AIAA JOURNAL
Vol. 39, No. 7, July 2001

Structural/Acoustic Sensitivity Analysis of a Structure
Subjected to Stochastic Excitation
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A development for computing the structural/acoustic sensitivity of systems subjected to stochastic excitation is
presented. Previous work in the area of structural/acoustic sensitivity analysis considered systems subject to deter-
ministic excitations. The sensitivity computationdepends on the excitation; therefore, new algorithms are developed
to account for stochastic excitation. The structural/acoustic sensitivity is calculated using finite element methods,
boundary element methods, and stochastic analysis techniques. Structural/acoustic sensitivities for the radiated
sound pressure spectral density and the radiated sound power are computed. The sensitivity values are calculated
with respect to a set of sizing structural design variables. The random pressure distribution exerted on the surface of
the structure by turbulent boundary-layer flow is considered as excitation. Two classic structural models, a simply
supported plate and a stiffened simply supported plate, are analyzed to demonstrate and validate the algorithms.
Structural/acoustic sensitivity results are compared successfully to data computed by finite difference analyses.

Nomenclature
[A],[B] = acoustic boundary element method (BEM)
system matrices
{A}, {B} = acoustic BEM system vectors
[Ar] = diagonal elemental area matrix
[B] = damping matrix
E[] = expected value
{F} = nodal forcing vector
H = transfer function
i = 4/—1 imaginary number
[K] = stiffness matrix
[M] = mass matrix
PW = radiated acoustic power
{p} = nodal acoustic pressure
O(w) = acoustic response quantity
{R} = response vector
S(w) = spectral density
[T] = transformation matrix
{u} = nodal displacement vector
{v} = nodal velocity vector
A = changein structural design variable
a/dh = sensitivity with respect to design variable &
10} = radian frequency
Superscripts
H = Hermitian transpose
* = complex conjugate

Introduction

HE analysis of structural/acoustic systems and how changes
in their design variables impact the radiated noise is an ongo-
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ing and evolving area of active research. Finite element methods
(FEM)!2 and boundary element methods (BEM)*~7 are the two
main numerical techniques utilized for computing the response of
structural/acoustic systems. In uncoupled simulations, a harmonic
excitationis applied on the structure and the vibration is computed
(FEM). Then, the structural vibrationis used as the excitationfor the
acoustic analysis (FEM or BEM). Thus, the noise generated from
the vibration of a structure is computed.

Several current analysis techniques employ FEM and BEM for
calculating the sensitivity of the acoustic response with respectto a
structural design variable =13 FEM are utilized for computing the
vibratory response and the dependency of the vibration to the struc-
tural design variables (structural sensitivities). The vibration of the
structure constitutes the excitation for the acoustic computations.
The acoustic response, the acoustic sensitivity, the structural vibra-
tion, and the structural sensitivity are utilized in the computation
of the combined structural/acoustic sensitivity. The overall acous-
tic response is typically represented in terms of radiated acoustic
pressure or radiated sound power, and therefore, the sensitivities
represent the anticipated change in these quantities with respect to a
structural design variable. The structural/acoustic sensitivity com-
putationdepends on the excitationapplied on the structure. Existing
sensitivity formulations consider only a deterministic excitation.

In several industries (aerospace, automotive, and naval), operat-
ing structures are subjected to stochastic excitation produced by the
boundary layer thatis generated from an external flow. In aerospace
applications, the boundary layer of the external airflow applies a
fluctuating pressure on the fuselage and noise is transmitted in the
interior.!*~1¢ In automotive applications, efforts are pursued for re-
ducing interior wind noise generated from the airflow around the
vehicle >17:!® Noise transmitted through the side glass window sys-
tem is a particular concern.!®! In the naval industry, the boundary-
layer excitation can induce vibrations on the hull of a vessel and
generate noise 2

In this paper, structural/acoustic sensitivity algorithms are pre-
sented for systems that are subjected to stochastic excitation. The
effect of structural design variables on the radiated acoustic pres-
sure and the radiated sound power is computed. The algorithms
that determine the sensitivity of the sound pressure spectral den-
sity and the sound power are derived from principles of stochas-
tic analysis, finite element analysis, and boundary element anal-
ysis. The sensitivity algorithms provide means for assessing the
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impactof changesin the structural/acousticbehaviorof systems sub-
jected to stochastic excitation. The fluctuating pressure associated
with turbulent boundary-layerairflow is considered as the stochas-
tic excitation applied on the structure. Boundary-layer excitation
is well documented*'~*> Experimental data and a boundary-layer
model availablefrom the literature?*?’ are employedfor defining the
stochasticexcitationin this paper. However, the algorithms that com-
pute the structural/acoustic sensitivity are general, and any stochas-
tic excitationthat can be defined by auto- and cross-spectraldensity
terms may be utilized in the sensitivity computations. Two structures
with simple geometry and a moderate number of degrees of freedom
are analyzed. The first structureis a simply supportedplate subjected
to boundary-layerexcitation from one side and radiating noise in a
free field from the opposite side. The second structureis a stiffened
simply supported plate created by adding two transverse L-shaped
stiffeners placed equidistantalong the length of the original simply
supported panel. Similar models have been used in previous re-
search regarding noise transmission, acoustic sensitivity, and noise
transmission associated with turbulentboundarylayers.>*»~2° Sen-
sitivity values are calculated for the two structural panels that are
analyzed. The sensitivities are utilized to predict the changes that
will occur in the sound pressure spectral density and the radiated
sound power when a set of structural design variables is perturbed.
The predicted changes in the acoustic response are compared to
changes in the sound pressure spectral density and the sound power
values obtained through finite difference analysis. Good correlation
is observed between the sensitivity and the finite difference results.
The work presentedin this paper contributes significant tools to the
field of noise and vibration analysis. New algorithms are formu-
lated, implemented, and validated for computing the following: 1)
radiated acoustic power for systems subjected to stochastic excita-
tion, 2) structural/acoustic sensitivity of the autospectral density of
the radiated acoustic pressure, and 3) structural/acoustic sensitivity
of the radiated sound power.

Theory

In this section, the formulation that computes the noise radi-
ated from a structural/acoustic systemsubjectedto stochasticexcita-
tion®®3° is reviewed. The autospectral density of the radiated acous-
tic pressure is computed by combining the spectral definition of the
random excitation with a set of transfer functions between pressure
excitation applied on the structure’® and the radiated noise. The
transfer functions are computed by FEM and BEM. The transfer
functions are combined with the auto- and cross-spectral densities
of the excitationto producethe spectraldensity of the radiatedacous-
tic pressure. An algorithm for computing the radiated power for a
system subjected to stochastic excitation is presented. The trans-
fer functions between excitation and acoustic surface pressure are
combined with the transfer functions of the surface velocity, the
structural surface area, and the stochastic excitation to produce the
radiated sound power.

Sensitivity algorithms are developed by differentiating the for-
mulas that calculate the acoustic spectral density, and the radiated
power, with respectto structuraldesign variables. The transfer func-
tions that associate structural vibration with the stochastic excita-
tion are differentiated, and the structural sensitivity is computed.
The structural sensitivity captures the dependency of the structural
vibration to the design variables when the structure is subjected to
stochasticexcitation. The transfer functions that associate either the
spectral density of the acoustic pressure or the radiated power to the
structural vibration are differentiated for computing the acoustic
sensitivity. The acoustic sensitivity identifies the dependency of the
acoustic pressure and the acoustic power to the structural vibration
that has been generated from a stochastic excitation. The structural
and the acoustic sensitivities are combined to compute the struc-
tural/acoustic sensitivity. The latter identifies how the level of the
radiated noise or the radiated power depends on structural design
variables for systems that are subjected to stochastic excitation.

Radiated Acoustic Pressure Spectral Density

The calculation of the spectral density of the radiated acoustic
pressure is based on combining a set of transfer functions, associ-

ated with the structural/acoustic system, with the spectrum of the
random excitation 23" The transfer functions represent a relation-
ship between a unit uniform excitation placed over a section of the
structure and the acoustic pressure response at locations of interest
within the acoustic medium. The area where the random excitation
is appliedis divided into a set of panels. A unit excitationis applied
on each panel, and transfer functions between panel excitation and
acousticresponseat the field points are calculated. Criteria based on
convergence of the solution have been developed for determining
the proper panel subdivision 2

The FEM is used to calculate the vibration of the structure when
the excitation is applied over each panel. The structural vibration
constitutes the boundary condition in a boundary element analysis
that computes the radiated noise at every data recovery point of
interest. The finite element system of equations for a multidimen-
sional vibrating structure subject to a harmonic excitation can be
expressed in matrix form as follows®!:

[Stli{u} = {F} )]

where [St] = —w?*[M]+ iw[B]+ [K]. The forcing vector {F} re-
flects the unit pressure load applied on each panel. Thus, the forcing
vector is different when the pressure load is applied on each panel,
and the structural vibration is different. In this work it is assumed
that the acoustic medium does not affect the structural response;
therefore, an uncoupled analysis is performed.

Solving Eq. (1) for {#} and multiplying each side of the equa-
tion by a transformation matrix [7'] produces the normal velocity
components on the surface of the acousticboundary element model:

{va} = [THu} = [T1[S1]{F) 2)

The transformationmatrix representsa projectionof the structural
vibration on each element of the acoustic boundary element model.
A factor of (iw) has been absorbed within [T] to convert displace-
ments into velocities. The vector of normal velocities constitutes the
boundary condition for the acoustic analysis. In this work, the direct
BEM*7-32:33 ig utilized for acoustic analysis. The distribution of the
unknown acoustic surface pressure { p, } over the boundary element
analysis (BEA) model can be computed as

[Al{ps} = [Bl{v.} = {f ({va )} 3)

where [A] and [B] depend on the frequency and the type of BEM
analysis and {f ({v,})} is the excitation vector that depends on the
velocity boundary conditions and matrix [ B]. After the surface pres-
sure on the BEA model have been computed, the pressure (py,) at
any datarecovery location within the acousticdomain can be written
as

Par = {Adr}T{px} + {Bdr}T{Un} (4)

where vectors {Ay} and {Bgy,} depend on the geometry, the fre-
quency, and the location of the data recovery point.
Substituting Egs. (1-3) into Eq. (4) results in

Par = {Rdr}T{F} (5)

where {Ra.}" = {Aa}" [A]7' [BIT1(St]™" + {Ba} " [T1[St]™" {Ra:}
is the complex vector that captures the radiation characteristics
within the acoustic medium, the flexural characteristicsof the struc-
ture, the relative position of the data recovery point, and the fre-
quency of analysis. {Rq} represents a response function between
any forcing vector applied on the structure and the acoustic re-
sponse at a data recovery point. { Rq;} must be computed only once
for each data recovery point and each frequency of analysis. Multi-
plying the response function with the forcing vector that originates
from a uniform unit pressure load applied on each panel allows the
computation of the acoustic pressure at point k due to a unit pres-
sure load at panel i. This acoustic pressure is equal to the transfer
function Hy;:

Hy = pa, = {Rdfk}T{Fi} ©
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H,; is utilized in the stochastic analysis along with the mathematical
model of the boundary layer for computing the acoustic response
due to the boundary-layerexcitation.

The magnitude of the excitation applied on each panel is related
with the autospectral terms S, r, (). The degree of correlation be-
tween the excitation applied on different panels is expressed by the
cross-spectral terms Sy, , (w). The autospectral density of the radi-
ated acoustic pressure at data recovery point k is computed as

Spuy @)= D > Hy - Hjj - Siyp () )
i 1

Taking into account that the acousticresponse at several datarecov-
ery points may be required. Equation (7) can be written in matrix
form as

[Sys ] = [Hael[ S, 1, ][ Harl ®)

where [S,, ] is a matrix that contains as diagonal entries the power
spectrum of the acoustic pressure at the data recovery points. [ Sy, ;]
is the power spectral density of the excitation.

The autospectral density of the acoustic pressure at several data
recovery points within the acoustic domain provides a complete
description of the radiated sound. The output autospectral density
of the acoustic response at a data recovery point can be represented
as a sound pressure level (SPL) through the relation

R

SPL; = 10log m) )

Equation (8) has been utilized for computing the noise radiation
from panels that are subjected to boundary-layer excitation. The
calculations have been verified by comparison to test data.26-30

Radiated Sound Power

Based on the algorithms used for determining the sound pres-
sure spectral density, the radiated sound power for the system can
be derived. The radiated sound power can be computed from the
surface normal intensity.** The normal intensity is defined to be
the structural surface pressure multiplied by the normal velocity of
the structure. In terms of finite element and boundary element no-
tation, the radiated sound power of a vibrating structure can be
expressed in matrix notation as’

where {p,} is the vector of elemental surface pressures and {v}} is
the vector of the conjugate values of the elemental surface normal
velocities. Multiplying the velocity vector by the area matrix allows
Eq. (10) to be written as

PW = S Re((p) foa;}) = 3Re 3 ((pHuaz)) (1)

diag

The area modified velocity vector {va} is the result of multiplying
the elemental area matrix by the elemental velocity vector. The
pressure and velocity vectorsin Eq. (11) can be representedin terms
of excitation forces and transfer functions as

pw=3re Y (E[m Jim{ R 1)) a2

diag

where [H ,, | is amatrix of acousticsurface pressureresponsetransfer
functions given by Eq. (3) when acoustic surface pressure is com-
puted for each external excitation. [ H ] is the conjugate matrix of
surface velocity transfer functions multiplied by the diagonal area
matrix. The surface velocity transfer functions represent the rela-
tionship between panel excitation and elemental velocity response.
{F;} and {F} are the forcing vectors over each ith panel and the
conjugateforcing vector over each /th panel, respectively. The oper-
ator E denotesthe mean or expected value of a quantity. The surface
pressure and surface velocity transfer functions are deterministic;
therefore, Eq. (12) can be written as

pw=sre Y ([ Jelim ) ) [m])

diag

By definition, the expected value of the two forcing vectors in
Eq. (13) is equal to the spectral density of the excitation applied
over the panels. This equality is written as'’

[Srn] = E[tFMF)] (14)
Substituting Eq. (14) into Eq. (13) results in
PW = zRe 3 ([#, ][5 ]rl”) (15)
diag

Equation (15) is the expression utilized for calculating the radiated
sound power.

Acoustic Pressure Spectral Density Sensitivity
The sensitivity of the acoustic power spectral density with respect
to a given structural design variable is obtained through differenti-
ation of the acoustic power spectral density, Eq. (8), with respect to
a structuraldesign variable. Performing this differentiation gives us
the following expressionfor the sensitivity at multiple datarecovery
locations:

3| Sy |
8hm

[ Hy)" | 3[Hy)
= [Hdr][SFjFl]aTd + al’ld

[Sks |HLA"  (16)

where d[ Hy]/0h,, is the matrix of transfer functionsensitivitiesand
0[Sy, 1/0h contains the sensitivity of the acoustic power spectrum
in the diagonal. Matrix d[Hy]/0h,, can be written as

[ 9H, dH,; dH,; 7
ahm ahm 8hm
OlHy] _ | 0Hy  9Hy  9Hy a
8hm 8hm 8hm 8hm
8H[(1 aHKi 8[1K1
L ok, ohy, oh,

Each structural acoustic component of the sensitivity matrix is ob-
tained by combining structural sensitivities with acoustic sensitivi-
ties. According to the chain rule, the matrix components of Eq. (17)

can be expressed as
T
d0H,; 0 H, v,
ki _ k U, (18)
oh,, v, dh, ).

where {0H, /0v,} is referred to as the acoustic sensitivity vector
and represents the sensitivity of the acoustic pressure at the kth data
recovery node due to the surface normal velocity. The structural
sensitivity vector, {dv,/d0h,,};, represents the structural sensitivity
of the surface normal velocity that is generated from the external
excitationapplied on the ith panel, due to a change in the structural
design variable #4,,. The vector {d H;/dv,} is independent of the
actual velocity boundaryconditions,anditis computed only once for
each frequency of analysis. The vector {dv,,; /dh,,} depends on the
excitationapplied on the structure and must be computed separately
for each load applied on a panel.

When Egs. (3), (4), and (6) are used, the acoustic sensitivitiescan
be written explicitly as

0H,
{ avk } = {{Au} (AT [B] + ( By} } (19)

The right-hand side of Eq. (19) comprises matrices and vectors
that are calculated when determining the acoustic pressure spec-
tral density. Therefore, no additional computations are required for
calculating the acoustic sensitivities.
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The structural sensitivitiesare obtained by differentiatingEq. (2):

v, _ ou
e} i)

where {u}; = vector of displacements created on the structure due
to application of uniform pressure on the ith panel. The sensitivity
of the nodal displacements is computed®:

8hm

x |:—a)2 oLM] +iw8[B] + B[K]i|{u}i (21)

{ ou } ) . 4
= —[-o'[M]+iw[B] + [K]]

ahm 8hm 8hm

Because the value of {u}; appears on the right-hand side of Eq. (21),
the structural sensitivity {du/dh,,}; depends on the vibration and,
therefore, on the applied structural load. Thus, {du/dh,,}; must be
computed separately for the external load applied on each panel.
Once the structural sensitivities and the acoustic sensitivities have
been calculatedfor a given frequency, they are inserted into Eq. (18)
and the structural/acoustic sensitivities are determined. Then, the
matrix multiplication expressed in Eq. (16) is performed to obtain
the sensitivity of the acoustic pressure density with respectto design
variable A,,,.

Radiated Sound Power Sensitivity

The sensitivity of the radiated sound power is calculated by dif-
ferentiating Eq. (15) with respect to a structural design variable:

3PW 1 d[Hy.1"
T > 5Re [t (8 )=

diag

o]

*om

[Sﬂﬂ][[LW]H (22)

where 3[H,,]" /dh,, is the Hermitian transpose of the structural
sensitivities and has dimensions equal to the number of panels by
number of elements in the model and d[H,, ]/dh,, is the matrix of
the structural/acoustic sensitivities for the acoustic surface pressure
and has dimensions equal to the number of elements by number
of panels. In the computation of the power sensitivity, the columns
of the structural sensitivity matrix, d[H,,]/dh,,, are obtained by
multiplying Eq. (20) by the diagonal area matrix [Ar] for each panel.
The computation of 9[H,,]/dh,, is performed by evaluating the
acoustic sensitivity of the acousticsurface pressure and combiningit
with the structuralsensitivity. The acoustic sensitivityof the acoustic
surface pressure can be computed by differentiating Eq. (3) with
respect to the normal velocity of each element:

[8” } = [A]"'[B] 23)

v,

where [dp,/dv,] contains in each column the derivative of all of
the acoustic surface pressures with respect to the normal velocity of
a particular element. Each column corresponds to a differentiation
with respect to a different element velocity. The structural/acoustic
sensitivity of the acoustic surface pressure is computed as

o[H,,] _[op.Jo1H.]
—_— = — |— (24)
oh,, v, | ohy
where d[H,]/dh,, contains as columns the structural sensitivities
{0v,;/dh,,} that are computed by Eq. (20). Then, the sensitivity of
the radiated power with respect to a structural design variable is

computed from Eq. (22).

Application and Validation of Results

Two plate configurations are analyzed to validate the developed
algorithms and to demonstrate their functionality. A simply sup-
ported flat plate and a stiffened simply supported plate are consid-
ered. The fluctuating pressure of boundary-layerflow comprises the
excitation and is applied on one side of the plate while the acoustic

radiation from the opposite side in a free field is computed. The
dimensions and the properties of the flat plate are identical to a con-
figurationthathas been analyzedin the past®® and correlated with the
test data available in the literature® The stiffened plate is derived
from the flat plate by adding transverse stiffeners to the radiating
side. The stiffeners are only added to the structural model because
the effect of the stiffeners as noise sources is considered negligible.

Structural/acoustic analyses are performed for baseline designs
of the two configurations in the frequency range 50-1000 Hz. The
sound pressure spectral density is computed at three data recovery
nodes. One of the datarecoverynodesis positionedalong the center-
line of the plate and the other two at symmetric positions with respect
to the centerline to inspect the calculations for the expected symme-
try. The radiated sound power is computed at four frequencies that
demonstrate consistently high values for the acoustic pressure re-
sponse at the three datarecoverypoints. Sensitivity computationsfor
the sound pressure spectral density and the radiated sound power are
performed at frequenciesbracketingthe four frequencies of peak re-
sponse. The computed structural/acoustic sensitivitiesare compared
to values derived from finite difference analyses. Good correlation
is observed for both the pressure spectral density and the radiated
power.

To perform the computations associated with the theoretical de-
velopments presented in the preceding section, a commercial FEM
code and the software implementation of the acoustic and the sen-
sitivity computations are utilized. A commercial FEM code is used
for calculatingthe structural matrices, the excitation vectors,and the
structural sensitivity of a structure that is subjected to unit external
load applied on each panel subdivision.

New software has been developed for computing 1) the noise
radiated from the structural vibration, 2) the acoustic sensitivity of
the acoustic pressure at a data recovery point or on the surface of
the BEM model with respect to the velocity boundary conditions,
3) the radiated noise and radiated power from a structure subjected
to stochastic excitation, and 4) the structural/acoustic sensitivity of
the radiated noise and the radiated acoustic power when the structure
is subjected to stochastic excitation.

The direct BEM is utilized for performing computations 1 and
2. The structural vibration, the structural sensitivity, the acoustic
results, and the acoustic sensitivity are combined along with the
stochastic definition of the excitation in computations 3 and 4 for
performing the computations outlined.

The stochastic excitation employed in the applications corre-
sponds to the fluctuating pressure of a turbulent boundary-layer
airflow over a flat surface. The autospectral density of the pressure
distribution is typical of a 35.8 m/s boundary-layer flow.>*3¢ The
autospectral density of the excitation generates the diagonal terms
of [Sr,r]. The off-diagonal values, cross-spectrum terms, of the
excitation matrix are generated using the semi-empirical equations
provided by Smol’yakov and Tkachenko>* The cross-spectral den-
sity terms are a function of frequency, panel separation,autospectral
density value, flow speed, and turbulent boundary-layer thickness.
Details regarding the description of the excitation matrix are pre-
sented in Refs. 24 and 26.

Simply Supported Plate

The first structure analyzed is a simply supported flat plate. The
plate is made of aluminum with the characteristics described in
Table 1. The finite element model of this structure consists of 270
nodes and 238 quadrilateralelements. This descritizationis selected
to representadequately the highest anticipated mode of vibrationin
the frequency range of analysis. Analysis of this structural acoustic
systemis conducted over the frequencyrange 0-1000 Hz. The finite
element model is shown in Fig. 1. The origin is placed at the lower
left corner of the model as shown in Fig. 1. The simply supported
plate lies on the z =0 plane. The turbulent boundary-layer flow
excitationis distributed over the entire +z face of the plate. Figure 1
also shows the panel division used in this analysis. A division of 30
panels was foundto captureaccurately the effects of the excitation 2
The FEM modelis utilized for generating the structuralmatrices and
the forcing vectors. During the sensitivity analysis, it is utilized for
computing the structural sensitivities.
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Sound pressure density values are calculated at three data recov-
ery nodes. All three data recovery nodes are located at the end of
the plate farthest downstream. One data recovery node (DR node
2) is placed at the centerline of the plate, while the other two (DR
nodes 1 and 3) are placed at the opposingplate corners symmetric to
the centerline. The thickness of the plate is utilized for defining the
structural design variables. Two separate plate thickness configura-
tions are analyzed. In both configurations, the plate is divided into
thickness strips aligned with one of the principle axes of the plate.
The first configuration consists of four strips positioned longitudi-
nally. The thickness of the plate at each strip is considered as an
independent design variable. The second configuration consists of
five strips running transversely along the plate, and the correspond-
ing plate thicknesses of the strip constitute the design variables. A
uniform thickness distribution is considered as the baseline design
for all sensitivity computations. The initial thickness for the design
variables is listed in Table 1. The two thickness configurations for
the simply supported plate are shown in Fig. 2 along with the three
DR nodes. DR nodes 1, 2, and 3 are located at (0.458, —0.035,
0.458) m, (0.458,0.165,0.458) m, and (0.458,0.365,0.458) m, re-
spectively. All distances are referenced to the origin in Fig. 1. The
three DR nodes used in this analysis lie approximately one plate
length in front of the vibrating surface.

Sound is considered to radiate from the side of the vibrating
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section representing the radiating side of the flexible plate and a
cover composed of five rigid sides attached to the flexible plate.2®
The presence of the rigid coverin the acoustic model is necessary to
permit noise radiation only from one side of the flexible plate. The
boundary element model consists of 664 nodes and 1324 triangular
elements. The depth of the cover is 0.08 m. The depth value is
selected to ensure that no irregular frequencies will be encountered
during solution of the BEM system of equations, and it does not
affect the SPLs calculated in the numerical analysis. The presence
of the cover suppresses the noise radiated from the enclosed side of
the plate.

A baseline acoustic pressure spectral density curve is generated
for DR node 1. Figure 3 shows the results of 50 analyzed frequen-
cies. In Fig. 3, the acoustic pressure spectral density is presented in
terms of its equivalent decibel value calculated from Eq. (9). The
frequencies of analysis that define the curve in Fig. 3 are selected
such that the system resonances would be accurately represented.
The first two system resonances occur at 165 and 333 Hz. These
frequencies coincide with the first normal mode (1,1) and the sec-
ond normal mode (2,1) calculated from the analytical solution of a
simply supported plate. Correlation of the baseline results presented
in Fig. 3 with test data has been presented in Ref. 26. The baseline

plate opposite to the side where the boundary-layer excitation is : ©  DRnode3
applied. Therefore, the boundary element model consists of a flat !
2
R *  DRnode?2
Table1 Characteristics for the simply supported plate t3
and stiffened simply supported plate t4
.. . 1
Characteristic Value - Thickness Configuration 1 DR node
oW
Material Aluminum Direction
Density 2.7 x 10% kg/m®
Poisson’s ratio 0.33 *  DRnode3
Young’s modulus 7.3 x 10'0 N/m?
Length 0.46 m
Width 0.33m —» I I e e 0 T
Initial thickness 0.0048 m
Structural damping 2.0%
Stiffener length 0.33m
. . DR node 1
Flange width 0.0271 m Thickness Configuration 2 foce
‘Web height 0.0361 m
Stiffener initial thickness 0.0048 m Fig. 2 Thickness configurations for the simply support plate and DR
node locations.
! | | | |
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Fig.1 Simply supported plate finite element model, panel configuration, and reference origin.
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Table 2 SPL results with associated acoustic PSD values for frequencies bracketing first two structural

resonances of the simply supported plate

1275

E DR node 1 DR node 2 DR node 3
requency,
Hz SPL, dB PSD, Pa?/Hz SPL, dB PSD, Pa’/Hz SPL, dB PSD, Pa?/Hz
163.0 434 8.69E—06 442 1.05E—05 434 8.69E—06
167.0 45.1 1.29E—-05 45.9 1.56E—05 45.1 1.29E—-05
331.0 37.9 2.47E—06 39.4 3.45E—06 37.9 2.47E—06
335.0 36.2 1.68E—06 37.6 2.33E—-06 36.2 1.68E—06
Table 3 Sensitivity values for the acoustic PSD with respect to configuration 1
design variables
Frequency, Acoustic PSD sensitivity, Pa?/m - Hz*
Hz tl 12 t3 t4
163.0 —5.68E—-02 —5.06E—-02 —5.06E—-02 —5.68E—-02
167.0 8.38E—-02 7.18E—-02 7.18E—-02 8.38E—-02
331.0 —1.18E—-02 —1.09E-02 —1.09E-02 —1.18E—-02
335.0 1.11E-02 9.74E—-02 9.74E—02 1.11E-02
aResults for DR node 2.

Table 4 Sensitivity values for the acoustic PSD with respect to configuration 2 design variables

Acoustic PSD sensitivity, Pa%/m - Hz?

Frequency,

Hz t1 2 t3 t4 t5
163.0 —3.79E-02 —3.31E-02 —3.53E-02 —3.33E-02 —3.82E-02
167.0 5.65E—-02 4.76E—02 4.99E—-02 4.74E—-02 5.61E—-02
331.0 —7.90E-03 —6.05E-03 —4.95E-03 —6.31E-03 —7.45E—-023
335.0 6.74E—-03 5.71E-03 4.73E-03 5.53E-03 7.01E-03

4Results for DR nodes 1 and 3.

Table 5 Radiated sound power and sound power sensitivity values with respect to thickness
configuration 1 design variables

Sound power sensitivity, N/s

Frequency, Radiated sound
Hz power, N - m/s t1 12 3 t4
163.0 2.98E—-08 —1.81E-04 —1.60E—-04 —1.61E—-04 —1.82E—-04
167.0 4.46E—-08 2.36E—-04 2.02E—-04 2.02E-04 2.35E—-04
331.0 1.18E—-08 —4.20E-05 —3.86E-05 —3.86E—05 —4.20E-05
335.0 7.11E-09 3.50E-05 3.08E-05 3.08E—-05 3.50E-05
60.0 4 contains the acoustic pressure spectral density sensitivities for the
& 5001 four thickness design variables corresponding to the design vari-
=2 ables of configuration 1. The sensitivity values are provided for DR
% 40.0 1 node 2. Because of symmetry, the sensitivity values with respect to
j 3001 design variables ¢1 and #4, as well as 2 and ¢3, are expected to be
‘g the same. The symmetry criterionis satisfied accordingto the results
8 20.01 presentedin Table 3. The sensitivity values calculated for DR nodes
2 1001 1 and 3 with respect to the five design variables of configuration 2
g are expected to be the same. The sensitivities are listed in Table 4.
& 00 / i ‘ ‘ ‘ ‘ Sensitivity values calculated for DR nodes 1 and 3 are the same,
-10.0- 200 400 600 800 1000 as anticipated. Sensitivity calculations for each configuration took
Frequency (Hz) approximately 6.0 x 10° CPU seconds per frequency of analysis.

Fig. 3 Baseline SPL response for the simply supported plate at DR
node 1.

response curve is generated for DR node 1, an off-axis location, so
that all of the system resonances will appear. From Fig. 3, 20 fre-
quencies are selected at which the sensitivity analysis is performed.
The expected symmetry is observed in the acoustic results between
positions of DR node 1 and DR node 3. For brevity, results for only
the four frequencies surrounding the first two resonances are pre-
sented (Table 2). Because of the symmetry of the structural/acoustic
system, the acoustic pressure results for the two datarecoverynodes
along the plate corners (DR nodes 1 and 3) are the same.

The sensitivity of the acoustic pressure spectral density is calcu-
lated for the four frequencieslisted in Table 2. Sensitivity values are
calculated with respect to the structural design variables defined in
the two thickness configurations considered in this work. Table 3

The radiated sound power and the radiated sound power struc-
tural/acoustic sensitivity are calculated at the same four frequencies
forconfiguration1 and are listedin Table 5. Sensitivity computations
took approximately 1.3 x 10* CPU seconds per frequency. Similar
to the sound pressure spectral density values for this configuration,
the sound power sensitivitiesdisplay the appropriatesymmetry with
respect to the symmetric design variables.

To further validate the sensitivity computations, certain design
variablesare altered and reanalysis is performed. Acoustic pressure
spectral density and sound power values are computed for the mod-
ified designs. The new acoustic pressure spectral density and sound
power values are compared to expected values that are predicted
from the sensitivity computations as

00 (w)
oh,,

0 = 0@+ A, (25)

m=1
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Q(w) is either the sound power spectral density at a DR node or
the radiated sound power. Q;(w) is the value of the quantity of in-
terest for the baseline design, d Q (w)/dh,, is the structural/acoustic
sensitivity of the quantity of interest with respect to structural de-
sign variable ,,, A,, is the change in the structural design variable
h,,, and n is the number of structural design values perturbed. For
configuration 1, design variable 74 is increased by 3%. The sound
power spectral density at DR node 2 and the radiated sound power
are predicted according to Eq. (25). The results are compared to
the actual values computed for the modified design (Table 6). Good
agreement exists between the values predicted from the utilization
of the structural/acoustic sensitivitiesand the reanalysisresults with
the exception of results at 163.0 Hz. Sensitivity calculations at this
particular frequency represent a response shift into the very sharp
first structural resonance of 165 Hz. Therefore, because Eq. (25)
constitutes a linear approximation, it cannot capture accurately the
occurring change when moving in an extremely narrow resonance
peak. Similar computations are performed for configuration 2 and
a 3% increase in the thickness of design variable 75. Results for the
acoustic pressure spectral density at DR node 2 are summarized in
Table 7, and good correlation is observed.

Stiffened Simply Supported Plate

The second structure analyzed is a stiffened, simply supported
plate. This structure is derived from the simply supported plate de-

Table 6 Finite difference results vs actual reanalysis results
of acoustic response quantities®

Acoustic PSD, Pa?/Hz? Radiated sound power, N - m/s

Frequency,

Hz Predicted Actual Predicted Actual
163.0 371E-06 525E—-06 3.59E-09 1.31E-08
167.0 256E—-05 295E-05 7.84E—-08 7.37TE—-08
331.0 2.22E—-06 1.64E—-06 5.76E—-09 5.89E—-09
335.0 3.46E—-06 3.83E—06 1.22E-08 1.25E-08
aChange in design variable 74, thickness configuration 1. PResults for DR node 2.

Table 7 Finite difference results vs actual
reanalysis results of acoustic PSD?

Acoustic PSD, Pa?/Hz?

Frequency,

Hz Predicted Actual
163.0 3.85E—-06 5.88E—06
167.0 2.54E—-05 2.73E-05
331.0 1.96 E—06 1.84E—-06
335.0 3.74E—-06 3.73E—-06

4Change in design variable 73, thickness configuration 2.
bResults for DR node 2.

ALLEN, SBRAGIO, AND VLAHOPOULOS

scribed in the preceding section by adding two L-shaped transverse
stiffeners equidistant along the length of the plate. The stiffened,
simply supported plate is analyzed as a representativeconfiguration
of an aerospace application that constitutes a geometrically more
complex structure than the simply supported plate. The turbulent
boundary-layerflow is considered to apply excitationon the smooth
side of the stiffened plate. Acoustic radiationis considered from the
stiffened side of the plate into an unbounded acoustic medium. The
stiffeners are assumed not to have any source effects or impact the
directivity of the radiated sound.

The finite element model for the stiffened simply supported plate
appears in Fig. 4. The characteristics of the stiffeners are listed
in Table 1. The simply supported plate, also described in Table 1,
forms the base to which the stiffeners are attached. The finite el-
ement model for the stiffened, simply supported plate comprises
of 561 nodes and 378 quadrilateralelements. The structural design
variablesfor the stiffened plate comprise the four thicknessvariables
associated with configuration 1 of the flat plate, plus eight additional
design variables associated with the thickness of the stiffeners. The
eight additional structural design variables associated with the stiff-
eners are shown in Fig. 4. The natural frequencies of the stiffened
plate are calculated via modal analysis and used as a basis for se-
lecting frequencies of analysis.

Similar to the simply supported plate, the acoustic pressure spec-
tral density baselineresponsecurve is generated for DR node 1 over
the 1000-Hz frequency range. The results are shown in Fig. 5. As
expected, because of the inclusion of stiffeners, resonances appear
at higher frequencies. The two highest acoustic pressure spectral
density levels occur at frequencies of 635 and 685 Hz. Four fre-
quencies bracketing the two peak responses are selected for further
sensitivity analysis. Values for the sound pressure spectral density
at the three datarecovery nodes are givenin Table 8. Once again the
acousticresults at DR nodes 1 and 3 display symmetry as expected.

Sensitivity values for the acoustic pressure spectral density (PSD)
at DR node 2 are calculated with respect to all 12 design variables
detailed in Figs. 2 and 4. These sensitivities are listed in Table 9.
The structural/acoustic sensitivity results with respect to symmetri-
cally placed design variables acquire the same values as expected.
The acoustic pressure sensitivity calculations took approximately
8.0 x 10* CPU seconds per frequency of analysis to complete. The
radiated sound power and the structural/acoustic sensitivity of the
sound power are calculated with respect to all 12 stiffener design
variables, and results are summarized in Table 10. The sound power
sensitivity calculations required 1.4 x 10* CPU seconds per fre-
quency. The results reflect all expected equality trends due to the
symmetry demonstrated in the definition of the structural design
variables.

To further validate the structural/acoustic sensitivity, computa-
tions for the stiffened plate perturbationsare introducedin the design

Table 8 SPLs with associated acoustic PSD value for frequencies bracketing the first two structural
resonances of the stiffened, simply supported plate

DR node 1 DR node 2 DR node 3
Frequency,
Hz SPL, dB PSD, Pa?/Hz SPL, dB PSD, Pa?/Hz SPL, dB PSD, Pa?/Hz
628.0 39.0 3.20E—06 40.5 4.44E—06 39.0 3.20E—06
637.0 39.0 3.21E—06 40.5 4.49E—06 39.0 3.21E—06
683.0 38.2 2.67E—06 39.3 3.39E—06 38.2 2.67E—06
687.0 39.0 3.20E—06 40.1 4.07E—06 39.0 3.20E—06

Fig.4 Finite element model of the stiffened, simply supported plate and design variable definition.
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Table 11 Finite difference results vs actual reanalysis results
of acoustic response quantities®

Acoustic PSD, Pa?/Hz" Radiated sound power, N - m/s

Frequency,

Hz Predicted Actual Predicted Actual
628.0 243E-06 252E—-06 9.03E-10 9.43E—10
637.0 3.80E-06 3.76E—06 143E-09 1.41E-09
683.0 257E-06 257E—-06 7.66E—10 7.65E—10
687.0 330E-06 3.29E—-06 9.72E—-10 9.68E—10

4Uniform increase in design variables 79 and 710, stiffened simply supported plate.
b Acoustic pressure results for DR node 2.

Table 12 Finite difference results vs actual
reanalysis results of acoustic PSD?

Acoustic PSD, Pa?/Hz?

Frequency,
Hz Predicted Actual
628.0 2.68E—-06 2.72E—-06
637.0 3.60E—-06 3.59E—-06
683.0 2.60E—-06 2.60E—-06
687.0 3.27E-06 3.26E—-06
4Uniform increase in design variables 79-712, stiffened
simply supported plate.
bResults for DR node 2.
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Fig.5 SPL of corresponding sound PSD for the stiffened simply sup-
ported plate: results at DR node 1.

variables and reanalyses are performed. First, the thickness associ-
ated with structuraldesign variables?9 and 710 are increasedby 3%.
The spectral density of the acoustic pressure and the radiated power
are computed from the structural/acoustic sensitivitiesand the base-
line response according to Eq. (25). The same acoustic variables are
computed through reanalysis of the perturbed design. The results
are summarized in Table 11, and good correlation is observed be-
tween the predicted and actual values. Then, a uniform increase of
1% is imposed to all of the design variables 9-712, and similar
computations are performed for the spectral density of the acoustic
pressure at DR node 2. The results are summarized in Table 12, and
good correlation is observed.

Conclusions

New algorithms for calculating the radiated sound power and the
structural/acoustic sensitivities of a structure subject to stochastic
excitation are presented. To validate and demonstrate the new de-
velopments, sensitivity analyses are conducted for two models. The
fluctuating wall pressure of a turbulentboundary layer provides the
stochastic excitationin the two applications. The first configuration
is a simply supported flat plate that has been utilized in previous
structural/acoustic studies. The second structure is a stiffened sim-
ply supported plate. The fluctuating pressure of a boundary layer is
applied on one side of the plates. Acoustic radiation from the oppo-
site side is considered. The sensitivity of the acousticresponse with
respect to a set of structural design values for both models are cal-
culated and validated through comparison with reanalysis results.
Expected trends due to symmetry in the definition of the design
variables are also observed in the results. The structural/acoustic
sensitivity algorithms presentedin this paperextend sensitivity anal-
ysistechniquesto structural/acousticsystems subjectedto stochastic
excitation.
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