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Abstract. The optimal mechanical and geometric characteristics for layered composite struc-
tures subject to vibroacoustic excitations are derived. A Finite Element description coupled to
Periodic Structure Theory is employed for the considered layered panel. Structures of arbitrary
anisotropy as well as geometric complexity can thus be modelled by the presented approach.
Initially, a numerical continuum-discrete approach for computing the sensitivity of the acoustic
wave characteristics propagating within the modelled periodic composite structure is exhibited.
The first and second order sensitivities of the acoustic transmission coefficient expressed within
a Statistical Energy Analysis context are subsequently derived as a function of the computed
acoustic wave characteristics. Having formulated the gradient vector as well as the Hessian
matrix, the optimal mechanical and geometric characteristics satisfying the considered mass, s-
tiffness and vibroacoustic performance criteria are sought by employing Newton’s optimisation
method.
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1 INTRODUCTION

Layered and complex structures are nowadays widely used within the aerospace, automo-
tive, construction and energy sectors with a general increase tendency, mainly because of their
high stiffness-to-mass ratio and the fact that their mechanical characteristics can be designed
to suit the particular purposes. Unluckily however, this high stiffness-to-mass ratio being re-
sponsible for the increased mechanical efficiency, at the same time induces high acoustic trans-
mission through the structure. The need for simultaneously optimising an industrial structure
of minimum mass and maximum static stiffness, while attaining satisfactory dynamic response
performance levels is a challenging task for the modern engineer; especially when considering
acoustic transmission through a layered structure which depends on the mechanical and geo-
metric characteristics of each individual layer, resulting in a great number of design parameters
to be optimised.

The numerical analysis of wave propagation within periodic structures was firstly considered
in [1], while the work was extended to two dimensional media in [2, 3]. The so called Wave
Finite Element (WFE) method was introduced in [4, 5] in order to facilitate the post-processing
of the eigenproblem solutions and further improve the computational efficiency of the method.
The interest in predicting the vibroacoustic response of a structure in a wave context is far from
being new with the pioneering works of the authors in [6, 7, 8, 9] being probably the earliest
ones. A layer-wise model for the prediction of acoustic wave propagation within continuous
layered structures was presented in [10]. More recently, the prediction of the acoustic wave
characteristics based on FE formulations allowed for more complex structures to be included in
the dynamic response computations [11, 12, 13, 14, 15, 16, 17].

Structural sensitivity analysis is of great importance for understanding the overall impact of
a design parameter variation to the structural performance which is to be optimised. Accurate
sensitivity models are an important tool for design optimization, system identification as well
as for statistical mechanics analysis. Many authors [18, 19, 20, 21] have been focusing on the
eigenvalue derivative analysis of a structural system. With regard to the variability analysis of
the waves travelling within a structural medium the conducted work has been mainly focused
on deriving expressions [22, 23] of the stochastic wave parameters from analytical models. In
[24] the authors conduct a design sensitivity analysis by a wave based approach. Considering
numerical approaches the authors in [25] used Bloch’s theorem in conjunction with the FE
method in order to calculate the sensitivity of the acoustic waves within an auxetic honeycomb,
while with regard to the computation of the variability of the propagating waves the authors in
[26, 27] have presented a stochastic WFE method approach for computing the stochastic wave
propagation in one dimensional media. With regard to optimising the design characteristics of
a layered structure the developed approaches have generally focused on genetic algorithms or
particle swarm type techniques [28, 29, 30]. When it comes to optimising the structural design
vis-a-vis the dynamic response performance of a structure, wave based optimisation techniques
have been developed [31, 32, 33, 34] by adopting Periodic Structure Theory (PST) assumptions.

In this work an established wave based SEA approach is employed in order to predict the
vibroacoustic performance of a composite layered panel. The novelty of the work focuses on
the derivation of the first and second order sensitivity of the acoustic transmission coefficien-

t expressed through SEA with respect to the structural design characteristics of the modelled
structure. The considered design parameters include the entirety of the mechanical character-
istics, the density as well as the thickness of each individual structural layer. Non conservative

structural systems are also modelled by the exhibited approach. Employing a three dimensional
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Figure 1: Caption of a FE modelled composite layered panel

FE description of the modelled structure allows for capturing the entirety of the sound trans-
mitting propagating structural waves, while employing a PST formulation allows for drastically
reducing the computational cost related to calculating the SEA parameters and the Hessian ma-
trix for each configuration. Although not discussed in this work, the method is straightforward
to apply to curved structures by expressing the FE structural matrices and wave propagation
properties in polar coordinates.

2 ACOUSTIC WAVE SENSITIVITY

2.1 Formulation of the PST for an arbitrary structural segment

A periodic segment of a panel having arbitrary layering is hereby considered (see Fig.1) with
L,, L, its dimensions in the andy directions respectively. The segment is modelled using a
conventional FE software. The mass, damping and stiffness matrices of the sédniéand
K are extracted and the DoF sgts reordered according to a predefined sequence such as:

q= {QI gdB dT 9L 9dr 9B 9rB dLT CIRT}T (1)

corresponding to the internal, the interface edge and the interface corner DoF (see Fig.1). The
free harmonic vibration equation of motion for the modelled segment is written as:

K + iwC — w*M]q = 0 (2)

The analysis then follows as in [3] with the following relations being assumed for the dis-
placement DoF under the passage of a time-harmonic wave:

) qr :e_iequa' qr :e—i{-:qu ‘ ‘ (3)
drB =€ “"qLB, qur =€ “YqLB, JrT =€ “° “YqLB
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with ¢, ande, the propagation constants in theandy directions related to the phase differ-
ence between the sets of DoF. The wavenumbgrs, are directly related to the propagation
constants through the relation:

Ex = kaxa Ey = kyLy (4)

Considering Eq.3 in tensorial form gives:

1 0 0 0
0 1 0 0
0 Ie ‘v 0 0
0 0 I 0
q=|0 0 Ie 0 x = Rx (5)
0 0 0 1
0 0 0 Ie =
0 0 0 Ie v
(0 0 0 Teiio |

with x the reduced set of Dok = {q1 qs qr qLB}T. The equation of free harmonic vibra-
tion of the modelled segment can now be written as:

[R*KR + iwR*CR — w?R*MR]x = 0 (6)

with * denoting the Hermitian transpose. The most practical procedure for extracting the wave
propagation characteristics of the segment from Eq.6 is injecting a set of assumed propagation
constants,, ¢,. The set of these constants can be chosen in relation to the direction of propa-
gation towards which the wavenumbers are to be sought and according to the desired resolution
of the wavenumber curves. EQ.6 is then transformed into a standard eigenvalue problem and
can be solved for the eigenvectomwhich describe the deformation of the segment under the
passage of each wave type at an angular frequency equal to the square root of the corresponding
eigenvalue\ = w?. It is noted that the computed angular frequency quantities w, + iw;
will have | w; |> 0 implying complex values for the wavenumbers of the propagating wave
types, otherwise interpreted as spatially decaying motion and from which the loss factor of each
computed wave type can directly be determined.

A complete description of each passing wave including i dy directional wavenumbers
and its wave shape for a certain frequency is therefore acquired. It is noted that the periodicity
condition is defined modulo72 therefore solving Eq.6 with a set of, ¢, varying from 0 to
27 will suffice for capturing the entirety of the structural waves. Further considerations on
reducing the computational expense of the problem are discussed in [3]. It should be noted that
only propagating waves will be considered in the subsequent analysis.
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2.2 Parametric sensitivity

For an undamped structural segment the sensitivity of the real eigenvg)ees be written
as

N, (K M
0B, (a—@ - Apa—@) % (72)
2 2 2
02X, :X;< 02K _)\paM _0Ap0M_8>\p0M)Xp (7b)
08,08 0B;08; 0p;08;  0B; 0B;  9B; 9B;

+x) (%[K—A,ﬂ\d]) g’;’:+x; (a{; [K—APM]> g—’;

with the sensitivity of the real mode sha axi‘f to be calculated by the approach exhibited

J
in [18]. The global mass and stiffness matriédskK of the structural segment are formed by
adding the local mass and stiffness matrices of individual FEs. Eq.7 can be written as

7~ (R R AR R “3"")
T ( % [R*KR B )\pR*MR]> g};: +x] (aaﬁl [R*KR — )\pR*MR]> Z—Z
For the conservative system it is known however %%ﬂ = 85;’? ) , therefore

(w;)

C R TR S .
Owp

9 2 2 2
i 05t s - (g 0ra)

with w, the angular frequency at which the setpfe, is true for thep wave type described by

, . Ok —
thex, deformation. For the wavenumber sensmvg%ﬁ the following is true

Ok, B _%&up B 1 Ow,

OB 0w, 0B cyp OB
Ok, 1 Ocgp 0wy Ow, 1 0w,

863862 N Cg,p 81{3;, 85] 852 Cq.p 85]852

(10a)

(10b)

with ¢, , = % the group velocity associated with the wave typat frequencyw, and the
P

iy 0 . : :
quantitiesc, ,, ;g’p to be evaluated by the solution of the baseline structural design.
Wp
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Figure 2: A schematic representation of the SEA power exclsaaige energies for the modelled system.

3 SEA SENSITIVITY ANALYSIS
3.1 The employed SEA model

The impact of the parametric alterations on the vibroacoustic performance of the structure
under investigation is exhibited in this section by deriving expressions for the sensitivity of the
SEA results with respect to the propagating acoustic waves.

The total acoustic transmission coefficients one of the most important indices of the vi-
broacoustic performance of a structure. The system to be modelled comprises one acoustically
excited chamber (subsystem 1) and one acoustically receiving chamber (subsystem 3) separated
by the modelled composite panel (subsystem 2). It is considered that each wave type is excited
and transmits acoustic energy independently from the rest, therefore each considered wave type
w = wy, wsy...w, pPropagating within the composite panel is considered as a separate SEA sub-
system. No flanking transmission is considered in the SEA model. The energy balance between
the subsystems as it is considered within an SEA approach (see [8]) is illustrated in Fig.2, in
which £, E5 stand for the acoustic energy of the source room and the receiving room respec-
tively and E for the vibrational energy of the composite panel. Moreadbgris the injected
power in the source roont;,,, P»y and P3, stand for the power dissipated by each subsystem
and Py is the non-resonant transmitted power between the rooms.

The derivation of an expression for the total acoustic transmission coefficaithe com-
posite structure by merely accounting for its structural dynamic behaviour is exhibited in [11]
and reads

Wn P
T=) Tut 5 (11)

w=w1
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with 7,, being the transmission coefficient of the wave typgiven as

2
rad,w

Psw? A(pswn + 2PC0adw)

The non resonant transmission coefficiept= P35/ P;,. for a diffused acoustic field can be
written as in [10]:

8piciro N

(12)

Tw =

- ! T A% o 2 sin 0dfd
Tor (W) = (082 Opnin — €082 Opnaz) /0 /0 | iwps + 22 \20( , ¢,w) cos™ fsin ¢
(13)

in which # and¢ are the incidence angle and the direction angle of the acoustic wave respec-
tively andZ, = pc/ cos 6 is the acoustic impedance of the medium. The térm. stands for
the maximum incidence angle, accounting for the diffuseness of the incident field. It is hereby
considered that,,,, = /2 for all the results presented in the current work. The tefth ¢, w)
is the corrected radiation efficiency term. It is used in order to account for the finite dimensions
of the panel and it is calculated using a spatial windowing correction technique presented in
[35].

Eventually the STL of the panel can be expressed as

STL = 10 log,, (1) (14)
’7’
by definition.

3.2 Parametric sensitivity of the total acoustic transmission

In order to formulate the expression of the Hessian matrix describing the variation of the
vibroacoustic performance of the structure with respect to its design parameters, the second
order derivative ofr with respect to the considered set of parameters should be derived and
expressed as

0Ty 8Tm,
% wZ 55: * o5 (152)
0*r o\ 0?7y 0Ty
— 1
95,08, 2= 05,08, 05,95, (150)
while the sensitivity of the STL index can directly be expressed with regarcto

oSTL) d(STL)or 10 Ot (16a)
9*(STL) 82(STL)ﬁﬁ O(STL) o*r (16b)

65]852 N 6’7'2 05] 652 07' 65]062

10 9ror 10 &
N 1H(10)’7’2 85] 062 hl(lO)’T 0@0@

In the following sections the evaluation of Eq.15 is discussed.
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3.3 Modal density sensitivity

Using Courant’s formula [36], the modal density of each wave typean be written at a
propagation angle as a function of the propagating wavenumber and its corresponding group
velocity c,:

Aky (w, 9)
N (W, @) = 17
) = 5y .00 .
The angularly averaged modal density of the structure is therefore given as
(@) = [ w,0) 06 (18)
0

Thanks to the chain differentiation rule the first and second order derivatives of the modal den-
sity for each wave type with respect to design variableg; can be expressed as

Onw (w,¢) _ Onw (w,¢) Okw (w,¢) | Onw (w,¢) Jcg,w (w, ¢)
0B Ok (w, @) 0B Ocg,w (w, P) 0B

_ A Okw (w,d)  Akw (W, $) SgN(cg,w (W, §)) Ocg,w (w, @) kw (w, ¢)

272 |cg,w (w, @) | 0B; 2n2lcgw (w, ) |2 Ok (w, @) 0B;
?ny (w, @) _ 8?1y (W, @) Okw (W, ) Okw (w, D) n My (W, ) 0%k (w, D) (19b)
dB3,;08; Ok (w,¢)2  0B; dBi Okw (w,¢)  0B;08;

1w (W, ¢) dcgw (W, @) Icgw (W, @) | Inw (w,¢) Fcgw (W, ¢)
dcgw (W, )> 0B; 0B Ocgw (w, )  0B;0B;

_ A Fkw (w, 9) 4 Akw (@, 9) sgrleg,w (w, ¢)) (C%g,w (w7¢))2 Oky (w, ¢) Okw (w, P)
2m2|egw (w,¢) | OB;0Bi m2|cgw (w, 0) [ Okw (w, ¢) 9B 9Bi

Ak (w, 8) sgr(cg,w (w, 8)) (820g,w (W, ¢) Okw (w, ¢) Okw (W, ¢) | Ocgw (w,9) 9k (w,¢))

27m2|cg,w (w, ¢) |2 Okw (w, 9)? 0B; 0B; Okw (w,¢)  0B;08B;

(19a)

while for the spatially averaged modal density

ony (W) [T Ony (w, 9) 2
o e (202)

ny (w) /” 01y, (W, @)

0B;08;  Jo  0B;0B;

suggesting that the modal density sensitivity can be expressed merely by

do (20b)

e The sensitivity of the characteristics of the waves travelling within the considered struc-
ture with respect to the structural design (already determined in Sec.2).

e The sensitivity of the modal density with respect to the characteristics of the waves trav-
elling in it.

A similar approach can be followed for computing all the remaining necessary SEA quanti-
ties.
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3.4 Radiation efficiency sensitivity
In order to avoid the computationally inefficient frequency and directional averaging of the

modal dependent radiation efficiency sen&twﬂyM it is practical to employ ex-

pressions introducing a direct wavenumber dependenaalm such as the ones exhibited in

[6, 9, 3]. For a generic periodic structure including discontinuities the assumption of sinusoidal
mode shapes is no longer valid, therefore the radiation efficiency should be calculated directly
from the PST derived wave mode shapes. The radiation efficiency expression as derived in [3]
can therefore be employed. For continuous structures, mode shapes of sinusoidal form can be
assumed in order to avoid any FE discretization errors in the solution. The set of asymptotic
formulas given in [9] can be used for computing the averaged wavenumber dependent radiation
efficiency of the panel as

1
Crada =~ 11 < 0.90 (21a)
1 — p?
L,+ L, 1 2
Oradw = T (1 (“ ki ) + ) > 1.05 (21b)
mukLyLy\/p? — =1
Oradw = (0.5 —0.15min (L, L,)/ max (Ly, L)) /kmin (L., L,) p=1 (21c)
k3 4k

with o = ) , Wherex = w/c is the acoustic wavenumber. In the regipf0 <

Ii2
1 < 1.05 a shape preserving Hermite interpolation function is employed assuring the continuity
and double differentiability for the entire spectrum of the,, expression. The sensitivity

expressions for the radiation efficiency of the panel can therefore be derived as a function of
the propagating flexural wavenumbers by Eq.21, while the interpolation function is used for

expressing the sensitivity of,,, ,, for the remaining spectrum.

3.5 Sensitivity of the resonant acoustic transmission

Taking a look at EQ.12 it can be observed that the sensitivity of the resonant acoustic trans-
mission coefficient with respect to the design parameters of the composite structure can be
expressed as

0Ty B 07w  O0radw n OTw Ony 0Ty Ops
0B aamd,w 0B ony, 0B; Ops OB;
%1y %1, 00 radw 00 radw OTw 820md7w
aﬁjaﬁz aamdw aﬁj B; aamd,w aﬂjaﬁi
0?7y Ony Ony N 0Ty 01y
o2, OF; 0B, " Oy, OF,00;
0?1, Ops Ops 01y 0%y
Op? 0B, 0B; | Op, 08,00

(22a)

(22b)
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with the transmission coefficient related sensitivity terraml expressed as

oty 167rc4nwp20md,w _ L6 Sagad@ (23a)
0radw  Aw?ps(Muwps + 20p0radw)  Aw?ps(Muwps + 2600 adw)?
0?1, _ 16mctn,, p? B 64mcSn,pio rad,w " (23b)
002,40 Aw?ps(owps + 2600 s0d0w)  AWps(Muwps + 2600 raaw)’
647 0P 070 0
Aw?ps(nywps + 2¢p0adw)?
orw 8T 0?0 a0 (23c)
oy Aw?ps(Nwwps + 2¢p0radw)
2
(2 7;;21: 0 (23d)
ot 8TC NP 0 g0 B 8T C N p 0 g (23e)
dps Aw?p2(nuwps + QCpUrad,w) Awpy(1wwps + chgrad’“’>2
1y 167 0100 O 0 L6710 + (23f)
8p§ Ap, (nwwps + 2Cp0'md,w)3 szpg (waps + 2Cparad,w)
167TC477wnwp20-gad7w

Awp?(nuwps + 2¢p0radw)?

All the necessary quantities have by now been computed from the considerations introduced
above and the resonant acoustic transmission sensitivity can thus be evaluated in Eq.22. Given

l’rna,z'

thatp, = Z pmahy With p,,; the mass density of layérand; its thickness, it is straightfor-
=l

. .. Ops Ops a2ps
ward to derive the quantiti and
q 5,08, " 0p:08;

4 THE OPTIMISATION PROBLEM

The Newton’s method will be hereby employed (ensuring quadratic convergence towards the
solution) in order to optimise the considered set of parameters, which in the general orthotropic
multilayer case can be expressed as

for the composite panel.

T
P = { Ex,lE ,1Ez,lvmy,lvxz,lvyz,lGmy,lze,lez,lhlpm,l  Pmylimas } (24)

with /... the maximum number of layers. It is interesting to note that includimg an op-
timisation procedure will not provide any helpful information, @swill not directly affect

neither the mass, nor the stiffness of the panel. On the other hand it will always be benefi-
cial for the reduction ofr,,, which suggests that a maximumwill always be the result of

the optimisation process. Some of the parameters may be considered to be constrained (e.g.
Bi € [Bimin, Bi.maz))- The objective functioF (p) to be minimised is eventually to be decided.

It is evident that the cost of added mass, as well as the one of static stiffness loss should be
included inF(p) (if not maximising the mass of the panel would be the evident solution for
minimising the acoustic transmission). There is a number of cost criteria that can be applied
to the stress-strain matrix coefficients [37] of a laminate in order to account for its axial, shear
and flexural stiffness. Dependence between the mass, stiffness and damping coefficient of each
employed material can also be introduced.
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The cost function can eventually be expressed as

F(p) = &7°(p)+&7° (P)+E17(P) +E0+0503 (D) +0203 (P) 46194 (P) +00+Cad (D) +Cad? (P) +C1ds () +Co
(25)

with &;, 9;, ¢; coefficients that allow the designer to apply a simple polynomial curve fitting to

the available cost data, thus facilitating the differentiability/dfp). Higher order polynomial

or exponential fitting functions may be applied without loss of accuracy.

5 NUMERICAL CASE STUDIES

In order to validate the exhibited optimisation approach, an asymmetric sandwich panel com-
prising two facesheets and a core is modelled in this section. The lower facesheet has a thickness
h;=1mm and is made of a material having ;=3000e°kg/mm?, £, = 70GPa and a Poisson’s
rationv;=0.1. The upper facesheet has a thickness equal#dmm and is made of the same
material as the lower facesheet. The core has a thicknesDmm and is made of a mate-
rial with p,,, ,=50e°kg/mn¥, £, = 0.07GPa and»,=0.4. Three FEs are used in the sense of
thickness in order to model the structure. All computations were conducted using the R2013a
version of MATLAB®.,

5.1 Results on the wave sensitivity analysis of a layered structure

In this section the sensitivity of the wave characteristics with respect to the mechanical and
geometric characteristics of the sandwich panel are sought as discussed in Sec.2. The results are
compared to a FD approach throughout this section. In order to implement the FD approach a
perturbation of 0.1% was considered for each structural parameter. The resulting FD sensitivity
can be computed by

ok ky,—ko

(95 ﬁ% _‘ﬁ%
with k, the perturbed wavenumber value féy andw, the corresponding wavenumber for the
unperturbed parametgy.

The sensitivity oft: with respect to the thickness of the sandwich core layer is presented in
Fig.3. A very interesting effect is that the influenceyaf on the flexural wavenumber becomes
maximum for a certain frequency (approximately 2000 Hz), where the stiffening efféét of
becomes maximum. An intense nonlinearity is observed in the relatian tf 0k. A constant
decrease of this influence is observed beyond that point. The stiffening effect is probably due
to the greater separation of the two facesheets with It is very probable however that for
higher wavenumber valuég. will have a softening effect on the flexural wavenumber with the
depicted curve passing to positive values)ék

In Fig.4, the sensitivity ok with respect to the mass density of the sandwich facesheet layers
is presented. As expected, bath,,; anddp,, 3 will shift the wavenumber curve to higher
values, suggesting a softening phenomenon. This effect will be greater for the thicker upper
facesheet at low values. A highly nonlinear behaviour is again observed and it is interesting
to see that there is a critical frequency value at which the effeg€p,Qfi andép,, 5 will be the
same. Beyond this critical wavenumber the softening effect will paradoxically be more intense
for dpum. 1.

(26)
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Figure 3: Sensitivity of the propagating wavenumbeamder a perturbation of, for the first flexural wave type
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Figure 5: Sensitivity of the modal densityof the first flexural propagating wave with respect to the layer thick-
nesses: with respect to the thickness of the lower faceghegt), with respect to the thickness of the upper
facesheehs (——), with respect to the thickness of the care(— - —)

5.2 Results on the SEA sensitivity analysis of a layered structure

In this section the sensitivity of the SEA quantities, namely the modal density, the radiation
efficiency and the damping loss factor are computed as discussed in Sec.3 and evaluated.

The first order sensitivity of the modal density of the composite panel with regard to the layer
thicknesses are exhibited in Figs.5. It can be observed that the stiffening effect induégdrby
the high frequency range, also induces a high reduction of the modal density, while a maximum
softening effect is observed for bodh, dhs in the low frequency range (approximately 1000
Hz).

The sensitivity of the acoustic radiation efficiency for the composite panel with regard to the
layer thicknesses is presented in Fig.6. In order to use a clearer logarithmic scale the quan-
tity 10log(c)/dh is plotted. It is generally observed that altering the thickness of the thicker
facesheet; will have a maximum effect on the radiation efficiency, while the opposite is true
for altering the thickness of the core layer. The maximum impaet @nas expected observed
around the acoustic coincidence frequency (approximately 5800 Hz in this case study). It is
interesting to note that the effect &, will have an opposite effect ot compared t@h;.

The impact of the structural parameters on the acoustic transmission coefficient and the
sound TL of the composite structure is eventually computed. In Fig.7 the sensitivity of the
structure’s TL with regard to the layer thicknesses is presented. It is evident that altering the
thickness of the upper thicker layer will induce the maximum effect on TL, especially close to
the acoustic coincidence region. On the other hand, altering the core thickness will have an
insignificant effect on the TL index.

5.3 Structural design optimisation of the layered structure

As discussed in Sec.4, the criteria to be considered within the optimisation process of the
mechanical and geometric characteristics of the panel are its mass, stiffness and vibroacoustic
performance. The surface mass of the panak chosen as a representative mass index, the
total acoustic transmission coefficientis selected as the vibroacoustic performance index,
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Figure 6: Sensitivity of the logarithmic acoustic radiatidficiency (10log(o)) of the first flexural propagating
wave with respect to the layer thicknesses: with respect to the thickness of the lower fahgghgetith respect
to the thickness of the upper faceshkeg(——), with respect to the thickness of the cére(— - —)
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Figure 7: Sensitivity of the sound TL with respect to the laygcknesses: with respect to the thickness of the
lower facesheet; (—), with respect to the thickness of the upper faceshgét—), with respect to the thickness
of the corehy (— - —)
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Figure 8: Representation of the cost functions employed witié current optimisation process. Cost function

corresponding to: The acoustic transmission coefficie(w), The surface mass densijty (——), The flexural
stiffnessd, of the panel - —)

while with regard to the structural stiffness and for the sake of simplicity we will hereby assume

that we are solely interested in the sum of the static flexural stiffnesses of the/panédD,,
expressed as

1 lmaz

ds = Dya + Dyy = 3 Z ((le + ny,l)(zl3 - Zl3—1)) (27a)
=l

Oun s = B, Vi (27b)

zx,l — m,lTl

1 - U?ﬁz,l
Quys = Ey,liAl (27¢)
Al =1~ Uiy,l - USz,l - Uix,l - 2Umy,lvyz,lvzx,l (27d)

which in the case of an isotropic composite panel gives
2 o 3 3

ds = 3 Z (Ql(zl - Zl—l)) (28)

=l

with z; the coordinate of the upper surface of layer the thickness direction. The design cost
functions, employed in order to decide the relation betwgen andd, and the corresponding
induced design cost are exhibited in Fig.8.

Additional constraints (e.g. minimum axial and/or flexural stiffness, maximum surface mass

e.t.c) can be considered. The constrained optimization problem is solved using Newton’'s
method.
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5.4 Optimal parameters and discussion on the computational &€iency

The optimisation problem is solved fér= 0.13rad/mm, and the optimal material and ge-
ometric parameters that minimise the sum of the costs as presented in Fig.8 are computed as
follows

E, =80.9GPav;, = 0.12 h; = 1.19mm p,,; = 1647kg/n
E, = 110MPa vy = 0.37, hy = 10.53mm p,,, » = 14.6kg/m
E3; = 58.3GPawv; = 0.19 hy = 1.74mm p,, 3 = 1500kg/nt

It is noted that the only quantities laying on the limits of the predefined constraints which
could potentially further improve the overall structural performance are the Young’s modulus
of the core layel, as well as the mass density of the upper lgygs. Optimising the struc-
ture in a broadband frequency range can be done by averaging the optimal parameters over
the frequency range of interest or by introducing a weighting average for the frequency bands
that are considered more important (e.g. frequency of the external acoustic excitation). The
optimisation process was completed in 8 iterations each of which lasted approximately 78 sec-
onds, resulting in a total computation time of 630s. This suggests that a broadband structural
optimisation is feasible within a few hours, even with a conventional computing equipment.

6 Conclusions

In this work, the optimal mechanical and geometric characteristics for layered composite
structures subject to vibroacoustic excitations were derived in a wave SEA context. The main
conclusions of the paper are summarised as:

(i) An intense frequency dependent variation of the sensitivity of the propagating wave char-
acteristics has been observed as a function of the design of the composite structure. This also
implies frequency dependence of the optimal design parameters.

(ii) Expressions for the first and second order sensitivities of the SEA quantities, namely the
modal density and the radiation efficiency of the composite panel were derived. The design
parametric sensitivity for each of the SEA quantities, as well as of the acoustic transmission
coefficient were found to be highly frequency dependent. The impact of the design alteration
on the vibroacoustic response was maximised in the vicinity of the acoustic coincidence range
for most parameters.

(iif) The suggested optimisation process is computationally efficient, allowing for a broad-
band structural optimisation of a layered structure in a rational period of time, even with the use
of a conventional computing equipment.
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