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Abstract. We consider problems of the acoustic wave propagation through panels consisting
of several vibrating periodically perforated Reissner-Mindlin plates. The proposed model of
the wave transmission through a layer involving the acoustic fluid and the panel is derived
using the homogenization method. This provides homogenized transmission conditions which
are prescribed on a flat interface representing the panel, so that the computational complexity
of the vibroacoustic problem is reduced, although the geometrical arrangement of pores in the
panel is respected in a detail. For a suitable mutual arrangement of holes in two, or more
parallel plates there is a coupling between transverse and surface acoustic waves propagating
along the panel.
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1 INTRODUCTION

The paper deals with modelling the acoustic wave propagation through vibrating perforated
panels composed of several plates. Usually the models of acoustic impedance are based on
semi-empirical formulae which are tuned by experiments, see e.g. [11]. Therefore, it is de-
sirable to develop a computationally tractable model which takes into account the perforation
geometry in a rigorous way. In this work we present a reduced model of the vibroacoustic trans-
mission which is based on the two-scale homogenization [2]. For this we extend the approach
developed in [6], where homogenization of rigid plates was pursued to derive effective nonlocal
transmission conditions. A model of the single-plate perforated compliant panel was consid-
ered in [10] in the context the optimal perforation design problem. Using a slightly different
modelling ansatz related to the plate thickness scaling, we derive a homogenized model of the
acoustic transmission through a layer in which two periodically perforated elastic plates of the
Reissner-Mindlin type are situated. This construction of the panel with different perforations of
the two plates admits special acoustic transmission effects due to coupling the transverse and
surface acoustic waves propagating along the panel.

The paper is organized, as follows. In Section 1.1 the global problem is defined which
governs the wave propagation in the fluid part and in the solid part. The final form of the re-
duced global problem is announced in Section 1.2. In Section 2 we introduce the transmission
layer containing the perforated plates and define the problem which is subject of the asymptotic
analysis with respect to the layer thickness and size of the perforation. The homogenized trans-
mission conditions are reported in Section 3. In Section 4 we illustrate the influence of some
geometrical parameters of the coefficients involved in the transmission conditions.

1.1 The global problem — acoustics in perforated domain

We consider open bounded domain ¢ which contains the compliant periodically perforated
panel represented by domain .. By € we denote a small parameter which corresponds to
the thickness of the panel and to the characteristic period of the perforation. Therefore, the
labelling by superscript © is used to indicate the dependence on size of the perforations. The
problem of the acoustic harmonic wave propagation is imposed in domain Q¢ involving the
solid part Y. and the acoustic fluid occupying domain Q** = Q¢ \ Y., whereby the vibro-
acoustic transmission is prescribed on interface ['* = 9%. N 0€2*. The acoustic potential p* and
the displacement field u® satisfy

02v2ps + w2p6 =0 in Q*a ,
V-of(u)=0 inX,
n-of(u) =iwpepn , .
n-Vp* :—iwn~u5,} onl®, (D
u=0 onodx\I*,

boundary conditions  on 9Q¢ |

where w is the wave frequency, c is the speed of sound propagation, o (u) = DV u is the stress
tensor related to the strain V°u by the (3D) elasticity tensor ID, and n is the normal vector.
The solid elastic body ¥ is constituted by elastic plates X5, thus ¥X° = | J, X% Behaviour
of each elastic plate X% is described using the Reissner-Mindlin (R-M) plate model whereby the
generalized loads are derived by taking into account the specific perforation geometry and the
loading by the acoustic field; to derive them, the R-M plate kinematic constraints of deformation
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are considered.
For each plate ' = [, 1] represented by the perforated mid-plane, i.e. by the domain
I'% C D'k, specified by its thickness hj, = chg, and by the elastic coefficients C, v, the fol-

lowing equations in IS, govern the plate displacements (#*%, w=*) and rotations 8= (below
in equation (2) the suffix K is omitted for brevity)
—w?hfpu® — heV - [CV (ua)] =
—WQhaﬂw hav [ (Vw® —69)] = [, (2)
12 ,0498 dlv[CV (6°)]

(Ve - 6°) =

where V = (0,), @ = 1,2 is the “in-plane” gradient, £ = (b,), f° = by are derived from
the boundary traction forces b° = iwponp® acting on the 3D representation of the plate and
involving the acoustic potential p°. The plates are clamped on OI'x and the Neumann conditions
corresponding to the traction forces being expressed in terms of p°, are prescribed on the holes
or's; \ Ol'k.

1.2 Limit global problem

The aim of the work reported in this paper was to derive a limit problem describing the wave
propagation in a homogenized layer containing the panel, so that transmission conditions can
be obtained which allow for reformulation of problem (1) in domain Q¢ = QF U Q™ U T,
where Q1 and 2~ are non-overlapping parts and the planar surface 'y represents the panel.
The main result is formulation of the following “reduced” problem of the vibro-acoustic wave
propagation: Find p such that

AVih+wp=0 imQTUQ,

o _ +iwg® onT¥*
on

boundary conditions  on 9Q¢ |
G([p)*,¢") =0 onTy

where I'* = 900* N Ty, [p]* = p|r+ — p|r- and G(, -) is an implicit form of the transmission
conditions on interface Iy which describe the behaviour of the perforated multi-plate panel; it is
constituted by the homogenized model given in Section 3.3, equations (42). In fact, G represents
the Dirichlet-to-Neumann operator.

3)

2 Problem in the transmission layer

In this section we describe the model of the vibroacoustic transmission which was subject of
the homogenization procedure leading to the limit problem reported in Section 3. By I'y C R?
we designate the mid-plane of the layer Q5 C R? bounded by surfaces I'} and I'; equidistant to
'y with the distance /2, so that ;5 = I'ox] — §/2,6/2[C R3. Recall that ¢ is the characteristic
size of the perforation of all the plates, whereby § = < for a given s > 0, see Fig. 1.

The microstructure of the perforation is periodic, being generated by the representative pe-
riodic cell Y = = X s ] —1/2,41/2], where = = ]0, b;[ x ]0, by[. Further we define the solid
part S C Y such that

S = Ljth-X h 1/2'+1/2] ) , (4)
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Figure 1: Scheme of the transmission layer with 2 plates. The layer thickness § = s, the plate thickness hg, =
eh K

where =7, C Z represents the K-th plate perforated mid-plane and Zy is the “vertical” dilated
position of the plate mid-plane. Using Y* =Y \ S we define

OF — U e(Y* + Z kibié;) N Qs (5)
kez? i=1,2
where Q¢ = (5 \ X¢ is the domain occupied by the fluid. We introduce the solid part of the
layer X° = Q5 \ Q°. By #¥ we denote the (non-dilated) transverse position of the K-th plate
mid-plane, :z;fK is the (non-dilated) transverse position of the K -th plate upper(+) and lower(-)
surfaces.The solid panel is formed by individual plates >%-, so that

K=IIT

(6)
s = U (ff—i—e (EK—I- Z k?ibz‘6_2> ﬂf‘0> .

kez? i=1,2

Thus, I, is the “2D” representation of the K-th plate which has its thickness h5, = ehy.

Through the paper we use the following decomposition of coordinates: for z € Q¢, the
position can be written as x = (2/, xz3) where 2’ € I'p; fory € Y, we have y = (v/, z) where
y €=,

2.1 Acoustic problem in the layer

To derive the acoustic transmission conditions, we consider the vibro-acoustic problem in
the layer. The total acoustic potential, p® satisfies the Helmholtz equation in 2° and Neumann
conditions on 9€2°

cQVQpE + prE =0 inQ? ,
dp

£

velocity of “external” fluid B = —iwg"t  onT*
n
. . op° , (7
velocity of solid structure o = —iwn -u® on0X°

n

a £
P-_ 0 onane ,

on

where ¢°* is the given data representing the transverse acoustic velocity which couples the
problem (7) with the global problem (3). The surface 0€)° splits into disjoint parts, 0€2° =
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0¥ UTT UTy U0, where 0Q°> represents the fixed wall of a duct in which the panel is
fitted.

The response of the solid panel is governed by the plate equations (2) adapted for each plate
(note that this set of equations describes one plate) where the r.h.s. terms are expressed in terms
of the acoustic potential p°.

2.2 Weak formulation of the coupled vibroacoustic problem

We write the system of equations describing the fluid and the structure response to the trans-
verse acoustic velocity iwg®™. It consists of three parts:

1. Acoustic fluid response p° in the transmission layer responds to the excitation by the
transverse acoustic velocity iwg®® on the upper and lower boundary and by the vibrating
structure. In the dilated configuration, where the layer has the thickness s, the acoustic
potential p°(2’, 2) satisfies

. 2 .
. . iwe . iwce
C2/ VPV - C‘)2/ e =—| §¢—— ) / w ()
= QE Fi{

9 I+ g
8
iwe? . Y2k KN ef K | 7 ®
-— ) ehi - (WS — eh O )G (-, 2K + ehg€)dC |

€ k—rgr/ork —-1/2
for all ¢° where V= (V, é@z), recalling V = (9,), o = 1,2 is the “in-plane” gradient,

it = (n,) is the in-plane normal vector, and (p") 5+ = v (-, 235) — v(-, 235).

2. For each plate K, the deflection — rotation modes (w*’, 8=") response to the loading

by the acoustic pressure p° is governed by the following equation, where (v5, 1¥°) are test

functions:
_ h3
—wg/ ps {5h;<w€v§ + 3 Kge. 198]
- 12
K
SB?I)( 5_5 5 =° 5 1 X7, . 5 X7, . 5
+e' = %V 0"V 9 +ehg Yr(Vw® —6%) - (Vv —9°)  (9)
12 Jrs I
, 1/2 _
= | [0 e [ el e (~coac |
rs. ors. J—1/2

where V' = %(VT + V).

3. For each plate K, the in-plane deformation described by displacements u* is the re-
sponse to the loading by the acoustic pressure p°, where v® is the test function:

—w25hK/ psu® - V¢ + ehK/ ‘}{Vsua VA
% %
_ > _ (10)
= iwpoﬁh[(/ n- Ve/ pe(_’ [i‘? + EhKC)dC
ars, -

1/2

Weak formulation. For given external transverse velocities ¢°* defined on T'*, find (u=% | w®X, %)
for K = I, I1 and p* such that equations (9),(10) and (8) hold for all test functions (¢, v¢, v§, 9°).
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2.3 Coupling of the layer with external acoustic fields

The following coupling identity is considered, which expresses the jump of the exterior field
Pext across the layer with finite o > 0,

5/2
/ Pt — / P = / / Du° Vi € L*(Ty) , (11)
rf Iy To 5/2

é

where we assume ¢ = ¢ (2'), ' € T'g, and by “we denote an extension of p° to the whole 2.
We may apply the dilation formula at the r.h.s. of (11) to get

%/2
/ Doy — / o | = / (P —pl) =« / / —0.5° Vi e L*(T) .
rt r; To —x/2 €

5 5 12

Further we consider a finite layer thickness 69 = s»e9 > 0 in the Lh.s. expression of (12),
whereas we pass to the limit on its r.h.s. , so that we obtain the following approximation of the
discontinuity of peys along I'y:

L o — P ~hm/ /%/21][8T~5
o Iy pext pext 50 _%/2 e
»/2
—/ / f&zp = [ ')t (13)
T'o —x/2 To
:/ (f pl_f p1> vip € L*(T) .
To ILF m

3 Homogenized transmission layer

The asymptotic analysis of problem (9),(10), and (8) yields the recovery sequences Q' =

(p, pbe, uO ke uhie 0 Ke 1 Ke 95 which allow us to obtain the limit homogenized two-

scale model of the wave propagation in the transmission layer; the following truncated expan-
sions hold, where 2/ € T'° and

po(x) = p*e(2) +ep™t(2',y,2), Vv €E, z€[-1/2,+1/2],

€ l‘) uO’K6<(E/) —i—é—ful’Ka(fL’/,y/) 7 y/ c EK ’

’E(ZE,) ~ wO Ka( /) —I—&wl’Ka(l’/,y/) ’ y/ c EK ’
7') &

0% («',y), y €=k,

(14)

where 2/ € T°. The functions Q" converge in the unfolded space to the limit functions Q,
where Q = (p°,p",u®", u"¥ W% wHK %) which are the solutions of the homogenized
problem arising from (8),(9), and (10) for £ — 0. Note that all functions in Q are =-periodic in

the ¢/ variable; we use the space H ;E(Y) C H(Y) containing only Z-periodic functions.
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3.1 Local problems and scale decoupling

From the limit of equation (8), the following identity can be obtained which holds for a.a.
= Po,

f (Vap’ +V,p') - Vg +f 0.p'0.q" = —iwg’ (f q —f >

12 (15)
—iw Z (wO’Kf < K++hKu f / :IZ' y ZK—FhKC)dC)]
K=III E 1/2
forall ¢ € H ;#(Y*) Due to linearity, the following split can be introduced:
P —Wﬁaxpo-i—lw £q° + Z nw” +,u§“(u0K)] , (16)
K=I,IT

where the corrector basis functions 77, &, 0y, u$ which are Z-periodic are solutions of the local
problems: Find n°, &, n, uf € H(Y*)/R such that

- Vyr’ Vi = —f* a
]é*vys-Vyw::—-(%;¢hif; ) |

L v = - f (50, 25) = 0, 35) == 4wt

1/2 o
f Vyﬁ‘K Vi = _hKf nﬁ/ ) AK +¢)d¢ ,
1/2

forall ) € H}(Y*), where 28+ = 2K + ETK and recalling V,, = (9, 0,).
Next we consider the limit form of the plate deflection-rotation arising from (9); for a.a.
2’ €Ty, we obtain

7)

h3 = = - — = =
—g][ CV.0:V. 09 + hK/ Y (Vo + V' — 0) - (Vo' —9) =0,  (18)
EK EK
for all v' € Hj(Zk), 9 S [H(Zk)]. Using the corrector basis functions x5 € Hy(Zk)/R
and % € [Hy(Zx)]* we introduce the split
wh = X o™ 0% = i (19)

where the couple (%, x% ) satisfies

L2

h >, _a .o v .« «a ~
T 1 CV ek Vy¢+f_ T(Vyxk — @%) - (Vyv =) = — 1 7(05v — o)
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Finally we consider the limit of (10) describing the “in-plane” deformation of the plate. This
yields, for a.a. 2/ € Ty,

e | €T 4 Ty ) s vt = ol nv @)
Ex

k¥

for all v! € [H(Zk)]?. Using the corrector basis functions X3P xE e [H4(Ek)]? we define
the split

u = x i O™ + iwpoxip” (22)
where the following two local corrector problem must be solved:

=S, a e — —
/f: va(XKB + I1°9) Vr=0 Wwe [H(Zx))?,

L (23)
g Ova§ tV,v :/;Kn v Wve [HL(Ek)?.

3.2 Macroscopic equations and Homogenized coefficients

In this section we introduce the homogenized coefficients involved in the limit transmission
problem. From the limit form of equation (8), we obtain the following identity related to the
acoustic fluid response:

c2/ f (Vop® + V") - Vg — wQ/ f °¢°
T'o * To *
- - 1/2
:—iwCQ/ q° ][gH—][ g\ | +hk Z f ﬁ-ul—hKf ﬁ-HK/ ¢ .
To Lf v K=r11 \/T% re —1/2

(24)
Using the split formulae (16), (19) and (22), the homogenized coefficients are computed:
Aap = - Vy (7% + ys) - (7% + ya)
Ba :f agé. s
Y*
P o{{ - agnK )
* (25)

RE, =f o,

s;;:ﬁK][ noxe
r¥

TKzf n-xf;,
rx

Further, we substitute the split form of p! (16) in (13) which yields the following coefficients:
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F:—]€J€+f_§=Y*Vy€'Vyf,
26)

Y

C’azf Wa—][ Wa:—f V-V, =B,,
LF v Y+
= - vyg'vynK:_NKa
Y*

wh :][ UK—]L K
Iy n
szf u%—][ M%Z—f V& Vyuge = —=Ng©.
LF v Y

From (9), we obtain the following identity related to the K -th plate deflection response:
i [ pute® b [ (T 4 Tt = 0) Tt =i [ 0 f

I'r SK 'k Ik ZK
27)

Using the split formulae (16), (19) and (22), the following homogenized coefficients are identi-

fied:
Gog zf_ 7 Voo +x5%) = @k - Vius
=K
B%( —° o . B ~ « @ B B8
=P P05 = 75 OV, 0" 1 V0" +9V, (X = ¢%) - (X = 7))
=K
D =f 7V = BE
oK (28)
e
=K
R AL L
=K
NK:_][ <5>§t: Vynk - Vi€ .
=K Y+
In analogy, from (10), we obtain the identity related to the K -th plate in-plane deformation
vl
(29)

response:
—WQBK/ (f ps)uo . VO + BK/ f C(vqu +vju1)
FK EK I‘K EK

B 1/2
Ziwpth/ vo-][ n/ p'(- 25+ Q)d¢ .
'k rx —-1/2

Upon substituting there the split formulae (16), (19) and (22), the following homogenized co-
efficients and their alternative expressions are obtained, where IT = (IIY/), with IT; = Y;iOik
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M) : 9, (x7 + 1Y),

- =S
Cliy =t €0
Ek
aﬁ_hKf Gvs i vHaﬁ__Saﬁa
Ex
- 1/2
Zfﬁ - hK][ na/ (25 4 Q)d¢ :][ Vg - vyﬁﬁ = —Ig,
r¥ 71/2 Y*
(30)
MEE = g f ne / 5K 4 0)d¢ =f Vs Vol
rK —1/2 Y+
/ 1/2
MEE = f mo | W QACF Vot Ty = MEE
rg —-1/2
1/2
)dC Vy,uK yg .

Y*

= hef [
rx —1/2
3.3 Homogenized vibroacoustic problem
Using the homogenized coefficients defined above, the macroscopic model of the vibroa-
coustic response in the layer can be derived from equations (24), (27), (29), and (13). For
brevity, we present the problem defined on I’ using differential equations (31)-(34), whereby
.o . 0 .

the clamped plate boundary conditions and the rigid wall condition for p” at 91"y are considered
] (31)

[ }_l uOK_,_ Z MKL 0L+MKL OL)+NK 0
L=1I,IT

—Vf : pal(CszuO’K) — 1wvf (QFp") —iwZEV,p" =0,

PS 0,K KL OL KL wo L K 0

— hgw™" + M + M, + N%g

[ Po L;H » )+ ] (32)

(6K, ) — DR V0 =0

~py ' Vs
2
—%p%%-A%pO—inT - (Bg®) — iw Z Ve (

(w poT5p° —iwsSk V. u K)

+
K=I,I1
iwC - Vp° + w?Fg° — w? Z (NFw + N u%F) = lgﬁ[pext]f (34)
K=I,IT 0
The following symmetries and relationship between the homogenized coefficients can be proved
X% =-N*, WK=-N¥  DN=P% ZK-=—-R"", (35)
Q@)"'=0"=-8%, Cc=8B.
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After respecting these symmetry relationships in (31)-(34) and denoting

_ (f g1+_f gl> : (36)
I v

we can rewrite (31)-(34), as follows:

67

[ }_l u0K+ Z KLU%L MIS(LwOL) Nfg()]

L=IIT (37)
V2 peHCEV UK ) + 1wV - (SKP°) + iwREV,p? = 0,
—w? l_z w™E + M?fgLu + My Fw OL) + N¥g°
Po L;H ’ (38)
—po 'V, - (GEV ™) —iwP® -V, p° =0,
w2
——p +V, AV’ —iwV, —iw Z V. RK 0K 4+ PRw OK)
K=I,IT B (39)
+ Z (proTKpO — iwS™ VIuO’K) = —Ag',
K=I,IT
iwB - V,p° + w?F¢° — w? Z (NKwO’K + NE. uO’K) = g[pext]f ) (40)
K=II1

To observe the symmetric structure of the problem, it advantageous to introduce the follow-
ing matrices:

MKL:{M;% MC{%L]’ N lNK]’ P [S 5+ R, ]

M?f'ﬁK M3{§L NK PK (41)
DF — 1 reL Sk — VS 0,K
P06 I I 2

The mass matrix IM*” is symmetric and represents the “added mass”. The coupling effects are
represented by matrices N, IPX and by coefficients B. The plate stiffness is represented by
D including the bending effects. The anisotropic propagation of the acoustic wave in the fluid
is described in terms of the tensor A, whereas the transverse impedance of the panel is given
by F. The vibroacoustic response is described by the fields u”® = (u%% w%%) satisfying the
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following differential equations imposed on I'y:

—w? (mKI + Z ]MKL> ul — V- -DEVUE +iwPfVp? — W NE¢® =0, forK =111,

L=I,IT

__ 1 __ __ __
iw Y PV -’ p” + VAV — iwB - Vg’ = —Ag'
C

L=I,II

—w? Z INE - ul 4 iwB - Vp° + w?Fg = —[p] T,
L=1IT
n-Vp® = 0,
uf = O,K:],H,} on dT ,

(42)

where [p]” = p* — p~ is the jump of the “external field” p across I'y and m* = h% pg/po.

The Global Acoustic Problem. To conclude this section, we reformulate the global problem
imposed in domain Q. The acoustic potential p defined in 2 is discontinuous on Iy, satisfies
the equations (3) with the implicit transmission condition G([p]*, ¢g°) = 0 is given by (42),
where u and p° serve as the internal variables.

Note that V¢° is not needed in the weak formulation of (42). The “unknown” coupling
function Ag!, see (36) can be released to simplify the problem. Another option is to use an
iterative algorithm which, in this context, defines Ag' using the “old approximation” of the
outer acoustic field p. This will be issued in our further papers.

4 Examples

In this section we illustrate the sensitivity of the homogenized coefficients to the geometrical
arrangement of the perforated panels. We assume two periodically perforated plates, the first
one with the rectangular perforation, the second one with the circular perforation. The local
corrector problems are solved using the representative volume elements, one (3D) for the fluid
domain Y™* and two (2D) for the compliant plates = , see Fig. 2. The geometrical parameters
of the perforation (defined with respect to the unitcel Y) are: a =1, b= 0.6, c = 0.3, d = 0.5.
The thickness of both the perforated plates is » = 0.08 and their distance h;5 = 0.26.

We consider the change in the relative “in-plane” position of the holes associated with the
two plates, described by the parameter d.. Fig. 3, illustrates the sensitivity of the homogenized
coefficients to the geometrical arrangement.

Figure 4 shows the dependence of the selected homogenized coefficients (B, F/, P', P2 R',
R?) on the mutual shift of the perforations (defined by d.). In particular, B, P!, P? are the
most sensitive coefficients responsible for the coupling effects between transverse and surface
acoustic waves. These coefficients vanish for d. — 0, so that the 2nd equation in (42) governs
the distribution of the acoustic fluid potential p° independently of ¢° and plate vibrations {u’* }.

5 Conclusion

In this paper the homogenized model of the vibroacoustic interaction on perforated double-
plates was presented. The detailed derivation of the model will be considered in a separate
paper. Some symmetries of the model due relationship between the homogenized coefficients
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Y : :
I hi2
a a a
a
a
\

Figure 2: The representative volume elements corresponding to Y* (3D), =; and =5 (2D) domains.

Figure 3: The change in the mutual positions of the holes (perforations) described by the parameter d..

were observed. It is worth noting that the plate rotations are not involved explicitly in the ho-
mogenized equations, however, the bending stiffness is respected by the homogenized elasticity
coefficients. The obtained model represents implicit transmission conditions. As the main
advantage, this model enables to reduce quite significantly the computational complexity of
solving the acoustic wave propagation in the neighbourhood of the plate panel. Although the
model was derived rigorously using the homogenization method, its verification and study of
the modelling approximation properties is the further step to be done.

Acknowledgments The research of was supported by the European Regional Development
Fund (ERDF), project “NTIS — New Technologies for Information Society”, European Cen-
tre of Excellence, CZ.1.05/1.1.00/02.0090, in part by the Czech Scientific Foundation projects
GACR P101/12/2315.

REFERENCES

[1] R. Cimrman, SfePy - Write Your Own FE Application, in: Proceedings of the
6th European Conference on Python in Science (EuroSciPy 2013), 2014, pp. 65-70,
http://arxiv.org/abs/1404.6391.

4480



Eduard Rohan and Vladimir Lukes

[2] D. Cioranescu, A. Damlamian, G. Griso, The periodic unfolding method in homogeniza-
tion, SIAM Journal on Mathematical Analysis 40 (4) (2008) 1585-1620.

[3] A. Cioranescu, D. Damlamian, G. Griso, D. Onofrei, The periodic unfolding method for

perforated domains and Neumann sieve models, Journal de Mathématiques Pures et Ap-
pliquées 89 (3) (2008) 248-277.

[4] A.Bonnet-Bendhia, D. Drissi, N. Gmati, Mathematical analysis of the acoustic diffraction
by a muffler containing perforated ducts, Math. Models and Methods in Appl. Sci. 15 (7)
(2005) 1059-1090.

[5] S. e. Jung, Sound absorption of micro-perforated panel, Journal of the Korean Physical
Society 50 (2007) 1044—1051.

[6] E. Rohan, V. Lukes, Homogenization of the acoustic transmission through perforated
layer, J. of Comput. and Appl. Math. 234 (2010) 1876—1885.

[7] E. Rohan, B. Miara, Band gaps and vibration of strongly heterogeneous Reissner-Mindlin
elastic plates, Comptes Rendus Mathematique 349 (2011) 777-781.

[8] E. Rohan, V. LukeS, Homogenized perforated interface in acoustic wave propagation —
modeling and optimization, in: J. e. Naprstek (Ed.), Proc. of the 10th International Con-
ference on Vibration Problems, ICOVP 2011, Vol. 139 of Springer Proceedings in Physics,
Springer, 2011, pp. 321-327.

[9] E. Rohan, V. Lukes, Sensitivity analysis for optimal design of perforated plates in vobro-
acoustics: homogenization approach, in: Proceedings of ISMA 2012 — USD 2012, KU
Leuven, 2012, pp. 4201-4214.

[10] E. Rohan, V. Lukes, Homogenized perforated interface in acoustic wave propagation —
modeling and optimization, in: Z. D. et.al. (Ed.), Proc. of the 11th International Confer-
ence on Vibration Problems, ICOVP 2013, Lisbon, Portugal, 2013, pp. 1-10, (paper 501).
http://www.icovp.com.

[11] K. Sakagami, K. Matsutani, M. Morimoto, Sound absorption of a double-leaf micro-
perforated panel with an air-back cavity and a rigid-back wall: Detailed analysis with
a Helmholtz-Kirchhoff integral formulation, Applied Acoustics 71 (2010) 411-417.

[12] E. Sanchez-Palencia, Non-homogeneous media and vibration theory, no. 127 in Lecture
Notes in Physics, Springer, Berlin, 1980.

[13] F-A. Stremtan, I. Lupea, Assessing the sound absorption of micro-perforated panels by
using the transfer function and the impedance tube, RJAV IX (2) (2012) 94-99, ISSN
1584-7284.

[14] J. Zhou, A. Bhaskar, X. Zhang, Sound transmission through a double-panel construction
lined with poroelastic material in the presence of mean flow, Journal of Sound and Vibra-
tion 332 (2013) 3724-3734.

4481



Eduard Rohan and Vladimir Lukes

-3.05 . . . . .
-3.10
9 &
o =
c c
@ Q
g 9
£ £ -315
[ u
[=] (=]
v L=
o o
[ [
N N
c c -3.20
Q )
o o
o o
£ £
o o
= K=
-3.25
I L I L L -3.30 I L L L L
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
d. [-] d. [-]
ple=3 ple=3
_ s
o o
[= [=
Q Q
9 9
b= b=
V V
(=] (=]
v =
o o
[ [
N N
c c
[ )
o o
o o
£ £
o o
K= K=
N ; ; ; ; ; 5 ; ; i ; ;
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
d. [-] d. [-]
J5le=3 ‘ ‘ ‘ : : 25183 ‘ ‘ . ‘ w
1 2
. o — Ry Ry
30f : L s
-- RS 2ol R H
% 250 R A R
o o
] & 150 |
T 20} 2
g g
S S
o 1sf 5 lop
[0 [
2 N
% 10f Eﬁ
2 g o5t
: :
g osp S
i i i i i 0.0 = mmm e e e fmem [
0.0 f-om o e e e e
05 ; ; ; ; ; —05 ; i i i i
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
d. [-] d. [-]

Figure 4: The sensitivity of the homogenized coefficients B, F/, P, P2, R', R? to the geometrical parameter d..
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