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Abstract

Previous research by the authors has shown that sound radiatedirating panel can be
reduced considerably by using tuned acoustic resonators. The leith tmbe resonators
determines the frequency range in which sound is reduced. The shéggespectrum is de-
termined by the ratio of the cross-sectional areas of the resonators toethefahe panel.
Maximum sound reduction is achieved if the volume velocities at the surfateofibrat-
ing panel and those at the entrance of the resonators are equal in rdagnituopposite in
phase. Up to now, the effect of the resonators on the radiated sosrzkba studied with a
one-dimensional analytical model. In this paper, a three-dimensionastacelastic model is
developed using the finite element method. The purpose of this model is talkaidfiluence
of the flexibility and the boundaries of the panel, as well as the presemoerof behind and
in front of the panel on the sound transmission. Modelling the complete steydéhclud-
ing the resonators and the interaction with the air inside the resonators, isittiopally
expensive. Therefore, an alternative approach is developeduBeof the repetitive pattern
of resonators in the panel, the structural part of the panel is modelled wpredements.
To enable coupling between the structural part of the model and the aircbahd in front
of the panel, a new interface element is derived. The formulation of thidasgeelement
also includes the acoustic behaviour of the resonators. Sound transm@ssacalculations
are made for one configuration and the results are compared with the msaltsed with a
one-dimensional analytical model.

INTRODUCTION

Previously, the effect of tube resonators on the sound radiated byadintppanel was studied
with a one-dimensional analytical model [2]. It was shown that the radisoedd can be
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reduced considerably by tuning the length and the radius of these tesona this paper, an
acousto-elastic model, based on the finite element method (FEM), is devétogedly the
effect in a three-dimensional setup. The model can be used to calculatatigtransmission
loss of panels with resonators for different geometries and boundsmgitons. Figure 1
shows a resonator panel for the situation studied in this paper. At the miside, the panel is
acoustically excited by applying a harmonic pressure perturbation on tiet. §de sound is
transmitted into a room with sound absorbing walls. Using a fully coupled FEMehaidhe
complete structure, the air inside the resonators, and the room, is compubacpansive.
Therefore, an alternative approach is developed.

150 mm

Receiving room

250 mm

250 mm
Figure 1: Quarter of resonator panel with a room at one side.

The structure is characterised by a repetitive pattern of resonaterigare 1). A part of
the plate containing one resonator is called a characteristic area. By nfdangam reduc-
tion, a superelement is generated which represents the structuraf gfaese characteristic
areas. Figure 2(a) shows the mesh used to generate the superelentieatcalculations in
this paper. Because of the FEM code that is adopted, the meshes of tterairand the
acoustic domain have to coincide. The air in the room is modelled with 20-no@éédral

fluid elements (see Figure 2(b)). Therefore, the superelement carcamigin eight master
nodes at the plate boundaries (see Figure 2(a)). A ninth master nodatisdat the end of
the resonator to take into account the inertia effects of the tube. All masiesrave six
degrees of freedom; three displacements and three rotations. To eoaplimg between the
structure and the air behind and in front of the panel, a new interface eléserived, which

also includes the acoustic behaviour of the resonators. In this papdorthelation of this

interface element is derived and the effect of the interface element isrdrrated by means
of an example.

FINITE ELEMENT FORMULATION OF INTERFACE ELEMENTS

Figure 3 shows a schematic representation of a characteristic area withnater of length
L. p; andp, are the pressure perturbations at the left-hand side and the rightidaraf the
panel, respectively. The purpose of the interface element is to relatestbspe perturbations
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Figure 2: Sructural mesh and superelement (a) and the element types to model a resonator
panel with a room at one side (b).

to the structural displacements of the panel (see also Figure 2(b)).

For the derivation of the interface element, both the plate and the tube tesana
assumed to have the same normal structural velocity amplittide/ithin the characteristic
area, no local effects of acousto-elastic interaction are taken into ricdthe amplitudep;
of the pressure perturbation and the amplitutief the particle velocity perturbation in axial
direction, in and around the resonators, are described by:

pj(x) = Ajelf® 4 Bjem ik j=1,2 1)

. 1 ( ik ik .
wl(x) = ——— A-elm—B-elm> =1,2 2
]( ) P0Co J J J ( )
wherei is the imaginary unity, is the density of airg is the speed of sound, akd= w/cy is
the wave number, witly the angular frequencyl; andB; are the amplitudes of the backward
and forward travelling sound waves in and around the resonatopgatbsely, determined by
the boundary conditions of these domains.

Figure 3: Characteristic area with parameters used to formulate the interface element.

Boundary conditions at the right-hand side of the panel require thatrdssyre perturbation
is continuous at the entrance of the resonator; the particle velocity atdhef éme resonator
is equal to the structural velocity; and conservation of mass holds footiteot volumecy
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at the resonator entrance (see Figure 3). At the left-hand side of tiet gienilar boundary
conditions have to be satisfied. The conditions are formulated as follows:

p2(0) =pi 3) pi(L) =pr (6)
(L) = ° (4) a(0) = o ()
Sty = Spug(0) + (S — Sy (5) Sut = S,ut(L) + (S — Sy (8)

whereS is the characteristic area, afgd and.S; are the cross-sectional areas of the resonator
and the space around the resonators, respectively. By substitutiqnatf@ns/(3) and (4) into
equations| (1) and (2), the pressure amplitudesand B, can be solved. Substituting these
solutions back into equation|(1), gives the following expression for thegure perturbation
at the panel:

p2(L) = pysec(kL) — pocot’itan(kL) 9)

wheresec(kL) = 1/ cos(kL). The total force at the left-hand side of the characteristic area
is:

Fy= (S~ S)p + Sip2(L) (10)

Assuming the force to be uniformly distributed over the area, the distributeldisoaritten
asq, = F}/S. Introducing the porosity); = S;/S and substitution of equation((9) into the
expression for the distributed load, gives:

q = pl[l -+ sec(kL)] — pocotr’ifYy tan(kL) (12)

Using equations (2) and|(5), the particle velocity perturbation at the left-bie of the panel
can be written as:

pocoty = pocou®[1 — Q + Qysec(kL)] + pii€ tan(kL) (12)

By assuming harmonic structural velocity perturbations, relations (11)YE)dcan be for-
mulated as:
q = pi[l —Q + Qsec(kL)] + pocou’ws; tan(kL) (13)

pocoily = pocoti®[1 — 4+ Qsec(kL)] — pws tan(kL) (14)

In the same way, by using equatiohs (6) to (8), similar expressions ard fouthe distributed
load and the particle acceleration at the right-hand side of the panel. Rhaifberence is the
change of sign of the accelerations, velocities and displacements. St atdes of the panel
the same interface elements can be used. From now on the subkariptswill be omitted.
For the FEM discretisation, the pressure perturbatjpaad the normal structural displace-
mentsu® are written in terms of vectors with nodal pressupesnd nodal displacements’,
and vectors with interpolation functio®® andIN*:

p=[NT"p, u =[N]"u (15)

The element matrices for the acoustic part of the interface element aresablgidiscretising
the wave equation using the Galerkin method. Multiplying the equation by a vptaasure
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perturbatiorvp and integrating over the volume of the domain yields the variation of a func-
tional [4]. The mass coupling matrix follows from the contributifii® of the pressure on the
boundary of the domain to this variation:

oI = / po Op i dl’ (16)

wherei® is the outward (out of the air domain) normal component of the particle aecele
tion perturbation, and@®® is the interface area. Substitution of equations (14) and (15) into
equation (16) gives for the characteristic area:

oT1* = [5p]" My (w) i° + [6p]T My (w) B 17)

with the mass coupling matrices formulated as:

M5 (w) = / po [l — Q + Qsec(kL)| N¢ [N*]T dI’ (18)
M) = [ N ey ar (19)

The stiffness coupling matrices follow similarly from the formulation of the stnadtpart

of the standard acousto-elastic interaction problem. By using equationsrti3(15), the
contributionéII® of the pressure on the interface to the variation of the functional can be
written as:

OTI° = — [ Sufqdl = [su’]T K& (w) p + [6u’]T K& (w) i° (20)
l“as

with the stiffness coupling matrices formulated as:

K (w) = — /as[l — O + Qsec(kL)| N* [N?]T dr (21)

K% (w) = — / pocowS tan(kL) N* [N*]T dr (22)

The resulting set of FEM equations for the interface element is given by:

Mggz@ M* + 1242;(@] {III)} i [K o K%M)} {1;} = {FO} (23)

whereM?, M¢, K* andK® are the structural and acoustic mass and stiffness matrices, re-
spectively. If2 = 0 or L = 0, M7 andK;, become zero anbI?7 andK7; change into the

uw D

standardv-independent coupling matrices.
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SOUND TRANSMISSION LOSS

The transmission coefficientis defined as the fraction of incident acoustic energy which is
transmitted through the panel. The sound transmissiorilésis subsequently defined as:

TL = 10log,,(1/7) = 10log;, It;avg (24)
avg

|~
~

where(fi)a\,g and (ft)avg are the time- and space-averaged incident and transmitted sound
intensities, respectively. The incident and transmitted sound intensitiealavdated normal

to the panel and spatially averaged over the surface area of th&.plam@se of harmonic
time dependence, the time-averaged sound intefs{iy) at positionr in directionn is given

by:
I(r) = SRelp(x)is” (r)] (25)

where* denotes the complex conjugate. At the incident side, a distinction has to be made
between incident and reflected acoustic energy. However, from fkediement calculations
only total pressure and velocity perturbations are known. Usually, mmafyslane wave exci-
tation and a fully reflective surface, the incident part of the pressenteifbpation on the panel
is approximately half the total pressure [1]. However, in case of a eésppanel the reflec-
tion coefficient is not equal to one. Therefore, the pressure amplitutihe dncident sound
wave is estimated by means of an alternative, one-dimensional appraach he

For normal incident plane waves, the pressure perturbatican be written in terms
of incident and reflected sound waves according to equation (1). dinedary conditions at
the incident side of the panel are then given by:

A+ B =p  (26) S(A; — By) = (S = 51)(A2 — Bz) — Sipoconr®  (28)

Ay +By=p  (27) Agel*l — Bye™t = —pocou (29)

From these equations, the unknown pressure amplifgdef the incident sound wave is
solved as function of the quantitipsand®:

pocot’

B = %[1 + i tan(kL)] + 11— + Qsec(kL)] (30)

The values of the quantities and«® result from the FEM analysis. Using equation (25), the
incident sound intensity on the panel is calculated by:

B Re(B;)? +Im(B;)?
2poco

I; (31)

If Q; =0 or L = 0, the solution converges to the solution for a panel without resonators.

1Spatially averaging the sound intensities may be done since a regular gsietisere. If this is not the case,
the surface integral of the normal sound intensities has to be taken tdetalthe sound powers.
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EXAMPLE

The transmission loss is calculated for an aluminium resonator panel in theasethown

in Figure/ 1. The panel is a simply supported plate with dimensions>5@00 x 2.0 mm,
consisting of 20x 12 characteristic areas. The resonators have a length of 110 mm, a radius
of 9.5 mm, a wall thickness of 0.3 mm, and a thickness of the end of 0.6 mm. Therpespof
aluminium are: density = 2700 kg/m?, Young’s modulusZ = 70 - 10° N/m?, and Poisson’s
ratiov = 0.3. The dimensions of the room are 580300 x 250 mm, and the properties of

air arepy = 1.2 kg/m? andcy = 343 m/s.

Finite element model

The system is modelled using an in-house FEM code underLiB , in which the new in-
terface element has been implemented. The element matrices of the 9-nedsdeupnt are
generated in AsYs, and subsequently imported inAVILAB . To mesh the acoustic domain,
20-node hexahedral fluid elements are used. The superelementsipledctw the acoustic
domain via the eight nodes on the plate (see Figure 2(b)). The node aitlo¢ the resonator
remains uncoupled. At the incident side, a uniformly distributed pressadedbl Pa, repre-
senting a normal incident plane wave, is applied directly on the interface eienide five
sound absorbing walls of the room are modelled by prescribing a dimerssonipedance
of one. Since both structure, acoustic domain and pressure load are signomdy a quarter
of the panel is modelled. The frequency range that is studied is 500+3000
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Figure 4. Freguency response function (a) and sound transmission loss (b): mass law (
), one-dimensional analytical model (-----), FEM without resonators (—), and FEM with
resonators (—).

Sound transmission loss

Figure| 4(a) shows the response of a point on the panet (75 mm, z = 125 mm) to the
pressure load. Figure 4(b) shows the sound transmission loss for tiselered resonator
panel. The transmitted sound intensity is calculated at a distance of 88 mm feopartiel.
The particle velocities in the acoustic domain are determined using the dexs/afithe shape
functions to calculate the pressure gradients at the centroids of the eleandrsisbsequently
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applying Euler’'s equation. The pressures are also calculated at ttieidsrof the elements.
Figure| 4(b) also shows the normal incidence transmission loss for the safigucation

calculated with a one-dimensional analytical model [3]. The results are amupvith the

normal incidence mass law, which is given by [1]:

mw 2
() ] @)

wherem is the mass per unit area of the panel. Furthermore, the sound transmissios lo
shown for a panel without resonators but with the same mechanicalrpespdt is seen that
the trends of the curves obtained with the FEM model and the one-dimensioaigtical
model are the same. The structural eigenfrequencies of the panehhange, negative, in-
fluence on the sound transmission loss. For other frequencies, theisttlehaviour of the
panel has a positive effect on the calculated sound transmission |@sstribtural behaviour
of the panel seems to have the same influence on both the panel with resamatthe panel
without resonators.

TL =10 loglo

CONCLUSIONS

To study sound transmission through a panel with tube resonators, adihressional cou-
pled model was developed using the FEM. A new type of interface elemenftorraulated,

which not only enables coupling between the structural part of the modeih& air behind
and in front of the panel, but also includes the acoustic behaviour ofomators. Normal in-
cidence transmission loss calculations for a specific resonator parfigjuration showed the
same trend as the results obtained with a one-dimensional analytical modeajeAriarease
in sound transmission loss is predicted in a wide frequency range. Tlatusaiueigenfre-

guencies of the panel have a negative effect on the predicted s@nsission loss, while
for other frequencies the structural behaviour of the panel hasitivpasifect on the calcu-
lated sound transmission loss.
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