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1. OVERVIEW

In active structures applications the fluid-structure
interaction is often an important problem, especially
for the problem of vibration and noise reduction. The
impact of fluid loading on the vibration of a structure
is essential in submarine applications. For fluid-gas
coupling, the fluid loading is often neglected, but this
neglection can result in poor performance of vibra-
tion and noise control.

This paper is based on the Master’s Thesis of the au-
thor which was written at the MIT Active Materials
and Structures Laboratory in conjunction with the
Institut fiir Aerodynamik und Gasdynamik (IAG) at
the University of Stuttgart.

2. INTRODUCTION

The reduction of radiated noise of structure-born
sound is an important goal in the smart materials
and structures research. Usually the sound radia-
tion is modelled neglecting the fluid loading, which
is in part possible for structures in many gases. For
structures submerged in liquids, such as underwater
buildings, the radiated noise and the reaction force of
the surrounding liquid on the structure can no longer
be neglected.

Active Noise Control (ANC) is based on sound mea-
surements and anti-noise speakers deployed in the
surroundings. ANC only provides local control of
noise. Alternatively, Active Structural Acoustic Con-
trol (ASAC) minimizes the radiated noise by means
of structural control. ASAC provides global control
of the radiated noise and doesn’t require any sensors
or actuators (microphones and speaker) deployed in
the surroundings of the structure. For ASAC an ac-
curate coupled fluid-structure interaction model us-
ing only data local to the structure is needed.

3. PLATES

The flat plate has been chosen as an example of a
vibrating structure. The experiment at the MIT Ac-
tive Materials and Structures Laboratory has been
set up in an anechoic chamber as shown in figure 1.

Figure 1: The experimental setup

The coordinate systems used in this work are shown
in figure 2. The origin is the center of the plate. Two
cartesian coordinate systems (z,y,z) and (zq,yo, 2)
are defined together with a spherical coordinate sys-
tem (¢,0,R). (z,v), (zo0,y0) and ¢ are coordinates
in plane, z is the cartesian coordinate out of plane,
0 is the angle out of plane, and R the radius of the
spherical coordinates.
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Figure 2: Coordinate systems



In this work scalars will be denoted by plain char-
acters while vectors will be denoted using lowercase
bold characters and matrices will be denoted using
uppercase bold characters.

4. THE PLATE MODEL

Assuming a flat plate, isotropic and homogeneous
material, small deflections, constant volume and sur-
face area and the plate lying in the z — y(zo, o)
plane, the governing equation for the plate deflec-
tions is given by Rayleigh [7] as

o* o* o*
o*n(x,y,t)
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where D = Eh®/ [12(1 — v?)], E is Young’s modulus,
h the plate thickness, v Poisson’s ratio, p the plate
density, and n(z,y,t) the plate normal deflection.
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The boundary conditions for the on all sides simply
supported plate, as used in the experimental setup,
are given by
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The eigenmodes of an on all four sides simply sup-
ported plate are shown in figure 3.
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Figure 3: Plate eigenmodes

The mode shapes 7;; and eigenfrequencies f;; have
been calculated using analytical formulations given
by Blevins [2]
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where the coefficients \;; and the mass per unit area

~ are given by
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5. MECHANICAL IMPEDANCE

Impedances are complex ratios describing energy
variations in dynamic systems. The often used elec-
trical impedance is defined as the ratio of voltage
over current, whereas the mechanical impedance is
defined as the ratio of force over velocity. In ta-
ble 1 the analogies between electrical and mechanical
impedances are shown.

mechanical | electrical | impedance
mass inductor Z=—jX
spring capacitor Z=+3X
dashpot resistor Z=TTR

Table 1: Analogies between electrical and mechanical
impedances

The real valued part, the resistance R, of the
impedance Z = R + jX stands for energy dissipa-
tion whereas the imaginary part, the reactance X,
denotes energy storage.

In general, impedances are complex valued fre-
quency response functions, they depend on the fre-
quency and are only defined for harmonic excitations.
Impedances are ratios of two phasors whose product
is power (such as e.g. force and velocity).

Given an equation of motion
F=mi+cz + kx (6)

and assuming harmonic excitation with ¢ = jwz and
# = —w?2 the mechanical impedance is

F 1
R+jX:T=c+j-<—k—wm) (7
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6. FLUID EQUATIONS

For acoustic wave propagation phenomena the fol-
lowing assumptions have proven to be reasonable:

e no mean flow

e inviscid fluid



e adiabatic wave propagation process
e compressible fluid

e small deviations of pressure and density from
the ambient values

For locations very far from the source, the wave prop-
agation can be considered to be a plane wave, where
pressure and velocity are in phase, propagating in an
infinite acoustic medium. In this case, the specific
acoustic impedance only contains a real-valued resis-
tance term whose magnitude is equal to the product
of the equilibrium mass density of the fluid and the
speed of sound (pwoc). This product is called the
characteristic acoustic impedance of the fluid

p
E|T—>OO = PooC (8)

Typical fluid properties are shown in table 2.

air | water | dimension
mass density pos | 1.15 | 1000 | [kg/m?]
speed of sound ¢ 350 1500 [m/s]
char. impedance Z | 400 | 1.5-10° | [kg/m”s]

Table 2: Fluid properties at 7=30°C,psoc=1013 mbar

7. DERIVATION OF ACOUSTIC INTE-
GRALS

Starting with the Euler equation

du
dm — = —Vpd
m— Vp dV (9)

the equation of continuity

div(pu) + % =0 (10)
and the equation for the speed of sound
? = (8—p) (11)
6/) S=const.

the formulation for the divergence of the fluid veloc-
ity for small disturbances in the density results in

1 9p

(12)

7.1 The Helmholtz equation

Assuming a separable and time-harmonic solution

p(r,t) = ¢(r) - (13)

of the linear wave equation
2, _ 10
2 ot?
the second time derivative of the pressure can be
rewritten as

=0 (14)
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Using the wave number k¥ = w/c, the linear wave
equation can then be transformed into the homoge-

neous Helmholtz equation

(V2+E)p=0

(15)

(16)

7.2 The Green’s function

The solution g(r — rg)
Helmholtz equation

(V2 4+ E*)g(r —ro) = 6(r — o) (17)

where ¢ is the three-dimensional Dirac (delta) func-
tion, is called a Green’s function. The construction of
the solution g is possible, if the surface can be com-
pletely described by specifying one coordinate of a
set of three rectangular coordinates, and the solution
to the wave equation is separable in this coordinate
system. This requires for a surface of infinite ex-
tent, such as an infinite plate or an infinite cylinder.
One can easily assume a plate of infinite extent with
n =0V (z9,y0) ¢ So, which is a plate of finite extent
Sp in a rigid boundary.

of the inhomogeneous

The Green’s function solving the inhomogeneous
Helmholtz equation is given by

eIkR
4R
The term x can be determined, such that the normal
gradient of this Green’s function on the plate van-
ishes. It can be shown [6] that this term is of the
same form as the first term, but accounting for the

reflected wave on the surface, which is modelled by a
fictive mirror source inside the plate. This yields

g (r) = +x (18)

oIkR ik
90 = 5 T Tw (19)
where
R = (z—20)2+ (y —y0)> + (z — 20)?
R = /(z—20)2+ (y—y0)? + (2 +20)2

For an acoustic source on the boundary surface, the
source and the mirror source get identical and the
two terms of the Green’s function sum up to

cikR

gu(B) =S — (20)



7.3 The Helmholtz integral equation

Solving the homogeneous Helmholtz equation (16)
and the inhomogeneous Helmholtz equation (17) for
the Laplacian of the fluid pressure and the Green’s
function respectively, one obtains

Vip = —k°p
V3G § - kG (21)
Now constructing a function
F =pVG -GVp (22)
and applying Gauf}’s integral theorem
/V-FdV:—/f-ndS (23)
v s

to the function F', keeping in mind that by definition
the Dirac delta function is given by

/p-ddV:p-e
v

where the paramater ¢ = 1 for a point in dV, but
not on the plate surface, ¢ = 2 for a point on the
plate surface, otherwise € being equal to zero, the
Helmholtz integral is obtained.
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This equation can be split into two surface integrals
over different areas, the active area of the plate and
an surrounding spherical surface of infinite radius. It
can be shown [5] that the integral over the spherical
surface vanishes and only the integral over the active
plate surface has to be evaluated.

(24)

(25)

Evaluating the Euler equation (9) at the active plate
surface, using dm = p dV, yields

du
vy

Pt p
The normal derivative of the acoustic pressure is then
given in terms of the plate surface normal accelera-
tion 7] = 4, as

(26)

Op

— = —pij 27

5, = Pl (27)
Substituting this boundary condition into the

Helmholtz integral equation and using the free-space
Green’s function g, the Helmholtz integral equation
can be written as

d .
p= —2/5 (pa—rgl - png) ds

(28)

7.4 The acoustic impedance

The specific acoustic impedance at a point 7 due to
a source in j is defined as

2y = Di)j

29
o (29)
where p; ; is the fluid pressure at point i due to the
fluid velocity w; at point j, here, in the considered
case, the surface velocity of a point j on the vibrating
plate surface.

The force on a surface can be directly computed by
evaluating the acoustic impedance

Fyj = pidS = Zi5 - u; dS (30)
Writing the acoustical impedance in terms of a real-
valued resistance R and a pure imaginary reactance
X, a formulation which can be used as an external
forcing term in mechanical plate models is obtained:

EU = pC (R” + ]XU) Uj dsS (31)

Analytical formulations for the resistance and reac-
tance are known only for simple geometries like cir-
cular or rectangular pistons in an infinite baffle ra-
diating into a semi-sphere. A number of different
formulations are given in [6].

8. RADIATED SOUND POWER

Only odd modes contribute to the radiated sound
power [6] since even modes cancel themselves out.
This is shown in figure 4, where only the odd plate
modes can be seen in a microphone signal taken in
about 6” distance central to the plate.

(a) microphone
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(b) accelerometer
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Figure 4: Microphone signal and accelerometer sig-
nal. Only the odd plate modes can be found in the
acoustic signal.



8.1 Far-field radiation

Using the Green’s function (20), the Helmholtz inte-
gral equation (28) reduces to

p= —2p/ ilg dS (32)
S

Assuming time-harmonic motion of the plate sur-
face n = fe’*t and writing the normal acceleration
7 in terms of the surface normal velocity v = 7,

i = —jwuel*t, equation (32) transforms into the
pressure integral
. Poo e—jk|r—r0|
r) = jw— u(rg) —— dS
p() J 271_/50 (0) |I‘—I‘0|
Poo . e—]‘k‘l‘—l‘ol
= = rg)— dS 33
e L R (33)

The vector rg is the vector from the origin to the in-
cident point on the active plate surface and r is the
vector from the origin to the observation point. For
the far-field, where || r ||>|| ro ||, this pressure inte-
gral can be further simplified assuming |r — r¢| ~ r.
Then Equation (33) further simplifies to

jk|lr—ro
p(r) = jw”""/uei' ds

o2 r
So
Poo .. ejk|r—r0|
= —= —d 4
=[S las
So

This equation is usually referred to as the Rayleigh
integral. Some sources refer to eq. (33) as the
Rayleigh integral, but since the Rayleigh integral
is always referred to as a far-field formulation and
eq. (33) as opposed to eq. (34) is valid throughout
the field, it appears reasonable to refer to eq. (34) as
the far-field Rayleigh integral.

8.2 The acoustic intensity

The instantaneous acoustic intensity is defined as

I = Relpuy]. (35)

The acoustic power can then be calculated by

P= /1 ‘ndS~ ) (Lin;)-S; (36)
S i

where the latter equation is the approximation by
discretizing a semi-sphere and summing up the power
radiated through the surface elements of this sphere.

In the case of a forward traveling one-dimensional
plane wave, the acoustic intensity can be written as

lpl?
I=— 37
90 (37)
and the overall radiated sound power can be written
as an integral of the semi-sphere with surface area S.

[ as~x LSV 020 -8,
P_Qpc/p dSNZpCZ(pz- n;)-S;  (38)
S K3

Using this formulation for the radiated sound power
requires the solution of equation (33) which has to be
evaluated for the pressure of each element and each
frequency. The assumption of a plane wave is only
valid in the very-far-field, so the integral has to be
evaluated in a semi-sphere with a very large radius.

oo\ 2
i p2 ﬁ2 eJkR ds
2pc 472 R
So

oo\ 2
_ 14 .2 eJkR
- 87r20/ n ( R s

So

(39)

This formulation leads to an expression for the over-
all radiated power

2 oo\ 2
14 .2 eIkR .
P= 871_26///77 i dS sinf df d¢ (40)
0 0 Sp

where the inner integration is over the area of the
vibrating surface and the outer integration over the
surface area of the semi-sphere.

The computational requirements for this formulation
are very high, especially due to the required high spa-
tial resolution. A real-time implementation evaluat-
ing the integrals is currently not possible. Instead,
an approximation has to be used.

8.3 Calculation of the acoustic impedance

The influence of a source velocity u at a point (zg, yo)
on the pressure p at another point (z1,y;) is given
by the acoustic impedance

p(wa T1, yl)

U(W,Z’g,yo) (41)

Z(z1,y1|m0,90) = 210 =



Superposing this factors for all source points on the
active plate surface leads to a surface integral for the
acoustic pressure at a point (z1,y1)

p(wamlayl) =
Z(waxly?/1|~’U0>Z/0)“(W,370;Z/0) dSO (42)
So

where dSy = dxg dyo and Sy being the active surface
area of the plate.

For a piston, where all points on the plate surface
move in phase and with the same velocity, Morse and
Ingard [6] derived the acoustic impedance Z in terms
of resistance R and reactance X as

B 1— Jo(ka)
8 m

where (ka) is the dimensionless spatial frequency, the
product of the wavenumber k¥ = w/c and a charac-
teristic dimension a of the piston. Jy is the Bessel
function of zero oder and My the Struve function of
zero order [6].

Assuming a plate motion in terms of the mode
shapes, the formulation for the acoustic resistance
and reactance of the vibrating plate yields

Rmn (xO: yo) =

w [, sin(Tme) sin(Tow) SR g,

27 pc sin(75%0) sm(mzyo)
(45)
Xmn(T0,Y0) =
jw fs sin( ™22 ) sin (%) COS(kR) p
 2mpe sin(T%220 ) sin(75) S0
(46)

This equation cannot be evaluated analytically. In-
stead, it is assumed that the plate consists of a large
number of small pistons and the integration is re-
placed with a summation over all N pistons, each
with a surface area S; and a mean amplitude of 7;.

w Ef\] o7 _, sm(kR )S

R, = 47
7 271'0 n] ( )
. _j_wziv()ﬁzCOS(kR)S
x, (48)
2me ;5

Rewriting eq. (47) and using the identity > .S; = So
and k = w/c the resistance is

w?So Z 7; sin( k‘R’

(49)
2me® = 7);

Rj =

and using the limit expressing

. sin(kR')\
f (T) -1

one can establish the following matrix relating the
influence on point ¢ due to an incidence at point j
which is called the matrix of radiation resistances and

is defined as R = (S/2)Re[Z] = (5/2) - (pc) - R.
~ w2p52 ﬁ SZ’I'L(kR’ )
Ry i i 50
- w2p52
R = ==/
4d7e
1 M, sin(kRis) | Tn sin(kRiy)
M kR, n kR y
7, sin(kRj,) 1
N2 kR,12
Ty szn(leN) 1
N Rin
(51)

For a piston, where all points are moving in phase
with the same amplitude (7; = 7;), this matrix can
be simplified further and gets symmetric and posi-
tive definite. This matrix of elemental radiation re-
sistances will be used later for estimating the overall
radiated sound power.

9. RADIATION MODES

For simple geometries, like the plate considered in the
thesis underlying this work [3], mode shapes can be
assumed and the radiated power due to these mode
shapes can be estimated. The mode shapes have ei-
ther to be well known or a high number of orthogonal
functions has to be used. This approach is only valid
when most of the radiated power is radiated due to
a small and limited number of mode shapes.

Elliott and Johnson [4] show that the acoustic power
output in this case can be written as

P(w) = n"M(w)n (52)
where M is the matrix of the modal radiation resis-
tances and is real, symmetric, and positive definite.
The diagonal terms of M are the self-radiation re-
sistances and the off-diagonal terms are the mutual-
radiation resistances. The vector n is the vector of
the complex structural mode amplitudes, which are
to be measured on the system.

Since the matrix M is real and symmetric, it has an
eigenvector/eigenvalue decomposition

M = PTQP. (53)



Writing the acoustic power output as

P =n"Mn = p¥PTQPy (54)

and defining the vector of the transformed acoustic
radiation mode b = P, the acoustic power output
in terms of the radiation mode is

N
P=bQb= Z Qp|bn)?

n=1

(55)

which shows that all radiation modes radiate inde-
pendently of each other. Radiation modes for a rect-
angular plate and ka = 0.1 were shown by Elliott
and Johnson [4] and are also plotted in fig. 5. The
radiation modes depend on the wavenumber k£ and
therefore on the frequency w because they are the
structural modes transformed by the eigenvalues of
the matrix of radiation resistances M(w) which itself
depends upon the frequency w.
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Figure 5: Lower plate radiation modes for ka = 0.1
as shown in Elliott and Johnson [4]

9.1 The matrix of radiation resistances

In a formulation in terms of elemental radiators, the
acoustic impedance relation for the acoustic pressure
can be written as p = Z - u, where Z is a matrix of
acoustic impedances. The matrix of radiation resis-
tances R = (S/2)Re[Z] is then defined as the real
part of this matrix of acoustic impedances Z times
half the area of an elemental radiator.

Baumann et.al [1] give a derivation of this matrix
by calculating the far-field radiated power which is
presented here.

Assuming a separable and time-harmonic motion of
the plate surface which can be written in N modes.

N N
u = Zﬁiejwt¢i = ejwt z ’llz’(ﬁl (56)
i=1 i=1

The far-field Rayleigh integral (Eq. (34)) is rewritten
for one of these modes. This formulation shows that
the relation between the far-field pressure and the
surface velocity can be written in terms of a transfer
function H(w).

: jkr
) = dedet proo/ —jkro go €
pi(t) u;€e o Pie ds ,
N S >
= et H(w)
(57)
pi(w)
=H
2 — ) (58

In the far-field the pressure wave can be modelled as
a forward traveling plane wave, so the instantaneous
intensity I can be calculated according to eq. (37).
Integrating the intensity with respect to time gives
a formulation for the radiated power. The radiated
power per unit area which is derived first, is in the
following equations denoted by Pspec-

oo

1
— [ p*dt
pc

0

1 (o) N 2
= — (sz’(t)> dt (59)

(60)

Pspec

This equation is rewritten applying Parseval’s the-
orem and the vector of modal velocities w and the
vector of modal transfer functions h are introduced.

2

1 T (&
Pspec = 7r_pc J (; Di (w)) dw
0

(61)

Integrating the radiated power per unit area over the
surface of a sphere of radius R, such that R is in the



far-field, gives an integral formulation for the total
radiated power.

2 1 e}
P = //—/w*h*hw sinf df di
mpe
00 0
o0
= / w*Mw dw (62)
0
in this formulation, the matrix of radiation

impedances M is defined as

2T

M= L / / h*h sinfd d6 dip (63)
wpe
00

Elliott and Johnson [4] show that the relation be-
tween the matrix of radiation resistances and the
matrix of modal radiation resistances and therefore
between the formulation in mode shapes and the for-
mulation in elemental radiators is given by

M(w) = 3 "R(w)® (64)
where the matrix ® relates the structural mode am-
plitudes 7 to the vector of the elemental velocity am-
plitudes w

w = &7). (65)

The numerical calculation of the matrix of radia-
tion resistances R can easily be done, even for com-
plicated geometries, the self- and mutual-radiation
resistances can then be calculated easily using the
transfer matrix ®

For the simple geometry of a flat plate the matrix of
radiation resistances can be formulated analytically

1 Sin(krlz) Sin(kT11)
2 a2 sin(kra1) riQ e
R — w pS T21
4me : . :
sin(krr1) . 1

TI1

(66)

where r;; is the distance from element 7 to element
Jj- This matrix is clearly symmetric since r;; = rj;
and can be compared to eq. (51) which was derived
without a far-field assumption and is certainly valid
throughout the field. This shows, that the far-field
assumption is not necessary, and the matrix of radi-
ation resistances can be used throughout the field.

9.2 Radiation efficiencies

The radiation efficiency is usually defined as [4]
o = P/pcSyu? (67)

where Sy is the total surface area of the radiator and
u? is its space average mean-square velocity.

self-radiation efficiencies of the structural modes

efficiency
x

L
10 10 10 10
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Figure 6: The self-radiation efficiencies of the plate
mode shapes

The overall radiated power is given by eq. (52) and
the mean square velocity is given by |n|?/2. The self-
radiation efficiencies can then be written as

92 .
2 M.
pCSo i

Oi =

(68)

and the matrix of radiation efficiencies can then be

defined as

2
M

Y= .
pcSo

(69)

Usually it is easier to calculate the matrix R than
the matrix M, so the matrix of radiation efficiencies
can be written in terms of the matrix of elemental
radiation resistances.

2
peSo

= 'R (70)

The diagonal elements of the matrix of radiation ef-
ficiencies ¥ are the self-radiation efficiencies of the
mode shapes and the off-diagonal elements are the
mutual radiation efficiencies.

The radiation efficiencies for the plate in the exper-
imental setup have been calculated using a 10 x 10
grid of elemental radiators on the plate surface. The



result is shown in fig. 6. It can be seen, that for the
lower frequencies (lower ka), the (1,1) mode radi-
ates with the best efficiency, and for high frequencies,
above about ka = 100, all structural modes radiated
with about the same self-radiation efficiency.
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Figure 7: Simulation of the Overall radiated sound
power of the single modes from the experimental
plate

Using eq. (52) the overall radiated sound power can
be calculated. The result for a simulation of the
experimental plate, using 10 x 10 elemental radia-
tors and assuming all modes (1,1) to (3,3) radiate
with the same amplitude, is shown in fig. 7. Fig-
ure 8 shows the portion of the overall radiated sound
power caused by single structural modes. It can be
seen, that for (ka) 5 10, the (1,1) mode dominates
the radiated power, but for (ka) Z 10, all struc-
tural modes contribute equally to the overall radiated
sound power.
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Figure 8: Portion of radiated sound power due to
structural modes

Again, it is emphasized that this is only valid for the
assumption, that all modes radiate with the same
amplitude. It is far more likely, that the amplitude
of the (1,1) mode is higher than those of the other
modes, and therefore,

overall radiated sound power
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overall radiated sound power [mW]
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Figure 9: Overall radiated sound power of all modes
up to (3, 3), depending on (ka). Note the rapid falloff
at (ka) ~ 10

the (1,1) mode contributes at least the shown part
of the overall radiated power and, as can be seen in
fig. 9, where the overall radiated sound power falls of
rapidly at around (ka) = 10.

10. FLUID-STRUCTURE COUPLING

In this model, only the reaction force on the struc-
ture due to the fluid is modelled, the fluid field itself
is not explicitly modelled. Usually, in Active Struc-
tural Acoustic Control, there is no need for modelling
the acoustic field explicitly since the important pa-
rameters, the reaction force and the radiated sound
power, can be calculated from parameters local to
the plate surface only.

The reaction force of the fluid is implemented as an
additional forcing term in the Rayleigh-Ritz model,
so the reaction of each mode shape has to be cal-
culated. For a given normalized output function
N =p/u=pc(R + jX) the reaction force F = p dS
can be calculated depending on the mode shapes.

The structural equation of motion is given in the form

ms.’.L.' + Csi' + ksm = femt + ffluz'd- (71)

Assuming a harmonic motion z = nge’*?, the time
derivatives are © = jwz and # = —w?z, the fluid



w/o FSI air water
mode shape | analytical | Rayleigh Ritz || Experiment | FE 2d/3d || FE 2d/3d

(1,1) 94.6 94.3 90.0 93.8 37.5
(1,2) 215.5 215.1 208.8 213.8 118.1
(2,1) 257.7 257.9 251.9 255.2 1494
(2,2) 378.6 379.6 353.8 373.3 248.6
(1,3) 416.9 415.7 403.1 413.9 287.8
(3,1) 529.5 527.7 523.1 523.2 384.9
(2,3) 580.0 581.2 553.1 569.8 431.1
(3,2) 650.4 651.4 622.5 638.8 495.0
(3,3) 851.8 850.3 805.0 845.3 705.7

Table 3: The first nine eigenfrequencies of the plate for the plate w/ and w/o fluid loading

reaction force is given in the modal amplitude ng by

frivia = Z(w,To,y0)E dS

= wpenp (=X (w) + jR(W)) dS (72)

Inserting these formulations in the equation of mo-
tion yields

—w’mgmo + jwesno + ksno

= feat + jwpeno (X (w) — R(w)) dS  (73)

Regrouping so that the terms depending on the
modal amplitude 79 and their derivatives are on the
left side and the external forcing terms on the right
side of the equation leads to the following formulation

—w?mgno + jw(cs — pcR(w)dS)mo

+(ks + prX(w)dS)TIO = feat- (74)

For a fixed frequency w, the fluid stiffness term is
given as kfjyiq = wpeX (w).

In equation (74), the structural equation of motion
including the reaction of the fluid can be calculated
without the need for additional fluid equations. Only
quantities local to the plate surface and the charac-
teristic impedance pc of the fluid are used.

11. CONCLUSIONS

In table 3 eigenfrequencies of the modes up to the
(3,3) mode given by different models are listed. The
analytical solution is given by Blevins [2] and shown
in eq. (3). The Rayleigh Ritz solution was com-
puted using the plate model given by Rodgers [8].
The FE 2d/3d model is an ANSYS model using
two-dimensional plate elements for the structure and
three-dimensional acoustic elements for the fluid.

It can be seen that the influence of light fluids, like
air, can be neglected, but the influence of heavy flu-
ids, especially liquids, can no longer be neglected.
The model data for water shows that fluid loading

has an higher influence on the lower eigenfrequencies
than on higher eigenfrequencies.

Comparable results have been achieved employing an
explicit finite-element formulation [3].

The impedance formulation for the impact of fluid
loading on the vibration of plates shown in this work,
uses only data local to the vibrating surface and can
be evaluated using reasonable computational effort.
Therefore this formulation seems suitable for the nu-
merical modelling of fluid loading in Active Struc-
tural Acoustic Control.
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