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The modeling of the vibroacoustic response of avhdliid loaded panel excited by a
turbulent boundary layer is investigated. The presdluctuations due to the Turbulent
Boundary Layer (TBL) at the surface of the struetare characterized by cross-spectra
which can either be expressed in the physical spade the wavenumber space. Various
models have been proposed in the literature toiroltimsed form expressions of these
spectra starting from global TBL characteristicsdifficulty to estimate the vibroacoustic
response of the panel excited by TBL relies orctiwgpling of the deterministic vibroacoustic
model with the statistical wall pressure fluctuaomodel. In the present paper, we study
different techniques to achieve this coupling: {a)the physical space; (b), considering an
uncorrelated wall plane waves field; (c), usingeeiprocity technique; (d), using realizations
of the stochastic uncorrelated plane waves fieldesé techniques require calculating
different transfer functions with a vibroacoustioadel. For that, we use the Patch Transfer
Function formalism (PTF). This approach allows agaduple the structure problem with the
heavy fluid problem. The added mass effect of thiel fon the panel (i.e. fluid reactance) is
taken into account in the modal frequencies ofpifueel whereas the acoustic radiation from
the panel into the fluid (i.e. fluid resistance)nsdeled using the real part of the patch
acoustic impedances of the fluid domain. For vaiaha purpose, the results of these
vibroacoustic calculations are compared with a teBoln the literature for a test case
composed of a simply supported rectangular thiteplamersed in water. Afterwards, the
response of the panel excited by the turbulent 8annlayer is predicted in the low and
medium frequency domains using the four techniggescribed above. The response is
characterized here by the velocity spectrum atpmuet on the plate. Convergence of the four
techniques is studied. The results with differentue@a of calculation parameters are

ACOUSTIS2013NEWDELHI, New Delhi, India, November-18, 2013 1



presented and analyzed in order to find the optonak. We observe that the four techniques
give very similar results for these optimal paraengtFinally, we discuss the interest of each
technique.

1. Introduction

In the context of the underwater missions, subrearghicles should be designed to minimize
noise sources and acoustic radiation. One of these sources is the turbulent flow induced by the
vehicle movement. Numerical modeling can help t@rione knowledge of interaction between
Turbulent Boundary Layer (TBL) and heavy fluid leadstructures. The classical method consists
in characterizing the wall pressure fluctuationsabgpectrum depending on the TBL parameters,
and then to inject it in a vibroacoustic model. Tdoaipling between the statistical model used to
describe the wall pressure fluctuations and theerdenistic vibroacoustic model constitute a
difficult point in the methodology. Several apprbas to achieve this coupling are investigated in
this paper.

2. Different methods for introducing TBL excitation in the
vibroacoustic model

Four methods to evaluate the vibro-acoustic resptmd BL excitation are briefly described
in this section. Let us consider a fluid loadedflbdf panel of surface, excited by a fully
developed, stationary and homogeneous TBL of walgure fieltb(x,t) at pointx as a function
of time. The assumptions are made that the walksure fluctuations are not affected by the
vibrations of the plate, and that the acoustic Wwaste not interfere with the flow. The space-
frequency spectrum of the plate velocity at painh response to a discrete spatial distribution of
point pressure forces is defined as [1-2]:

Sov (X, ®) = Yxey Yzey Ho (X, %, 0) Sy, (%, %, 0)H, (%, X, 0) 6%6X, (1)
where: -y is the discretization df,, defined with a criteria which will be discussetela

- Spp(%, %, w) is the space-frequency cross-spectrum of the pvalisure between poirits
and¥;

- H,(x,X, w) is the transfer function in velocity at pommdriven by a point force at poifit
It can be obtained using a vibro-acoustic modebkm®ring a driving point force & The
method to estimate the panel response with (1)veitid H,(x, ¥, w) evaluated from a
vibro-acoustic model with a driving point forcexais called the “spatial method”.

The TBL excitation can also be described by thecsgeourier transform of,,, (¥, %, w)
which gives the wavenumber-frequency spectiyp(k, w). The discrete space Fourier transform
of H,(x, X, w) is defined by:

H,(x,k, w) = Yz, Hy (%, %, )/ 6% (2)

The combination of equations (1) and (2) and tleeaighe wavenumber-frequency spectrum
., (k, w) lead to:

~ 2
Sun (%, @) = — Tex | Ay (x, k, )| Py, (k, )5k 3)

K is a truncation and a sampling of the wavenumisenain. Criterion defining will be
discussed later.
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H,(x,k,w) can be interpreted as the velocity response ait poiof the plate, due to a
generalized plane wave of wavevector= (kx, ky), exciting the plate at point¥ (see the
definition of the generalized plane waves in [3]he method to estimate the panel response with
(3) and withH,(x, k, w) evaluated from a vibro-acoustic model considerngeneralized wall
plane wave excitation is called the “uncorrelateahplwaves method”.

Another method [2] is based on the reciprocity pple; which indicates that the ratio of the
velocity at pointx over the normal force at poifitis equivalent to the ratio of the velocity at goin
x over the normal force at poinmt

H,(x,% w) = H,(%, x, w). (4)

This expression can be introduced in (2), &hdx, k, w) can then be interpreted as the space
Fourier transform of the response for a point fate. It results that only one single force should
be considered in the vibro-acoustic model to dedijge, k, w). The method to estimate the panel
response with (3) and using the reciprocity pritecitp evaluated, (x, k, ) is called the “wave-
point reciprocity method”.

The last method consists in considering severdizegmns of the stochastic uncorrelated
plane waves. For each sample (i.e. realizatiorgndom phase is assigned to each wall plane wave

of amplitude,/®,,,(k, w)/2m. The deterministic wall pressure of the samplaés:
p(x) = Tpex e ¥/ P [0, (k, ) /25K, 5)

whereg, is the random phase associated to the wall plane wf wavevectok. The panel
response to the TBL excitation is estimated fromatierage of the panel response over the samples
of plane waves. This method is called the “samptihgncorrelated plane waves method”.

The four presented approaches are based on eguétioor (3). Criteria should be considered
to define the discretization spacesandK. For y (related to (1)), spatial discretization has to be
fine enough to well describe the correlation desedaetween wall pressure signals at painésd
X. ForK (related to (3)), the maximal wavenumbigy,, has to be chosen to include the parts of the
wall pressure spectrum that impact the responsieegpanel. Moreover the wavenumber resolution
8k should be small enough to take properly into aotahe variations off,(x,k w) and
®,,,(k, w) overk. These criteria will be studied and discussedumnerical examples in Sec. 4.

3. Patch Transfer Functions (PTF) formalism validation

In this paper, the different transfer functionstté fluid loaded panel will be evaluated with
the PTF (Patch Transfer Functions) approach ([¢{% a substructuring approach which allows us
to decompose our problem into two parts (i.e. theep and the semi-infinite fluid). The coupling
interface is divided in patches which size depeoshe considered wavelengths. Each part is
characterized separately by Patch Transfer Furet{oa. patch mobilities for the panel, patch
impedances for the fluid). Writing the continuitpralitions at the coupling interface enables to
assemble the two parts. The particularity of thespnt model compared to [4-5] is that the fluid
added mass effect is taken into account throughivilee modal frequencies”, (which are estimated
by assuming the fluid incompressible) instead afigithe imaginary part of the acoustic impedance
of the fluid domain. This allows to overcome the engence issue evoked in [5] concerning the
patch size criterion. Here, a patch size lower thahthe wavelength gives converged results.

The test case used here to validate the PTF cadesponds to the case studied by Berry [6].
A simply supported plate immersed in water is e@diby one point force at its center. Its
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dimensions are 455 mm x 375 mm x 1 mm and its &trakcdamping is taken to be= 0.01. The
critical frequency is around 220 kHz.
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Figurel1: Mean quadratic velocity of a thin plate driven byant force at its centre.

The obtained mean quadratic velocities over theéeptarface are compared in Figure 1
between 10 Hz and 500Hz, with a comparison to e éalculation without taking the added mass
effect into account. The results show that the rhé@guencies calculated with the PTF method
with added mass effect are satisfactory in comparie the case without added mass effect. The
frequency shift between the corresponding curvesgeis visible: for example the resonant peak at
121 Hz in the case without added mass effect igeshto 43 Hz for both Berry’s results and the
PTF results.

4. Panel response calculations to TBL excitation

This section investigates the structural respofskeoplate described in Sec. 3 under a water
flow with a convective velocity/, = 5m/s. The TBL wall pressure fluctuations which excibe t
panel are described here by the Corcos cross-speatiodel [7], either in the physical space or the
wavenumber space. The observation point M of tlageplelocity response is arbitrarily fixed at
x =54 cm andy = 18.6 cm. The transfer function&,(x, ¥, w) and H,(x, k, w) are calculated
with PTF. We propose here to study the resultshef different methods described in Sec. 2 in
function of different calculation parameters. Weidade that the considered frequency band [10
Hz-500 Hz] is above the hydrodynamic coincidenegdiency (which is around 2 Hz).
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Figure 2: Velocity spectrum at point M for different spatiakolutionssx.

For the “spatial method”, the spatial resolutioses dependant to a characteristic wavelength
A. = U./f in order to adapt the spatial discretization te tlecrease of correlation of the wall
pressure fluctuations. Results with different sgatésolutions are shown on Figure 2. A spatial
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resolutiondx = 1./3 is a just balance between time computation costsatidfactory precision
(computing time of 660 seconds wheéix = 1./3, against 1440 seconds whe&n= 1./4).
However the computation time becomes prohibitiveemhihe frequency increases because
decreases, and the number of excitation pointshwgtiould be considered becomes large.

The criterion related to the “uncorrelated planeve@gmethod” concerns the wavenumber
range defined withk,,,, and 6k: at the first sight, the analysis of the wavenunfbequency
spectrum @,,,,(k,w) leads us to consider a maximum wavenumbgr, greater than the
convective wavenumbeét, = w/U.. However, the dynamic behaviour of the plate dHaerfthe
excitation and decrease the impact of the conveatrgion of the wall pressure spectrum on the
plate response. If it is the ca%g,,, could be defined from the natural bending wavenurobéhe
structure k (which is well lower thank, for the present case: at 500 Hz~630 m~1 and
kf~63m‘1). Figure 3 shows the results for the two ca&gg, = 2kf andk,,q, = k. + Dk with
Dk = 100m~1. The results show that the convective region ef TBL wall pressure spectrum
does not influence the plate response in the cersidfrequency range. It is thus unnecessary to
take into account the convective partdf,(k, w). The criterionk,,,, = 2k; can be applied for
this case, which saves computing time. We undethagethis criterion can be questioned in regards
to the TBL model. For example, as the Chase mosslemts a lower pressure level than the Corcos
model in the low wavenumber region, the convecpag could have a higher contribution on the
plate response.

-80

90t
-100 ¢
10t ‘
20 S
-130 ¢
-140 ¢

-150 . . : .
10 100 500
Frequency (Hz)

o kmax=k0+Dk
kmax=2kf
— Spatial method

{(dB, ref 1m/s)

vy

10I0g108

Figure 3 : Velocity spectrum at point M for different cut-affavenumbers, and comparison with the spatial
method.

The converged results for both “spatial” and “umelated plane waves” methods are also
compared in Figure 3, and show a good agreement.

The result of the “wave-point reciprocity method proposed in Figure 4 a. A good
agreement with the result of the “uncorrelated plaraves method” is observed. Although one
single point force excitation should be considarethe vibro-acoustic model, the time cost (due to
the space Fourier transform) appears to be hidiar for the “uncorrelated plane waves method”
for this case (650 seconds for the reciprocity meéthgainst 460 seconds for the plane waves
method).

Finally, the results obtained from the last methtite “sampling of uncorrelated plane
waves”, are presented in Figure 4 b. The resultseth realization are plotted in grey lines
whereas the mean values of the 10 realizationglateed in black line. The figure shows a good
agreement with the “uncorrelated plane waves metfi@da nearly equivalent computation time.
One advantage of this approach is that few load (fasre 10) should be considered in the vibro-
acoustic model. If a commercial vibro-acoustic caxlesed to evaluate the transfer functions, the
small number of load case allows reducing the amaininput/output data compared to the
“uncorrelated plane waves method”.
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Figure4: Velocity spectrum at point M. a.: Reciprocity methb.: Sampling method.

5. Conclusion

Four methods have been tested and compared witth @g@ement in order to introduce the
TBL excitation in the calculation of the responseanfelastic plate submitted to a water flow. The
“spatial method” is the most time consuming. In ortte increase its efficiency, investigations
could be carried out to limit the excitation toamea around a reference point. The process based on
the Cholesky decomposition of the space-frequemnagsespectrum of the wall pressure described
in [8] could be an alternative to reduce the conmgutime. The “uncorrelated plane waves method”
has shown its efficiency when the cut-off wavenumhbg,, can be fixed in regards to the panel
characteristics (i.e. natural bending wavenumbeg Baot of the excitation characteristics (i.e.
convective wavenumber). Additional investigatiom®wid be done to study the influence of the
hydrodynamic part of other TBL models. The “wavertoieciprocity method” has also been
validated. For the studied case, it has not allot@ededuce the computing time. This approach is
more appropriate for stiffened structure ([2]) fohich the point response in the wavenumber
domain (i.e.H,(x, k,w)) can easily be estimated. Finally the techniquegusamples of plane
waves with random phase gives also a good accwvébyfew realizations. It constitutes another
way to introduce the TBL excitation with few loaase in the vibro-acoustic model.
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