,24 the sound radiation in the
frequency range between 100 and 250 the porous material does not
produce any bene� t. On the contrary, it tends to slightly increase
the sound radiation resonance effects caused by the mass-air-mass
sound-transmission mechanism and caused by the ef� cient sound
radiation of the receiver panel.

For all three cases studied the performanceof the control systems
has been calculated in the frequency range between 0 and 1000 Hz,
by considering the total sound power radiation without control and
with control using the four control strategies listed in Sec. III. Con-
sidering the case where the system is excited by the point force and
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the cavity is � lled by air, the centerplot of Fig. 5 shows the reduction
in total sound power radiation when using either active mounts or
control loudspeakersor a combination of the two when these actu-
ators are driven to minimize total sound power radiation. This plot
shows that when the control loudspeakers are used attenuations of
about 10 dB in the total sound power radiation can be achieved in
the mass-air-mass frequency band (below 250 Hz). Above 250 Hz
a relatively low reduction of about 4 dB is obtained instead. The
active mount system does not perform well either at low frequen-
cies or at high frequencies. When both active mounts and control
loudspeakers are used, reductions in radiated power of about 20 dB
are achieved below 250 Hz, whereas at higher frequencies the av-
erage reduction is about 6 dB. The bottom plot of Fig. 5 shows the
total sound power radiation when the active mounts are driven to
cancel the out-of-planeinput velocities to the receiverplate or when
the control loudspeakers are driven to cancel the acoustic pressure
at � xed points of the cavity. The control loudspeakers still produce
some control in the mass-air-mass frequencyband, whereas no con-
trol is achieved at higher frequencies. The active mounts produce
very poor results with small ampli� cations at some frequencies.

Considering the center and bottom plots of Figs. 6 and 7, similar
conclusions can be drawn when the system is excited by a plane
wave, and the air gap between the two panels is � lled with air.
However, if the control performance of the loudspeakers at mass-
air-mass resonances is considered, one can see that because the
loudspeakers are fully immersed in the porous material, the control
effectiveness is lower compared with that achieved when the gap
between the two panels is � lled with air.

The results obtained from these three cases suggest that the con-
trol loudspeakers could provide good control in the mass-air-mass
frequency band while the active mounts are not able to produce
any bene� t because the control loudspeakers are acting on the air
between the two panels, which, as described before, is working
as a spring that couples the volumetric motion of the two panels.
Therefore the loudspeakers can be used to pump air in and out of
the small cavity in such a way as to reduce the volumetric vibra-
tion of the receiver panel. This produces both a reduction of the
mass-air-mass sound-transmission mechanism and a reduction of
the vibration of the receiver panel controlled by modes that are
ef� cient sound radiators. Alternatively, the active mounts are not
able to affect the volumetric vibration of the two panels because
they are placed at the four corners of the system. Thus, neither the
mass-air-mass sound transmission mechanism nor the vibration of
the receiver panel controlled by modes, which are ef� cient sound
radiators,can be controlledby the mount con� gurationstudiedhere.
These results indicate that the control loudspeakers could be use-

Fig. 8 Total sound power radiated when the double panel with the
cavity � lled by air is excited by a planewave.Before control (——). After
control when one control loudspeaker is driven to minimize total sound
power radiation (– – –) and when one control loudspeaker is driven to
cancel sound pressure at the control microphone (– ¢ –).

fully integrated with the passive techniques of sound transmission
isolation because they are able to produce reductions of the sound
transmission at the mass-air-mass frequency band where passive
isolation provides poor performance.24

A � nal case has been considered where the double-panel system
with the cavity � lled with air and excited by a plane wave has been
provided with a single control loudspeaker system. Figure 8 shows
that the control performance is not as good as with the four loud-
speakers (center and bottom plots of Figs. 6), but reductions in the
noise transmission are still achieved.

VI. Conclusions
A theoretical model for sound transmission through a double-

panel system has been developedand used to predict the reductions
in the total sound power radiated when either control loudspeakers
in the partition air gap or active mounts at trim panel attachment
points are used. The model accounts for both structure-borne and
airborne sound-transmission paths, and the physical and geomet-
rical characteristics of the system studied have been chosen to be
similar to those of the fuselage of a civil aircraft. Both point force
and acoustic plane wave excitations are considered.The main con-
clusions drawn from the results of the simulations performed can
be listed as follows:

1) The control loudspeakersare able to produce good attenuation
of the sound transmission at lower frequencies close to the mass-
air-mass resonance frequency band of the double panel.

2) The active mount con� guration studied in this paper does
not produce signi� cant reductions of the sound transmission ex-
cept in the case where it is used in combination with the control
loudspeakers.

3) For the loudspeaker control system the noise control perfor-
mance is signi� cantly better if radiated sound power is minimized,
rather than cancelling the pressuremeasured near the loudspeakers.

4) A control system with a single loudspeaker in the partition air
gap is estimated to provide some noise control in the mass-air-mass
resonance frequency band.

5) When the air gap between the two panels is � lled with porous
material, the control effectiveness of loudspeakers is slightly re-
duced.

Acknowledgments
The content of this paper is part of a Brite-Euram project sup-

ported by the EC under the Contract BRPR-CT96-0154 DAFNOR,
“Distributed Active Foils for Noise Reduction.”

References
1Mixson, J. S., and Wilby, J. F., “Interior Noise,” Aeroacoustics of Flight

Vehicles, Theory and Practice, edited by H. H. Hubbard, NASA Langley
Research Center, Hampton, VA, 1995, Chap. 16.

2Mixson, J. S., and Wilby, J. F., “Airplane Interior Noise: A Status Re-
view,” AIAA Paper 87-2659, Oct. 1987.

3Wilby, J. F., “Noise Transmission into Propeller-Driven Airplanes,” The
Shock and Vibration Digest, Vol. 21, No. 6, 1989, pp. 3–10.

4Sulc, J., Hofr, J., and Benda, L., “Exterior Noise on the Fuselage of Light
Propeller Driven Aircraft in Flight,” Journal of Sound and Vibration, Vol.
84, No. 1, 1982, pp. 105–120.

5Bhat, W. V., “Flight Test Measurement of Exterior Turbulent Boundary
Layer Pressure Fluctuations on Boeing Model 737 Airplane,” Journal of
Sound and Vibration, Vol. 14, No. 4, 1971, pp. 439–457.

6Bhat, W. V., and Wilby, J. F., “Interior Noise Radiated by an Airplane
Fuselage Subjected to Turbulent Boundary Layer Excitation and Evaluation
of Noise Reduction Treatments,” Journal of Sound and Vibration, Vol. 18,
No. 4, 1971, pp. 449–464.

7Wilby, J. F., and Gloyna, F. L., “Vibration Measurements of an Airplane
Fuselage Structure. I. Turbulent Boundary Layer Excitation,” Journal of
Sound and Vibration, Vol. 23, No. 4, 1972, pp. 443–466.

8Wilby, J. F., and Gloyna, F. L., “Vibration Measurements of an Airplane
Fuselage Structure. II. Jet Noise Excitation,” Journalof SoundandVibration,
Vol. 23, No. 4, 1972, pp. 467–486.

9Bhat, W. V., “Use of Correlation Technique for Estimating In-Flight
Noise Radiated by Wing-Mounted Jet Engines on a Fuselage,” Journal of
Sound and Vibration, Vol. 17, No. 3, 1971, pp. 349–355.



1032 GARDONIO AND ELLIOTT

10Mixson, J. S., Barton, C. K., and Vaicatis, R., “Investigation of Interior
Noise in a Twin-Engine Light Aircraft,” Journal of Aircraft, Vol. 15, No. 4,
1978, pp. 227–233.

11Pope, L. D., Wilby, E. G., and Wilby, J. F., “Propeller Aircraft Interior
Noise Model, Part I: Analytical Model,” Journal of Sound and Vibration,
Vol. 118, No. 3, 1987, pp 449–467.

12Pope,L.D., Willis,C. M., andMayes, W.H., “Propeller Aircraft Interior
Noise Model, Part II: Scale-Model and Flight-Test Comparison,” Journal of
Sound and Vibration, Vol. 118, No. 3, 1987, pp. 469–493.

13Pope, L. D., Rennison, D. C., Willis, C. M., and Mayes, W. H., “Devel-
opmentand Validationof Preliminary AnalyticalModels forAircraft Interior
Noise Prediction,” Journal of Sound and Vibration, Vol. 82, No. 4, 1982, pp.
541–575.

14Pope,L.D., Wilby,E.G., Willis,C. M., and Mayes, W.H., “Aircraft Inte-
rior Noise Models: Sidewall Trim, Stiffened Structures, and Cabin Acoustic
with Floor Partition,” Journal of Sound and Vibration, Vol. 89, No. 3, 1983,
pp. 371–417.

15Pope, L. D., and Wilby, J. F., “Band-Limited Power Flow into Enclo-
sures. II,” Journal of the Acoustical Society of America, Vol. 67, No. 3, 1980,
pp. 823–826.

16Graham, W. R., “Boundary Layer Induced Noise in Aircraft, Part I: The
Flat Plate Model,” Journal of Sound and Vibration, Vol. 192, No. 1, 1996,
pp. 101–120.

17Graham, W. R., “Boundary Layer Induced Noise in Aircraft, Part II:
The Trimmed Flat Plate Model,” Journal of Sound and Vibration, Vol. 192,
No. 1, 1996, pp. 121–138.

18Unruh, J. F., “Structure-Borne Noise Control for Propeller Aircraft,”
Journal of Aircraft, Vol. 17, No. 2, 1988, pp. 752–757.

19Unruh, J. F., “Installation Effects on Propeller Wake/Vortex-Induced
Structure-Borne Noise Transmissions,” Journal of Aircraft, Vol. 27, No. 5,
1989, pp. 444–448.

20Vaicatis, R., “Noise Transmission into a Light Aircraft,” Journal of
Aircraft, Vol. 17, No. 2, 1980, pp. 81–86.

21Barton, C. K., and Mixson, J. S., “Noise Transmission and Control for
a Light Twin-Engine Aircraft,” Journal of Aircraft, Vol. 18, No. 7, 1981,
pp. 570–575.

22Heitman, K. E., and Mixson, J. S., “Laboratory StudyofCabin Acoustic
Treatments Installed in an Aircraft Fuselage,” Journal of Aircraft, Vol. 23,
No. 1, 1986, pp. 32–38.

23Mixson, J. S., Roussos, L. A., Barton, C. K., Vaicaitis, R., and Slazak,
M., “Laboratory Study of Add-On Treatments for Interior Noise Control in
Light Aircraft,” Journal of Aircraft, Vol. 20, No. 6, 1983, pp. 516– 522.

24Grosveld, F. W., “Field-Incidence Noise Transmission Loss of General
Aviation Aircraft Double-Wall Con� gurations,” Journal of Aircraft, Vol. 22,
No. 2, 1985, pp. 117–123.

25Desmet, W., and Sas, P., “Sound Transmission of Finite Double-
Panel Partitions with Sound Absorbing Material and Panel Stiffeners,”
CEAS/AIAA Paper 95-043, June 1995.

26Fahy, F. J., Sound and Structural Vibration, Academic International
Press, London, 1994, p. 169.

27Carneal, J., and Fuller, C. R., “Active Structural Acoustic Control of
Noise Transmission Through Double-Panel Systems,” AIAA Journal, Vol.
33, No. 4, 1995, pp. 618–623.

28Sas, P., Bao, C., Augusztinovicz,F., and Desmet, W., “Active Control of
Sound Transmission Through a Double Panel Partition,” Journal of Sound
and Vibration, Vol. 180, No. 4, 1995, pp. 609–625.

29Bao, C., and Pan, J., “Experimental Study of Different Approaches for
Active Control of Sound Transmission Through Double Walls,” Journal of
the Acoustical Society of America, Vol. 102, No. 3, 1997, pp. 1664–1670.

30Grosveld, F. W., and Shepherd,K. P., “Active SoundAttenuationAcross
a Double Wall Structure,” Journal of Aircraft, Vol. 31, No. 1, 1994, pp. 223–

227.
31Thomas,D. R., Nelson, P. A., Pinnington,R. J., and Elliott, S. J., “Active

Controlof Sound Transmission ThroughStiff LightweightComposite Fuse-
lage Constructions,” Proceedings of 14th AIAA Aeroacoustics Conference
II, AIAA, Washington, DC, 1992, pp. 552–560.

32Simpson, M. A., Luong, T. M., Fuller, C. R., and Jones, J. D., “Full-
Scale Demonstration Tests of Cabin Noise ReductionUsing Active Vibration
Control,” Journal of Aircraft, Vol. 28, No. 3, 1990, pp. 208–215.

33Rosen, A., and Singer, J., “Vibrations of Axially-Loaded Stiffened
Cylindrical Shells,” Journal of Sound and Vibration, Vol. 34, No. 3, 1974,
pp. 357–378.

34Mercadal, M., and Flotow, A. H., “On the Importance of Representative
Structural Models in TurbopropAcoustics,” Journalof Soundand Vibration,

Vol. 188, No. 5, 1995, pp. 753–759.
35Koval, L. R., “On SoundTransmission into a Stiffened Cylindrical Shell

with Rings and Stringers Treated as Discrete Elements,” Journal of Sound
and Vibration, Vol. 71, No. 4, 1980, pp. 511–521.

36Vaicatis, R., Grosveld, F. W., and Mixson, J. S., “Noise Transmission
ThroughAircraft Panels,” Journal of Aircraft, Vol. 22, No. 4, 1985, pp. 303–

310.
37Vaicatis, R., and Slazak, M., “Noise Transmission Through Stiffened

Panels,” Journal of Sound and Vibration, Vol. 70, No. 3, 1980, pp. 413–426.
38Chang, M. T., and Vaicatis, R., “Noise Transmission into Semicylin-

drical Enclosures Through Discretely Stiffened Curved Panels,” Journal of
Sound and Vibration, Vol. 85, No. 1, 1982, pp. 71–83.

39Beranek, L. L., “SoundTransmission ThroughMultipleStructuresCon-
tainingFlexibleBlankets,” Journalof the Acoustical Society ofAmerica, Vol.
21, No. 4, 1949, pp. 419–428.

40London, A., “Transmission of Reverberant Sound Through Double
Walls,” Journal of the Acoustical Society of America, Vol. 22, No. 2, 1950,
pp. 270–279.

41Mulholland,K. A., Price, A. J., andParbrook,H. D., “Transmission Loss
of Multiple Panels in a Random Incidence Field,” Journal of the Acoustical
Society of America, Vol. 43, No. 6, 1968, pp. 1432–1435.

42White, P. H., and Powell, A., “Transmission of Random Sound and
Vibration Through a Rectangular Double Wall,” Journal of the Acoustical
Society of America, Vol. 40, No. 4, 1966, pp. 821–832.

43Mulholland, K. A., Parbrook, H. D., and Cummings, A., “The Trans-
mission Loss of a Double Panel,” Journal of Sound and Vibration, Vol. 6,
No. 3, 1967, pp. 324–334.

44Cummings, A., and Mulholland, K. A., “The Transmission Loss of
Finite Sized Double Panels in a Random Incidence Sound Field,” Journal
of Sound and Vibration, Vol. 8, No. 1, 1968, pp. 126–133.

45Gardonio, P., Elliott, S. J., and Pinnington, S. J., “Active Isolation of
Structural Vibration on a Multiple-Degree-of-Freedom System, Part I: The
Dynamics of the System,” Journal of Sound and Vibration, Vol. 207, No. 2,
1997, pp. 61–93.

46O’Hara, G. J., “Mechanical Impedance and Mobility Concepts,” Jour-
nal of the Acoustical Society of America, Vol. 41, No. 5, 1967, pp. 1180–

1184.
47Johnson, M. E., and Elliott, S. J., “Active Control of Sound Radiation

Using Volume Velocity Cancellation,” Journal of the Acoustical Society of
America, Vol. 98, No. 4, 1995, pp. 2174–2186.

48Nelson, P. A., and Elliott, S. J., Active Control of Sound, Academic
International Press, London, 1992, p. 382.

49Lin,Y. K., ProbabilisticTheoryof StructuralDynamics, Mc Graw–Hill,
New York, 1967.

50Lin, Y. K., and Donaldson, B. K., “A Brief Survey of Transfer Ma-
trix Techniques with Special Reference to the Analysis of Aircraft Pan-
els,” Journal of Sound and Vibration, Vol. 10, No. 1, 1969, pp. 103–

143.
51Koval, L. R., “Effect of Air Flow, Panel Curvature, and Internal Pres-

surization on Field-Incidence Transmission Loss,” Journalof the Acoustical
Society of America, Vol. 59, No. 6, 1976, pp. 1379–1385.

52Lyrintzis,C. S., andBo� lios,D. A., “HygrothermalEffects on Structure-
Borne Noise Transmission of Stiffened Laminated Composite Plates,” Jour-
nal of Aircraft, Vol. 27, No. 8, 1990, pp. 722–730.

53Delany, M. E., and Bazley, E. N., “Acoustical Properties of Fibrous
Absorbent Materials,” Applied Acoustics, Vol. 3, No. 3, 1970, pp. 105–116.

54Miki, Y., “Acoustical Properties of PorousMaterials—Modi� cations of
Delany-Bazley Models,” Journalof the Acoustical Society of Japan, Vol. 11,
No. 1, 1990, pp. 19–24.

55Bies, D. A., and Hansen, C. H., “Flow Resistance Information for
Acoustical Design,” Applied Acoustics, Vol. 13, No. 5, 1980, pp. 357–391.

56Wilson, R., and Cummings, A., “Radiation Damping in Plates Induced
by Porous Media,” Proceedings of the Institute of Acoustics, Vol. 18, Pt. 3,
St. Albans, Herts, England, UK, 1996, pp. 49–56.

57Rubin, S., “Mechanical Immittance- and Transmission-Matrix Con-
cepts,” Journal of the Acoustical Society of America, Vol. 41, No. 5, 1967,
pp. 1171–1179.

58Snowdon, J. C., “Mechanical Four-Pole Parameters and Their Applica-
tion,” Journal of Sound and Vibration, Vol. 15, No. 3, 1970, pp. 307–323.

59Gardonio, P., and Elliott, S. J., “Active Control of Structure-Borne
and Air-Borne Sound Transmission Through a Double Panel,” AIAA Pa-
per 98-2353, June 1998.

60Warburton, G. B., “The Vibration of Rectangular Plates,” Proceedings
of the Institute of Mechanical Engineering, Vol. 168, 1951, pp. 371–381.


