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SUMMARY

This paper deals with numerical techniques for solving aooustic transparency problems. This kind of problem is
encountered in the design of all major transportation systems, such as ground vehicles, aifcraft and spacecraft:
noise pepctration through Girings, windows and doors, and bresk-oul from engine compartments, efc.
Applications in structural engineering such as the cladding of buildings can zlso be foreseen.

Acoustic ransparency means the assessment of the transmissibility of sound by vitwo-acoustic imteractions, from
one side of a (part of a) structure to the other. This is addressed using a hybrid nnmerical technique based on
finite clement (structure) and boundary element {fluid) formmutations. .
Particular attention is given to the handling of specific boundary conditions and/or opersating conditions, such as
are encountered in test procedures and working environments: notably, installation in an infinite rigid baffle, and
also excitation by a diffuse or random acoustic field

Numerical examples show verifications of the approach which is presented.

1. INTRODUCTION

The question of vibfo-acoustic transparency appears in a wide range of problems. Emamples include the
transmission of noise through a car door or double-glazed window, and the acoustic energy applied to a satellite
inside the fairing of a launch vehicle. An experimental anatysis can be performed by placing a structure into the
peatition wall between a reverberant chamber, where a diffuse field is generated, and an anechoic chamber. The
purpose is then to measure which part of the power is transmitted through the structure from ore chamber to the
other. However, such experimental tests are quite expensive, so for this reason, and in order 10 have more
information on performance and any need for enginecring design changes earlier in the design and development
process, predictive methods are attractive.

This paper presents an innovative technelogy to perform predictive transpercncy analysis, using numetical
modelling.  The method is based on a baffled boundary element formmiation which can handle structural
geometries lying, outside the plane of the baffle, as well as co-planar with it. Numerical results are compared to
analytic results and results obtained by an Infinite Finite Element Method (IFEM). Some special atlention is
given {0 the handling of diffuse field acoustic excitation and to the prediction of the transmitted power.

2. THEORETICAL BASIS
2.1 Description of the problem
A thin structure lies in an infigite komogeneous fluid domain V which is divided into two parts V. and V. by an
infinite plane baffle P, By definition this plane is a plane where the acoustic normal velocity is equal to zero, ie

it is an infivite rigid plane. The structure can lie inside or outside this baffle plane {Je, it need not be co-planar
with the bafflc) and the structure may also have holes through it.
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2.2 Numerical problem statement

Find the acoustic pressure p{» that satisfics the Helmholtz equation:  {A + k*)p(x) = 0 VxeV
and the Sommerfeld condition at infinity: 5p(r)+lkp(r) o(—) I = @
where r i a suitable mdial distance.
The usaal boundary conditions can be presented as a particular case of a peneralized transfer relation:
ap
Zn ) } [a"(x) &y (x)](p(x)) R [- ipmv,lx)) v(x.y)e§s,
%(y) anix) agxn(x}/\ply) - lp@v, (¥

(wlmteyisthepoimmﬂwpondingtoxuhlheothersideofS).
Particular cases of this relation are wvelocity BC's (matrix o~0) or local admittance BC's
(ap(x)=a,(x)=0)

For a known velocity: ap‘;‘x) = —ipav, {x) vx €S,

For a known admittance: ﬂ%l:a(x)p(x)—lpwv"(x) Yx eS8,

where K is the wavermmber (k = o/C) @ is the circnlar frequency, ¢ is the velocity of sound and pis the volumnic
mass of the fluid.

Opemngsmthebaﬂlephmmdeﬁnodbythcfonomngwnhnmtyeondlmns

p(!) ply) v(x.y)eT
Rwy =L vlxy)eT
and finally, the BC's on the baffle itcelf are:
%(x) =0 YxeP \(SuT) with the notation of the figure below:
Pwo /T
V+
T
V-
Pwo

The physical properties of the materials along S (ie specific admittance o/(-ik} and transfer admitiance matrix o;lj
and the prescribed acoustic velocity v, are assumed to be regular enough, so that there exists a solution {0 the
formulated problem. 1n particular, physical considerations of reciprocity lead to the constraint o, ,, = -y, along
S, Note that v,(x} is the structural normal velocity, which may or may not be known. If it is unknown, a
coupled formulation has to be used.
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Asmestrucmreslsthm,nnsposslblelnworkmthusmeanmnface(alsodmmedbysmwhatfol.lows) At
cach point of S, the two sides of S (variables or boundary conditions) are referred to by + and - signs and the
normal at this point is assumed to point from the - to the + side.
Wenntethathsdmdedm3pans

s, the part of S in V.

S"‘ the part of § in the infinite plane

S’,ﬂmwnofSinw

2.3 Integral representation

The integral representation is built by using a Green function which satisfies;
AG(X,Y)+'|(ZG(X,Y)= = B{X,Y)- (X' Y}
where X’ is the symmetric of the point X. e
' Using Green's socond formula on one half of the flind domain, V. or V, gives

p= | {+ IR -G(x.y)}dsm Y- sm.eenase)
. N

.}

+I { 7o) 6(x, y)}dS(v) vXeV. @23.1)
A

p(0)= { 2 os, y)}dsm +,f { 1) HY (Ly)- ot).6(xy)}ds(y)
.

+j {- g—(z(%.e(x.y)}dsm vXeV, 23.2)
T

Whﬁethedmhleandm.nglelayttpotenualsamdnﬁnedasthejumpufpmssmeandthenomaldermuveoﬂhe
_]umpofpresm:e,respemvely
) et lY) e - -
a(y): al'l(y) _BIT()T}— ny)= p*(y)- o~ {y)
Similar integral representations are devived for points on the *transparent membrane” andlhesuumuebyusmga
limit process. .
ThemmnvalusaflheprmwandnsnormaldenvatweforpomlsonS'andS'areexpressedﬁ-umopemmrsl

apphedonp..uandgp
Fix):= i’%—(—i Po.u. ﬂ’*)(x)
and;
&p° (X} + ap~ (%)
Balxis — 8 —— 0 Fe Py
where;

Leg: Pi(S— €x8 = C) (S > C)ifo,u) =Plo,p)
with: Plo,u):5 - C:x 3= P(o.p)x)
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Plon 2yx)i= CeV{piy) HY ()., - (o0).60¥)gry) |

S'{y)
+<%yr).(;(x.y)>s_ + (?T:%% G(x, y))

Bl ) (x):= FP{y). E(x,)g1yy = CPV{oty) H ()

x aply) %
(-c—;n%,%l H (’U))s“ + (m}-“ (’W))T
Notations: CPV means the Cauchy Principal Value and FP means the Finite Part in Hadamard’s sense 2
Aslmlanntegmlequauomsvahdfurpmutsons’
For the points on T or S™, thn:epmuﬂaﬂnnsmd:.ﬂ'etemlfmzhmlprmisukenﬁomonemdeorﬁ'omthe
pix)= P'(m.u-"",'n—)(l)
where: P'(a.n.%}{x}:: <{ P (V)
+ ({unH o - etn.e(x )},
The problem can then be expressed in terms of the surface potentials ¢ and o on S’ U &, the normal dirivative

other. For instance:
.G
an(y) (Y)}>a..m
(norma!toP.,)ofthepressureg%onTandintermsod’thcnnmaldeﬁvaﬁ\reofthepmsummbothsidesof

s'(ty)

(almost everywhere on S

for all points xon 5™ U T,

and 9P

s 9p%_
T an
above integrals).

. (If these surface values are known, the acoustic pressure field is unicquely given by the

2.4 Surface problen

Some surface values are known a priori from the boundary conditions, as listed in Table 1:

Sub-surfece typeofbcon | typeofbcon unknown local values
+ side - gide

S> or S, relation d (x) = O T u

Saor Sy relation E(x)= 0 H

—sﬁﬂ relation rank[a(x)]= 0 No unknown

E relation rank[o(x)]= 2 ap* | ap-
an én

T Continaity ap
an

Table 1. Relations between sub-surfaces, boundary conditions and unknown potentials.

BEUCT D NEY R RS (T .

(f(x’ V))G(I)S(ll =

Usf(x.y}.dsty).dsm
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The problem is to find 1 defined on S, (= S, U Ss); o defined on S, (= S2); S—ﬁ onT, %‘L on 8™, and

9P on "y such that they verify the following intcgzal equations:

an
+ —_
e 9p, of H(EX _ (H -H ]“ H* +H~ - ¥x e$3
[F’n (a.n. 7] ﬁ-bf( - BJf 75 - {(x)=0 2
=6 W, o ux (*-"") ¥x 83
[" e gtTE I =0 2

?’F.‘(o.u.-g%}(x) -P* (u.u.g—ﬂ)(x)-u‘(x)— “—(2’9.3(::)- (H++H_)(x) =0 ¥YxeS§

P* (. 2)0) = P (0.1 By0x) vxeT

P*o.n Pyx = “—22‘—"’[@5—(:0 . ipmv:m} - sl [a”_ )+ ipov; m]

an fe(x) | @ la{x)[ | n
¥Yx e SS

- dpy,.\_ _aqa(x}|op?t Gzz(*)lap' -
P~ (0.1, 5 )0) = - B Ii-—-—an (x)+lpmv;(x)J+ PO | n (x)l+ipmv,.,(x)
- X ESs
In these equations, the fact that some surface variables are known on certain sub-surfices is taken into account in
the definition of the operators P ®and B8 .
Note that if the structure S is only made of S"q the integrals (2.3.1) and (2.3.2) reduse to the Rayleigh integral.

;.S Variational form and stationary problem - Finite Elemeat formulation

A symmetric variational form is obtained by multiplying the above equations by p or o. (The symmetry gives
benefits in calculation time and storage). A stationarity principle is applied to obtain a minimization problem.
Theminimizalionpmblemissolvedbythzﬁniteelunemmethnd,wh:‘chsivesasohnioninthespamof
functions defined by the shape functions on the surface approximating S U T.

The surface (structnre) is modelled by surface finite elements. The logy of cach element (noted ©) is
classically described by a transformation from a reference stement, €™ in R? to the real element in R*:

x)" ' %
80y 2 R (6, m) =X e,7)=|y| (6,1 = L |y, | M(c.n)
z ) TN z_. .

X,
¥
Z,
point (G, ) of & by 1, and M", s the [ geometric shape function of @ (defined by M*(%, 1) = 5.
The unknown functions p, o and g_ﬁ are expressed in term of their nodal values:

L]
whms",,,eR’ismednmainufe"’.N‘isu_;enumhemfpoimsona(anua"’),[ ] is the image of the ™
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(0= 2 op.Ni{em);

ieE,

p(@D:= 2, w-Ni{sn)
lIeE,

L= T arNilen
ieE,

Finaﬂy,thc(nuxnu)mmixsyslemmbémlvod(whm n is the number of unknowns) is:

(Ai,j)u_}g\, .(UIJLN = (FJLW
Note that the left and right parts are decoupled. I the unknowns on 8™ U T, 8' *™ ' are denoted by (u™)" (u')’
and (u)" respectively, then:

AMM i Amr i amifym) (Em) o gm

2.6 Coupled formulation and sohttion scheme

In the above formulation, there are no details about the velocity v, These values can be independent of the
acoustic pressure field, if the load (added mass and/or stiffness) coming from the fluid onto the stracture is small,
This gives a so-called ons-way coupling, with the velocity considered as a given boundary condition of the
acoustic problem:

STRUGTURE | _velooty FLUID
system system

If the load from the fluid onto the structure is not pepligible, the load surface density, comprising the jump of
pressufe at the right of the structure must be taken into account in the equations for structural equilibrium  The
system is then fully-coupled-

velocity
STRUCTURE FLUID
system Jump of pressur system

The structural problem is solved by a vnﬁaﬁonal statement. In this structural formulation, the influence of the
fluid in the energy equation is the pressure-load energy:
{u(y)-“n (Y))s-(,)
where S° is the coupled part of the structure and u, is the structural disptacement (fou, = vy).
After discretizing the structure by finite elements, the following symmetric system has (o be solved:
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AR . S,
...........................................

SO 1 I e

where d denotes the nodal structmnl displacements.
(24d) =(F") is the system resulting from the corresponding uncoupled structural problem.

2.7 Handling of an incident fietd

A classical handling of the incident feld is as follows:
The scatiered field p, is defined by the relation: Protas = P + Ps where py £s the incident field;
and (by linearity) the boundary condition is then formulated in terms of p,, eg.

op )
n ™ _[a..m a,,m)[v-(*)]+[‘if’°"’~""]
Bp.'(n (X)) a,()/\p. (¥ \-lpov, (y)
an

ap, e

70 ™ oot 2 u(8) (7 (6)
P ay(X) @ (xAp(y)
an(y) 2 k4 )
Note: This approach is guite classical, but special care must be taken, because (he expression of the BC's in
tevms of scattered pressure gives rise to non-zero velacity BC’s in the baffle plane:

P P eachpointofPL (S"UT)

an .~ &n
In order to avoid integration in this infinitc plane, the incident field is re-defined as an incident field such that:
p; .
=L -9 at each point of P,
n po

Thisnzwdn&niﬁonisﬂﬂly—consismnndlhtheiniﬁaldeﬁniﬁonnﬂheﬁeld.asshuwninthefnlluwingﬁgwe:
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2.3 Random incident field

A particelor case for the incident field is (he random acoustic diffuse field. Two approaches can be used: the
superposition of an infinite set of uncorrelated plane waves, or (more tﬁacnﬂy)anmnnmancemacunnof
mmpalonmponemsofﬂmmlanun[Z]

1.9 Software implementation
The methodology presented here has been embodied in software, which will be added to the next revision of a
general-purpose FE/BE program for vibro-acoustics [4] to use its extensive pre- and post-processing and other
capabilities. A link to specialized software with poro-visco-clastic fluid-structure elements [5] will enable the
analysis of mlti-layer structures including porous absorbers and localized models of the damping layers
themselves, with acsesgment of energy flows and dissipation efficiencies.

3. APPLICATIONS
3.1 Baffted plate subject to a nodal load

A simple plate example is shown to jHustrale the proceduse for the analysis and the types of results which are
derived, and es a verification against other methods.

Plate dimensions: 1lm x Llm x 0.005m
Yomg's modulus: 2.1E11 N/m?
Density, p: 7800 kp/m’

Modzl damping, 7: 0,01
Plate simply-supported in the baffle, ie normal displacement equal to O at the edpes.

64 structural modes are used

Acoustic fluid: Air on both sides of the plate
Speed of sound, © ! 340 m/s

Density, p 1.225 kg/m®

Normal nodal load: 1000 N amplitude, at node 2t (0.65,0.2,0) iz not al centre (baffle is in plane Z=0).

Anatysis from 10 to 500 Hz in steps of 5 Hz:

The 64 structural modes are first caleniated, withowt any fluid influence (see Figure 1; note that only the flexible
structural elements, which are identical to the boundary elements, are shown: the surrounding infinite bafile is
not displayed). These mockes are (then used in the fully-coupled calculation

The results obtained from the Boundary Element formulation presented above, are compared with the results of
an Infinite Flement formulation (IFEM)} [3] which may be taken as a reference result, and with the displacement
results for the plate without any fluid influence.

Figure 2 shows pressure vs frequency, at the field point at (0.5,0.5,0.5) ie above the centre of the plate. Figures 3 '

and ¢ show the UZ displacement (pormal to plate) at the nodes at (0.2,0.3,0) and (0.5,0.5,0) ie in one quadrant
and at the centre of the plate. Figure 5 shows a deformed-shape plot of the displacements of the plate at 255 Hz,
and Figure 6 shows the acoustic pressure on a hemisphere with ! metre radius, centred on the plate, in the
‘receiver room’. The transmitted power (active, Real pant, je propagating energy) is 0.5336 watts at 255 He.

It can be seen that there is very good agreement between BEM and IFEM.
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3.2 Baffled plate subject to an acoustic plane wave

Same plate as in 3.1, but excitation is an acoustic incident plane wave, with unit amplitude.

The results obtained from the BEM formulation are again compared with the results of an IFEM formulation and
with the results for the plate without any fluid influence, together with the results of an analytical solution, which
does not take into account the cross-influence between structural modes due to the linkage with the fluid,

Figure 7 shows the pressures at the field point at (0.5,0.5,0.5) and Figures 8 and 9 show the UZ displacement
(norimal to plate) at the nodes at (0.2,0.3,0) and (0.5,0.5,0).

It can be seen that there is very good agreement between BEM and TFEM.

4, CONCLUSIONS

The methodology presented here is very promising due to its generality and ease-of-use. It supports a wide range
of boundary conditions including generalized transfer relations and holes in the structure. Random or diffuse-
field excitations are supported. The acoustic system can be coupled to a part (or the whole) of a structure, which
is represented in physical or modal coordinates. This structure can lie within or outside the plane of the baffle.
The implementation of this methodology within a general purpose vibro-acoustic program, and a link to special
software for multi-layered vibro-acoustic damping materials, creates a complete design analysis procedure for
acoustic transparency studies.
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FIGURE 1: Esxample plate in an infinite baffle, uncoupled structural modes 1 to 4
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FIGURE 2: Plate with normal force, field point FIGURE 3: Plate with normal force, normal
pressures vs frequency, BEM and displacements at (0.2,0.3,0) vs
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Uncoupled compared
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