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Abstract

A reduced order model is developed for low freqyemglly coupled, undamped and constantly damped
structural acoustic analysis of interior cavitibacked by flexible structural systems. The redumelbr
model is obtained by applying @alerkin projection of the coupled system matrices, frorhigher
dimensional subspace to a lower dimensional sulespatlst preserving some essential propertiebef t
coupled system. The basis vectors for projectiencamputed efficiently using the Arnoldi algorithm,
which generates an orthogonal basis for the Krglalyspace containing moments of the original system.
A computational test case is analyzed, and the atatipnal gains and the accuracy compared with the
direct method in ANSYS. Further, the reduced ordedelling technique is applied to a two-way coupled
vibro-acoustic optimization problem, with stackisgquences of the composite structure as design
variables. The optimization is performed via a lytsearch strategy combining outputs from Latin
Hypercube Sampling (LHS) and Mesh Adaptive Direetu8h (MADS) algorithm. It is shown that
reduced order modelling technique results in a vagnificant reduction in simulation time, while
maintaining the desired accuracy of the optimizatiariables under investigation.

1 Introduction

Designing for quiet interiors is one of the key eatijives during the product development cycle of a
modern passenger vehicle or a commercial airpldne.order to gain competitive advantage,
manufacturers are striving to reduce noise andatiitm harshness (NVH) levels. As a result, design
engineers often seek to evaluate the low frequéi\dy behaviour of automotive/aircraft interiors ugin
coupled finite element-finite element (FE/FE) oniteé element-boundary element (FE/BE) discretized
models. Due to the coupling between the fluid angictural domains in the coupled FE/FE formulation,
the resulting mass and stiffness matrices are mgelosymmetrical. In addition to this, as a genari of
thumb 10-15 linear elements are required per waggteto get reasonable prediction accuracy for
coupled structural acoustic problems. With wavelkaglecreasing for increasing frequency, the model
size drastically increases with frequency. Thissprs a major problem especially where optimizaigon
required, with many design variables to be optimhiZEherefore, generation of reduced order modets, f
fast coupled structural acoustic analysis and apétion is of great interest to the NVH community.



The two most popular approaches currently usedetluae the computational time of such coupled
problems are the mode superposition and the companede synthesis (CMS) method. The former
method uses the dominant natural frequencies arntd reloapes, extracted from a normal modal analysis,
and the response is assumed to be a linear condninatthe modes. In the later method, the sys®em i
divided into different components, and the freqyeresponse is projected onto a fluid FE or a BEhmes
to compute pressure levels. However, the redudtios obtained is often not substantial. Furthee, th
CMS method relies on the user to select interfas#es to enforce coupling conditions, which is a
possible source of additional error. Other appreadh decrease computational time include generafio
Ritz vectors, the use of influence co-efficientsnfra BE model, truncated coupled FE/FE analysid, an
the patented ATV method, to name a few. The re&leeferred to [1], for a review of some other
approaches to reduce computational time. More tBgemowever, model order reduction (MOR) via
implicit moment matching, has received consideraitention among mathematicians and the circuit
simulation community [2, 3, 4]. It has been showvarious engineering applications [4, 5] that tihee
required to solve reduced order models via MORe@uced significantly when compared to solving the
original higher dimensional model, whilst maintaigithe desired accuracy of the solution. The aim of
MOR is to construct a reduced order model, fromdtiginal higher dimensional model, which is a good
representation of the system input/output behawbrcertain points in the frequency domain. The
reduction is achieved by applying a projection frarhigher order to a lower order space using afset
Krylov subspaces, generated by the Arnoldi algoritAdditionally, the reduced model preserves certai
essential properties such as maintaining the secaet form and stability.

A reduced order model does not allow us to presgegnetry related information, and after changes in
the original higher dimensional model, the reduceder model must be regenerated again. Fortunately,
the time required to generate a reduced order medebmparable with that for a single frequency

evaluation [11]. As a result, implicit moment matah is considered in this paper as a tool for fast
frequency sweep. During the optimization, the reduorder model is used just once, and is regenkrate
for each optimization step. Nonetheless, we wilndastrate that even with such a set-up, there is
considerable saving in computational time.

The paper focuses on the application of such Krilased MOR techniques to structurally damped, fully
coupled structural acoustic problems. The reshefpaper is laid out as follows: In Section- 2, gkeeral
framework for model order reduction for second orslgstems is introduced. In Section- 3 the Arnoldi
procedure adapted for model order reduction for ¢bhapled damped structural acoustic problem is
described. In Section- 4 a numerical example fregoived using the direct approach in ANSYS FE code
and the MOR via Arnoldi approach. Error estimatessults and computational times and simple
convergence models are discussed. In Section- 5 NM4QORcorporated via the Arnoldi process in the
structural-acoustic optimization process to spepdsimulation time, whilst maintaining the desired
accuracy of the optimization variables and objecfiinction under investigation. Section- 6 sumnexiz
the paper with a short discussion of the resultglly, Section: 7 concludes the paper with somte kbl
applications of MOR in structural acoustics, antife recommendations.

2 Model Order Reduction for second order systems

After discretization of a general dynamical modiehwchanical system, one obtains a system of second
order ordinary differential equations in matrixrfoas follows:

MXx(t) + Cx(t) + Kx(t) = Fu(t) 1)
y(t) = LT x(t)

where(t) is the time variablex(t) is the vector of state variableg}) is the input force vector, anyt) the
output measurement vector. The matridgsC andK are mass, damping and stiffness matridesnd



L are the input distribution matrix and output measwgnt matrix at certain points respectively. A
harmonic simulation, assuming) = Fo €"' and ignoring damping in (1) yields:

[- W M]+[K]] {x} ={F} @
y(w) = L"x(w)

where, 1 denotes the circular frequency, afigy ,{ F} denote complex vectors of state variables and
inputs to the system respectively. The principlentddel reduction is to find a lower dimensional
subspac&/ T A™" and,

X =Vz+€ where,zl A", n<<N (3)

such that the time dependent behaviour of the ralghigher dimensional state vectar can be well
approximated by the projection matki%n relation to a considerably reduced vectoof ordern with the

exception of a small erroel AN . Once the projection matriX is found, the original equation (2) is
projected onto it. The projection produces a reduset of system equations, in second order form, as
follows:

(_ VVZ[Mr]+[Kr]){Z} :{Fr} (4)
Y, (W) =L, 2(w)

where the subscriptdenotes the reduced matrix and:
M. =V'MV K, =V'KV F =V'F L, =VTL.

It is worth noting thay, (W) » y (W) . Due to its low dimensionality, the solution t9 (& much faster

than the original higher dimensional model. Theuingnd output vectors are the same dimension as (2)
Several methods exist to chooge In this work, we choose the projection matkixto be a Krylov
subspace in order to provide the moment matchiogegties [2, 3].

2.1  Model Order Reduction for coupled structural ac ~ oustic systems:

For a coupled structural acoustic case, we sthftah Cragg’'s pressure formulation [9]:

Ms O wu Cs 0 wu Ks Kfs u Fs
+ +

= 5
Mfs Ma p 0 Ca p 0 Ka p 0 ®)

yy=0 *



where,Ms is the structural mass matriM is the coupled mass matriM, is the acoustic mass matri3,
is the structural damping matri€, is the acoustic damping matrig, is the structural stiffness matrig;s
is the coupled stiffness matrix, s the acoustic stiffness matri; is the structural force vectoy,(t) the
output measurement vector ang p are the displacements and pressures at nodal dowates
respectively. Ignoring damping for the structurel &inid, the coupled equations in the case of haimo
response analysis become:

Ms O Ks Kifs u Fs
_ VV2 + = (6)
Mfs Ma 0 Ka p 0

Constant structural or acoustic damping ratio's banincorporated into the system matrices of (6)
avoiding a direct participation of [C], as it is=fjuency independent by the definition. Althoughrehe
exists techniques to reduce system matrices with ifCthis paper, we restrict ourselves to constant
structural damping. A straightforward extension t@nmade to constant acoustic damping. The finite
element software, ANSYS [14] formulates constamhpiag via the command DMPRAT and MP, DMPR
which adds imaginary terms to the stiffness matdgording to the relationship:

2
b.=—x 6-A
e =W (6-A)

Where, b, is the constant multiplier applied to structuraitpaf the coupled stiffness matrix, all is
the frequency in rad/s ank is the constant damping ratio. This implies tin matrix [K]is complex-
valued. In other words, the structural stiffnessrind in Eqn (5), Eqn (6) becomég+ 2x K.

It can be seen that (6) is similar to (2). In ttése, the approximation becomes:

u
={% =vz+e )
p
The transfer function of the systenisii= (Y(s)/ U(s)) using the Laplace transform can be written as:
H (S) = LT (SZM sa + SCsa + Ksa)_ 1FSEI (8)

Ignoring damping, and expanding (8) using the Tiagtoies abous = O results in:

¥ ¥
H(S) = (DL (Ko ML) K, Fes”=  ms” 9)

i=0 i=0

Wherem =(-1)'L" (K M) K 'F., (fori =0,¥) are called the moments &f(s) and,
Ms O _ Ks Kfs _ Fs

Msa 1 sa 1 sa
Mfs Ma 0 Ka 0



By matching some of these moments of the higheredsional system abowst=0, the reduced order
model can be constructed, as it directly relatesitiput to the output of the system. Theoreticadlyy
expansion point within the frequency range of ies¢rcan be used, and a real choice depends omagqui
approximation properties. However, explicitly cortipg such moments tends to be numerically unstable
[3, 4], and it is therefore preferable to attengpinplicitly match these moments via the Arnoldogess.

Su and Craig [7], showed that if the projectionma¥ is chosen from a Krylov subspace of dimensjpn

K (KM, K *F) = spaf K" 'F, (K IM)KF......(K'M )" K 1F} (10)

then, the reduced order model matches moments of the higher dimensional model. Loospbagking,
if the g" vector spanning the Krylov sequence is presemhairix V, we match the™ moment of the
system. The block vector§'F and KM can be interpreted as the static deflection duéhéoforce
distributionF, and the static deflection produced by the indtiaes associated with the deflectiiF
respectively.

3 The Arnoldi Algorithm

To avoid numerical problems while building up theyliv subspace, an orthogonal basis is constructed
for the given subspace. This is done using the Wiradgorithm. Given a Krylov subspaég, (A, ¢u), the
Arnoldi algorithm finds a set of vectors with noone which are orthogonal to each other, given by:

VIV=1 and VAV =H, (11)

Where H, T A% is a block upper Hessenberg matrix &pll A *%is the identity matrixFigure: 1

describes the implemented algorithm, which is usedjenerate the Arnoldi vectors for the coupled
structural acoustic system. For multiple inputs, bfock version of the algorithm can be found ih [4

For the coupled structural acoustic case, we have:

-1 -1
COISpar(\/) = Kq(Ksa Msa' Ksa Fsa)
V'K, MV =H, andV'V = | (12)
The discussion of the block version of the algonithvhich is used to generate the Arnoldi vectordlie
coupled structural acoustic system , multiple ispahd multiple outputs, is quite involved, and lse t

reader is referred to [3] for a detailed discussidrthis. In short, the block version of the Arniold
algorithm generates orthogonal vectors spanningtii®v subspace:

Kq(AL01,9,) =spad gy, 9, A, Ay Aq_lgliAq_lgz} (13)



It can be seen that in each step of the algorithme, vector orthogonal to all previously generatedtars
is constructed and normalized. The process is riaallsr very similar to the modified Gram-Schmidt
orthogonalization. Due to the iterative propertytloé algorithm, it is possible to produce a reduastr
model of lower dimension than initially specifiedy just discarding the columns in matrix and
subsequently the rows and columns of the reducder onatrices. Egn (6-A) implies that the matrix,[K
and thus the Arnoldi generated projection matrikgxe complex-valued.

Algorithm: 1:

Input: System Matrices &,Ms, Fsa L andn (number of vectors), expansion pote (Wg + Wy ) /2
Output:n Arnoldi vectors
0. Setv, =g

1. Fori =1® n,do:
1.1 Deflation check; ; , = ||V; ||

1.2 Normalizationy, = Vi* It .,

1.3 Generation of next vectari:ﬂ* = Ay,

1.4 Orthogonalization with old vectorst fel to i:

—\ T *
141, =V, Vi,

s K FeyL onto V. to obtain reduced system matriges

2. Discard resuling H,, and project M
M qer Kreas Frear L

where the subscrifRsa represents the reduced structural acoustic matrice

Rsa? Rsa?! " Rsa’ —Rsa

Figure: 1: Arnoldi Process [3] [4].
4 Numerical Test Case

To evaluate the accuracy and the computationakgahievable via reduced order modeling, a nunilerica
test case has been chosen. The test case is aagwwstl.5m x 0.8m damped fiber reinforced sandwich
plate (Glass Fibre/Foam Core/ Glass Fibre) baclyesl tigid walled acoustic cavity. A structural dangp
ratio of 4% is specified for the analysis. The freqcy range of interest for the coupled dynamidysisa

is 0-300Hz. A unit harmonic force is applied to aighe structural nodes to excite the coupledesyisis
show inFigure: 2(a) The pressure response is computed at three modes fluid domain using the
Direct Method in ANSYS and MOR via the Arnoldi pess. All computations described in this paper
were performed using a Pentium 3GHz, 2GB RAM maghin

Log Pressure
\

......... ANSYS{3960 )}
G MOR (50}

L] 50 100 150 Za0 Z50 200
Frequency (Hz.)

Figure 2 — (a): Coupled FE model Figure 3 — (a): Noise Transfer Function



Figure 2 — (b) Bottom: Noise Transfer Figure 3 — (b) Bottom: Noise Transfer
Function Function

For the reduced order model, the computational tism@ combination of four steps (a) Running a
Stationary solution and generating matrices (b)dReamatrices and generating of Arnoldi vectors (c)
Projection to second order form and (d) Simulatiérthe reduced order model. The spilt computational
times for test case 1 are given Trable: 1 The reduced order model is set up and solved in
Mathematica/MATLAB environment. A comparison of thelution times using MOR and the Direct
method in ANSYS are given ifable: 2.

ANSYS Read Matrices , Arnoldi Reduced model | Total: MOR via
Model Stationary | Vector Generation, projection Simulation Arnoldi
TC 4s 431 s (50 Vectors) 1.25s 48.35s

Table: 1: MOR Split Computational Times; TTest Case-1

Model Elements DOF's ANSYS Direct MOR via Arnofli | Reduction

TC! 8400 11427 1080 s 48's %96

Table: 2: Computational Times; TCTest Case-1

4.1  Convergence Properties

In this section, a method to compute the erronestis, and thus the convergence properties of tiakeim
is presented. The approach is similar to the methestribed in [10]. In the first convergence model,
straightforwardrue error between the two models is computed as:

_[H(9-H, (9]
er(s)_ ‘H(S)|

(15)

Where, H (s) corresponds to the original transfer function, givieyH (s) = L' (s°M _, +K_) 'F.,

where, the definitions oM, K_, and F_, remain the same as in (9) ahtl (S)is the reduced order

transfer function. Further, r@lative error between two successive reduced order moteaisd r +1can
be defined as:

o _|Hr(S)_ Hr+1(S)|
é (s)= ‘ H (9 (16)




As discussed irbection:3 the iterative property of the algorithm, allovesiuced order models of lower
dimension than initially specified to be producéd, just discarding the columns in the matrix V and
subsequently the rows and columns of the reducedaes. The true and relative error plots are given
Figure: 5for start and end frequencies of the test casasg =1 Hz. and n = 300 Hz. Figures: 5(a)and

5(b) indicate that, for the coupled box problem it &t possible to approximate the system using more
than 50 Arnoldi generated vectors for batt=1 Hz.and n = 300 Hz. The number of vectors required to

adequately approximate the transfer function, dépeon the model size and the number of inputs
specified to excite particular modes of the systemor plots based on the absolute values of dnesfer
function are shown ifrigure: 4(a)and4(b) .It is worth noting that, the output does not iggtite in the
reduction process, and so the approximation is tetely independent of the number and location of
outputs specified.

Figure: 4: (a) Top: Error Plot for 3(a)  Figure: 5 (a): Top: Convergence model for
(b) Bottom: Error Plot fork®( 1Hz(b) Bottom Convergence model for300Hz

5 Coupled Vibro-Acoustic Optimization

In order to improve the acoustic characteristicsaofehicle interior, numerical optimization is ofte
employed. Since there exists two forms of soluf{mupled and uncoupled), it is often left to thgieeer

to decide on the approach best suited to the probleder investigation. However, a ‘one-way’ coupled
analysis ignores the fluid loading on the structuwich is often the cause of cavity boom at low
frequencies. Therefore, a fully coupled analysiprisferred in many vehicle/aerospace applicatibns,
the computational time required to solve (6) reggrits subsequent use. Marburg [1] has provided a
detailed review of the current practices in stregtacoustic optimization.

Over the recent years, different novel materialgehbeen developed to control noise and vibration in
vehicles and commercial aircrafts. In particuldloef reinforced composites have generated sigmifica
interest in the development of structural materdle to their low density, high stiffness and eberdl
damping characteristics. Additionally, the orthpimnature of such fiber reinforced composite mater
implies that the directional stiffness depends lom drientation of fibers. Such flexibility can aiftde
exploited to tailor the material to obtain the reed structural acoustic performance [12], [13].this
work, the feasibility of reducing interior noisevéds through optimal lamination angles of a comaosi
sandwich structure via reduced order modeling isatestrated.



5.1  Optimization Test Case

The first test case is a frame-panel structure fvkias built to test new modelling techniques. Th# h
scale car cabin is modeled as a simple seven sitadture as shown iRigure: 6(a) The structural
model is a frame panel structure coupled with ttmuatic cavity. Faces of the acoustic model, othan

that of the roof were assumed to be acousticalig.riThe acoustic model was modeled using eighedod
acoustic brick elements with one pressure degrefreeflom at each node. The panel is a laminated
composite structure, made up of Fibre reinforcedssiand a random fibre foam core. The cross secfion
the composite structure along with fiber orientatémgles is shown iRigure: 7

The lamination angles of the fibres, denoted &yin this study, are the design variables for the
optimization problem. The design variables areextio a lower and upper boun@< g £ 180degrees,

where @ represents a unidirectional lay-up of the fibemsl angles beyond &@epresent lay-up in the
negative direction. The structural FE model is med&sing ANSYS SHELL181 elements, with material
properties for the uni-directional composite asegivn Table: 3 For the cavity, a matching interface
element (ANSYS FSI) is used, where the nodes ofsthectural and acoustic models are coincident. A
structural damping ratio of 4% is applied to akkraknts with composite material properties. An aiti
lamination angle of 90/0/Core/0/90 is specified the coupled analysis. The effects of changing
lamination angles on the overall structural intggaf the structure are ignored. Similar to thevpras
test case, the frequency range of interest focthupled dynamic analysis is 0-300Hz. The coupledeho
is excited by applying a unit harmonic force to afiehe structural nodes of the front end lower raem

in the normal direction, and the response is coetppat a node representative of driver’s ear lonaitio
the fluid domain.

Skins (9010) <——

Random fibre core «— BRI E ]

Skins (90/0) $—

Figure: 6: (a-left) Top: Coupled FE model
(b-right) Stacking sequentébers

Figure: 7: Cross Section of sandwich composite

Cross E11=E33 E22 G12=G21 G13 v12=v13 Density Lamination
Section | (GPa) (GPa) (GPa) (GPa) (kg/n?) Angles ()

Skin 28 21 1.39 1.40 4 0. 1480 90/0/Core/0/90
Core 9.26 4.2 0.72 0.67 40 800 --

Table: 3: Mechanical properties for Fibre reinfoeandwich composite.

5.1.1 Design Optimization Procedure

The reduced order modeling technique outline8ewation: 2is incorporated into the optimization process
to speed up simulation time, while maintaining #lteuracy of the nodal sound pressure values. Argene
framework of optimization via reduced order modglis given inFigure: 10 The number of vectors
required to represent the higher dimensional systeralculated using the convergence models predent
in Section: 4.1 In this case, 50 Arnoldi generated vectors warficient to represent the higher
dimensional system fow =1 Hz. and w = 300 Hz. An error plot over the entire range of frequendses



shown inFigure: 8. The true and relative error plots at 1Hz. for dpimization problem are shown in
Figure: 9. Since it is the lamination angles which this gtiglseeking to optimize, and thus the material
properties of the composite structure, the redumeltr model must be regenerated at each iteration
involving a change in the lamination angle.

Mathematically speaking, the non-linear optimiaatproblem can be stated as:

Find a vector of design variableg = (¢,,9,,Gs,--..... q.)

Which minimizes the objective functidr{q),

Subject to lower and upper boungs™™ £ g £ g™

Numerous possibilities exist to formulate the objecfunction, and their effectiveness dependstan t
nature of the coupled problem. For the optimizatmoblem stated above, the objective function is
formulated as:

[y

W

f@=F " ; F=— 1 " Jipw}dw (17)
(max_W

min) w,

‘min

— (pi_ pref)n for Pi > Pret
J_ O for pi £ pref (18)

Where, the functio/ is a weighting function applied to the nodal sopneissure level (SPL) valye. It
can be seen that the weighting function dependsefamence pressuig,, , determined as 90dB for the
current study.

Figure 8 —Error plot for optimization test case  Hig 9 — True, Relative Error Plot for 1Hz.

At this point, any value ofp,; can be used, and in this case is chosen to rediadeSPL values over the

entire frequency range of 0-300Hz. Fwer2, this formulation of objective function (17, 1&sults in a
frequency averaged root mean square value. Thisrenghat the higher peaks of the noise transfer
function are given more importance, avoiding deafeys as compensations for high peaks during the
optimization process In particular, the fluid respnoe peaks at ~120Hz, ~265Hz, and ~293Hz (See
Figure: 195 have been identified as target zones where spressure values are to be decreased.

The optimization is carried out using MATLAB GA/P®olbox [17] using the Mesh Adaptive Direct
Search (MADS) algorithm. MADS is a class of denwvatfree algorithms, specifically designed for non-
smooth optimization problems, and is an extensioth® generalized pattern search (GPS) algorithm. A
pseudo code for GPS algorithm is showifrigure: 11 Each iteration of MADS is divided into two steps,
SEARCH and POLL. The SEARCH step allows the evanaif the objective function at a finite set of



k=1
Currentfitness = fithess(meshloc)
While D, 3 1E- 6
Bestfitness = currentfitness

fori=1...n

if odd(i) then dir=+1, else dir=-1 endif
newloc=meshloc
trialfitness=fitness(newloc)
if trialfitness < best fitness
Bestloc=newloc
Dy =2(Dy)

elsep,,, = 05(D,) endif k=k+1

endwhile

Figure: 10: Optimization via Moment Matching. Frgull: Simplified Pattern Search
algorithm.

points. Any search strategy can be used, includioge. When a SEARCH step fails to improve the
objective function value, a POLL step is invoketieTkey difference between GPS and MADS lies in this
POLL step. In addition to the mesh size parameategll size parameter is defined to ensure thaloited
exploration of the design variable space is natricted to a finite set of directions [15]. The séttrial
points considered during the POLL step is calldchane Depending on the result of the POLL step, i.e.
successful or unsuccessful, the mesh resoluticleéseased or increased .A general MADS algorithm is
shown inFigure: 12 In this work, we chose to evaluate initial tneaints in the first iteration of MADS
using Latin Hypercube Sampling (LHS).

Algorithm:2:
INITIALIZATION : Define mesh point, mesh size and poll size patarmesek 0.

SEARCH AND POLL STEPPerform SEARCH and POLL steps until an improvessmpoint is found
on mesh.

OPTIONAL SEARCH: Evaluate function on a finite sebsef trial points on mesh.

LOCAL POLL: Evaluate function on computé@me

PARAMETER UPDATE Update mesh size and poll size, lset k+1 and return to SEARCH and POLL
steps.

Figure: 12: A simplified MADS Algorithm [14].
5.2 Results

A general decrease in SPL values is apparent beeentire frequency range of optimization. Resaits
specific frequencies for a node representativeriwbts ear location is summarizedTable: 5.1t can be
seen that the composite material is no longer syimirakin terms of lamination angles after optintiaa.
From an initial lay up of 90/0/Core/0/90 the lantina angles move towards a lay up of
66/154/Core/141/144igure: 15 compares the sound pressure level before and @ftenization. The
face sheets of the outer layer of the compositeeri@httend to be moving towards a more cross-ply
orientation (66/-26) while the inner lamination &gymoves towards an even -39/-36. Sound pressure



levels near fluid resonant frequencies ~120Hz, Hz6%nd ~293Hz have decreased by 1.2dB, 4.75dB
and 6.1dB respectively. However, in the frequeranyge of 150-240Hz., peak SPL value has increased
from 83.9dB to 85.2dB — an increase of 1.4dB. Tikisprimarily because (a) The optimization is

considered over the entire frequency range of 04200and an overall decrease in the root mean squar

SPL value is considered as a successful iteratjothé optimizer and (b) the value ¢d,.;, = 90dBis

applied to (18). In addition to this, the structlyadamped resonant peak causing fluid excitation a
200Hz. has moved to 180Hz. This result can bebated toshifting of modes during the optimization
process. Such a shift in noise-emitting modes &tduhe change in stiffness of the structure, nasffect

of a change in lamination angles of the composite.

Model Function Initial Stacking Final Stacking Time Time Time
Evaluations Sequence Sequence MOR ANSYS* Reduction
OPT 156 90/0/C/0/90 63.75/154/C/141/144 36816s| 982800s 97%

Table: 4: Optimization Results: OPTOptimization Test Case.*Estimated time.

Figure: 15: Noise Transfer Function before and afiptimization

From a computational viewpoint, the use of reduaeder modeling significantly decreases the
computational time requirements for the optimizatirocess. The time taken by MOR via Arnoldi is
shown inTable: 4 For this case, the cost of reduction via Arnaddapproximately 97% smaller than the
original higher dimensional ANSYS model. Such seraltost enables effective application of hybrid
search strategies, to search the multi-modal spddeh usually requires more number of function
evaluations. If the optimization had been carried by the direct method in ANSYS, 400 hours of
computational time would have been required for fis&tion evaluations. To compare the accuracy of
the optimized design variables, a harmonic simomatiia direct method in ANSYS is performed. Noise
transfer function at the selected fluid node fotimjzation is shown irFigure: 14 It can be seen that
there is an almost perfect match between ANSY Satldction via Arnoldi process.



Figure: 13 : Optimized Stacking Sequence Figure:Noise Transfer Function for
optimized design variables.

Frequency SPL (dB) MOR-Arnoldi SPL (dB) ANSYS SPL (dB)
(Hz.) (Before Optimization) (After Optimization) (66/154/Core/141/144
70 98.41 96.42 96.42
120 100.50 99.21 99.21
200 82.65 79.20 79.20
265 112.81 108.06 108.06
293 108 101.87 101.87

Table: 5: Optimization Results

6 Summary

An efficient method to perform coupled structurahbysis and optimization via reduced order modgllin
has been outlined. The basis vectors for matcltiagoupled system moments are computed by applying
the Arnoldi algorithm, which computes the projentigectors spanning the Krylov subspace, to mateh th
maximum number of moments of the system. The mosnentthe test cases shown are matched at

approximately half of the analysis rargye (W + Wy )/2. If a Taylor series expansion is considered

around a higher frequency, a reduced order modétidme obtained with better approximation propsrtie
around that frequency rang€igure: 2(b) 3(a), 3(b), 4(a), 4(b) 5(a) and 5(b) indicates that good
approximation properties can be obtained by primjgcthe higher dimensional system to a lower
dimension and matching some of the low frequencynerds of the system. While there exist several
methods to choose basis vectors, we have chossem Weetors to span the Krylov subspace. Compared to
the computing eigen modes and eigen vectors oSyseem matrices, computing vectors spanning the
Krylov subspace is much faster and efficient, siacermal modal analysis of a complex structuradror
acoustic system tends to be computationally exgensn fact, there is no guarantee that the congpute
modes included for the mode superposition via aahadalysis would be enough for the time/harmonic
analysis, and often an approximate guess of modénwhe 2n range are computed for projectian,
being end frequency [8]. Moreover, for the fullyupded structural acoustic case, an unsymmetricesdady
required to extract coupled modes, which leadsurthér inefficiency in the calculation procedure.
Figure: 2(b) 3(a) and3(b) show that the reduced order model accurately captine dynamic behavior
of the coupled higher dimensional system, indicdigceaks at ~114.50Hz and ~172Hz. and ~215Hz,
which correspond to the acoustic modes of the gavit

Although there are many techniques to generatprtjection matrix [V], in this work we have chosie
Arnoldi process to generate vectors belonging ® Krylov subspace. Another popular method to
generate the projection vectors belonging to thgld&r subspace is the Lanczos proce$able-6
summarizes the advantages and disadvantages ofdAower Lanczos. When compared to the Lanczos



process, the Arnoldi process is more stable, atohgplete approximation of the output is guarantagd
the Arnoldi process. This means that, for the cedigtructural acoustic case, both displacementiien
structural domain, and pressure levels at fluidasozbuld be matched. Although this has not bedfiear
explicitly in either the test case or the optimiaatproblem, existing literatures show that a caetel
match is specific to the Arnoldi process (e.g..[90) [19], this has been numerically demonstratadaf
Electro-Thermal model. Further, it is possible tartiion the projection matrix, thus preserving the
displacement and pressure state variables. Fdirgiidest case, 25 outputs were chosen for théysisa
which included both normal displacements on thecstiral portion of the model and pressure levethién
fluid domain. The number of vectors needed to ately represent the system was 50 and 75 for &sst ¢

1 and the optimization test case respectively. difference in the number of vectors needed can be
attributed to the nature of coupled models itsetl &s resulting transfer function. It is also wortoting
that the process of computing the minimum numbeeqtiired vectors can be completely automated by a
user defined error parameter. Lastly, the reduecddranodelling framework via the Arnoldi processswa
incorporated in the structural-acoustic optimizatigrocess. The lamination angles of the composite
structure took the form of design variables for diptimization problem. As stated earlier, any cleaimy
material properties required generation of reduoeter model from the higher dimensional model. A
general decrease in SPL over the entire frequearuyer of optimization is evident. Batmode shiftingand
peak splittingphenomenon’s resulting from change in laminatingles were accurately captured by the

reduced order model. It should be noted that arerte value ofp,, =90dB was specified for the

optimization. A different value ofp,, could result in different optimized stacking semgeee for the

composite. However, such a parametric study is fieybe scope of this paper. The error plots shown i
Figure: 4(a), 4(b), 8indicate that the difference between the highenedisional ANSYS model and
reduced order model is almost negligible. It canobserved that the error increases with increasing
frequency.

PROPERTY DESCRIPTION ARNOLDI PROCESS LANCZOS PROCESS
Accuracy of approximation rmoments of the system match 2rmoments of the system match
Computational Complexity o(2r 204 2rN , (Ksa- M Sa) O(L6rn +4rN Z(Ksa- M Sa)
Complete output approximation YES NO

Numerical stability of algorithm YES NO

Preserving stability and passivity

of the reduced order model YES NG

Table: 6: Comparison between model order reducti@nArnoldi and Lanczos processes.

This result can be primarily attributed to the ceoof expansion points used to generate the recduced
model. A reduced order model could have been ofdaiby matching moments at different expansion
points, with each expansion point requiring a sajgafactorization (leading to rational Krylov metis.
However, for the optimization problem discussedhis paper, the maximum error for the specifieddflu
node is in the order of 0 The convergence plot for the optimization problewmiicates that it is not
possible to approximate the system with more tHamoldi generated vectors. At this point, machine
precision is reached, and a further better appration cannot be found. For the optimization tese
MOR via Arnoldi results in a 97% reduction in siratbn time. The reduction seems consistent with
different test cases.



7 Conclusion

A new method to develop efficient reduced order et@dor fully coupled structural acoustic analyesisl
optimization has been outlined. The basis vectorsniodel reduction are computed by applying the
Arnoldi algorithm, which computes the projectionci@s spanning the Krylov subspace, to match the
maximum number of moments of the system. The metvmdd serve as an excellent alternative to many
other reduction techniques, particularly for vil@@sustic optimization, where reduction of compoiai
time is often sought. In addition to this, a conbpleutput approximation is guaranteed, matchindp bot
displacements of the structure and sound presawelsl in the fluid. In this paper, the explicit
participation of [C] is avoided by using a complskffness approachs (1+2x). For a higher

dimensional model with [C], a reduced order model the Second Order Arnoldi (SOAR) process,
involving computing orthogonal vectors belongingthe second order Krylov subspaces [20] [21] or
transforming theEquation (6)to first order form and matching moments via Acdids possible, but a
comparison of accuracy and efficiency of such m#ghie beyond the scope of this current paper. Final

it should be noted that MOR via Arnoldi or Lanczesuld be appropriate only in the low frequency mng
for vehicle/aerospace structural acoustic appbeati and other techniques exists (e.g. EFEA, SBA) t
deal with higher frequencies, where modal densstyoften high, and the acoustic response is very
sensitive to minor structural modifications.
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