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Sound Transmission Through an Aeroelastic Plate into a Cavity

Kenneth D. Frampton¤ and Robert L. Clark²

Duke University, Durham, North Carolina 27708-0302

Sound transmission through a convected ¯ uid loaded plate, i.e., aeroelastic plate, backed by a reverberant

acoustic cavity is investigated. The plate and cavity are modeled using Galerkin’s method while the aerodynamic
forces on the plate are approximated with a singular value decomposition method. Analytical results indicate that

variations in the external ¯ ow velocity can signi® cantly affect the sound transmission. The mechanism by which
these effects occur is discussed. Also discussed is the importance of including the cavity coupling toward calculating

the transmitted sound.

Nomenclature
a = plate length
aa = external speed of sound
ac = cavity speed of sound
b = plate width
Cnm = cavity/plate coupling coef® cient
Dmn = aerodynamic in¯ uence coef® cient
Ds = plate stiffness, Es I / (1 ¡ m 2)
E c = cavity potential energy
Hmn(t ) = aerodynamic in¯ uence function
hs = plate thickness
Imn(t ) = aerodynamic in¯ uence function
L x , L y , L z = cavity dimensions
M = Mach number
Mn = modal mass
m, n = modal indices

Pc( x ) = cavity potential energy power spectrum

PQn Qn ( x ) = disturbance generalized force power spectrum
pa (x , y, t ) = aerodynamic pressure
pc(x , y, t ) = cavity pressure
pd (x , y, t ) = disturbance pressure
Qa

n (t) = aerodynamic pressure generalized force
Q d

n (t ) = disturbance pressure generalized force
qn (t) = plate generalized coordinate
Smn = aerodynamic in¯ uence coef® cient
t = time
Ua = freestream velocity
w (x , y, t ) = panel displacement
x , y, z = Cartesian coordinates
C m (x , y, z) = cavity modal expansion functions
K m = cavity modal volume
k = nondimensionaldynamic pressure, q aU 2

a a3/Ds

q a = external ¯ uid density
q c = cavity ¯ uid density
q s = plate density
U a (x, y, z, t ) = external ¯ uid velocity potential
U c(x, y, z, t ) = cavity ¯ uid velocity potential
u c

m(t ) = cavity generalized coordinate
W n (x, y) = plate modal expansion functions
x c

m = cavity natural frequency
x n = plate natural frequency

Introduction

T HE reduction of sound transmission to aircraft interiors has
been an importantobjectiveof aircraftmanufacturersfor many
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years. The transmission of turbulent boundary-layer noise is of
particular importance inasmuch as it is widely regardedas the dom-
inant noise source (second, possibly, to engine noise). Therefore, a
goodunderstandingof the mechanismsand trends in noise transmis-
sion throughelasticplates allows more effectiveapplicationof noise
controltechniques,be they activeor passive.A considerableamount
of work has beendone in the past toward understandingsound trans-
mission and radiation from plates for these very reasons.1, 2 How-
ever, very few references are available that consider the effects of
convected ¯ uid loading on sound transmission through (or radia-
tion from) plates.3±5 Those that do consider it do not consider the
implications of coupling with a reverberant acoustic environment.
Therefore, the purpose of this work is to investigate the effects of
sound transmission through a convected ¯ uid loaded plate into a
reverberant acoustic cavity.

A great deal of literature is available concerning the effects of
convected ¯ uid loading on plates, i.e., aeroelasticity.Early investi-
gations by Dowell,6±8 Dugundji,9 and Hedgepeth,10 among others,
investigated the parametric stability boundaries of plates subjected
to ¯ ow, i.e., panel ¯ utter. Findings in these papers indicate that
plate dynamics can be signi® cantly affected by convected ¯ uid
loading.

Additionally,a considerableamount of work exists for investiga-
tions of cavity backed plates. Work by Dowell and Voss,11 Fahy,12

and Pretlove,13 as well as Guy and Bhattacharya,14 outline the meth-
ods of modeling cavity backed plates and investigate the dynamic
effects. As with convected ¯ uid loading, cavity backing can signif-
icantly affect the dynamics of the plate.

The effects of external ¯ uid ¯ ow on the sound transmissionhave
received only limited attention in the literature. Dowell15 investi-
gated a convected ¯ uid loaded plate backed by a cavity emphasiz-
ing the effect on plate response. More recently, Koval3 considered
the sound transmission through a convected ¯ uid loaded in® nite
plate into a half-space. Results from this investigation show slight
decreases in sound transmission with increasing ¯ ow velocity. Fi-
nally, Clark and Frampton5 considered sound transmission through
a ® nite, aeroelastic plate into a half-space noting similar results.

Many recenteffortstowardfurtherunderstandingsoundtransmis-
sion through plates has focused on turbulent boundary-layer pres-
sure transmission including structural and ¯ uid nonlinearities.16, 17

These efforts noted that nonlinear effects can, in many situations,
be important to accurately predict structural and ¯ uid response.17

Structural nonlinearitiesare important when the plate displacement
is on the order of the plate thickness. Acoustic or ¯ uid nonlinear
effects become important when the pressure ¯ uctuations are large
compared to the ambient pressure.However, it was noted that, even
when the plate motion is nonlinear in nature, the ¯ uid response can
be accurately predicted with linear acoustic theory.17

This investigation endeavors to develop a basic, linear physical
model that can be readily analyzed to answer questions concerning
effectsof convected¯ uid loadingon sound transmissionand is prac-
tical for control system design investigations.The model combines
thedynamiceffectsof an elasticplatesubjectedto ¯ uid ¯ ow overone
surface and coupled to an acoustic enclosure on the other surface.
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This is based, in part, on the aeroelastic plate model developed by
Frampton et al.18 However, a singular value decomposition tech-
nique is employed for the aerodynamic modeling, as discussed by
Frampton and Clark.19 This aeroelastic plate model is then coupled
to an acoustic cavity according to the method presented by Fahy.1

Analytical results are presented that demonstrate the effects of vari-
ations in external ¯ ow speed on the sound transmitted to the cavity.
Also, the importance of considering the cavity in the calculationof
transmitted sound is discussed.

Model Development
The model developmentbegins with a discussionon modeling an

elastic plate. This is followed by an overview of the aerodynamic
forceson theplate due to the convected¯ uid loading.Next, the mod-
eling of the cavity will be discussed along with coupling between
the plate and cavity. Finally, a description of the model parameters
used in this analysis will be presented.

Plate Dynamics

The aeroelasticplate in this investigationis modeled accordingto
the method introduced by Frampton et al.18 This method employs
Galerkin’s technique to discretize the linear equationsof motion for
the plate. The partial differential equation of motion describing a
thin, uniform panel subjected to cavity pressures, convected ¯ uid
loading, and an independent disturbancepressure is20

Ds r 4w (x , y, t ) + q shs

@2w(x , y, t )

@t2 = pc(x , y, z = 0, t)

¡ pa (x , y, z = 0, t ) ¡ pd (x , y, z = 0, t ) (1)

A separablesolution is assumed using the in vacuo panel eigenfunc-
tions and generalized coordinates of the form

w(x , y, t ) =
N

Sn = 1

W n (x , y)qn (t) (2)

where, for this investigation, the plate is assumed to be simply sup-
ported, thus having the following eigenfunctions:

W n (x , y) = sin[( j p / a)x] sin[(k p / b)y] (3)

where the nth plate mode has indices ( j, k).
Substituting Eq. (2) into Eq. (1), multiplying by an arbitrary ex-

pansion function, W m(x , y), and integrating over the domain yields
a set of ordinary differential equations of the form

Mn[ Èqn(t ) + x 2
nqn (t )] + q aU 2

a Qa
n (t) + Qd

n (t )

+ q c S
M

Sm = 1

Cnm
Çu
c

m(t ) = 0 (4)

where thecouplingwith the acousticcavity, as expressedby the term

q c S
M

Sm = 1

Cnm
Çu
c

m (t)

is discussed later and the disturbance generalized forces are

Qd
n (t ) = * b

0
* a

0

pd (x , y, z = 0, t ) W n (x , y) dx dy (5)

The aerodynamic generalized forces are de® ned by

Qa
n (t ) = * b

0
* a

0

pa(x , y, z = 0, t )

q aU 2
a

W n(x , y) dx dy (6)

and are described further in the following section.

External Flow Generalized Forces

The aerodynamic generalized forces Qa
n (t ) are found by solving

the convectedwave equation (or linearized potential ¯ ow equation)

r 2 U a ¡
1

a2
a
[ @2 U a

@t 2 + 2Ua

@2 U a

@x@t
+ U 2

a

@2 U a

@x2 ] = 0 (7)

subject to the boundary conditions for a panel embedded in an in® -
nite baf¯ e:

@U a

@z

ê
ê
ê
ê z = 0

=
ìï
í
ïî

@w

@t
+ Ua

@w

@x
on the panel

0 off the panel

(8)

and a ® niteness or radiation condition as z approaches in® nity.
The solution can be obtained by taking a Laplace transform with

respect to time and a double Fourier transform with respect to the x
and y spatial coordinates.6 The transformationis applied to Eqs. (7)
and (8) and Bernoulli’s equation

pa = ¡ q a [ @U a

@t
+ Ua

@U a

@x ] (9)

while incorporating Eq. (2). Details of the solution process can be
found in Refs. 6 and 8.

The solution yields the generalized aerodynamic forces on the
panel, which are given here as

Qa
n (t ) =

N

Sm = 1

Qa
mn (10)

where

Qa
mn(t ) = qm(t )Smn + Çqm (t )Dmn + * t

0

qm ( s )Hmn(t ¡ s ) ds

+ * t

0

Çqm( s )Imn(t ¡ s ) ds (11)

The aerodynamic in¯ uence functions Hmn(t ) and Imn(t) are de® ned
by integrals with no closed-form solution. Therefore, a singular
value decomposition technique was used to approximate the aero-
dynamic system as presented by Frampton and Clark.19 The result-
ing approximateaerodynamic system receives the plate generalized
coordinates and their rates as inputs and provides the aerodynamic
generalized forces on the plate as outputs.This aerodynamicmodel
can then be coupled to the plate model as feedback resulting in a
complete aeroelastic model.21, 22

Acoustic Cavity Dynamics
The equation of motion for the acoustic pressure in a cavity is

r 2 pc(x , y, z, t) ¡
1

a2
c

@2 pc(x , y, z, t)

@t 2 = q c

@2w(x , y, t )

@t 2
d (z) (12)

where d (z) is the spatialDiracdelta function.The forcing term in this
equation results from assuming that the plate is a set of in® nitesimal
volume velocity sources in the z = 0 plane.1 Assuming the pressure
is a series of the hard walled cavity eigenfunctions (corresponding
to eigenvalues x c

m ) such that

pc(x, y, z, t ) =
M

Sm = 1

C m(x , y, z)am(t ) (13)

leads to the equation of motion for the cavity as outlined by Fahy1:

K m Èam(t ) + K m( x c
m

)2
am(t) = q ca

2
c S

N

Sn = 1

Cnm Èqn (t) (14)

where the modal volumes are expressed as

K m = *
V

C 2
m(x , y, z) dV (15)

and the coupling matrix for a plate having surface area S is

Cnm =
1

S *
S

W n (x , y) C m (x, y, z = 0) dS (16)

When coupling the plate and cavity, however, it is more conve-
nient to express the cavity dynamics in terms of the cavity ¯ uid
velocity potential U c(x , y, z, t ), which is related to the pressure as
follows:

pc(x , y, z, t ) = ¡ q c

@U c(x , y, z, t )

@t
(17)
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The cavity velocity potential can be expressed as an expansionover
the same set of functions as follows:

U c(x , y, z, t) =
M

Sm = 1

C m (x , y, z) u c
m(t ) (18)

where u c
m(t ) is the generalized coordinate associated with the mth

acoustic mode C m (x , y, z).
The equation of motion for the acoustic enclosure can then be

expressed as

K m
Èu c
m (t ) + K m( x c

m
)2

u c
m (t ) = a2

c S
N

Sn = 1

Cnm Çqn (t ) (19)

Model Parameters

The geometry of the investigated system is shown in Fig. 1,
whereas physical dimensions of the system are shown in Table 1.
Note that the plate occupiesa portionof the cavitywall near one end
of the cavity. The dimensions of the cavity were selected to be of a
size approachinga small commercial aircraft cabin but limited to 50
acoustic modes in the same bandwidth as the ® rst 20 plate modes.
Proportional damping was also introduced into the plate and cavity
equations by adding terms of the form 2 f s x n Çqn and 2f c x c

n
Çu c
n into

Eqs. (4) and (19), respectively.
The physical parameters of the system, including the plate, the

external ¯ uid, and the cavity, are listed in Table 2. The plate pa-
rameters correspond to those for aluminum whereas those for the
external and internal ¯ uids are typical values for an altitude of 10
km. These values were selected in order to simulate the typical
structuraland cruise conditions experiencedby commercial aircraft
previously detailed by Thomas and Nelson.23

Table 1 System physical dimensions

Variable Description Value, m

Lx Cavity length 6.000
L y Cavity width 1.800
Lz Cavity height 1.800
a Plate length 0.600
b Plate width 0.525
xp Plate coordinate 0.600
yp Plate coordinate 0.600

Side view

Top view

Fig. 1 System schematic.

Table 2 System parameters

Variable Description Value

Plate parameters
Es Modulus 7.1 £ 1010 N/m2

q s Density 2700 kg/m3

hs Thickness 0.0022 m
m s Poison’s ratio 0.3
f s Damping ratio 0.01
N Modes 20

Cavity ¯ uid parameters
q c Fluid density 0.42 kg/m3

ac Speed of sound 310 m/s
f c Damping ratio 0.05
M Modes 50

External ¯ uid parameters
q a Fluid density 0.42 kg/m3

aa Speed of sound 310 m/s
Ua Flow velocity 31±620 m/s

Fig.2 Comparisonof system operatingconditionto thesystem stability
boundary.

The basic model was constructedas outlinedearlier with 20 plate
modes and 50 cavity modes. The highestplate and cavitymodes had
frequenciesnear 550 Hz; however, results are presented for 0¡ 300
Hz only, which includes the ® rst 10 plate modes and the ® rst 30
cavity modes. The inclusion of modes beyond the frequency range
of interest ensured that the lower model modes had converged.24

The external aerodynamicmodel for this investigationwas com-
puted for the ® rst 10 plate modes. This was deemed suf® cient when
the results for the four-mode aeroelastic plate of Refs. 18 and 22
were compared to the model used here. Because the cavity acoustic
response is dominated by the lowest acoustic modes the addition of
more aeroelasticcoupled modes does not signi® cantly alter the sys-
tem response. Suf® cient accuracy was achieved with 55 states for
the subsonic aerodynamic systems and 60 states for the supersonic
systems.19

An important consideration involving the system parameters is
how close the system operates to the ¯ utter or divergence bound-
ary at each operating point. The ¯ utter dynamic pressure vs Mach
number is shown in Fig. 2 along with the system operating condi-
tion. The external ¯ ow velocity was varied between 31 and 620 m/s
corresponding to a variation in Mach number between 0.1 and 2.0.
Note that the system is below the ¯ utter/divergence curve for all
Mach numbers. Also notice that the system comes very close to the
instability margin near M = 1.0 and 1.1. This fact will be important
in later descriptions of the system behavior.

Results
The primary focus of this investigationis to studyhow changesin

external ¯ ow affect the transmissionof sound into the acoustic cav-
ity. This will be quanti® ed in terms of the cavity acoustic potential
energy

E c =
1

2 q ca2
c

*
V

[pc(x , y, z, t )]2 dV (20)
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If the time average of this equation is considered, along with power
spectral and transfer function relations, the acoustic power spectral
density can be expressed in terms of the cavity velocity potential as

Pc( x ) =
q c

2a2
c

M

Sm = 1

N

Sn = 1

K m
ê
ê H Çu c

m Qd
n
( x ) êê

2

PQd
n Qd

n
( x ) (21)

where H Çu c
m Qn

( x ) is the transfer functionbetween the nth generalized
disturbance force and the mth cavity velocity potential generalized
coordinate. K m is the result of Eq. (15).

The disturbanceconsideredin this investigationconsists of equal,
constant amplitude power spectra for each generalized force, i.e.,

PQd
r Qd

r
( x ) = 2.132 £ 10 ¡ 4 N2s for all inputs. Certainly this rep-

resents an oversimpli® ed and nonrealistic disturbance; however, it
removes the effects of a varying system disturbanceallowing the ef-
fects of varying external ¯ ow to be studied in an independent man-
ner. The implications of a more typical turbulent boundary-layer
disturbance, which scales with the Mach number squared, will be
discussed.

The ® rst comparison, shown in Figs. 3 and 4, displays the cavity
potential energy spectrum at various subsonicand supersonicMach
numbers, respectively.As illustrated,the cavityenergy is dominated
by the coupled system resonance at about 35 Hz. Recall that the
model is fully coupled so that the system modes are a combination
of all in vacuo modes including those of the cavity, plate, and aero-
dynamics. However, it is insightful to relate these coupledmodes to
the in vacuo modes. In this light, the dominant mode of the coupled
system occurs at a frequencyvery near the ® rst plate mode. Note in
Fig. 3 that, as the ¯ ow velocity approaches M = 1.0, the frequency
of the fundamental plate mode decreases. This is due to the plate
closely approaching the divergence ¯ ow velocity. Divergence is a

Fig. 3 Cavity potential energy power spectra at various subsonicMach
numbers.

Fig. 4 Cavity potential energy power spectra at various supersonic
Mach numbers.

Fig. 5 Coupled system normalized natural frequencies vs Mach num-
ber.

Fig. 6 Coupled system modal damping ratios vs Mach number.

zero frequency (or static) instability created by coupling with the
external ¯ ow.8

This effect is more apparent in Fig. 5, which shows the natural
frequencies of the ® rst six plate modes normalized with respect to
the in vacuo plate natural frequenciesas a functionof Mach number.
Even at higher Mach numbers, these coupled modes are dominated
by the respective in vacuo plate modes and are designated as such
in the ® gure. Note that the greatest effect is on the fundamental
plate mode. For this combination of system parameters, the funda-
mental plate mode natural frequency is reduced by a factor of 10 at
M = 1.0. The (2, 1) mode is also signi® cantly affected whereas all
other modes change by less than 10%.

The external ¯ ow affects not only the system natural frequen-
cies but also the modal damping. The damping ratios of the ® rst
six (coupled) plate modes as a function of Mach number are shown
in Fig. 6. As with natural frequency, the fundamental plate mode
experiences the greatest effect, particularly near M = 1.0. This ef-
fect has previously been called aerodynamic damping or radiation
damping and is due to the loss of energy to the external ¯ uid as
acoustic radiation.25 The combined effect of modi® ed natural fre-
quency and damping ratio indicates that the external ¯ ow serves to
modify the plate impedance, which is expected to have an effect
on sound transmission. This change in the plate impedance would
be particularly important when designing an active control system.
Any control system designed without these effects would certainly
perform nonoptimally in the presenceof ¯ ow, and the robustnessof
the control system would also suffer.

The total acoustic potential energy as a function of Mach number
is shown in Fig. 7. Note that the cavity energy generally decreases
with increasing ¯ ow speed. However, a large decrease is seen as
the ¯ ow approaches M = 1.0, followed by a sharp increase near
M = 1.1. The cavity energy trend near M = 1.0 is dictated by the
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Fig. 7 Total cavity potential energy vs Mach number.

Fig. 8 Cavity potential energy power spectra at M = 0.1 and 1.0.

aerodynamicdamping experiencedby the plate, as shown in Fig. 6.
The curve in Fig. 7 depicting cavity potential energy is approxi-
mately inversely proportional to the (1, 1) mode damping curve of
Fig. 6 (exceptingthe region near M = 1.1). Also note that the varia-
tion in cavity acoustic energy is within a single order of magnitude.
This is consistent with previously published results.3, 5

An important considerationis to determinewhether the inclusion
of coupling with the acoustic cavity is important to accurately cal-
culate the transmittednoise levels.ConsiderFig. 8, which shows the
cavity potential energy power spectra for Mach numbers of 0.1 and
1.0. Note that the cavity potential energy at M = 0.1 is dominated
by the spectral peaks at 35, 80, and 97 Hz, which are associated
with the (1, 1), (2, 1), and (1, 2) plate modes. The two peaks which
straddle the fundamental plate mode peak (near 25 and 50 Hz) are
associated with the ® rst two cavity modes. In this situation, which
corresponds to light aerodynamic coupling, the total cavity poten-
tial energy could be accurately representedwithout considering the
cavitycoupling.However,when the aerodynamiccouplingbecomes
strongnear M = 1.0, the situationchanges.Near M = 1.0, the aero-
dynamic coupling has a large effect on the frequency and damping
of the (1, 1) and (2, 1) plate modes, as demonstrated in Figs. 5 and
6. In this situation, the cavity potential energy is dominated by the
® rst cavity mode (near 25 Hz), as shown in Fig. 8. The (1, 2) plate
mode also has a signi® cant effect inasmuch as it is affected very
little by the aerodynamic loading.Therefore, inclusion of the cavity
model is important when the aerodynamic effects become large.

Furthermore, in the supersonic¯ ow regime the fundamentalplate
mode experiencessigni® cant changes in natural frequencywhile si-
multaneously having relatively low damping. At some point, while
the fundamental plate mode migrates in frequency, it comes into
coincidence with one of the acoustic modes, resulting in strong
coupling between the plate and cavity. This occurs for this system

Fig. 9 Total cavity potential energy vs Mach number for a scaled dis-
turbance.

con® guration at M = 1.1 and is demonstrated by the exagger-
ated spectral peak at 25 Hz in Fig. 4 causing the dramatic increase
in transmitted energy at M = 1.1 shown in Fig. 7. This further
demonstrates the importance of including the cavity model when
calculating the transmitted sound through an aeroelastic plate.

Note that the results in Fig. 6 are for a disturbance that remains
constant with Mach number. A more realistic turbulent boundary-
layer pressure disturbance, however, is known to scale approxi-
mately with the Mach number squared.26 For illustrative purposes,
the system disturbance was varied with ¯ ow velocity squared such
that PQd

r Qd
r
( x ) = ( 1

2
q aU 2

a )25.235 £ 10 ¡ 13 N2s for each generalized
force power spectra. Although this still does not capture the true
nature of turbulent boundary-layer pressures, it does illustrate the
effect that a realistic, scaled disturbance has on the total cavity po-
tential energy.This is demonstratedin Fig. 9. A comparisonbetween
the cavity energy trend for a constant disturbance (Fig. 7) and the
scaled disturbance trend (Fig. 9) indicates that the scaling of the
turbulent boundary-layerpressure amplitude greatly outweighs the
aerodynamicdamping effects. As the Mach number increases from
0.1 to 2.0, an increase of several orders of magnitude is noted in
Fig. 9, which is consistent with previous results.5

Conclusions
A method for modeling sound transmission through an aeroelas-

tic plate into a cavity has been presented.The primary purpose was
to investigate the effects of variations in external ¯ ow velocity on
the sound transmission. It was noted that increases in external ¯ ow
generally decrease the transmission of a constant amplitude distur-
bance. The cause of this decrease was shown to be modi® cation of
the plate impedance due to an increase in the aerodynamic damp-
ing. However, in supersonic ¯ ow conditions, the migration of the
fundamental aeroelastic plate mode will create a coincidence with
a cavity mode resulting in exceptional coupling and increases in
the transmitted sound. When a more realistic turbulent boundary-
layer disturbanceis considered,which scales with the Mach number
squared, the overall effect is an increase in the transmitted sound by
several orders of magnitude with increasing Mach number. It was
also noted that when the aerodynamic effects were prevalent, i.e.,
high subsonic and supersonic ¯ ow, inclusion of the cavity coupling
is important for accurately predicting the transmitted sound.
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