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Abstract. The behavior of coupled fluid-structural systems can be fieodilue to presence of located structural defects.
The study of these modifications allows the engineers, usingerical methods of simulation, to foresee the new state
of the system from the evaluation of structural and acosstsponses. The sensitivity analysis of the acoustic and
structural response with respect to structural geometndification allows to verify the viability of the applicatiarf
present techniques in fault detention, noise control aniihtipation procedures. This work presents a formulation fo
structural-acoustic sensitivity analysis of an aircrafsélage model under local structural defects. An efficiensgivity
analysis technique of acoustic-structural response ({Beity of the direct frequency response) with respect tactural
modification is implemented and its precision is tested @ing with results obtained by finite difference technique.
This formulation describes the dependence of acousti@bbas (sound pressure, fluid speed), with respect to streictu
geometry modification (thickness, length, height). Théefielement method is used to acoustic-structural simuiatio
with nonsymmetrical formulation adopting structural dagements and fluid pressure as variables. Iterative sgiate

are tested to solve the coupled problem. A model of airctetelage will be proposed and its direct frequency response
and sensitivities under structural modifications will begent.
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1. INTRODUCTION

Acoustic-structural coupling has been an important reseimpic for many years. In particular, for aircraft struets,
the interior sound radiation problems have been an actseareh area [3]. The vibro-acoustic behavior of cabintagse
systems can be modified due to presence of located structefatts. The study of these modifications allows the
engineers, using numerical methods of simulation [1][d]fihd the new state of the system. In general, at the low-
frequency range (below approximately 400 Hz) high integiooustic noise can be generated and transmitted by staictur
borne paths. At these conditions, the structural modificstcaused by damages in the structure can modify the dynamic
behavior of acoustic-structural coupled system. In thiskywthe sensitivity analysis is used to estimate the infleesic
the structural damages in the behavior of the whole systeparitioned solution technique is implemented to solve the
problem in the frequency domain [4] [7]. The present techegcan be applied in damage detention, noise control and
optimization procedures. In this article, the numericalits in a simplified aircraft fuselage are presented.

2. STRUCTURAL-ACOUSTIC SIMULATION
2.1 Structural domain

We consider a structure domdin, fixed onI'y, subject to surface harmonics fordggx, w) onT'5, showed in Figure
1. Assuming harmonics vibrations, satisfies the boundary value problem:

0455 (wi) — pwzui =0 in Qg 1)

oijj(ui)ng =F; on To ; uj=gg on I

wereings; is a know functiong;; is Cauchy stress tensar,is structural domain density,; indicates exterior normal
direction andu; point out the structural desplacement.

It is assumed that all field variables behave stationary.cEgit’'s applied a steady-state approach separating time-
dependent variableg;(x,t) andu;(x,t) at field pointx into a frequency-dependt spatial p#it(x,w) and a function
e™* with w being the circular frequency:

Fi(x,t) = Fi(x,w)e™? (2)
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Figure 1. Elastic structure domain

ui(x,t) = w(x,w)e
®)

By using finite-element discretization farelements; all components of spatial structural displacement vecioy
yieldsu(x,w) = [Ns(x)] {us(w)}. wherein[Ng] represents the matrix of nodal interpolation functions &ngl(w)}
contains the nodal displacements. Using equaton 1 aprdivianthe matrix equations are:

K] {u} —w?M]{u} = {f} (4)

where {f,} is the nodal equivalent forces vector.

The discretized expressions involved in the previous fdatian yieldnazn matrices of masgVs| (symmetric, definite
positive), of stiffnegKs] (symmetric, semi-definite positive). For details of thetéinglements, used in this work, the
construction of stiffness and mass matrices of structuiedetfed by beams, plates or shell, see [8],[2].

2.2 Acoustic domain

Keeping the steady-state approach, the basic diferemigdtmns for the harmonic response of an inviscid imcom-
pressivel fluid (air) occupying a bounded domaing and subject to an prescribed normal displacemgmin[, is given
by the Helmholtz equation:

Vip(x,w) +kp(x,w) = 0 Qf ®)
Op
an wzpfun Tr

whereink = w/cis the wave number; is the speed of sound infd; p; is the fluid density w is the circular frequency
andp(x,w) is the pressure fluid.

By using finite-element discretization far elements, the pressure is discretized at the fluid domaip@sw) =
[Nf(x)] {p(w)}, introducing the row matrixN¢] of the interpolation functions and the vector of nodal sopressures
{p(w)}. The matrix equation gotten from equation 5 is:

K/ {p(w)} — My {p(w)} = {fs} (6)
wherein[M¢] and[K¢] are the fluid volumetric and inercial matrix respectively.

2.3 Coupled structural-acoustic system

We consider a coupled structural-acoustic systém.and(2; are separate by. The resulting from the action of
pressure forces exerted by the fluid on the structure is:

Uij,j(u)nj = —pn; = —pn; (7)

these forces produce adicional forces in fiig} = [K¢,] {p} + {f} and{f;} = —w?[M,] {ii} + {p} vector forces in
Equations 1 and 5.
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{ft:;} = [KpJ{p}+{f} (®)
{fr} = —w’Mp]{i}+ {p}

The finite element equations for treating a coupled acossticctural system are:

[Ks} —w? [MS] [Kfs] {ug} _ {fs}
i e [ =) ©
and the compact form of equation 9 is:
2] {u} = {f} (10)

Harmonic problem frequency response can solved usingtditethod [4] by equation 11 or particioned method [4]
to reduce computacional cost to matrix equations cal@siati

{u} = (27" {F} (11)
2.4 Frequency Response Sensitivity

The objective of the sensitivity analysis is to find the fregcy response derivatives (sensitivity) with respect & th
structural variabledy ), like a objective function first step toward, defined in etpral2. Although there are various uses
for sensitivity information, the main motivation is to estite the influence of the structural damages in the behafior o
structural-acoustic coupled system.

ar_or | or dqu,
dei, ey, 0{u}, dey

(12)

There are a several different methods for sensitivity aigllke finites differences methods and analytical methods
Factors that affect the choice of method include: the rdttb@number of outputs to the number of inputs, the imposanc
of computational efficiency and the amount of human effaat th required in the implementation.

Finite-difference formulate are commonly used to estinsatesitivities. Although these approximations are neither
particularly accurate nor computationally efficient, tleajest advantage of this method resides in the ease ofrireple
tation. A common estimate for the first derivative is the fard/difference which is given by:

d{u}; {u},(ex +0)—{u}, (ex)
dek - )

Whereindl{isk}i is the frequency response sensitivity,is thekth structural variable or defect. In the limiting case- 0

the frequency response will reach the analytical derivedisieity. This aproximation requires + 1 calculatios of{u},

to gain all sensitivities.

Analytic approaches such as adjoint and direct methodfl[4dre the most accurate and efficient for sensitivity
analysis. They are, however, more involved than the othpragghes presented so far because they require knowledge
of the governing equations and the algorithm that is usedle@ghem, in order to derive and implement a program that
solves the corresponding sensitivity equations. Adjoiathods are particularly attractive since the cost of coinguhe
gradient of a given function is independent of the numberssigh variables.

Performing a partial derivative operation on equation Shwaspect to the number to independent variabigy, (
results in:

(13)

2 ful, + Zh i (1)

where[Z/] is the first derivative of impedance matrix, with respectjwariables, given by:

(K] — w?[M] (K]

= L) K - oty

(15)
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wherein, K'] and [M’] are the derivatives of stiffness and mass matrix, withpezs toey,.
In order to calculate objective function sensitivity of thguation 12, following expression is obtained from equmtio
14:

dc{lu}i _ _[Z]lzl[zl]k {u}l (]_6)
€k

and replacing this result into the total derivative equafi@ to obtain:

) )
der ~ Oer + o, (Z],, " [Z]) {u}, (17)

The approach using Equation 17 is called direct methodse Mt solving for%‘;}i requires the solution of the
matrix equation 16 for each variabig.

Returning to the total sensitivity equation 12, there islégraative option when computing total sensitiv@i, given
by:

dl oI ol

de,  Oer  Ou;

The auxiliary vectol;, can be obtained by solving the adjoint equations, given by:

__or
0{u},

The vector¥y, is usually called the adjoint vector and is substituted eqoation 18 to find the total sensitivity. In
contrast with the direct method, the adjoint vector doesdepend on the design variableg, but instead depends on the
function of interest/.

Therefore, if the number of design variables is greater themumber of functions for which we seek sensitivity in-
formation, the adjoint method is computationally more é&fi¢. Otherwise, if the number of functions to be differated
is greater than the number of design variables, the diretitadevould be a better choice.

VAVAP (18)

(2], V), = (19

3. APLICATION EXAMPLE

The structural response of the fuselage section and agsoaierior noise were calculated using BEAM elements for
solid domain and QUAD4 elements for fluid domain. It is coesatl approximated dimensions and materials properties
of a full scale aircraft fuselage section. The pre and postgssing of the numerical model were made using the GID
program. The fuselage Frequency Response Function (FRFp@erational modes shapes of the coupled system are
obtained using a finite element system called MEFLAB. In Feg21 a2m of diameter fuselage model is represented, and
its dimensions and properties are given.

Structure
Fluid 156 elements

528 elements E=70 Gpaz
density=1225 kg/m * A=0.01m

_ 1=8.33e -8 m*
=343 m/s dens=2700 kg/m 3

= Poisson=0.3
Ty
/ qintl ﬂl.:.. .%
ARSI
‘t\ 1] ),"?Q%’?‘“
S ;{,;, e

s

11
i 1

Figure 2. Bi-dimensional model of aircraft fuselage

In Figure 3. and figure 4. the system frequency response tona gxcitation force and three first vibration modes
and the pressure field of coupled system are representedthiige firsth mode take place )13H z, 16.5 and20H z
respectively, and they are structural predominant.
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Figure 3. Acoustic frequency response and pressure field.
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Figure 4. Structural frequency response and shape modentkion.

Structural modifications, like beam thickness reductioneicample, cause changes in acoustic harmonic response.
Figure 5. shows frequency response and pressure field chavititea beam element, located in the circle, has/60
thickness reduction.

In the same manner, preceding structural modificationsecalianges in frequency structural response and deforma-
tion of shape, showed in Figure 6.

The Figure 7. shows the comparison between analytical aitd @ifferences method to calculate the fluid pressure
sensitivity of fuselage model, is represented. The Figurghpws the frequency response sensitivity of fuselage mode
for a local defect in one beam element.

In Figure 8. the rate of change in the sound presure is preddat different local defects. Each defect consists
in to change the cross-sectional height of each elementarhbé-or damping coupled system, it is possible to see the
defect that produces greater sensitivity in a given acopstint. Figure 8. shows acoustic Sensitivity for differdefect
locations in the fuselage structure for each operatiorguiency and sensitivity field of fluid pressure with respect t
local defect in the circulated beam element.

4. CONCLUSIONS

Using sensitivity analysis procedure is possible to knogvréssponse variations produced by structural defects of an
acoustic-structural system. For the particular bi-din@mas fuselage simplified model and excitation frequencg-co
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Figure 5. FRF and interior pressure field to a point forcetaxion without and whit local defect
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Figure 6. FRF and deformation shape to a point force exeitatithout and with local defect
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Figure 7. Validity of analytical sensitivity analysis of itLpressure

sidered, sensitivity of the acoustic response with resfzedefect locations and beam section sizes, was found. This
procedure can be applied in structural damage detentiois. Widrk is in progress to extend it to use of faster and com-
putational cheaper methods to acoustic-structural résalprocedure and sensitivity analysis. Likewise the gtofl
three-dimensional fuselage model under structural defketcracks.
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Figure 8. Acoustic Sensitivity for diferent local defects €ach operational frequency
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