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

Paolo Gardonio* and Stephen John Elliott'
University of Southampton, Highfield, 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: first, 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 significantly better if the
loudspeakers are driven to minimize radiated sound power, rather than cancel pressure between the panels. The
active mount configuration studied in this paper does not produce significant reductions of the sound transmission
except in the case where it is used in combination with the control loudspeakers.

I. Introduction

NTERIOR cabin noise in civil aircraft has been studied widely

in the past four decades, and it is now possible to find general
reviews summarizing the most important aspects of the problem.! =3
Several studies have been published on the classification of the main
sources of interior noise,*~'? on the identification of airborne and
structure-borne noise transmission paths,'°~!° and on the evalu-
ation of the effects produced by added passive treatments to re-
duce the noise transmission to the cabin.2®! This paper is focused
on the problem of noise transmission through the fuselage of air-
craft, which is defined as the airborne transmission path in the
literature.! 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 fuselage skin vary with frequency and
tend to be more effective at relatively high frequencies??! Good
improvementin noisereductionis obtained when double-panelcon-
structions with acoustic treatments (high-density fiberglass blan-
kets) are used.'®!722=25 However, double-panel treatments provide
good sound attenuation only at frequencies above the mass air mass
resonance?® Grosveld®* 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 studies?’ 32 have shown that improvements in the noise
isolation at relatively low frequencies could be achieved using ac-
tive control systems acting on the fuselage double-panelsystem. As
shown in Fig. 1, in this paper two types of active control actuators
are studied: first, an active mounting system thatis used to attach the
trim panelto the fuselagestructureand second,a controlloudspeaker
system placed in the space between the trim panel and the skin of
the fuselage. Three different configurations of the actuators have
been investigated: first, 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 configurations 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-plane velocities at
the point where the mounts are connected to the receiver panel and
when the controlloudspeakersare driven to cancel the acoustic pres-
sure at points between the panels, near to each control loudspeaker.
The effect of using both active mounts and control loudspeakersin
combination when velocities and acoustic pressure are cancelledis
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 depending on the frequency range of the problem be-
ing considered.! At low frequencies, such that the longitudinal and
circumferential wavelength of the fuselage skin flexural 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* This model calculates the sound transmis-
sion through the fuselage considered as an equivalent orthotropic
cylindrical skin whose dynamicsincludes 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.*® For intermediate frequen-
cies,up to 1 kHz, the vibrations of the frames become less important
so that only the effects of the fuselage skin and longitudinalstringers
need to be consideredin the calculation of the noise transmissionof
a fuselage section between two adjacent frames.*~3® For frequen-
cies beyond 1 kHz (high frequencies), the dynamics of the stringers
no longer affect the fuselage skin vibration.!?®3” To calculate the
noise transmission, it is then necessary to consider only a section
of the fuselage skin confined 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 flat.*®*=** The finite element method
can be used to study a section of the fuselage double wall of finite
size,” 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 s divided into individual components*3:
the source panel, the transmitting system, and the receiving panel,
and each componentis studied in terms of point and transfer mobil-
ities or impedances *®

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-
standing of the phenomenaoccurring when active mounts or control
loudspeakers are used.

II. Matrix Model

The mathematical model developed next 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 finite
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-
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Fig. 1 Sketch of an aircraft fuselage section.

primary excitation vector qp

Z D D

ks

GARDONIO AND ELLIOTT

tem or via the medium confined between the trim panel and the
fuselage skin, respectively.) The forces generated by active mounts
fixed 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 structurally connecting the 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 finite number
of elements on the surface of the panels. The excitation of the source
panel by an incident acoustic wave and the radiated sound power
from the receiver panel are also calculatedby assuming the two pan-
els are divided up into a finite number of elements. Both the source
and receiver panels are assumed to be baffled 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-
ceiver panelsat a finite number of junctions. At each mount junction
the motion and the forces transmitted are characterized by 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 jth junction, can be written as
eyj ezj } ! (1)

vmj =iy v w; Oy

fmj = {ij N.

yi sz ij Myj sz}7 )
where;, v;, w; are the linear velocitiesrespectivelyalong the x, y,
and z directions; 6,;, 0,;, 0,; are the angular velocities referred re-
spectively to the x, y, and z axis; N,;, N,;, N;; are the forces in the
x, y,and z directions;andfinally M,;, M,;, M,; are the moments re-
ferred respectivelyto the 6,;, 6,;, and 6,; rotations. The transmitting
system also includes the effect of the acoustic transmission through
the cavity confined between the source panel and the receiver panel.
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 kK 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 finite number of points, whose position is
defined by the geometrical center of the element. At the junction of
each element, the motion and forces transmitted are characterized
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Fig. 2 Scheme of a general complete isolating system.
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by only one complex parameter, at a single frequency of excitation,
which can be written as

Uejij fejEsz (3.4)
Withreferenceto the notationshownin Fig. 2, combinationsof these
junction vectors are then grouped together to form three combined
pairs of vectors: the source velocity vector v, and force vectorf;, the
receiver velocity vector v, and force vector f,, and the transmitting
systemvelocity vectorv, and force vectorf;. The source and receiver
velocity vector and force vector are given by

f Vsmi feml
Vsm2 femZ
Vsm Vsmn fsm femn
vy = = fi = f = (5,6
Ve Usel se fgel
Use2 feeZ
Usek feek
| Viml '.ﬁ‘ml
Vim2 .ﬁ‘ml
yo=1m L= Ly f=mls Cc (7.8)
Ve Vsel .ﬁ‘e rel
Ure2 f;‘ez
Urek f;‘ek

where vy, fimj and vy, fij representthe velocitiesand forces at the
source junction for the jth mount and for the jth acoustic element,
while vy, fimj and vy, fij represent the velocities and forces at
the receiver junction for the jth mount and for the jth acoustic
element. The vectors of velocities and forces at each element of the
transmitting system are given by

f Vimi1l Vflmll

Vinln Jintn

Vtel1 Srern
Vim1 f[ml

b = Viel _ Vtelk f _ flel _ flelk

e Vim2 - Vim21 e flm2 a flm2|
Vie2 : S

Vim2n Sim2n

Vte21 Jreai

Vte2k Sreak

9, 10)

where vy, fimi j and v ;, fie1; Tepresentthe velocitiesand forcesat
the sourcejunctionforthe jth mountand for the jthacousticelement
while Vi, fimz; and viep;, fie2; represent the velocities and forces
at the receiver junction for the jth mount and for the jth 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:

Vy = M\'lf\' + M\'qu

Vr:Mrlfr +Mr2qf (1],12)

where M, M, and M, |, M,, are mobility matrices of the source
and receiver panelsand g, g s are the primary excitation vector and
the flanking excitation vector. The flanking excitation acting on the
receiver ¢ could be caused by a subsystem connectedto it or to an
additional flanking path connecting the source panel to the receiver
panel. A detailed description of the source and receiver panel mo-
bility matricesis given in Ref 45. The dynamics of the transmitting
system are expressed using an impedance matrix approach:

fi=Z v, +Z,q, (13)

where Z,; and Z,, are impedance matrices of the transmitting
system* and g, ={q,s gq}” is the excitation vector of the con-
trol forces acting on the mounts g = {F; Fj, F,,} and the
source strength of the loudspeakers placed in the acoustic cavity
qgqa=1{P;; Py Py} . Note that the components of the matri-
ces Z;; and Z,, caused by the mounts are block diagonal, but those
caused by the acoustic cavity are fully populated because 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 togetherin one equation:

Vo = Msrlfcr +Msr2 qpf (14)

where the mobility matrices and the excitation vector have the form

My = | M0 M= | M2 0 (15, 16)
srl — O Mrl sr2 — O Mrz 5

qp
qpf = {qf } (17)

and the junction velocity and force vectors are given by

s |5
Vsr:{vr} .ﬂr:{fr} (18319)

where v, and f;; are called respectively source-receiver velocity
vector and 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 force vectors) at each junction:
fi+fe=0 v, =V (20, 21)
Using these two relations, Egs. (13) and (14) can be related in
such a way as to find the vector of velocities of the elements on the
source and receiver panel as a function of the primary-flanking and
secondary sources:

Vo = Qpvpr + Osvgs (22)

where
On=U0+MZ,)"'M,, (23)
Qw=—U+MuZ)) "M Z, (24)

The matrices @, and Q, relate the behavior of the fully coupled
system (v, f;) to the primary-flanking and secondary excitations
(gpr, g5). The sound power radiated by the receiving panel can then
be evaluated using the velocities of the radiatingelements which are
a subset of vy, as

W, (w) = v Ry, (25)

where R is the radiation resistance matrix.*’
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III. Control Strategies

All of the strategies considered here for active control can be
expressed in terms of a quadratic cost function, which is minimized
and which can always be written in the form*®

J=q'"Aq, +q'b+b"q, +c (26)

The controlsource that minimizes this quadraticequationis given
by48

g,(opt) = —A"'b 27

Four control strategies are 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) cancellation of acoustic pressure at fixed
points of the cavity using only control loudspeakers;and 4) cancel-
lation of both out-of-planeinput velocities to the receiver panel and
acoustic pressure at fixed 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 (J;;), 2) velocity cancellation (J,),
3) pressure cancellation (J,,), and 4) velocity and pressure cancel-
lation (J, ,). When the total sound radiation is minimized, the cost
function is

Ja=V{iRv, (28)

where the velocity vector v,. contains only the velocities of the

radiatingelementson the receiver plate and is given by the following

equation v,e = SpVs. The two matrices required in the quadratic

form of Eq. (26) are then:
Asr = QHSTRSI‘erv

svire

bsr = Q:,S,ZRSrervqpf (293 30)
When velocity cancellation is implemented, then the cost function
has the form
Jv :V,':;Vrm (3])
and the velocity vector v,,,, which contains only the out-of-plane
velocity terms at the receiver panel junctions, is obtained with the
following equation: v,y = Svs:. The two matrices in Eq. (26) are
then given by
AU = Q:{lsz;nsl'l'nQSV bU = Q:\IISInSImevqpf (323 33)
When pressure cancellationis implemented, then the cost function
has the form

Jy =plp. (34)

and the pressure vector p. is given by p. = Z Ve + Z2qq. Z.
and Z,, are two matrices that give the pressure terms caused by the
vibration of the boundary elements of the cavity vy, = {v], vI}7
taking into account both primary-flanking and secondary sources
and caused by the direct field generated by the control loudspeaker
source ¢qy. In this case the velocities of the source and receiver
boundary elements are given by vy, =S, Vs.. The two matrices in
Eq. (26) are then given by

A, = (P +QISHP!) (P1SicQy + Py.) (35)

sv™sre

bp = (PZ + QHSH Pll‘{-)Plr'SsreQP"qu (36)

sV sre

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

oo ={vh p!'} {; } (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

A _ Sersv " Sersv (38)
"r Pl(-Ssrerv + PZ(- Pl(-Ssrerv +P2(-
Srm sV " Srm v
b,,= Q 2 ot (39)
Pl(-Ssrerv + PZ(- Pl('ssrerv

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 fixed on the frames via rubber mounts. The space be-
tween the fuselage skin and the trim panels is filled with blankets
of insulating material. The main purpose of this cavity treatment is
thermal insulation; however, acoustic absorptionis also achieved at
relatively high frequencies?>~2* 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
could be placed within the space occupied by the frame, as shown in
Fig. 1, whereas the velocity sensor should be fixed 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.

Figure 3 shows the geometry of the system that has been modelled.
The source panel has been modelled as a flat 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 transfer matrix method,*->° which has been used in the past
by several authors to model the sound transmissionthrougha section
of the fuselage at low-intermediate frequency*®*” The trim panel
has also been modelled as a flat plate, simply supported at the edges
parallel to the x axes and free on the edges parallel to the y axes.
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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 jth mount junctions the velocity and
force vectors, shown in Fig. 4, are defined as

w/ sz
Vi = | O foi = M, (40, 41)
Jy MY!'

whereas the velocity and force vectors at the jth elementjunctionof
the two panels accountonly for the out-of-planedegree-of-freedom
as shown in Fig. 4:

Vej = Ij)j fej = sz (42, 43)
The pointand transfermobilitiesreferringto the mountjunctions,el-
ement junctions, and force excitation positionsrequired in Egs. (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(jwt). When a plane acoustic wave excites the sys-
tem, the primary excitation consists of a vector of I point forces
gy ={Nget -+ Nge}" acting on the center of the acoustic I ele-
ments of the source panel. If the harmonic incident plane acoustic
wave at angles 6 and ¢ creates a pressure field on the plate given by

pi = P, explj(wt —k.x —k,y)] (44)

where P, is the wave amplitude, k, =ksinfcos¢ and k, =
ksin6 sin ¢ are the wave numbers in x and y directions and & is
the air wave number, then the force at each element junction can be
evaluated with the following formula:

N"J = 2Aan exp[_j (kxxj + ky)’j)] (45)

Z

where A is the area of the jth elementand the factor 2 takes into ac-
count the pressure doubling at the surface.?® Equation (44) neglects
the fluid loading of the air in the incident field.

The mobility formulas used for the two panels neglect the effects
on the source panel related to the fuselage curvature, the cabin pres-
surization, and external temperature and moisture confined within
the fuselage double wall.>'32> 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 fuselage sectionunder considerationis excited only 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.

Table1 Geometry and physical constants
for the source panel

Parameter Value
Dimensions Iy=0.6m,/,=05m
Thickness s1=0.0015m

p1 =2796 kg/m?
E,=7.24x%10" Pa
v; =0.33
n1 =0.02

Mass density
Young’s modulus
Poisson ratio
Loss factor

Table2 Geometry and physical constants
for the receiver panel

Parameter Value
Dimensions Iy=0.6m,/,=05m
Thickness s =0.003 m
Mass density 2 =255 kg/m®

Young’s modulus E,=1x10°Pa
Poisson ratio v =03
Loss factor 172 =0.03

Table 3 Geometry and physical constants
for the stringers>’

Parameter Value

by =0.2m
Ay =148 x 10~* m?
Cys =443 x 10712 m°

Frame distances
Cross-sectional area
Warping constant of
stringer cross section
St. Venant torsion cost.
Moments of inertia

C=942x10""m*
1,=5.08 x 1078 m*
L;=0
I, =3.45x 1078 m*
Jy=1.06x 1077 m*
¢y =0,c;=0.02m, s; =0.002m
E; =7.24x10'0 Pa
vy, =0.33
ps =2796 kg/m3

Shear center distances
Young’s modulus
Poisson ratio

Mass density

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

¢=0.015,h=0.12m
pm = 1078 kg/m?
En=1.5x10°Pa
Vm =0.49
Nm =0.05

Diameter and height
Mass density
Young’s modulus
Poisson ratio

Loss factor
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The mounts are modelled as distributed systems on which lon-
gitudinal and flexural 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 confined between the two flexible 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
finite 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 expression of the point and transfer impedances that
relates the pressure,i.e., the normal force, at one cavity element with
the velocity imposed at the same (point impedance) or at another
cavity element (transfer impedance) can be derived using 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 relevantimpedance 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 Egs. (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 radiating panel is baffled and neglecting
the fluid loading on the plate because of the air in the free fieldS:

B sin(krlz) sin(krll) ]
kl’]z krll
W pS? sin(kry;)
_ —_— 1
k= 4mc kra) (40
sin(kry;) 1
kl’]/ -

where k, p, are ¢ the wave number, density, and speed of sound of
air in the free field. S is the area of the plate, whereas r;; is the
distance from the elementi to the element j.

The presence of insulating material in the cavity between the
two panels has also been modelled. An equivalentfluid model’* 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
equivalentfluid is assumed to have a complex wave number>>~>¢:

ko = k[1+ 6% — jesgee] 47)

Table 6 Geometry and physical
constants for the cavity

Parameter Value
Dimensions L, =0.6m,/,=05m
Deep d=0.12m
Density of air pe=1.19 kg/m®
Speed of sound of air c. =341 m/s
Modal damping ratio £ =0.1

Table7 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 fluid parameters

Parameter Value
Dimensions I,=0.6m,/,=05m
Thickness t=0.72m

Flow resistivity
Equivalent fluid constants
for fiberglass type materials

o =12,000 Rayls/m
¢1 =0.070, c; =—0.632
¢3=0.107, c4 =—0.632
¢5 =0.160, cg =—0.618
¢7=0.109, cg =—0.618

and a complex specific impedance
Z, = pe[l+ci2 — jesg] (48)

The constantscy, ..., cg depend on the type of materialin the cavity
as described in Ref. 54. Those used here are listed in Table 8. The
nondimensional parameter & is given by the equation:

§=fp,/o (49)

where o is the flow resistivity’> 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 filled
with air, except that the complex wave number, density, and speed
of sound for the equivalent fluid have been used. The model also
allows the analysis of a cavity partially filled 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 matrices®’ are derived for each cavity, and then using
the four pole theory®® the impedance matrix for the two cavities in
series can been derived.

The validity of the model used here has been verified by compar-
ing the sound reduction index of the double panel calculated using
the preceding model with the sound-reductionindex calculated with
the textbook theory for infinite size double panels.?® 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
first two cases the fluid in the cavity has been assumed to be air, and
a primary harmonic excitation is assumed to be either a unit force
actingat x,, =0.15m, x, = 0.2 m, or a plane wave of unit amplitude
with orientation, =45 deg and ¢, = 135 deg. In the third case the
assumption has been made that the cavity between the two panels
is completely filled by porous material with flow resistivity equal to
o = 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 radiationis
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
configurations: 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 first case, the top plot of Fig. 5 shows that the sound trans-
mission is largely airborne at low frequencies, but both air- and
structure-borne components are important at higher frequencies.

Table 9 summarizes the first 10 natural frequencies of the struc-
tural modes for the source and receiver panels respectivelyf®
whereas Table 10 gives the 12 natural frequencies for the acoustic
modes of the cavity that have been used in the simulations. Below
the first 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 filled 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 (—).
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Fig. 6 Case 2: plane acoustic wave primary excitation and gap be-
tween the two panels filled 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( ). Bottom plot: 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

(—).




1030 GARDONIO AND ELLIOTT

Sound Power Radiated (dB rel 1 W)

i 1 L . ) . . 1 .
0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Sound Power Radiated (dB rel 1 W)

0 100 200 300 400 500 600 700 800
Frequency (Hz)

200 1000

Sound Power Radiated {dB rel 1 W)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

_ioll . . . . . .
120

Fig. 7 Case 3: planeacoustic wave primary excitationand gap between
the two panels filled 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
power radiated before control (——), and when total sound power radia-
tionis minimized using active mounts (- - -), 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 active mounts and control loudspeakers cancel velocities and sound
pressure (—).

Table 9 Natural frequencies of the source and receiver panels®

Source panel Receiver panel

m n Smn,Hz m n fnn,Hz
1 1 131.9 0 1 36.1
2 1 148.8 o 1 52.7
3 1 177.8 1 1 106.6
1 2 228.8 0 2 144.4
2 2 234.6 o 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 o 3 344.7

20 refers to modes in which both free ends of the panel move in phase and 0/
to those in which the free ends move out of phase.*’

Table 10 Natural frequencies of the cavity confined
between the two panels filled by air

m n p Jmon,p» HZ m n p S, 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 characterized by at least one
modal order equal to one that produces a large net volume velocity
of the air at both sides of each panel (f;;; =13.19, f,,; =148.8,
fi12 =228.8, and f,;; = 106.6 Hz). The first resonance of the air in
the cavity between the two panelsis at f,.;oo =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°
that strongly couples the two panels. Moreover, the volumetric mo-
tion of the receiver panel efficiently radiates sound. The combined
effect of mass-air-masssound transmissionmechanismand efficient
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 confined between the two panelsis also characterized by
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 confined between them.
This resultsin a reduction of 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 efficiently radiates
sound.

The same type of trend is obtained with an incident plane wave
excitation when the cavity is filled by air as can be seen by com-
paring the top plot of Figs. 5 and 6. When the cavity is entirely
filled 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,?* the sound radiationin the
frequency range between 100 and 250 the porous material does not
produce any benefit. 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 efficient 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. I1I. Con-
sidering the case where the system is excited by the point force and
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the cavityis filled by air, the centerplot of Fig. 5 shows the reduction
in total sound power radiation when using either active mounts or
control loudspeakers or 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 fixed points of the cavity. The control loudspeakers still produce
some control in the mass-air-mass frequency band, whereas no con-
trol is achieved at higher frequencies. The active mounts produce
very poor results with small amplifications 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 filled 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 filled 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 benefit 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
efficient 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 efficient sound
radiators,can be controlled by the mount configuration studied here.
These results indicate that the control loudspeakers could be use-

Sound Power Radiated (dB rel 1 W)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Fig. 8 Total sound power radiated when the double panel with the
cavity filled by air is excited by a plane wave. 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 >*

A final case has been considered where the double-panel system
with the cavity filled 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 developed and 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 configuration studied in this paper does
not produce significant 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 significantly better if radiated sound power is minimized,
rather than cancelling the pressure measured near the loudspeakers.

4) A control system with a single loudspeakerin 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 filled with porous
material, the control effectiveness of loudspeakers is slightly re-
duced.
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