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SUMMARY

Finite element and boundary element calculations are combined to predict the flow noise radiated from a 1/10th-
scale model of an aerodynamic cover used around the pantograph on a train at 250 km hÿ1. The solutions of the
unsteady air flow over the cover and the resulting sound propagation are divided into two parts in order to keep
the problem tractable. First the unsteady fluid flow is solved using large-eddy simulation (LES). The pressure
histories on the cover are then used to predict the radiated sound, using a boundary element method to solve the
Helmholtz equation. The result thus leans heavily on assumptions about the coupling of the two solutions, the
propagation of sound in a disturbed medium and the efficacy of LES. The predicted sound pressure levels are
compared with experimental measurements made in an anechoic wind tunnel.# 1997 by John Wiley & Sons,
Ltd.
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1. BACKGROUND

It is generally acknowledged that public transportation systems that pass through densely populated
areas should be as quiet as possible. High-speed trains may present noise problems because of their
size, the speeds at which they operate and the proximity of homes. An important source of wind noise
from trains is the pantograph system which is used on some trains to supply electrical power from
overhead lines.1

Figure 1 shows the pantograph and cover system used in certain trains in Japan. The pantograph is
designed to accommodate changes in line height as the train moves at high speed. Most pantographs
look similar to the example shown and consist of a complex system of tubes and springs. This type of
structure radiates a great deal of wind noise at high speed. To alleviate this problem, it is common to
use an aerodynamic cover to deflect air over the pantograph. Reducing the local velocity around the
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pantographdramatically reducesthewind noisefrom thepantograph,but thecoveritself mayradiate
noise at different frequencies.

In this paperwe predictthewind noise from a 1=10th-scale model pantograph coverandcompare
the results with datafrom experiments.The purpose of the analysisis both to study the efficacy of
these large-scalecalculationsandto understandhowthecovergenerateswind noise.Theexperiments
usedfor comparisonwereperformedon a 1=10th-scale modelin air at a velocity of 70 m sÿ1. Scaled
experimentswereusedbecauseof thedifficulty of makingacousticsmeasurementsin a wind tunnel
at full scale(the coveraloneis about7 m long).

Figure 2 shows a plan view of the 1=10th-scale model experimentswhich wereperformed in the
test chamber of an anechoicwind tunnel. In the experiments,models of the cover and pantograph
wereplacedon a flat tablenearthewind tunnelnoizzle.Thetablesurfacereplaces thecurved roof of
the train andthe nozzleandtableare locatedin a largeacoustically treatedchamber. Microphones
were located at the level of the top of the coverat locations 1–6 asshown in Figure 2.

Figure1. Pantographwith aerodynamiccover
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Experimentswererun with four differentmodelconfigurationsasshownin TableI. By examining
thesoundmeasurementswith differentcombinationsof table,pantograph andcover, it is possible to
show the relative contributions to wind noisefrom the cover and pantograph. This is bestseenin
Figure 3, which contrasts thesoundpressurelevel (SPL,referencedto 2610ÿ5 Pa)frequency plots
at microphone3 (chosenas representative) for the four configurations in Table I. Each frame in
Figure 3 showstheSPL in 1=3-octavebandsfrom 4 Hz to 16 kHz. The last two barson the right of
eachgraphare the A-weighted andunweighted overall SPL.2

Thefirst graphin Figure3 is theSPLmeasuredin a baselinetest with only thesupporttablefor the
model in the wind tunnel (Figure 3(a)). This test showsa significant noise level between25 and
80 Hz. Comparisonof thebaselinedata(Figure3(a)) with SPLdatafor thecaseof a pantographonly
(Figure3(b)) showsthat thescalemodel pantograph radiatessoundin the frequency rangefrom 500
to 16,000Hz when nocoveris used.At otherfrequenciesbelow100 Hz theSPLis at thelevels of the
baseline configuration, so that the noise generationby the pantographcannotbe determined. The
addition of the streamlined cover effectively reduces the noise from the model pantograph at
frequenciesabove1000Hz by deflecting themainair flow overthepantograph andthusreducing the
local flow velocity (Figure3(c)).Hencethecoveris effectiveat reducing thehigh-pitchednoise from
thepantograph. However, thecoveritself appears to produce increasednoiseat frequencies from 50
to 1000Hz. This is seenby comparing Figures 3(b) and 3(c). Finally, the noiseproducedby the
combination of the pantographand cover and that producedby the cover alone were practically

Figure2. Planview of wind tunnelexperimental set-up

Table I. Model testconfigurations

Configuration Table Pantograph Cover

1. Baseline Yes No No
2. Pantograph Yes Yes No
3. Pantographandcover Yes Yes Yes
4. Coveronly Yes No Yes
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indistinguishable (Figures 3(c) and 3(d)). This suggests that the cover becomesthe principal
contributor to wind noisewhenit is usedwith a pantograph.

SPL spectrameasured at the other five microphone locations were similar in shapeto the
measurementsmadeat location3. However,therewasa significant variation in soundpressurelevel
with location for all configurations. In particular, the microphonesnear the wind tunnel nozzle
(locations1 and2) usuallyshowhigheroverall SPL thanthose at location3 andthemicrophonesat
locations 4–6usuallyshowlower overall SPL thanthose at location3. The overall SPLvariesfrom
111 to 121 dB for the caseof pantograph coveronly. The SPL for the 1=3-octavebandcentredon
315 Hz variesfrom 101 to 88 dB. Thesearesignificant spatialvariations andwe will refer to these
features of the data later when we make comparisons with experiments. We attribute these
differencesto noise from the blower and nozzle systemand to jet noise from the mixing layer
between thenozzleexhaust andthesurroundingair. An additionaleffectis theadvection of thesound
in the high-speedflow.

On thebasis of theobservationsmadefrom theexperiments, we decidedto model thepantograph
coverwithout thepantographandfocuson thosedesignfeaturesin thecoverthatproducenoise.This
approachmay lead to improved designsoncethe flow around the cover is betterunderstood.

Figure3. Soundpressurelevel datafrom microphonestation3
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2. COMPUTATIONAL APPROACH

Theproblemof directpredictionof wind noisehasbeenthesubjectof manyrecent numericalstudies.
Althoughit is appealing to attemptto solvefor wind noise throughdirectsolution of thecompressible
Navier–Stokesequations,this typeof solutionis virtually impossible for three-dimensional problems
using existingcomputers.As pointedout by Tam,3 the problemswith sucha direct approacharise
becauseof the wide rangeof pressures in the fluid and the large fluid domainof interest.Pressure
oscillations typically vary by three orders of magnitude from the noise source to the point of
measurement, requiringvery accurate numerical schemes.In addition, conflicts between the domain
andmesh sizerequirements for theacoustics andfluid flow problemsleadto further inefficienciesif
both the soundgenerationand soundpropagation problemsare solved together. For example, the
soundgeneratedby the pantograph coveron a full-scale train is governedby the flow within a few
metresof thecover,while it maybedesiredto calculatethesoundlevels 500 m awayfrom thecover.

The general approachpioneered by others4–6 to resolve these issuesis to divide the problem into
two parts: a flow calculation to determine the unsteadyfluid flow generating the soundand an
acousticscalculationto determine thesoundpropagation.Thiskind of subdivision is suggestedby the
work of Lighthill 7 andCurle,8 who showedthat theNavier–Stokesequationscouldbereducedto an
inhomogeneouswave equation if certain forcing terms are retainedon the right-hand side. If a
solution for the unsteadyflow can be developed(even using the incompressible Navier–Stokes
equations), the calculatedpressures and changes in momentum may be usedto predict the sound
generated. Implicit in this approach are several assumptions regarding the energy terms in the
equations,7 but, more importantly, it is assumedthat the flow is not influenced by the sound
propagation and the problems can be solved sequentially. Also, it is assumedthat the sound
propagatesin a fixed medium,i.e. the effect of the motion of the medium on the soundpropagation
canbe neglected. The validity of this assumption becomesmoresuspectasthe meanflow velocity
increases. The calculations described here are for a Mach number of about 0�21 and could be
considereda severetestof the method.

A final issueis the methodusedto solve the wave equation in the fictitious fixed surrounding
medium. Lighthill andCurle derived exactintegrals to predictsoundpressurehistories.Ratherthan
use these relations here, we choseto solve for the acoustic field around the cover and at the
microphone locations using a boundary element acoustics solver. Thus prediction of the noise
generatedfrom thepantographcoverwasaccomplishedthroughtwo separate numerical calculations.
The first is a calculationof theunsteadyfluid flow overthemodelto predictthepressurefluctuations
on themodelsurface. This calculationwascompletedusingtheSPECTRUMTM solver.9 The second
calculation is the prediction of the soundradiatedfrom the surface as a result of the fluctuating
pressure.This wasdoneusing the RAYONTM acousticscode.10

3. FLOW COMPUTATIONS

We solvedtheincompressible Navier–Stokesequationsusing a second-order-accuratefinite element
methodbasedon the Galerkin leastsquaresformulation.11 The linearequationswere solvedwith
generalizedminimumresidual (GMRES)andconjugategradient(CG) linearsolversin a ‘segregated’
solution strategywhere eachnon-lineariterationconsists of two ‘staggers’ or phases. In this strategy
the consistentleft-handside (LHS) of the continuity andmomentum equations is replaced with an
approximate LHS that hasbetterconditioning. In the first staggerthe momentum equation is solved
for velocity (with thepressureheldfixed)using GMRES.In thesecondstaggerasymmetric systemis
formedfrom thecontinuity equation, thepressuregradienttermfrom themomentumequationsanda
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diagonalapproximationof theremaining termsin themomentum equation. Four non-linear iterations
are taken within eachtime step.This systemis advanced in time using the Hilber–Hughes–Taylor
(HHT) algorithm.12 TheHHT parameterswerechosento maintain second-orderaccuracyin time and
aconstanttime stepwaschosen correspondingto aCourant–Friedrichs–Lewy(CFL) numberof about
15.

We usedSmagorinsky’s large-eddysimulation (LES) turbulence model.13 In this model the ij -
componentof the subgrid-scaleReynolds stresstensor is relatedto the large-scale strain rateby
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andD is thelength scaleassociatedwith thegrid. In our implementationof themodelthelength scale
D is takento bethecuberoot of theelementvolume.Thusthemodel captures thelargeeddiesin the
flow while adjustingthelocal fluid viscosity to model theeffectsof turbulencescalessmallerthanthe
grid size.

The flow calculations focus on the separated unsteadyflow over the pantographcover. These
calculationsdiffer from other examples of unsteadyflow calculations aroundtrains found in the
literaturewhich havedealtwith the transientsassociated with passingtrainsor tunnel entry.14,15

Two different mesheswereusedin the flow computations.The first meshwasrelatively coarse,
consisting of 86,064hexahedral elementsand 92,545 nodes.A surfacewireframe of this meshis
shown in Figure4(a). Thesecond meshwasconstructedby dividing eachelementof thecoarsemesh
into eightsmallerelements, for a total of 688,512 hexahedral elementsand714,161nodes,asshown
in Figure 4(b).

The flow simulationswere initiated by running the coarsemeshfrom an impulsive start,using a
dissipative versionof the HHT algorithmwith variabletime stepsize,until a quasi-periodic vortex-
shedding pattern was established.This took approximately 320 time steps.The simulation of the
coarse mesh was continued for an additional 2048 time steps at a constant time step size of
5610ÿ6 s, usinga time-accurate versionof the HHT algorithm with four non-linear iterationsper
time step, in which detailedpressurehistorieswere collected at all nodeson the cover and base
surfaces.

A second transient solution wasobtained with the fine mesh. Initial conditions derivedfrom the
flow solution comparedon thecoarsemeshat theendof the initial 320time stepsweremappedonto
thefine meshandtheproblemwasrun for anadditional 512time stepsat a constanttime stepsize of
5610ÿ6 s. Again a time-accurate versionof the HHT algorithm with four non-linear iterations per
time stepwasused.However, detailedpressurehistories werecollected only at those surfacenodes
whose co-ordinatescorrespondto the location of a coarsemeshnode, allowing us to employ the
same surfacemeshfor all acoustic computations.It wasanticipatedthat this solutionshouldbetter
resolve the finer flow structures and give us a betterprediction of the aeroacoustic noise at higher
frequencies.

Beforeproceedingwith adiscussionof theresults, it is worthexamining theeffectof time step size
andoverall samplinginterval in determining the frequencies that we canexpect to resolvein these
calculations.The maximum frequency that canbe resolved is the Nyquist frequency, determined by
the sampling interval Dt, i.e.

fmax � 1=2Dt:
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Figure4. Surfacewireframesof (a) coarseand(b) fine meshes
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In practicethe Nyquist frequency is severaltimeshigher thanthe frequencies which areaccurately
resolved in the fluid flow calculationsfor a given degree of meshrefinement and time step size.
Insteadwe propose to estimate the highestresolvedfrequency(fr) as that which is given by the
formula

fr � 0�1U
1

=h;

where U
1

is the freestreamvelocity andh is some averageelementdimension in the regionwhere
turbulentflow noiseis generated.Thustheconstant0�1 hastheappearance of a Strouhalnumber for
the mesh.

The lowestfrequency thatwecanexpect to resolve(fmin), otherthantheconstantcomponentof the
signal, is oneover the sampling interval:

fmin � 1=T � 1=
P
Dt:

Again in practice we would like to have an overall sampling interval that spansten or more
completeperiodsat the lowestfrequency of interestin orderto more accurately averagethephysical
behaviour at these low frequencies.TableII gives the valuesof the variousfrequency limi ts for the
coarseandfine meshesusedin this problem.

All transientflow solutionswere obtained using parallel processingon a IBM SP2. The coarse
mesh solutionwasobtained usinga four-subdomaindecomposition on six processorsof theSP2.The
solution averaged4�8 min per time stepfor a total wall time of approximately 166 h. The fine mesh
problemwasrun in parallel usinga decomposition of 32 subdomainson 34 processors. Thesolution
averaged8 min per time stepfor a total wall time of approximately 68 h.

Visualization of the results from both transient flow computationsshowed that the pantograph
cover effectively deflects the high-speed flow over the pantograph location, creating pockets of
slower unsteadymixing flow both within the pantographcover and downstreamfrom it. A typical
visualization of thetransientflow solutioncomputedon thefine mesh at a particular instantin time is
shown in Plate1(a).Pressurecontoursareplottedon thesurfaceof thepantographcoverandbaseand
fluid velocity vectorsare shown for a rectangular slice probe located at the sagittal plane of the
model. We canseeanalmoststeadypattern of high pressuressurroundingthestagnationpoint at the
front of thecover. Notehowthevelocity vectorswithin thepantographcoveranddownstreamfrom it
exhibit the swirling patternscharacteristic of transversevorticity in the flow. The three-dimensional
nature of theseflow structures can be seenmore clearly by adding pressureisosurfacesto the
visualized sceneas shownin Plate 1(b). The greencloud-like formations shown in this Plateare
three-dimensional pressureisosurfacesenclosing thelow- pressurecores of transversevorticeswhich
are being shedfrom the leading edgeof the pantograph cover in a quasi-periodic manner. It is
interesting to notethe visible asymmetry of theselargeflow structures,suggesting that somedegree
of streamwise vorticity and side-to-side variation is also present in this flow. Thesevortices are
convected downstreamby the flow andimpingeon the backof the pantograph cover, giving rise to

TableII. Expectedfrequencylimits for coarse
andfine meshsolutions

Coarsemesh Fine mesh

fmax (Hz) 10000 10000
fr (Hz) 350 700
fmin (Hz) 10 40
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very unsteady(andoften asymmetric) pressurepatternsat that location, asseenin Plate1(a). This
appears to be the prevalent mechanism of aeroacousticnoise generation.Note alsothe low-pressure
pockets attached to the cornersof the pantographcover, associated with flow separation at these
locations. Theseare very unsteadyflow features which may also contribute to aeroacousticnoise
generation.

Further insights maybegainedby probingtheflow field with combsof streamlines.Plate2 shows
the streamline combsemanating from threedifferent line probes placedhorizontally acrossthe flow
at differentheightsfrom thebase.The lowermost comb (yellow streamlines)beginsalmostflushwith
the top of the baseand is found to roll up into a delicate pair of vortex braidsat the front of the
pantographcover (this is essentiallya three-dimensional counterpartto the classicalfoward-facing
step solution). We shall seethat these vortex braidsalsoappearto contribute to aeroacoustic sound
generation at certain frequencies. The next comb (pink streamlines) is observed to dip within the
pantographcover,where the individualstreamlines follow erraticpaths beforespilling over theback
into thewakeof thepantograph cover.Finally, theuppermostcomb (bluestreamlines)is effectively
diverted over the pantographcover,with the individual streamlines following gently curvedpaths
around the cover beforebeginning to mix with the pink streamlinesin the turbulent wake of the
pantographcover.

4. ACOUSTIC CALCULATI ONS

The acousticcomputationswerebasedon a special implementation of theboundaryelementmethod
(BEM). This implementation is part of a generalmixed FEM–BEM variational formulation usedin
RAYONTM for modelling the elastoacousticresponseof complex3D structurescoupled to one or
several acoustic fluid domains andsubject to time-harmonic mechanical and=or acoustic loads.The
details of this formulation are discussedelsewhere,16,17 and will not be repeated here. However, a
brief summary is providedin the Appendix.

As mentionedin Section2, the results of the unsteadyflow calculations were usedto predict the
noise radiatedfrom the baseand cover at frequencies between 50 and 2000Hz. The time domain
surface pressurefluctuations were transformed into the frequency domain using a standard FFT
algorithm. Althoughthefrequency contentof thetransformeddatacovers thetheoreticalrangeof 50–
2000Hz, the practical range of validity is significantly lower owing to the CFD considerations
presentedin the preceding section.

Qualitative examination of theseharmonic pressuredistributionscanyield significant insight into
the characterof the acousticsolution evenbefore the actualSPL is computed at eachmicrophone
location. In particular, onecanarguethat thebulk of thepredictedsoundgeneration is radiatedfrom
the surfaces on the backof the coverandthe surfaceof the table in the wakeof the cover.Plate3
illustratesthis point with datatakenfrom the calculation with the fine mesh.Here surfacepressure
amplitude at a frequencyof 390�6 Hz is plotted ascolour contourson the cover and table.This is
essentially a singlecomponentof the boundarycondition usedasinput to the acoustics solver.The
Plateshowsthat thathighestinput amplitudesat this frequency areconcentratedon the insideof the
cover and in two trails on the left and right sidesof the cover wake. This plot also shows an
interestingartefact of thecalculation length.Wewouldexpect thatovera longperiodof time thisplot
would besymmetric aboutthesagittal plane.The fact that therearesomeasymmetriesin theplot is
probably a result of the calculation length; at a frequency of 390�6 Hz thereare approximately 10
completecyclesin the calculation.

Quantitative acoustics resultsarepresented in Figure5, wherethe predictedsoundpressurelevel
datawerecomparedwith theactualmicrophonereadings; thedarker barsaretheanalysisresults and
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the lighterbarsaretheexperimental results.Theresults obtainedwith thecoarsemesh arepresented
in Figure 5(a) andthoseobtained with the fine meshin Figure5(b).

Referring first to Figure5(a),we observe that the analysis overpredicts the SPL at frequencies of
100–200 Hz and underpredicts the SPL at frequencies above 400 Hz. It is difficult to make a
quantitative comparisonbetween analysis and experimentbelow 50 Hz owing to the background
noise at thesefrequencies notedearlier.

A similar comparisonis made in Figure5(b) using the resultsobtainedwith the fine mesh. In this
case, betteragreementis found at all frequencies. However, above500 Hz the predictedSPL still
falls off rapidly.

It should benoted thatthevariationin SPLwith microphonelocation wasnot aspronouncedin the
analysis results asin the experimentalmeasurements. This may be dueto the proximity of the wind
tunnel nozzle in the experiments, noise from the mixing zoneat the edgesof the nozzleand the

Figure5. Comparisonsof predictedSPL with measurement data
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advection of the soundfield. It is difficult to quantify these effects.Most studiesof the noisefrom
nozzleshaveconcentratedon Mach numbersnear1 or higher. However, Mitchell et al.18 andSoh19

have studied the far-field noise from jets at Mach numbers of 0�4 and 0�6 respectively and have
shown significant directivity in the radiated sound.In any casethe agreement illustrated here is
typical for all microphone locations.

Generally good agreement was obtained between the analysis and the experiments at the other
microphonelocations.Significantly, thepredictedoverall soundpressurelevel obtained by summing
the contributions over frequencies between125 and 700 Hz waswithin 4 dB of that measured for
threeof the six microphones. The maximum error in overall SPL was8 dB (at location3).

5. CONCLUSION

A seriesof calculationswasusedto predictthewindnoise from apantograph.Theapproachusedwas
to divide the calculation into an unsteadyincompressible flow calculation and an acousticwave
propagation calculation. Two fluid flow problemscorresponding to two levels of meshrefinement
weresolvedon a multiprocessorcomputer.The correspondingacoustics solutionswereobtained on a
workstation.The predictedsoundpressurelevels were compared with microphonemeasurements.
General agreement wasfoundbetweenthe analysisandexperiment,althoughsignificant differences
were found at some frequencies.

Examination of the results of thecalculationsrevealedseveral importantfeaturesof theflow field
and the mechanisms of soundgeneration. One of the most important observations was that the
pantographcovertended to sheda seriesof large transversevorticesfrom its front edgewhich were
convected downstreamand impinged on the back edgeof the cover. This interaction seemedto
generatemuch of thepredictedsound.Fromthis we might concludethat changesin covergeometry
mayreduce radiatedsoundby reducing theinteraction between thevorticesandtherearof thecover.

The work described here is an application of several modern computational aeroacoustics
techniques to a large-scaleindustrial problem with complex geometry. One of the important
contributionsof the analysis appearsto be the increasedunderstandingof the flow featuresthat lead
to noise. It would appearthat this type of analysisis most useful in providing insight into the
mechanismsof aeroacousticnoisegeneration,suggesting geometry changeswhich might beuseful in
reducing noise.

Althoughtheinitial results appear promising, further improvementsareneeded. In particular, finer
resolution of the flow is neededin order to resolvehigher frequencies. The large-eddysimulation
model usedhereis known to be deficient in solving some flow problemsandmay not give similar
results when applied to otherwind noise problems.20

APPENDIX: NOTESON ACOUSTIC COMPUTATION

The mixedFEM–BEM variational formulation implementedin RAYONTM is capableof solving for
the linear elastoacousticresponseof complex 3D structures coupled to one or more acoustic fluid
domains and subject to time- harmonic mechanical and=or acoustic loads. The structures are
representedby the classicalFEM discretization. In RAYONTM all acoustic fluids are considered
perfectandbarotropic. The internalfluid domains (cavities) canberepresentedby eitheranacoustic
FEM or BEM discretization. The external acoustic fluids are always represented by a BEM
discretization,so that the Sommerfield radiation condition (outgoing wavesonly, far awayfrom the
sources)canbe satisfiedexactly.

In thesimplified problemsolvedhere, RAYONTM wasusedto solvefor soundpropagationoutside
the train. However, it could also be usedto solve for the responseof the train structure coupled
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simultaneously with theair insideandoutsidethecars.Indeed,asa continuation of thework reported
here, the authors arecurrently carrying out predictions of the noise generatedby the flow over the
train roof andpantographshroud structure,andits transmissionto thetraincarinterior, when thetrain
is passingthrougha tunnel. Results from this work will be presented in a future publication.

For the presentproblemthe pressurein the externalfluid is governedby the Helmholtz equation

DP � k2P � 0;

where k�o=c is thewave number,o is theradianfrequency andc is thespeedof soundin this fluid.
The boundary conditions for this simplified problem are P �

�P on the upper surfaces of the
pantographshroudand supporting table, which are exposed to the flow, @P=@n � 0 on the lower
surface of the supporting table and lim rj@P=@r ÿ ikPj � 0 as r!? (Sommerfeld radiation
condition).

In order to derive a generalintegral representation of the acoustic pressurewhich is valid for
external aswell asinternal problems, theHelmholtz equation is rewrittenusingdistribution theoryas

�D� k2
�P � sdS � @�mdS�=@n;

where m ands arerespectively the jump in theacoustic pressureandits normal derivative acrossthe
integration surfaceS anddS is a Dirac distribution appliedat S.

Further use of the properties of convolution and the Dirac distribution yields the following
expressionfor the acoustic pressureat any point M outsidethe integration surfaces (Q is a running
point on the integrationsurface):

P�M� �

�

S
�mQ@g�M; Q�=@nQ ÿ sQg�M; Q��dSQ;

where g(M, Q) is the free spaceGreenfunction solutionof the inhomogeneousHelmholtz equation
satisfying theSommerfeld radiationcondition. This expression is thestarting point for thevariational
formulation andBEM discretizationof the externalproblem.

Notice thatwhen thepoint M lies in the integrationsurface, theaboveintegral is singular andhas
to be evaluatedin the senseof Cauchy’s principal value. Furthermore, if the integration surface
representsan elastic fluid–structure interface, a similar integral can be derived for the normal
displacement. This integral hasa second-ordersingularity and hasto be evaluatedin the senseof
Hadamard’s finite part. One advantageof the BEM variational formulation usedin RAYONTM is
avoiding the explicit evaluation of these hypersingular integrals while still yielding a symmetric
systemof equationswhich canbesolvedusingfastalgorithms developedfor theclassicalFEM.16,17
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