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Abstract

In this study, a hybrid approach is proposed to predict theseoadiated in the high frequency range
by the casing of a mechanism vibrating in the low frequenogea This approach allows to couple

a modal method for predicting the casing vibration, to a edtlie transfer method well-suited for

predicting the radiated noise. The radiative transfer noetis a boundary integral method developed
on the same assumptions as the known ray-tracing methodvadiegut energy sources are estimated
on the casing surface from the surface pressure and veldieitys. The introduced technique is
computing time-saving as the radiated noise is predictedrequency bands. The validity of the
approach is tested to predict the noise radiated by a vilgtibbed aluminium plate. Comparisons
are performed both with results obtained using the numébocandary element method (BEM) and
with experimental measurements.

1 Introduction

The prediction of noise radiated by a vibrating surface masise to the development of numerous
methods depending on the context and above all dependingedneiquency. The most famous and
mainly used are the Finite and Boundary Element Method (FEMBEM) [1,3] and the Statistical
Energy Analysis (SEA) [2,14]. The FEM as the BEM are deterstimethods well-suited for low
frequency vibroacoustic problems but their applicabilityhe high frequency range is limited by the
increasing size of the problem and the system uncertairitidseed, these methods relie on the well-
known criteria of6 elements within a wavelength such that the number of elesridomes drastic
as the frequency increases and computing times becomdyprokibitive. The other problem deals
with the geometry, material and damping uncertainties iwméluence the high frequency behaviour
of the structure but that are not described in the determimisulations of the FEM and the BEM.
The SEA was developed to overcome the limitations inher@rthé determinist methods and can
solve some simple problems in the high frequency range.

Various approaches are proposed to combine methods vatidffénent frequency range, mainly in
the field of vibrations. For instance, attempts are made nobowoe FEM and SEA analysis [4]. Vi-
broacoustic problems are classicaly solved by coupling-til for the simulation of the structural
dynamics and the BEM for the prediction of acoustical fiel[d Recently, a sound radiation predic-
tion approach was developed using the Power Flow Finite Eterivlethod (PFFEM) [5] to predict
the vibration energy density and intensity in the high frergey range and the Boundary Element
Method (BEM) to predict the sound field radiated by the strtes{13].

In this context, our purpose is to propose a hybrid approagirédict the noise radiated in the high
frequency range by the casing of a mechanism which vibratéisel low frequency range. In a lot



of cases, mechanical parameters of mechanisms such asetsffproperties are time dependent. For
example, in the case of gears at stationnary running speeshing stiffnesses are characterized by
periodic variations with high levels. Thus, specific moda&thod are used to predict the casing vi-
bration. The radiative transfer method which is either &rahtive to the Statistical Energy Analysis
for vibration analysis [6,7] or to the ray-tracing techregior acoustical analysis [8] is here used
to predict the sound field radiated by the casing of the mashanEquivalent energy sources are
deduced from the knowledge of surface pressure and velogltys. The approach to calculate acous-
tic sources is close to the one proposed in other works sutheaSrequency Averaged Quadratic
Pressure (FAQP) method [10], the Simplified Boundary Elanvgthod which relies on the same
concepts as the FAQP method [11], or the Energy Boundary &iemnalysis (EBEA) [12]. The-
oretical formulations of our hybrid method are exposed ia gaper. The approach was first tested
in the case of a free ribbed plate and is planned to be testpegence of a mechanism and more
specifically, in the case of a gearbox.

2 Formulationsof the hybrid method

2.1 Energy formulation for theradiative transfer method

The radiative transfer method is known in the field of acasstis the radiosity method and was first
develop to predict the reverberation time of rooms beyoedvdlidity of Sabine’s formula [9]. This
method relies on the assumptions that acoustical soureesaorrelated. Thus, the acoustical energy
density at any poini is the sum of two contributions, one coming from the knowmaksources of
power density located inside the domain and one coming from fictitious sources of power density
o located on the boundary.
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G(s,r) = e~™ /4w cr? is the energetic kernel for acoustical density which depesrdthe source-
receiver distance = |s — r|, on the sound speedand on the absorption facter. The amplitudes
are unknown, and depend on the position of the sograad onu,, which is the emission direction
from q to r. The boundary conditions lead to a Fredholm integral equnatf second kind on the
unknowno.

2.2 Introduction of equivalent sources

Our work is aimed to predict the noise radiated by the casing wbrating mechanism and we
consider here that the surface pressure and velocity fiell&raown. Acoustical energy sources
are introduced on the surface of the casing and the purposerdfybrid approach is to determine
their amplitudes from the knowledge of the surface fieldsdddhat, let's consider the Helmholtz-
Kirchhoff integral equation to calculate the pressure fraldiated by a vibrating surface
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wherep denotes the medium density angl is the acceleration along the outward normal at point
q on the vibrating surfaceg(q,r) = e=7¥"/4xr is the free-field Green’s functiom, = |r — q| is

the source-receiver distance ahd= w/c is the complex wavenumber. The time-averaged acoustic
energy densityl’ can be approximated by means of the frequency quadratisynees the following
way:
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wherec is the sound velocity. Thus, using the equation (2), thegndensity is given by summing
three contributions:
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The hybrid approach is based on calculating the ensemblageédenoted: . >) of equation (4)
using the fact that the Green'’s functions are deterministtions. Ensemble averaging is also used
in the EBEA [13] assuming that only the cross-products taketihe same point are non-zero. The
far-field approximation is used stating thiat >> 1, and the difference betweerandr’ is assumed
to be small enough so that~ 'and thus? (r + r') ~ mr. It follows that for instance the product
g(q,T;w)g*(q ,r;w) can be reduced to ¥~ e =™ /167%r r'. Finally, under these conditions and
noting that< W > is a real quantity, three kinds of boundary sources with &ogeso,,, o,
ando,, are introduced: these sources are respectively calledymesources, velocity sources and
intensity sources. The acoustic energy due to their addetlilootions is written as:
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n, is the unit outward normal to the surface of the casing attpgin?,,(q,q ) =< p(q)p*(q’) >,

R, (q,q) =< v.(a)vi(q) >,andR,(q,q) =< 7.(q)p*(q’) > are the pressure, acceleration and
intensity cross-spectral densities that is the crossetation of two fields at pointg andq'.

At this stage, source amplitudes do not depend only on tleetitan of emission but also on the posi-
tion of the receiver point. This is not in agreement with tesuanptions used in the radiative transfer
method which are similar to those used in the ray-tracingriepie, and lead to the equation (1) for
the energy density. To overcome this problem, the diffezesfacoustical way — r is estimated in
far-field as if plane waves were emitted at poigtandq’. The algebric value of this approximated
distance noted\ is evaluated from geometrical considerations not detaileétis paper: it depends
ong andq as well as on the direction of emissiag. (Figure 1).

Under these conditions, the amplitudgg, 0., ando,, can be written as:
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Figure 1: Notations - the difference of acoustical way betwpointsq andq’ is estimated in the
far-field as if plane waves were emitted.

Let’s observe that the cross-term between surface fieldsaneeglected in these formulations. The
SPL is evaluated using the common relation:

e 1
L,= 2010g(2%) =L;= 1010g(I—) (12)

with the adequated reference levels whichjare- 2.10° Pa andl, = 10~ 12W.m 2,

3 Prediction of noiseradiated by a vibrating ribbed plate

3.1 Experimental setup

Surface fields measurements were performed on a vibratihgdi plate to test the validity of the
hybrid approach. The experiment did consist in scanningsthend pressure field over two paral-
lel planes with al /4” microphone receiver. This task is realized experimenthalyks to a robotic
scanning facility which allows to move the microphone alding three coordinates axis. The ribbed
plate is suspended to a frame specially built for the expeminapproximating free boundary condi-
tions. The plate is made with cast aluminium, its dimensenesl00 mm length,230 mm width, 10
mm thick at the ribs and mm thick everywhere else. A surface accelerometer locadtgd28 mm,
y=225 mm from the left bottom corner of the plate gives the refeeesignal for phase measurements.
Data from the microphone and from the accelerometer areatelfi with a FFT analyzer connected
to a computer which provides the data recording. The tess syown figure 2. The experiment did
consist in driving a shaker located behind the plate withaat+band signal so that the frequency
range of0-5 kHz was covered with a single pulse. Two measurement plaees shosen so that
the particle velocity midway between them could be caladafThe distance between the plate and
the first measurement planeli8 mm and the distance between the two measurement plaiés is
mm. These distance are small enough to consider that sdrédae are measured by this way. Both
measurement planes are centered on the center of the plate.

3.2 Pressure and velocity measurements on the plate surface

The measurement of the pressure field on two parallel clag®ged planes allows to compute the
gradient, and then the particule velocity. The sound pressa the two measurement planes is given
by:

m(t) = pred@iten) (13)
pz(t) — p26j(wt+¢2) (14)
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Figure 2: Ribbed plate used for the experiment (a) and matfithe measuring system (b): the plate
is suspended to the frame in front of a robotic scanningifgeiioving a microphone.

wherep, andp, are the pressure amplitudes afydand¢, are the pressure phases respectively on the
first and the second measurement planes the angular frequency. The pressure midway between
the measurement planes is given by:

(p1(t) +pa(t))

p(t) = 5 (15)
and the particle velocity midway between the measuremanigglis given by:
u(t) = uedlten (16)
v = Alm VP2 + D3 — 2p1pacos(dn — o) (17)
by = arg((pysin ¢, — pysindy) + j(ps cos ¢y — p1 cos ¢1)) (18)

wherep is the density of air and\r is the distance between the measurement planes. The maps
presented on figure 3 show the pressure (a) and the velotgifyelgs measured over the plate2ab0
Hz.

3.3 Measurement and calculation of the SPL on a paralld plate

The SPL on a plane parallel to the ribbed plate is computed the hybrid approach presented in this
paper. The distance between the plane and the platenigFigure 4). In order to check the validity
of the results, a comparison with results from the Bounddgment Method implemented in the
commercial software Sysno@is performed. In both cases, the pressure and velocitycifields
measured are used as entry data for the calculations. Teenbtesaveraging of the hybrid approach
is assumed to be equivalent to the frequency averaging beehird-octave band. Thus, the analysis
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Figure 3: Pressure in Pa (a) and velocity in m/s (b) on theeatface. The frequency 2§00 Hz.

is carried out on the third-octave band centeredd0) Hz and BEM results that are obtained at
pure tone frequencies are frequency-averaged within #ris bBesides, experimental measurements
realized on this same plane are presented as another i@derBme figure 5 presents the maps of the
SPL computed from the hybrid approach (a), from the BEM (lj tom experimental results (c)
as well as the comparison of the results along a diagonablitiee measurement plane (d). Results
obtained with the numerical methods are very similar andgtbbal trend is in agreement with the
experimental measurements.

Figure 4: Measurement and calculation of the SPL on a pa#dee atl m from the ribbed plate:
results are compared along the diagonal line of the measurigolane.

4 Conclusion

A vibroacoustic hybrid approach is proposed in this papeotee the complete fluid-structure prob-
lem for acoustic radiation using a modal method for predgthe surface vibration and a radiative
transfer method for predicting the radiated noise. In tipigraach, equivalent energy sources are
introduced to implement the radiative transfer method aradygical formulations for their amplitude
and directivity are proposed from the knowledge of the sigrfiields. Compared to the conventional
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Figure 5: Maps of the SPL in dB (ref. 10> Pa) on the parallel plane computed using the BEM (a),
the hybrid approach (b) and experimental measurementE@nparison between the results along
the diagonal line of the measurement plane (d).

boundary element method, calculations are performed ot+tatave bands and thus this method re-
quires less computing times. Besides, the radiative teamséthod is well-suited for high frequency
applications such that this method is interesting to extetidity domain for acoustic field prediction.
The approach was favourably tested in the case of a strushich is a ribbed plate, but theoretical
developments remain valid for a mechanism as long as thateityr behaviour of its casing may be
determined. Therefore, ongoing work focuses on the nodiated by a gearbox: the vibratory field
on the casing is predicted using a specific modal approacthard/brid method is applied to predict
the noise radiated by the gearbox using the radiative teamséthod.
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