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CHAPTERII

INTRODUCTION

Motivation

Radiation of sound into quiescent fluids from geometrically simple structures is
well understood®. However, little has been done to investigate this behavior in convected
fluids. Of the works that do consider this phenomenon, only a small number consider
coupling between modes of the structure via the fluid medium being investigated.

It has been shown that fluid convection, coupled with structural motion, changes
the way energy is radiated from, and absorbed by a structure®>*.

The basic differential equation that governs the motion of any simple structure
defines the relationship between lateral vibration of the structure and the lateral loading
on that structure. Changing the loading on a structure changes the form of that equation.
When a structure is under some type of stress resulting from external loading, it is
prudent to assume that the dynamic behavior of that structure will change.

There are many different types of structure where the amount of energy emitted
into the surrounding environment is of concern. Whether it is the noise transmitted into
the cabin of an aircraft in flight or noise emitted by a submarine into the sea as a result of
the action of the fluid flowing over the hull, the problem is governed by the same basic
equations. The large difference in the physical parameters that describe these particular

systems result in a need to quantify convection effects over a large range of fluid and

structural parameter values in order to make judgments on when the effects of convection



should be included, but also when convection effects should be coupled to the structure to

make accurate predictions of overall system performance.

Previous Work

Initial investigations into the effects of convection on radiation from structures
have been done by Abrahams?, Atalla and Nicolas®, Graham* and Frampton®. Abrahams
solves the convected wave equation using asymptotic techniques. His solution showed
good agreement (within 2% for a large number of modes) with work done in the
aeroelastic stability analysis community using Galerkin's Method®. Atalla and Nicolas
expanded on earlier work by Berry’ and used it to evaluate the radiation impedance for a
rectangular piston in the presence of mean flow. Berry, Atalla and Nicolas used a
Rayleigh-Ritz approach to describe the kinetic and potential energy of the structure.
Atalla and Nicolas noted an increase in radiation efficiency as flow speed increased for
both rectangular pistons and a plate vibrating in the (1, 1) and (2, 2) modes. Graham
showed that the frequency at which any given mode becomes an efficient radiator
decreases as flow velocity increases.

Frampton, expanding on work done by Currey and Cunefare® and by Wallace®,
chose to cast the problem in state variable form, with the structural dynamics discretized
using Galerkin's Method and the aerodynamic model discretized using the methods
developed by Dowell'® for use in aeroelastic stability analysis. He showed that the
radiation efficiency can be expressed as a transfer function in the frequency domain of

the aerodynamic model, and that increases in flow speed increase the radiation efficiency



of any given structural mode. Frampton's findings are in agreement with the earlier work
cited.

There are fewer references available that study the effects of flow induced
intermodal coupling, including those of Sgard, Atalla and Nicolas™, Wu and Maestrello™?
and Frampton®. Sgard, Atalla and Nicolas took the approach of discretizing the radiating
structure with a FEM / BEM mixed approach. They showed that as flow speed increases,
inter-modal coupling becomes a significant effect and must be considered when modeling
the power radiated from a structure. They attribute the increase in radiated power as flow
velocity increases to this effect. Wu and Maestrello also argue that flow induced
coupling is an important part of the modeling of radiated acoustic power from structures
into a convected fluid. Since their work was concerned with stability analysis, their
discussion of radiated power was limited to the importance of it's inclusion in stability
calculations, not it's behavior per se.

Frampton extended his earlier work with radiation efficiency to include the
calculation of the kinetic energy of radiating structures and the associated radiated sound
power when coupled with a convected fluid model. Earlier work by Fahy™* was expanded
to show that the kinetic energy and radiated power of the coupled system could be
represented by transfer functions in the frequency domain. This work also concluded that
coupling is important and that the power radiated by a structure into a convected fluid
increased as flow velocity increased. Frampton included the important result that the
coupling mechanism was the path to allow energy to be shared between modes of

vibration in the structure, and that this mechanism accounted for the increased radiated



sound power as subsonic convection velocity increased. Frampton also noted that the

kinetic energy of the structure remained nearly constant with varying flow velocities.

Purpose

The purpose of this work is to expand the work done by Frampton in three areas.
First, the work with coupled structural and aerodynamic subsystems will be expanded to
the supersonic flow region to quantify the effects on structural response and on radiated
sound power behavior. Next, the method will be expanded by adding in-plane stresses to
the structural system model, and exploring the effect that imposed stress has on the
behavior of the structural response and radiated sound power for both subsonic and
supersonic flow. These effects will be studied with the same physical parameter set used
in the preceding work so that the effects observed may be compared and contrasted.
Finally, the aerodynamic and structural subsystem models will be put in non-dimensional
form such that a wide range of physical structural and fluid parameters may be studied.
In this way, engineering rules of thumb can be derived for when the effects of convection
and coupling must be considered for any specific case of fluid structure interaction likely

to be encountered by structures operating in typical engineering applications.



CHAPTER II

THEORY

System Conceptual Model

The development begins by considering a finite, elastic, rectangular plate in an
infinite baffle as depicted in Figure 2-1. On one side of the plate is a semi-infinite fluid,
flowing parallel to the plane of the plate in the positive x-axis direction. The other side of
the plate is exposed to a vacuum. As the plate vibrates a pressure disturbance is created
in the convected fluid.

A mathematical model of this system begins with a modal description of the plate
motion and the relationship of this motion to the dynamic behavior of the fluid. Next, the
dynamics of the convected fluid are described by the convected wave equation. Given
these coupled dynamic equations, a method for solving them is presented as is a method

for computing the radiated sound power.



Infinite Baffle

Figure 2-1.  Schematic of a plate in an infinite baffle

Structural Model

Plate dynamics
The plate is modeled by employing Galerkin's technique to discretize the linear
equations of motion®. The partial differential equation of motion for a thin, uniform plate
15

is™:

azvavff’t) FPOCY D+ pa (oY), (2-1)

0=DV*w(x,y,t)+ p.h,

where w(x,y,t), D, p and h are the panel displacement, stiffness, density and thickness,
respectively. The plate is forced by the fluid and disturbance pressures, p(x,y,t) and

pa(xy,t) respectively.



A separable solution is assumed using the in vacuuo panel eigenfunctions and

generalized coordinates of the form:
N
w(x, y,t) = > w, (% ¥)a,(t) (2-2)
=1

where, v, (x, y) is the mode shape and qy(t) is the generalized coordinate. The velocity

of the plate can also be represented using the panel eigenfunctions and generalized

coordinates as
N
WX, Y, 1) =D v, (X, Y) G, (). (2-3)
n=1

The approach presented here can accommodate any plate boundary condition.
However, results will be presented for a simply supported plate, which has been shown to

have the following mode shapes™:
. (jr ). (ko
w,(x,y)=sin| =—x |sin| ==y |, (2-4)
a b
where the n™ plate mode has (x,y) directional indices (.%).

Substituting Equation (2-2) and (2-4) into Equation (2-1) and multiplying by an

arbitrary expansion function, y, (x, y), yields the homogeneous form:

N N
Dzv4l//nl//mqn + pz y/nl//mqn =0. (2_5)

n=1 n=1
Equation (2-5) can be written in integral form for a single mode. The individual

homogeneous equations are of the form:

DA, [ (V. )waS + o8, [ 7S =0. (2-6)
S S

Equation (2-6) can be rewritten in the familiar form:

ann+ann :0' (2'7)



where

Mn = pJ-l//nl//mdS (2'8)
S

and

K, =D[(Viy, )y,ds. (2-9)

Substituting Equation (2-4) into (2-8) and (2-9) results in:

_opapb. (max) . (nay) . (jax) . (kay )
Mn_pj'oj'osm( " jsm( . ]SIH( " ]SIH( . ]dxdy (2-10)

and

2 2
K =Dr* m—+n— X
a b

_ (2-11)
Iaj bsin[%jsin(szin[ﬂjsin[k—ﬂyjdxdy.
0Jo a b a b
Integrating over the domain using the stated boundary conditions yields
M =2 (2-12)
4
and
4 2 2
K, =Dz abm (2-13)
4 a b

for the diagonal terms , i.e., m = n. Equations (2-12) and (2-13) are identically equal to
zero for m = n due to the orthogonality of the mode shape functions. M, is referred to as
the modal mass term, and K is referred to as the modal stiffness term.

With these relationships in hand, a set of ordinary differential equations of the

form:

0=M,[4,(t)+ 20,4, (t)+ @2q, [t)]+Q, () + Qs (t) (2-14)



can be written. A damping term has been added to the non-homogeneous equation to
account for energy dissipation in the structure.

In order to proceed with analysis of the structural system, parameters that
characterize the structure must be selected. For this analysis, plate geometry is chosen
that is representative of a physical system that may be exposed to the flow speeds and
fluid properties that will be investigated. The dimensions of the plate will be assumed to
be 1 meter in the direction of flow (x direction) and 0.83 meters in the direction
perpendicular to the flow (y direction). For the non-dimensional portion of the study,
physical dimensions are removed from the structural model, but the aspect ratio of the

plate, defined as
]7 = % y (2-15)

is retained from the dimensions assumed.

Fixing the aspect ratio of the plate fixes the modal indices of the plate
resonances’®. This is true for all variations of the structural model considered here.
While the resonance frequencies will change based on changes to the structural model,
the uncoupled mode shapes will remain the same. For this analysis, a model that includes
the first 20 mode shapes of the structure will be used. Figures 2-2, 2-3 and 2-4 provide

visualizations for selected mode shapes.



Table 2-1. Modal Indices of the Structural Model

Mode Number Indices(j,k) Mode Number Indices(j,k)
1 (1,1 11 (3,3)
2 (2,1) 12 (1,4)
3 (1,2) 13 (5,1)
4 (2,2) 14 (2,4)
5 (3,1) 15 (4,3)
6 (1,3) 16 (5,2)
7 (3,2) 17 (3,4)
8 (2,3) 18 (1,5)
9 (4,1) 19 (6,1)
10 (4,2) 20 (5,3)

Figure 2-2.  Visualization of the (1, 1) mode
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Figure 2-3.  Visualization of the (1, 2) mode
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Figure 2-4.  Visualization of the (3, 1) mode

Structural Dynamics with In-plane Stresses
The partial differential equation of motion for a thin, uniform plate subjected to

in-plane forces is™:

o°w(Xx, Y,t)
o’
2 2 2
X *w(x, y’t)+2Nx o*w(x, y,t)+ N @ w(x, y,t)
aXZ y oX ay y ay2

DV*w(x, y,t)+ p.h, + P Y, )+ py (X, y,1) =

(2-16)
N

where w(x,y,t), D, p and h are the panel displacement, stiffness, density and thickness
respectively. Ny and Ny are the normal stresses in the indicated directions and Nyy is the

shear stress on the plate. The plate is forced by the fluid and disturbance pressures,

12



p(x,y,t) and pq(x,y,t) respectively. For this work, it will be assumed that there is no shear

stress acting on the plate (N,, =0).

This equation can be reduced to the form of Equation (2-14) in a similar fashion
as shown in the previous section. However, for the case of in-plane stress, it should be
noted that the terms denoting the resonant frequencies in Equation (2-14) are no longer
functions strictly of the mass and stiffness of the basic structural system, but involve Ny

and Ny, such that:

4(m?> n2) N.m?z%> N.n’z? s
o :\/Dﬁ (_J+n_kj+ Xp;2 + y 'k — KnSl (2_17)

psb’ M
Non-dimensional Structural Model
Equation (2-14) can also be placed in non-dimensional form by utilizing the

following relationships:

=P8 (2-18)
psh
_Uzp.@’ ]
i==E (2-19)
s=t [“_j (2-20)
a
r(s)= q”h(t) (2-21)
and
C . Q) ]
)=z, bn (2-22)

13



where p_ is the density of the fluid, z is the mass ratio, U _is the convection velocity, A

is the non-dimensional dynamic pressure, s is dimensionless time, r is dimensionless

plate generalized displacement and Qn(s) is dimensionless plate generalized force.

Utilizing these relationships, we can recast Equation (2-14) as:

.r.(s)+7z4%(j2+772k2)2r(s)+4y((A)n(s)+(5:(s)J:O. (2-23)

State Space Form of the Structural Model

Equations (2-14) and (2-23) actually represent N simultaneous ordinary
differential equations where N is the number of structural modes used in the solution. In
order to facilitate integration of Equation (2-14) with the fluid dynamics, it is cast in state
variable form such that*®

X, =AX, +Bu,

2-24
yS = CSXS ( )

The A and B matrices are populated with the coefficients of Equation (2-14) while the

state, input and output vectors Xs, Us and ys are defined as

X, ={6,(t) 0y (t) Gu(t)-au (®) ' (2-25)

u, = {Q,(t)--Qu(t) Q') Qu(t) ' (2-26)
and

Yo =X, ={a(t)ay(t) a,t)-a.() | (2-27)

Similarly, for the non-dimensional model, these relationships are:

X, =1{r(s)---ry(s) r(s)---ra(s) ', (2-28)

14



n ad

U, ={Q, ++Qu(5) Q, (8)-+Q (&)F (2-29)

and

Y. =%, ={(s)r () ru(s)-ru(s) I (2-30)

The disturbance generalized forces in all cases are given by

Q)= [Py (x ¥, 2 =0,t), (x,y)dxdly, (2-31)
and the fluid generalized forces are defined by

Q.(1)=JJ"p(x,y,2=0,)w, (x y)axdy, (2-32)

where pa(X,y,z=0,t) is the fluid pressure acting on the plate due to plate motion and Qn(t)
is the resulting generalized force. This generalized force is due entirely to the fluid
response created by plate motion and is therefore the mechanism through which modal
coupling is created. Developing an expression for this generalized force is the next step

toward studying the effects of flow on sound radiation.

Aerodynamic Model

Fluid Dynamics
Other investigators have used two differing approaches to find the acoustic
pressure that acts on the surface of a vibrating plate. One approach is the Helmholtz-

3911 The alternate method

Kirchoff integral, typically solved using numerical methods
involves spatial Fourier transform techniques that require approximated inverse
transforms derived using asymptotic techniques®*. The approach detailed here is based

on the Fourier transform method.

15



The generalized forces due to aerodynamic pressure in Equation (2-14) are
obtained by solving the partial differential equation that describes the velocity potential in
an inviscid, irrotational fluid flow in the x direction, as shown in Figure 2-1. This

relationship is also known as the convected wave equation.

2 2 2
vzcb—iza ?+2U oo +U26?=
c? ot ot ox X

0 (2-33)
Equation (2-33) is subject to the boundary conditions for a plate embedded in an infinite

baffle,

oW ow
od U —+— on the plate
= " at Pate (2-34)

0l 0 off the plate

as well as a finiteness condition as z approaches infinity. Here, ®, ¢, and U are the
velocity potential, speed of sound and flow velocity respectively.

The solution to these equations follows the one presented by Dowell*®, and
summarized by Frampton®. The first step is to perform a double Fourier transform with
respect to the x and y spatial dimensions and a Laplace transform with respect to time

according to the following relationships:

O(a, 7, z,s):J'_w T @(x,y,z,5)dxdy (2-35)

®(x,y,2,8)= J':e‘s‘qﬁ(x, y,z,t)dt. (2-36)

If these relationships are applied to Equation (2-33), the following is obtained:

d’o =~
e (237)

where

16



2

= \/5_+ 2Msia —a?(M?-1)+ 52, (2-38)

c? C

and where s is the Laplace transform variable, M :g is the Mach number, i=+/-1,
c

and « and y are the Fourier transform variables in x and y. The triple transform of the

boundary conditions is obtained in a similar way, resulting in:

d’d =~
~F. 2-39
= (2-39)

This transformed version of the convected wave equation (Equation 2-33), when
solved with the transformed boundary condition of Equation (2-39), yields the

transformed velocity potential on the plate surface, which is given by

& -—F (2-40)
7,

z=0

If an inverse Laplace transform is taken of Equation (2-40), then the result is the velocity

potential in the time domain on the surface of the plate,
#(xy,2=0.8)=c[ Flay,r)e™ )

.]{(az R yz)ic(t—r)}dz'.

(2-41)

where J, [¢] is a Bessel function of the first kind and of order k and 7 is a variable of

integration.

In order to calculate aerodynamic forces on the plate, the pressure on the surface
of the plate is needed. The velocity potential is related to the acoustic pressure through
Bernoulli’s equation,

oD oD
=—p—+U—. 2-42
P 'Oat OX ( )

17



where p is the density of the fluid. If Equations (2-41) and (2-42) are combined, the
result is:
F(t)—pcz a’+y?)x

Bla.y,2=0t)=px
I; ?(t)e—iMca(t—r)\]l|:C(a2 _’_}/2)

(2-43)

N

a_rﬂdf

An inverse Fourier transform of Equation (2-43) can now be performed. A
logarithmic singularity exists for subsonic flows at the leading edge of the plate. This
presents problems if it is necessary to determine pressures at this specific location. For
this work, there is only a need to calculate the generalized force due to the aerodynamic
pressure over the entire surface of the plate.

The next step is to substitute Equation (2-43) into Equation (2-42). Integration
with respect to the x and y coordinates is performed next, followed by an inverse Fourier
integration with respect to e and y. By performing the integrations in this order, the
singularity at the leading edge of the plate is avoided. This series of operations results in

an expression for the generalized forces on the plate such that
Qn = szn (t)’ (2'44)

where Q,,,(t) is the force on the n™ panel mode due to the motion of the m™ panel mode.

The expression for Q,,(t) is given by:

f 0 (£)H o (t—7)d r} (2-45)

18



with

_ 1 e Oy,
Sm"_VJ.OJ.O ox Yn dXdy' (2'46)
D =1 [*°y v dxd 2-47
mn — MU -[OIO Vol xay, ( - )

Hon :ﬁjw "G, iara? +yie iV x
T —o0 o —0

(2-48)
Jl(th/Otz +y° )da dy,
Jl(ctwlaz + }/2 )da dy,
G, = j: j Obl//me"(”’“” ) dx dy x j :jobgz/ne‘("“”y ) dx dy. (2-50)

S, and D, are referred to as aerodynamic influence coefficients. These terms relate

mn
instantaneous changes in structural generalized coordinates to instantaneous changes in
the generalized forces due to aerodynamic pressure. The influence coefficients
(Equations 2-46 and 2-47) can be obtained analytically for most plate eigenfunctions.
The same is true of Equation (2-50)°.

The aerodynamic influence functions, H_(t) and 1_(t), are defined by integrals

with no known closed form solution. Dowell'® used numeric integration to find the
influence functions, and then used numeric time stepping algorithms to simulate the
system response. This approach worked well for Dowell's area of interest, stability
analysis. This work depends on the ability to perform eigenvalue analysis, similar to that
done by Currey and Cunefare®. This necessitates the use of singular value decomposition

technique, which results in a state variable representation of the fluid dynamic model.

19



This approach allows one to represent the relationship between the motion of the

structure and the generalized forces in transfer function form.

Approximation of the Aerodynamic Generalized Forces

In order to approximate the aerodynamic generalized forces, a singular value
decomposition (SVD) technique originally developed as a system identification tool is
applied”’. This SVD method uses time domain impulse responses to obtain the system

representation.  Since the aerodynamic influence functions, H,_ (t) and I (t), are

essentially impulse responses of the aerodynamic model, the SVD method is easily
applied to the problem at hand. This SVD method also has the advantage of producing a
model in state variable form, which is the desired formulation here. This approach also
allows the use of standard system analysis tools available based on linear systems theory.

Since a state space model of the aerodynamic subsystem is desired, Equation (2-
45) must be rewritten in the proper form. Equation (2-45) is a mapping of the
relationship between the motion of the structure and the aerodynamic forces. This
relationship can be expressed in the following form:

X((k +1)T )= Ax(kT )+ Bu(kT),
(2-51)
y((k +1)T)=Cx(KT )+ Du(kT),

where T is the discrete time increment and k is the time index. The state variable system
(A,B,C,D) has n states in x, p inputs in u and m outputs iny. For the structure considered
here with N modes included in the model expansion, the input (u) and output (y) vectors

take the form

u:[ql d; - Oy G G, - QN] (2-52)
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and
y=[Q Q - Q] (2-53)
The first step in constructing that state variable model of the aerodynamic system

is to build a block Hankel matrix of the system impulse responses. The basic form of this

matrix is
[ h(T) h(2T) h(3T) h((J+1)T)]
h(2T)  h(3T) h(4T) 0
H=| h( 47

3T)  h(4T) h(ET) - 0 , (2-54)

o
o

h((J ;1)T) 6

where the individual elements of the matrix are given by:

_311 S21 SNl D11 D21 DNl

h(kT)= 8'12 3:22 Sr:\12 D:11 D:22 D.NZ
_SlN SZN SNN DlN D2N DNN
fork=0
_Hll(kT) HNl(kT) Ill(kT) INl(kT) (2_55)
I HKT) o HG k) LK) )
_HlN(kT) HNN(kT) IlN(kT) INN(kT)
fork=1,2,...,J+1
=[0]
fork > J +1.

This results in a Hankel matrix H with dimensions m(J+1) by p(J+1).
The next step is to perform the SVD operation on the matrix H. This operation
yields

H=UzV' =UV', (2-56)
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where U is an orthogonal matrix containing the eigenvectors of HH', of dimension

m(J+1) by (J+1), V is an orthogonal matrix containing the eigenvectors of H'H, of

dimension p(J+1) by (J+1), and the singular value matrix is given by:

7]

o, 0

such that the singular values are arranged in descending order,

> & >

0, 2¢& re2 = €

0,120,210, 2842
with

1 1

U=Uz?,andV =32V".

(2-57)

€14 |

(2-58)

(2-59)

If the matrix H has a rank of r, then the singular values ¢, ,,,¢&,.,,":,&;,, are

equal to zero. If these singular values are non-zero, but very small, H has a rank very

near to r.

In this case, the small singular values represent degrees of freedom with

negligible contribution to the system response or slight computational noise in the system

impulse response. This property of the system realization is used in selecting the order of

the final model.
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Reduced Order System Model

A reduced order system, (A

B,C, If)), which discards excess degrees of freedom is

created. This new system model, of order r, can be obtained by partitioning the output of

the SVD operation as

i Ul,l Ul,2 ]
U2,l U22
L Vi VLo VI Vi
B : : VT VT VT VT
) 2,2 J,2 J+1,2
UJ,l UJ,Z b2
_UJ+1,1 UJ+1,2_

where the block matrices U and V are sized as follows:

U, arembyr

U ,arembyJ+r-1
V, are pbyr
V,,are pbyJ+r-1
1=1:J+1.

Based on these relationships, the reduced order system model is defined as:

T

U, TULT) TULTT Uy
A|| Yz Uf'l Ve U;”’l,
u,, U'Jl Uso | | Uy,
B=V/,
C=U,,
and
D =h(0)
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(2-61)

(2-62)

(2-63)

(2-64)

(2-65)



This reduced order aerodynamic model will receive inputs from the structural
subsystem and provide output both to the structure and for use in analysis. It should be
noted that the formulation of the reduced order model renders the states of the model as

mathematical constructs with no simple physical meaning.

Subsystem Coupling

The Coupled Model

The plate and fluid systems in state variable form can be assembled into a coupled
fluid/structure system as shown in Figure 2-5. Note that this fluid/structure coupling is
created by the dependence of the fluid generalized forces on the plate motion. So, motion
in the plate creates a response in the fluid, which in turn creates a force back on the plate.
Furthermore, when cast in the form shown in Figure 2-5, the input/output relationships
for the system can be easily manipulated and transfer functions between inputs and
system variables can be obtained. This feature of state variable modeling is important to
for the calculation of surface velocity, radiated sound power and radiation efficiency of
the structure.

In order to quantify coupling, it is important to clarify the language used to
describe the structural response. The term “in vacuuo mode” will be used to describe the
plate eigenfunctions of Equation (2-4). (The in vacuuo modes could be more accurately
called comparison functions® since, in the fully coupled system, they are really just

mathematically convenient functions with which to solve the differential equation.) The
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modes of the fully coupled system shown in Figure 2-5 will be referred to as coupled
modes. These are the structural mode shapes that result from solving the eigenvalue
problem of the coupled fluid/structure system. Each coupled mode includes degrees of

freedom associated with the plate and with the fluid.

Plate Plate
Disturbance Response
—>

<+—
Fluid

Generalized
Force

Figure 2-5.  Schematic of the coupled fluid / structure system

Structural Response Relationships

Kinetic Energy
In this work, the kinetic energy of the structure in the frequency domain will be an
important quantity used in calculating acoustical behavior. The equation for Kkinetic

energy is
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T(w):%mw(w)z (2-66)

where m is the mass of the plate. For a simply supported plate, with substitutions
according to Galerkin's method, the modal mass term is given by Equation (2-12).

Equation (2-12) is substituted into Equation (2-66) to yield

T(w)= %v’v(w)2 . (2-67)

for each mode of vibration. Since our model is in state variable form, a transfer function
relationship exists for the structural surface velocity. Frampton® showed that Equation

(2-67) can be written as

T(0)= 223 Hao 0] 1 o) 69)

where H,, is the transfer function between an external system disturbance and the
generalized plate velocity, and |, is the frequency content of the external disturbance.

For this work, the disturbance will be white noise, such that 1,, =1. This leads to

2

T(w):%iu He (@) (2-69)

While this disturbance is not necessarily physically realistic, it does provide a worst case
for analysis. It also provides information strictly about the frequency response of the

structure, independent of external excitation.
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Average Velocity
Another aspect of structural response of interest is the spatio-temporal average
over the entire surface of the structure. This quantity can also be determined for a simply

supported plate analytically. Frampton® showed that

<MNF>=%E§, (2-70)

where aN is the complex amplitude of the generalized velocity of the plate for a single

mode of vibration.

Radiated Sound Power Relationships

The instantaneous sound power radiated from a plate vibrating in it's "™ mode can

be expressed as

I, (t)= [ p,(x, y.2=0,t)v,(x, y,t)dS, (2-71)

S

where p, (x, y,Z :O,t) is the pressure on the plate created by the n™ mode of vibration
and W, (x, y,t) is the velocity of the plate due to the motion of the "™ mode of vibration.
Substituting Equation (2-3) for the velocity of the plate yields

I1,(t) = 4, (0)] P, (x, ¥, 2=0,t)y, (x, y) ds. (2-72)

The integral term in Equation (2-72) is equivalent to Equation (2-32), so
I1,(t) =Q, (t)d, (t). (2-73)
Harmonic motion of the structure will be assumed. With this assumption, Equation (2-2)

can be written as
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w(x, y,t)=w,(x,y)§,e",n=12,.,N (2-74)
where @, is the complex modal amplitude of the generalized displacement and wis the
driving frequency. Using this relationship, Equation (2-73) can be written as

I,(t)=Q, d,e', (2-75)
where an is the complex modal velocity magnitude (ja)q’n), and (Sn is the complex

modal generalized force magnitude. The total instantaneous radiated power is then given

by:
N ~ o~ .
m(t)=>"Q,d,e"*. (2-76)
n=1
The standard relationship™® for time averaged acoustic power is given by
_ L Evd 2
<H>_?j0 vdt, (2-77)
where T is the sampling period. In this case, Equation (2-77) can be written:

7300000 -

(2-79)

Since a state variable model has been constructed, the transfer functions between an
external disturbance and the n™ generalized force input and between an external
disturbance and the n™ generalized velocity output are available. These transfer functions

allow Equation (2-79) to be written as:
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N

l * 2
<H> :EZER{H dQ (@) a (a))}| | (a))| (2-80)
n=1
where H,(w) is the transfer function between the external disturbance and the
generalized force acting on the n mode, H dq(a)) is the transfer function between the

external disturbance and the generalized velocity of the n™ mode and 1, (@) describes

the frequency content of the disturbance. The asterisk denotes the complex conjugate of
the transfer function output. Again assuming a disturbance composed of white noise

results in

(I) = %gf’*{H (@) Hip(@)). (2-81)

Radiation Resistance and Radiation Efficiency

Radiation resistance is the real part of the radiation impedance of a structure.

This quantity can be defined as’

() (2-82)

R, = <an|2> .

Normalizing Equation (2-82) by the characteristic impedance of the fluid medium and the

area radiating, yields the relationship for radiation efficiency or radiation ratio,

) |
" atla ] i
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The state variable structure of the system model can also yield a transfer function
between the n™ input generalized force and the n™ output generalized velocity. This
relationship can be written as

Q.6 =Hy, ()4, e . (2-84)
Substituting Equation (2-84) into Equation (2-75) results in

I, (t) = R{Ho, (@))(3, e ). (2-85)

Taking the time average of this relationship yields

(11,)=2 [ 9l (o)l 6,07 ) at =9t (@), @86)

when combined with Equation(2-61), this allows Equation (2-74) to be rewritten as

_ 4ER{H 4 (a))} |
pcab

c (2-87)

n

Validation of the Model and the Method

This modeling method has been validated in previous work by Frampton®**. This
work showed that the radiation efficiency curves published by Wallace® are reproduced
using the state variable, coupled aerodynamic / structural model derived in the previous
section with the transfer function expressions for radiation efficiency. Similarly, the
model reproduces the curves for convected flow that were published by Graham®. In this
work, supersonic convection velocities will be used with the previously defined
relationships describing kinetic energy and radiated power.

It must be noted that the use of linearized potential flow (Equation 2-33) is known

to be inaccurate in the transonic region. Nonlinearities in the fluid dynamics become
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significant and should be accounted for. However, there are some interesting and
instructive conclusions to be drawn from this linear model. The establishment of more
accurate, nonlinear results is left for future work.

The radiation efficiency is evaluated using non-dimensional frequency, defined as

f 2 (2-88)
miz nmx
mz)  (n7
(%)

where k is the acoustic wave number, given by:

k=2, (2-89)
C

10°
>10"
c
2
2
w

0 T M=1.1 |

10" 10°
Y

Figure 2-6.  Radiation efficiency of the (1, 1) mode at selected flow velocities
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Figure 2-6 shows the behavior of the radiation efficiency of the (1, 1) mode at
transonic speeds and at two subsonic speeds. Note that the radiation efficiency for M =0
compares well with that found by Wallace®, and the M = 0.7 case compares well with that
noted by Frampton®. In general, the radiation efficiency approaches a magnitude of unity

for all frequencies as the speed of sound in the medium is exceeded.

10

—
°I

Efficiency

3
N

—y
o

10 I 0

Figure 2-7.  Radiation efficiency of the (2, 1) mode at selected flow velocities

Figure 2-7 shows the behavior for the (2, 1) mode. Again, the low frequency

radiation efficiency increases significantly when the Mach number approaches unity.
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Increases in radiation efficiency of in vacuuo modes without coupling were dealt
with previously®. The cause of this increase in radiation efficiency was found to be an
effective increase in plate phase velocity for plate waves traveling upstream relative to
the flow. Furthermore, the radiating wave number region broadens as flow velocity
increases, reaching an infinite width as Mach number approaches 1. In the simplified
case of a 1-dimensional plate the radiating wave number region is defined as the region in

which the z-component of the wave numbers are real and positive®. This corresponds to

3]l

As demonstrated in Equation (2-90), the supersonic wave number region shifts
and expands as Mach number increases and becoming (semi-)infinitely wide when M = 1.
The overall effect in subsonic flow is that, for a fixed wave number spectrum in the plate
response, as the flow velocity increases more of the plate wave number spectrum is
enveloped by the radiating region, thus resulting in increased radiation.

When flow becomes supersonic, the non-radiating region shifts to wave number
ratios that are strictly positive. Figure 2-8 demonstrates this phenomenon. Equation (2-

90) is a description of the roots of

ANERLA :
O<1—2M(?j+(M —1)(?] , (2-91)

where K; is the wave number component in the convected fluid normal to the plate, ky is
the wave number in the plate, and k is the wave number in the fluid. In order for radiation

to take place,

K K K

< (2-92)
M -1 M +1
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Figure 2-8 shows a plot of this equation for a semi-infinite plate, where the plate
is bounded in the x direction and unbounded in'y. The cases where M = 0 (no flow), M =
0.8, M = 1.0 and M = 1.3 are shown. The labeled vertical bars indicate the boundaries of
the radiating wave number regions. Note that the radiating regions are shifted due to the
effect of the flow speed on the relationship between the wave number in the plate and the
wave number in the fluid. Also note that for M = 1.3 the radiating region is again
affected by the flow. All waves traveling against the flow of the fluid radiate to the far
field. In addition some slower wave numbers that travel in the direction of the flow
radiate as well. While these wave numbers are not supersonic alone, the speed of the
flow makes them appear supersonic to the fluid. The faster wave numbers also radiate as

one would expect.
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Figure 2-8.  Plot of the wave number spectrum of plate velocity showing the radiating
portions for selected Mach numbers
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CHAPTER 11

SIMULATION RESULTS

Physical System Parameters

A computational investigation was undertaken based on the theory presented in
Chapter 1l. The results presented focus on three areas: the behavior of the uncoupled
modal radiation efficiency at transonic flow speeds, the effects of flow-induced coupling
on the structural response and on the radiated sound power. The physical parameters
used were for a plate manufactured from 6061-T6 (UNS A96061) aluminum (density of
2700 kg/m®, thickness of 4 mm, length of 1 m in the direction of flow, width of 0.83 m
and modulus of elasticity of 69 GPa) exposed to air at an altitude of 10 km (density of
0.422 kg/m®, speed of sound of 299.5 m/s). A constant modal damping ratio of 2% was
assumed in the formulation of the plate model.

The accuracy of the modeling approach used in this work was established
previously®®, where results for the subsonic case were presented. In order to ensure
accurate results, the plate model of Equation (2-14) included 20 modes while the fluid
dynamic system of Equations (2-62) — (2-65) included 600 degrees of freedom. With this
configuration, the plate response and radiated sound power demonstrated sufficient

convergence over the first 15 plate modes.

36



Supersonic Flow

Structural Response

It is well established that fluid flow can have significant effects on structural
acoustic behavior, along with the fact that induced coupling between discrete modes of
vibration becomes significant as flow velocity increases. It has also been established that
this coupling mechanism is the venue for energy flow between distinct modes of
vibration in a structure, explaining energy flow into the flowing fluid. Work in this area
has been confined to subsonic flows, with the effect on sound radiation efficiency and
sound power radiation quantified and compared for various subsonic flow speeds.

The effect of flow on plate dynamics is well understood in the field of
aeroelasticity'®. However, this field of study is usually concerned with coupling induced
instabilities. These instabilities are not usually of interest in structural acoustics since
structures being investigated are designed to avoid them. However, the effects on plate
dynamics can occur when the structure is far from instability, therefore affecting
structural acoustic behavior. In the structural acoustics literature Sgard, Attalla and
Nicolas** quantified modal coupling with an approach based on the coherence between
modes.

The results of this work showed some interesting behavior when compared to
earlier work done for subsonic flow speeds. Supersonic flow velocities produced
structural response variations similar to those produced by subsonic flow, but exhibited a
frequency shift proportional to flow speed, rather than the inverse relationship observed

for subsonic flow speeds.
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The effect of flow on the structural response is demonstrated in Figure 3-1 which
shows the frequency dependent kinetic energy of the plate for one subsonic and various
supersonic flow velocities. A general upward shift in fundamental mode frequency is
observed as the Mach number increases. The resonant frequencies of the coupled modes
do not change considerably as the Mach number increases above a value of 1.2. The
fundamental coupled mode has a resonant frequency of about 18 Hz when M = 1.2
moving to 25 Hz when M = 2.0.

Other modes show small changes in frequency and response amplitude as well.
However, other than the fundamental mode frequency shift, the plate energy changes

very little with increasing supersonic Mach number.
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Figure 3-1.  Structural Kinetic energy in supersonic flow

Radiated Sound Power

Supersonic flow also had a significant effect on power flow in the structure, with
some modes containing significant negative components at low supersonic flow velocity
and with the entire structure exhibiting a negative net power flow at the higher supersonic
speeds considered.

The effect of aerodynamic flow on the radiated power in the plate is shown in
Figure 3-2, which shows the radiated sound power as a function of frequency for one

subsonic 3-2(a) and several supersonic Mach numbers 3-2(b) — 3-2(d).
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Power (W)

flows, the radiated power curves do change significantly. Overall, the radiated power
decreases with increasing flow speed. As convection velocity increases, significant
portions of the power flow curve become negative.
absorption by the structure rather than radiation. This is a very interesting aspect of the

redistribution of energy through flow-induced modal coupling. The path through which

10
10
10

10
10
10

10
10
10

(=]

102

10"

10

(=]

1

Not

— Positive
~a)M=0.8 ---- Negative ]

- b)M=1.2 | -

A\
I
’
N A n \
- \ ) i\ N
- -7 \ \ I\ (RN ! —
- I \ \ T I
/ \ \ I !
1
|
. . . P . . .

- c)M=1.5 !

AN R n “

A /,—'f/ \(\//, " /\'v \\ﬁ’r\ ! y\/\qyn\/\} _

/ f \ Vo \ | »

' | \ - : (\
- d)M=2.0 | | -

L L L L L L L | L L L
1 2

0

10
Frequency (Hz)

Figure 3-2.  Radiated sound power in supersonic flow

e that, while the kinetic energy changed little over the range of supersonic
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energy moves from one coupled structural mode to another is the fluid. In this manner the
motion of one mode drives other modes, causing them to be out of phase with the
pressure applied by the aerodynamics, resulting in negative power flow at some

frequencies. This energy is then dissipated by damping in the plate.
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Figure 3-3.  Modal contributions to radiated sound power at M = 1.5

41



Figure 3-3 illustrates this behavior by plotting the total power flow at a selected velocity
3-3(a) with the contributions of the first four coupled modes also plotted individually 3-
3(b) — 3-3(e). Subplot 3-3(a) also lists the peak frequencies on the kinetic energy plot
(Figure 3-1) attributable to the associated uncoupled modes for reference.

Clearly, the exchange of energy among modes that occurs in the presence of
modal coupling alters not only the dynamic response of the plate but the radiated sound
as well. The extent to which coupling affects radiation is demonstrated by the curve for
M = 2.0 in Figure 3-2. Many higher order modes absorb power, causing the total power
radiated to the far field to decrease as flow speed rises. Radiated power decreases, and
actually becomes negative (i.e., net power is absorbed) as the flow speed approaches

Mach 2.

Radiation Efficiency

The effect of modal coupling is also illustrated in Figure 3-4, which plots the total
normalized power flow versus flow velocity. Radiation efficiency for a single mode of
vibration as a function of frequency is described by Equation (2-87). The data shown in

Figure 3-4 are given by
N Drax
o 22.[0 o,do. (3-1)
n=1

This quantity, which can be visualized as the energy flow out of the plate divided
by the total kinetic energy from vibration, is considered the total radiation efficiency

here.

42



0.3
025 -
*
0.2} -------- oo -
/ \
> A
o I i
c 0.15 ; 3
(] / \
.6 , \
£ 01 fo e .
T ; \
/ \
005 R [ -
/ *
o \
0&*,%,**\%%#&*«%1

-0'050 02 04 06 08 1 12 14 16 18 2

Mach Number, M

Figure 3-4.  Total radiation efficiency in supersonic flow

The total radiation efficiency obtained for the range of flow speeds studied expands those
found in previous work. Rather than increasing with flow speed as previously postulated,
the radiation efficiency rises with subsonic flow velocity. Total radiation efficiency
peaks at M = 1.0 as predicted, and decays with further increases in flow speed. It should
be noted that the radiation efficiency decays to a negative value with the radiated power
as convection velocity increases. This behavior illustrates the role of coupling on power

flow at high convection velocities. This result provides further insight into the dynamics
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of power flow in the structure and may indicate a relationship between acoustic power
radiation and the onset of instability of the structure. Further work is needed to establish

the existence of any meaningful connection between these two phenomena.

Effects of In-plane Stress

The significant impact of coupled fluid flow on structural acoustic behavior
established by previous work has been confined to flow in air, over unloaded structures,
with the effects on sound radiation efficiency, kinetic energy and sound power radiation
quantified and compared for various flow speeds.

The plate system was investigated for values of non-dimensional stress, defined

as®®:

r=—x (3-2)

ranging from -2 to 20. This group of plate models was coupled with aerodynamic models
that represented speeds from Mach 0.001 up to Mach 2.0. The values of non-dimensional
stress were the same in both the x and y directions. These limits were chosen to represent
the lower end of static stability of the plate (r = -2) and a stress state that would be typical
of the skin of an aircraft structure when in flight (r = 20). The uncoupled plate system
was found to be statically unstable when r was set to a value of -2.5 at flow speeds
between Mach 0.8 and Mach 1.2. Each coupled system was checked for dynamic
instability, and all systems investigated were found to be stable, with the exception of the

cases noted above.
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Structural Response with In-plane Stress

The overall effect of flow on the structural response is demonstrated in Figures 3-
5 and 3-6, which show the frequency dependent kinetic energy of the plate for various
subsonic and supersonic flow velocities, with several selected values of non-dimensional
stress.

Initially, the structure was examined when placed in a biaxial state of stress. That
is, both the x and y directions in the plane of the plate had equivalent values of non-
dimensional stress. The structural response of the system is similar to what would be
expected based on earlier work with unloaded structures in subsonic flow>!3. As
subsonic flow speeds increase, the response frequency of the fundamental mode of
vibration decreases. This behavior is affected by the state of stress in the structure,
however. When the overall state of stress is compressive, as shown in Figure 3-5a, the
shift in fundamental mode response frequency is most pronounced.

Behavior at supersonic flow speeds also is as expected based on work in the
previous section. As supersonic flow speed is increased, response frequency of the
fundamental mode of vibration also increases. Again, the frequency shift of the structure
when loaded in compression shows the largest frequency shift in fundamental mode

response with variations in flow velocity, as shown in Figure 3-6a.
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Figure 3-5.  Structural kinetic energy at subsonic convection velocities for selected
values of non-dimensional stress

A general upward shift in coupled mode frequency is observed as the non-
dimensional stress in the plate rises, as one would expect from an effective increase in

plate stiffness
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Figure 3-6.  Structural kinetic energy at supersonic convection velocities for selected
values of non-dimensional stress

It is also important to note that the total kinetic energy of the plate decreases as non-
dimensional stress is increased, but does not vary greatly as convection velocity is
increased. It should also be noted that the frequency shifts observed are attributable to

convection effects. While the level of applied stress changes the way these frequency
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shifts manifest themselves, application of stress in and of itself will not produce similar

effects.

Radiated Sound Power with In-plane Stress

The effect of aerodynamic flow on the radiated power from the plate is shown in
Figures 3-7 through 3-10, which show the radiated sound power as a function of
frequency for various subsonic and several supersonic Mach numbers at selected values
of non-dimensional stress. The effect of in-plane stress on radiated sound is greatly
affected by the proximity to the system stability boundaries. When the stress is
compressive, and the uncoupled plate system is close to it's static stability boundary (i.e.,
near buckling), the radiated power is increased over what would be obtained from a plate
with no imposed stress or with imposed tensile stress. This is best illustrated by
comparing Figures 3-7c, 3-8c and 3-9c, and noting the decreasing area under the power
curve.

When the coupled system is approaching the flutter boundary (as flow approaches
Mach 2), the total radiated power can actually become negative, indicating a net
absorption of power by the structure, as shown in Figures 3-9f and 3-10f.

The power flow in the structure is also significantly affected by the state of stress
in the structure. When the stress in the structure is compressive, there is an increase in
the amount of negative power flow at high convection velocities. The amount of energy
absorbed by the second mode of vibration can be seen to steadily decrease as the state of
stress moves from compression to zero stress to tension, as shown in Figures 3-7f, 3-8f,

3-9f and 3-10f, for example. The number of modes of vibration having negative power
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contributions decreases from 9 to 6 over this same progression of states of stress, and
shown in these same figures. The transition to higher levels of tensile stress also delays
the onset of negative power contributions of particular modes of vibration as a function of
flow velocity. This behavior is illustrated in Figures 3-7d, 3-8d, 3-9d and 3-10d. The
2" 5™ and 8" modes of vibration show a negative power flow until the highest state of
stress studied is reached in Figure 3-10.

Note that, while the general shapes of the kinetic energy curves change little over
the range of values of non-dimensional stress, the radiated power curves do change
significantly. Overall, the radiated power decreases as flow speed increases or decreases

from Mach = 1.
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Figure 3-7.  Radiated sound power for r = -1 at selected convection velocities

Once again, note that as supersonic convection velocity increases, significant

portions of the power flow curve become negative. This behavior changes significantly

when the state of stress in the structure is varied. This indicates that the state of stress in

the structure affects the redistribution of energy caused by flow-induced modal coupling.
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Figure 3-9.  Radiated sound power for r = 1 at selected convection velocities

The extent to which coupling affects radiation is demonstrated by the curves for the data
at higher Mach numbers. Many higher order modes absorb power, causing the total

power radiated to the far field to decrease as flow speed rises.
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Figure 3-10. Radiated sound power for r = 10 at selected convection velocities

Radiated Sound Power with Unidirectional In-Plane Stress
In addition to varying the levels of stress in the plate, the effects of the direction
of application of the stress were studied. Simulations with stress applied only in the x

and only in the y direction were examined. Figures 3-11 and 3-12 show the results for
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two of these unidirectional stress cases. Application of stress in the direction of flow
results in increased negative power flow at higher frequencies and at high convection

velocities, as shown in Figure 3-11.
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Figure 3-11. Radiated sound power for r = 10, stress applied in the x direction only at
selected convection velocities
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Figure 3-12 shows the application of stress perpendicular to the convection velocity (i.e.,
the y direction in Figure 2-1) results in less power radiated by the fundamental mode as
convection velocity increases. Unidirectional stresses in these cases resulted in lower
resonance frequencies for the fundamental modes than shown for the case with

bidirectional stress, as shown for example in Figures 3-8a, 3-9a and 3-10a.
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Figure 3-12. Radiated sound power for r = 10, stress applied in the y direction only at
selected convection velocities

The frequency shifts in these cases were observed to be different, as would be
expected from an overall lowering of the state of stress in the structure. Differences in
the power flow characteristics of individual coupled modes of vibration were observed.

When stress is applied only in the x direction, which is also the direction of fluid flow,
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the power flow in the 2" coupled mode of vibration is positive for all convection
velocities studied, as shown in Figure 3-11. Very little negative power flow is induced in
the structure, even at high convection velocities. When stress is applied only in the y
direction (perpendicular to the direction of flow) both the 2" and 3™ coupled modes
exhibit significant negative power flow, as shown in Figure 3-12. It is also interesting to
note the significant decrease in response of the fundamental coupled mode with increase
in flow velocity. The power associated with this mode is attenuated by about an order of
magnitude over the range of flow speeds studied.

This effect is strictly due to the reduced overall applied stress and is not
attributable to convection effects. It is interesting to note that the reduction in
fundamental resonance frequency is greater in the case where the stress is applied in the
direction of convection, which is attributable to structural interaction with the flow.
Similar effects were noted for cases with reduced stress levels(r = 0, r = 1), but were not

as prevalent as those illustrated in Figures 3-11 and 3-12.

Radiation Efficiency with In-plane Stress

As discussed previously, the linearized potential flow relationship shown in
Equation (2-23) is known to be inaccurate for convection velocities around Mach = 1.
Nonlinearities in the fluid dynamics are present and should be considered. The linear
model is useful in studying general trends of fluid behavior, even if numerical results can
not be considered exact. With these limitations in mind, the linear model will be used to

generate a continuous curve for radiation efficiency for structures with imposed stress.
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Figure 3-13 shows a plot of total radiation efficiency versus convection velocity
for selected values of non-dimensional stress. As shown, total radiation efficiency peaks
at Mach = 1.0 and decays with further increases in flow speed. It should be noted that the
radiation efficiency can decay to a negative value with the radiated power as convection

velocity increases. This behavior illustrates the role of coupling on power flow at high

convection velocities.
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Figure 3-13. Total radiation efficiency for selected values of non-dimensional stress

The overall behavior of the structure can be summarized by the relationship

between radiation efficiency, flow speed and state of stress in the structure. When the

58



structure is loaded in compression, it exhibits a very narrow range of "efficient” radiation
of energy. Conversely, increasing the value of the in-plane stress has the effect of
widening the range of convection velocities where the structure can be considered an
"efficient” radiator of sound power. Selecting an arbitrary value of 10% as an indication
of efficient radiation, Figure 3-13 shows that there is a minimum range of 10% radiation
efficiency at r = -1 (0.8 < Mach Number < 1.2) and a maximum range of 10% efficiency
at r = 20 (0.65 < Mach Number < 1.4). It is also interesting that this broadening of the
range of "efficient” radiation is associated with a decrease in peak radiation efficiency.
The efficiency drops from a peak of 21% to a value of 17%. Note that the peak value of
radiation efficiency is associated with a state of compressive stress in the plate and that
this particular plate model had the lowest effective stiffness of any that proved stable

throughout the entire range of convection velocities studied.

Decoupled Subsystems

The Uncoupled Model

Entire texts have been produced dealing with fluid structure interactions®. These
works tend to concentrate on problems where analytical solutions are possible. One
commonly used criterion for assuming that analytical techniques are valid is to assume a
low Mach number in the convection velocity. A more definitive criterion is sought for
the method used here. Making this distinction would allow modeling of the system in a

more simplified manner if that approach is desirable.
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Figure 2-5 shows the plate and aerodynamic models connected such that the
aerodynamic model has a feedback path to the structure. This configuration has been
referred to as the coupled model. Figure 3-14 shows the alternative connection scheme,
where the generalized forces are not feed back into the structural subsystem. This
configuration will be referred to as the uncoupled model.

When the models are cast in the forms shown in Figures 2-5 and 3-14, the
input/output relationships for the system can be easily manipulated and transfer functions
between inputs and system variables can be obtained.

In order to make a decision about when the effects of coupling were important to
structural response, a criterion had to be selected that provided a decision point. A shift
of 5% between the fundamental modal response of the uncoupled model and the coupled
model was selected as this criterion. For low values of mass ratio, this coupling
boundary is a complex curve, similar to the stability boundary. As the mass ratio

increases, the coupling boundary becomes a simple logarithmic relationship.
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Figure 3-14. Schematic of the uncoupled fluid / structure system

Specific regions of the parameter space are defined wherein fluid coupling and
convection effects must be included for accurate predictions of radiated power. As was
done with the structural response, a criterion to determine when coupling was important
to calculation of radiated power had to be determined. The threshold of a 15% difference
between the total radiation resistance produced by an uncoupled and a coupled model
was selected as this criterion. The important result that there is a characteristic flow
velocity where coupling the acoustic subsystem to the structural subsystem has a

significant effect on radiated power. This flow velocity depends only on the value of the
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non-dimensional dynamic pressure with respect to the coupling and stability boundaries

and is independent of the value of the mass ratio for many engineering applications.

Non-dimensional Analysis

Structural Response for the Non-dimensional Case

Fluid / structure coupling has been shown to be important in determining both
structural response and energy transfer to a convected medium. The studies of fluid
structure interactions herein have been confined to specific geometries and fluid
parameter sets that characterize a problem of interest. Results from studies of this nature
may be narrowly applicable to other problems, but seldom apply directly. The method is
now expanded to quantify when the effects of structural / aerodynamic coupling should
be considered as a function of non-dimensional parameters. The difference between the
coupled and the uncoupled models is the based on the ability of the aerodynamic
subsystem to have a feedback path to the structure. This difference is shown
schematically in Figures 2-5 and 3-14. The parameters considered in this effort will be
non-dimensional dynamic pressure, mass ratio and Mach number. These guidelines can
be used in determining the dynamic response and acoustic power radiation associated
with a wide range of structures exposed to a wide range of fluids. This is accomplished
using dimensionless analysis of both geometric and aerodynamic aspects of the problem.
Theoretical development of the equations governing the vibration of a simply supported
plate in an infinite baffle and a semi-infinite flowing medium along with the method for

coupling these systems is included. Relationships used to render these models non-
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dimensional are described in Equations (2-18) — (2-22), and implemented in Equation (2-
23).

One effect of employing the coupled model has been shown to be a shift in the
frequency of response of the structure. As velocity increases in subsonic flow, it has
been shown that the modal response frequencies shift to lower values™. Similarly it has
also been shown here that in supersonic flow, this trend is reversed, i.e., the modal
response frequencies increase as flow velocity increases in magnitude. This behavior has
been chosen as the criterion for when the selection of the type of modeling configuration
becomes important to structural response. A shift of 5% in fundamental mode frequency
when compared to the case of no convection has been chosen as the criterion for
determining when coupling significantly effects system behavior. This will be referred to

as the coupling boundary, denoted as A, .
Figure 3-15 shows plots of the stability boundary, A, along with the coupling

boundary for selected values of mass ratio. The stability boundary is defined at the

limiting value of non-dimensional dynamic pressure, A, for a given mass ratio, x, which

results in the first occurrence of an unstable pole (first instance of a negative real
component of an eigenvalue) for the coupled system at a given Mach number.

For the lower values of mass ratio typical of structures in air, the coupling
boundary is a complex curve, similar to the stability boundary for convection velocities
of Mach 1.5 and below. A significant jump in the coupling boundary occurs at or around
Mach 1.6, indicating some potentially interesting structural aerodynamic interaction in
that narrow region of convection velocities associated with a structure of this particular

aspect ratio. More detailed study of this portion of the problem is left for a future effort.
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Figure 3-15. Stability and coupling boundaries for selected values of mass ratio

As mass ratio rises further into areas that would be more typical of heavy
structures exposed to water or other dense liquids, the discontinuity in the coupling
boundary diminishes and then disappears. For the larger values of mass ratio, the higher

convection velocities are not necessarily representative of realistic flow cases, due to the
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high velocities represented and the fact that the use of the potential flow model may not
be applicable in these regions.

These data suggest that a rough rule of thumb for determining the necessity of
using a coupled model to accurately predict structural response would be when A is a

significant fraction of Agin lightweight fluids and for most all values of A in heavy fluids.

Radiation Resistance for the Non-dimensional Case

The radiation resistance has been chosen as a metric for this study because it lends
itself well to the non-dimensional format of the problem. Radiation efficiency has been
used for dimensional studies of particular geometric and fluid parameter sets. Radiation
efficiency is defined as radiation resistance per unit area, and since the plate has no
dimensions per se, the expression for radiation resistance can be considered a non-
dimensional efficiency term.

If accurate prediction of energy flow between the convected medium and the
structure is of paramount importance, then a different metric for determining when to use
the coupled modeling approach is required. Determining when accurate results using the
uncoupled model can be obtained by comparing the power flow characteristics of such a
model to the equivalent coupled model and noting where these behaviors begin to diverge
significantly.

One effect of this effort has been to show that accurate prediction of radiated
power must always include the fluid dynamic subsystem in the overall system model.
That portion of the system produces the generalized forces on the structure, which is

integral to the calculation of radiated power, as shown in Equation (2-77).
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The effect on the acoustic radiation of a structure exposed to convection can be
characterized by the change in radiation resistance. The radiation resistance, defined in
Equation (2-82), is significantly affected by the structure of the system model. In
general, an uncoupled model will have a higher radiation resistance than a coupled
model. By comparing the difference between the radiation resistance in an uncoupled
model with a coupled model, a conclusion can be drawn about when the selection of
modeling approach becomes important.

To determine this difference, representative values of A (non-dimensional
dynamic pressure, Equation (2-19)) had to be selected. A total of three values of 4 were

used to study the behavior of the radiation resistance. A_, which was determined in the

previous sub-section, was selected to study the effect of frequency shift in the structural

response. Two additional values,

A'C
A= > (3-3)
and
PR (3-4)

were evaluated to represent flow regimes well above and well below the selected
structural behavior criterion. It is important to recall that these values of non-dimensional
pressure are not constant (See Figure 3-15), but change significantly with changes in
convection velocity and mass ratio. A value of a 15% difference in radiation resistance
between the uncoupled and coupled models was chosen to establish when the difference

in energy flow was sufficient to justify using a coupled model.
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Figure 3-16 shows a plot of this radiation resistance threshold for the selected

values of non-dimensional dynamic pressure. Note that the mass ratio is the independent
variable in this data, and that the critical values of convection velocity are nearly constant
across the range of mass ratio magnitudes considered here. These results imply that there

is a specific Mach number that determines when coupling is important to determination
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of radiated power, based on the system model proximity to the coupling or stability
boundary. While a weak dependence on mass ratio is apparent at extremely high and low
values of mass ratio, the convection velocity of interest can be assumed to be constant for
values of mass ratio commonly encountered in fluid structure interaction scenarios.

Figure 3-16 illustrates a rule of thumb that coupled models should be used when
Mach number exceeds 0.3 when the system model is near the stability boundary, when it
exceeds 0.8 when the system is in the neighborhood of the coupling boundary. The data
also imply that coupling is not important for low values of A4 unless the Mach number
exceeds 1.5. It should also be noted that for low values of A and a mass ratio of 10.0,
coupling effects were not significant in the range of convection velocities studied.

Based on these findings, the following engineering rules of thumb are proposed:

1. Coupling should be considered for accurate prediction of structural

response  when A =10%of A, in lightweight fluids and when
A =1% of Ag in heavy fluids.

2. Coupling should be considered for accurate predictions of radiated power
when coupled model eigenvalues are near the stability boundary and flow
velocity exceeds Mach = 0.3, when the system eigenvalues are near the
coupling boundary and the flow velocity exceeds Mach = 0.8 and for low

values of A and flow velocities exceed Mach = 1.5.
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CHAPTER IV

CONCLUSIONS

The effect of flow-induced coupling on the radiated sound power from plates has
been presented. The modeling of the plate and fluid has been summarized and the effects
of flow-induced coupling on the plate response have been described. The effect of in-
plane stress on the radiated sound power from plates has also been discussed.
Additionally, a parametric study of non-dimensional structure / convection interaction
has been shown. The non-dimensional parameters chosen encompass a wide range of
flow regimes and structural configurations.

The first notable effect observed is that the radiated sound power decreases as
flow velocities increase from the transonic region. However, the kinetic energy in the
plate increases only slightly with flow speed. This behavior is attributable to the flow
induced coupling driving some modes out of phase with the aerodynamic model,
resulting in decreased radiation. The unstressed structure was also shown to be a net
absorber of power when exposed to high convection velocities.

The most interesting effect observed for the stressed structure studied is that total
radiation efficiency of the plate is significantly affected by the state of stress in the plate.
This effect is manifested as a broadening of the range of convection velocities where the
plate is an "efficient” radiator of sound power, and an associated reduction of the peak

radiation efficiency. It was also observed that increasing the magnitude of tensile stress
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in the plate eliminated the frequency shift in radiated power both in subsonic and
supersonic flow

In studying a non-dimensional aerodynamic / structural system model, specific
regions of the non-dimensional parameter space have been defined wherein fluid
coupling and convection effects must be included for accurate predictions of structural
response and radiated power. Utilization of a coupled model is advisable when certain
values of non-dimensional pressure are exceeded for a given mass ratio and convection
velocity if accuracy of the structural response is of paramount importance. This applies

when A =10% of Agin lightweight fluids and when A =1%of Agin heavy fluids. If

radiated sound power is the main concern, it was shown that specific convection
velocities can be used as a criterion for when a coupled model is desirable for analysis.
Specifically, when Mach number exceeds 0.3 and the system model eigenvalues are near
the stability boundary, when Mach number exceeds 0.8 when the system is in the
neighborhood of the coupling boundary and for low values of 4 when the Mach number

exceeds 1.5.
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