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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 230 Khehsolutions 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 {1697 by John Wiley & Sons,
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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.

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

*Correspondence to: B. S. Holmes, Centric Engineering Systems, Inc., 3393 Octavius Dr., Suite 201, Santa Clara, CA 95054,
U.S.A.

CCC 0271-2091/97/121307-13 $17.50 Received 17 July 1996
(©1997 by John Wiley & Sons, Ltd. Revised 30 August 1996



1308 B. S.HOLMES ET AL.

Figure 1. Pantograplwith aerodynamicover

panbgraphdramaically reduesthe wind noisefrom the pantogrh, but the coveritself mayradiate
noise at different frequendes.

In this paperwe predictthe wind noise from a 1/10th-scm modd pantograjy coverandcompare
the resuts with datafrom experments.The purpo® of the analysisis both to study the efficacy of
thes largescalecalculationsandto understanchow the covergeneratesvind noise. Theexpeiments
usedfor comparisonwereperformedon a 1/10th-scée modelin air ata velocity of 70 m s™. Scaled
expeimentswereusedbecaseof the diffi culty of makingacousticaneasuementsn a wind tunné
at full scale(the coveraloneis about7 m long).

Figure 2 shows a plan view of the 1/10th—scdae modd experinentswhich were performedin the
teg chanber of an anechoicwind tunnd. In the expeiments,modds of the coverand pantograh
wereplacedon aflat tablenearthe wind tunnelnoizzle. The tablesurfacereplace the curved roof of
the train andthe nozzleandtable arelocatedin a large acousically treatedchamnber. Microphones
were locatead at the level of the top of the coverat locations 1-6 asshown in Figure 2.
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Figure 2. Planview of wind tunnelexperimetal set-up

Experimentswererun with four differentmodelconfiguationsasshownin Tablel. By examiring
the soundmeasuementswith different combinationsof table,pantogr@h andcovery, it is possble to
show the relative contibutionsto wind noisefrom the cover and pantogrgh. This is bestseenin
Figure 3, which contrass the soundpressurdevel (SPL, referencedto 2 X 10~° Pa)frequengy plots
at microphone3 (chosenas representatie) for the four configuationsin Table I. Eachframein
Figure 3 showsthe SPLin 1/3—octavebandsfrom 4 Hz to 16 kHz. Thelag two barson the right of
eachgraphare the A-weighted and unweigted overall SPL?

Thefirst graphin Figure3is the SPLmeasuredn abaselinged with only the supporttablefor the
modd in the wind tunnel (Figure 3(a)). This teg showsa significant noise level between25 and
80 Hz. Compaisonof the baselinedata(Figure 3(a)) with SPLdatafor the caseof a panbgraphonly
(Figure 3(b)) showsthatthe scalemodd pantograh radiatessoundin the frequeng rangefrom 500
to 16,000Hz when no coveris used At otherfrequendesbelow 100 Hz the SPLis attheleves of the
baseine configuation, so that the noise generationby the panbgraphcannotbe deternined. The
addtion of the streamined cover effectively redues the noise from the model panbgraph at
frequenciesabovel000 Hz by deflecting the mainair flow overthe pantograh andthusredudng the
locd flow velocity (Figure3(c)). Herce the coveris effectiveat redudng the high-pitched noise from
the pantograh. Howeve, the coveritself appeas to produ® increagd noiseat frequenées from 50
to 1000Hz. This is seenby comparing Figures 3(b) and 3(c). Finally, the noise producedby the
combination of the panbgraphand cover and that producedby the cover alore were practicaly

Table|. Model testconfigurations

Configuration Table Pantograph Cover
1. Baseline Yes No No
2. Pantograph Yes Yes No
3. Pantograptand cover Yes Yes Yes
4. Coveronly Yes No Yes

(©)1997by JohnWiley & Sons,Ltd.
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Figure 3. Soundpressurdevel datafrom microptone station3

indistinguishdle (Figures 3(c) and 3(d)). This suggets that the cover becomesthe principal
contibutor to wind noisewhenit is usedwith a panbgraph.

SPL spectrameasued at the other five microphone locations were similar in shapeto the
measuremats madeat location 3. However,therewasa significant variaion in soundpressurdeve
with location for all configuratons. In partcular, the microphonesnear the wind tunnd nozzle
(locations1 and2) usuallyshowhigheroverall SPL thanthose at location 3 andthe microphonesat
locations 4—6 usually showlower overdl SPLthanthos atlocation 3. The overall SPL variesfrom
111to 121 dB for the caseof pantograp coveronly. The SPL for the 1/3—octaveband centredon
315 Hz variesfrom 101 to 88 dB. Theseare significart spatialvariaions andwe will referto these
featues of the data later when we make comparisonswith expeiments. We attribute these
differencesto noise from the blower and nozzle systemand to jet noise from the mixing layer
betwea the nozzk exhausandthe surroundng air. An additionaleffectis theadvedion of the sound
in the high-speediow.

Onthe bass of the observaibns madefrom the experimens, we decidedto modé the panbgraph
coverwithout the pantogaphandfocuson thosedesignfeatuesin the coverthatproducenoise.This
apprachmay lead to improved designsonce the flow arourd the coveris better understod.
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2. COMPUTATIONAL APPROACH

The problemof directprediction of wind noisehasbeenthe subjectof manyrecen numericalstudes.
Althoughit is appeding to attemptto solvefor wind noise throughdirectsoluion of the compressilte
Navier—Stdkesequaions, this type of solutionis virtually impossble for threedimensonal problems
using existing computers.As pointedout by Tam; the problemswith sucha direct appracharise
becawse of the wide rangeof pressure in the fluid andthe large fluid domain of interest.Pressire
oscilations typically vary by three ordess of magitude from the noise sour@ to the point of
measuremat, requiringvery accuragé numertal schenes.In addtion, conflicts betwee the doman
andmesh sizerequirematsfor the acousics andfluid flow problemsleadto further inefficienciesif
both the soundgenerationand soundpropayation problemsare solved together. For exampe, the
soundgeneratedy the panbgragh coveron a full-scaletrain is govemnedby the flow within a few
metres of the cover,while it maybe desiredo calculkatethe soundievels 500 m awayfrom thecover.

The genenl appraach pioneere by other§=° to resdve thes issuesis to divide the probleminto
two parts: a flow calcultion to detamine the unsteadyfluid flow generaihg the soundand an
acousics calculationto deternine the soundpropagationThis kind of subdivigon is suggetedby the
work of Lighthill” and Curle® who showedthat the Navier—Sokesequatons could be redu@d to an
inhomogeneouswave equaton if certan forcing terms are retainedon the right-handside. If a
soluion for the unsteadyflow can be developed(even using the incompressibé NavierStokes
equatons), the calculated pressure and changs in momentim may be usedto predict the sound
geneated. Implicit in this apprach are seveal assumgbns regardng the energytermsin the
equatons, but, more importantly, it is assumedthat the flow is not influencedby the sound
propajation and the problems can be solved sequatially. Also, it is assumedthat the sound
propajatesin a fixed medium,i.e. the effect of the motion of the medum on the soundpropagaibn
canbe negleced. The validity of this assumpbn becomesmore suspectasthe meanflow velocity
increa®s. The calcultions descibed here are for a Mach number of about 0-21 and could be
constdereda severetestof the method.

A final issueis the methodusedto solve the wave equatia in the fictitious fixed surroundng
medum. Lighthill and Curle derived exactintegrals to predictsoundpresurehistolies. Ratherthan
use thes relations here we choseto solve for the acousic field arourd the cover and at the
microphone locations using a boundary elementacousics solver. Thus predicion of the noise
genentedfrom the panbgraphcoverwasaccompishedthroughtwo separat numerical calculatons.
Thefirst is a calculation of the unsteadyfluid flow overthe modelto predictthe pressurdluctuations
on the modelsurface This calculationwasconpletedusingthe SPECIRUM™ solver? The secorl
calculation is the predicion of the soundradiatedfrom the surface as a reslt of the fluctuating
pressure. This was doneusing the RAYON™ acousticscodel®

3. FLOW COMPUTATIONS

We solvedtheincompresible Navier—Stokesquaions using a secoml-order-accurateinite element
methodbasedon the Galerkin leastsquaresformulaion.** The linear equationswere solvedwith
geneanlizedminimumresidud (GMRES) andconjugategradient(CG) linearsolversin a‘segegated’
solution strategywhere eachnon-lineariterationconsiss of two ‘stagges’ or phass. In this strategy
the consktentleft-handside (LHS) of the contnuity and momenum equatias is replaca with an
apprximate LHS that hasbettercondtioning. In thefirst staggerthe momenum equaion is solved
for velocity (with the presureheldfixed) usig GMRES.In the secondstaggera symmaric systemis
formedfrom the coninuity equatia, the pressuregradientterm from the momentumequatimsanda
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1312 B. S.HOLMES ET AL.

diagonalappraimation of theremaning termsin the momenum equaton. Four nontlineariterations
are taken within eachtime step.This systemis advaned in time using the Hilber—Hughes Taylor
(HHT) algorithm? The HHT paraméerswerechoserto maintin secoml-orderaccuacyin time and
aconsanttime stepwaschosa correspadingto a Courant—Fedrichs—Lewy(CFL) numberof about
15.

We used Smagrinsky’s large-eddysimulation (LES) turbulence model*® In this model the ij-
componentof the subgid-scaleReynols stresstensa is relatedto the large-scad strain rate by

where
b =(CAPES)

andAis thelengh scaleassocigedwith thegrid. In ourimplementationof the modelthelengh scale
Ais takento be the cuberoot of the elementvolume. Thusthe modé captures thelargeeddiesin the
flow while adjustingthelocal fluid viscosty to modd the effects of turbulencescalesmallerthanthe
grid size.

The flow calcultions focus on the sepaated unsteadyflow over the panbgraphcover. These
calculationsdiffer from othe exampes of unsteadyflow calculatons aroundtrains found in the
literaturewhich havedealtwith the transientsassocited with passingtrainsor tunné entry!**°

Two different meieswere usedin the flow computations.The first meshwasrelaively coarse,
conssting of 86,064 hexahedrhelementsand 92,545 nodes.A surfacewireframe of this meshis
shown in Figure4(a). The secom meshwasconstru¢ed by dividing eachelementof the coaisemesh
into eightsmallerelementsfor a total of 688,5.2 hexahedrbelementsaand714,161nodes.asshown
in Figure 4(b).

The flow simulationswereinitiated by running the coaise meshfrom an impulsive start, using a
disdpative versionof the HHT algorithmwith variabletime stepsize,until a quasi-peiodic vortex-
shedding patten was established.This took apprximately 320 time steps.The simulation of the
coarse mesh was continual for an addtional 2048 time steps at a consant time step size of
5 X107 s, usinga time-accurae versionof the HHT algarithm with four non-lineariterationsper
time step,in which detailed pressurehistories were colleded at all nodeson the cover and base
surfaces.

A secoml transent soluion was obtainal with the fine medh. Initial condtions derivedfrom the
flow soluion comparedon the coarsemeshat the endof theinitial 320time stepswere mappedonto
thefine meshandthe problemwasrun for anaddtional 512time stepsat a constantime stepsize of
5 X107% s. Again a time-accurae versionof the HHT algaithm with four non-lineariterations per
time stepwasused.Howeve, detailedpressurehistolies were colleded only at those surface nodes
whase co-ordinatescorrespondto the location of a coarsemeshnode allowing us to employ the
sane surfacemeshfor all acousic computations.It was anticipatedthat this solution shouldbetter
resdve the finer flow structure and give us a better predictin of the aeroacousc noise at higher
frequencies

Before proceedng with a disaussionof therestts, it is worth examining the effectof time step size
andoverdl samplinginterval in determinng the frequendes that we can exped to resolvein these
calculations.The maximum frequeng that canbe resdved is the Nyquistfrequeng, determired by
the sanpling interval A, i.e.

foax =1/2/\.
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Figure4. Surfacewireframesof (a) coarseand (b) fine meshes
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1314 B. S.HOLMES ET AL.

In practicethe Nyquist frequeng is severaltimes higher thanthe frequenées which are accuragly
resdved in the fluid flow calculationsfor a given degree of meshrefinanert and time step size.
Insteadwe propo® to estimae the highestresolvedfrequency (f,) asthat which is given by the
formula

f, =0-1U/h,

where U is the freesteamvelocity andh is sorre aveiageelementdimenson in the regionwhere
turbulentflow noiseis generatedThusthe consaint0-1 hasthe appeaance of a Strouhal numker for
the mesh.

The lowestfrequeng thatwe canexped to resolve(fnin), otherthanthe consantcomponentof the
sigral, is one over the sanpling interval:

foin =1/T :1/2&.

Again in pradice we would like to have an overall samplinginterval that spansten or more
complete periodsat the lowestfrequeng of interestin orderto more accuragly averagethe physical
behavour at thee low frequendes. Tablell gives the valuesof the variousfrequeng limits for the
coarse andfine mesesusedin this problem

All transientflow solutionswere obtainel using parallel processingon a IBM SP2 The coarse
mesh solutionwasobtainel usinga four-subdanain decompogion on six processorsof the SP2.The
soluion averagedt-8 min pertime stepfor a total wall time of approximately 166 h. The fine mesh
problemwasrunin pardlel usinga decompogion of 32 subdomaison 34 processa. The solution
avelaged8 min pertime stepfor a total wall time of appraimately 68 h.

Visualization of the resuts from both transent flow computationsshowed that the pantogrgh
cover effectivdy deflecs the high-sped flow over the panbgraph location, creating pocket of
slower unsteadymixing flow both within the panbgraphcover and downstreanfrom it. A typical
visualization of thetransientflow solutioncomputedon the fine mesh ata particular instantin time is
shown in Platel(a).Pressureonbursareplottedon the surfaceof the panbgraphcoverandbaseand
fluid velocity vectorsare shown for a rectangilar slice probe locaed at the sagttal plane of the
modd. We canseean almoststeadypatten of high presuressuroundingthe stagnatiorpoint at the
front of the cover. Note howthevelocity vectorswithin the pantograh coveranddownstreamfrom it
exhibit the swirling pattens chamacterisic of transvesevorticity in the flow. The three-dimeniend
natue of theseflow strucures can be seenmore clearly by adding pressureisosurficesto the
visualized sceneas shownin Plake 1(b). The greencloud-like formaions shown in this Plate are
three-dimenmnal pressurdsosurbicesenclosig thelow- presurecores of transvesevorticeswhich
are being shedfrom the leading edge of the pantogaph cover in a quasi-peiodic mamer. It is
interesting to notethe visible asymnetry of theselargeflow structures suggesng that somedegree
of streamvise vorticity and side-to-&de variation is also preent in this flow. Thesevortices are
convedted dowrstreamby the flow andimpinge on the back of the pantograh cover, giving rise to

Tablell. Expectedfrequencylimits for coarse
andfine meshsolutions

Coarsemesh Fine mesh
frmax (H2) 10000 10000
f. (Hz) 350 700
fmin (HZ) 10 40
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very unseady (and often asymnetric) presure patternsat that location, as seenin Plate 1(a). This

appeas to be the prevalen mechansm of aeracousticnoise geneation. Note alsothe low-pressure
pockes attaded to the cornersof the panbgraphcover, asso@ted with flow separabn at these
locations. Theseare very unstady flow featues which may also contribute to aeracousticnoise
geneation.

Furtherinsights may be gainedby probingthe flow field with combsof streamines.Plate2 shows
the streamine combsemanaing from threedifferentline probes placedhorizontally acressthe flow
atdifferentheightsfrom the base The lowermog comb (yellow streanlines) begnsalmostflushwith
the top of the baseand is found to roll up into a delicae pair of vortex braidsat the front of the
panbgraphcover (this is essentiallya three-dimen®nd counerpartto the classicalfoward-facing
step solution). We shall seethat thes vortex braids also appearto contibute to aeroacoutsc sound
geneation at certain frequenges. The next comb (pink streamines) is obsewved to dip within the
panbgraphcover,where theindividual streantines follow erraticpatts beforespilling overthe back
into the wake of the pantogrgh cover.Finally, the uppemostcomnb (blue streamines)is effectivdy
diverted over the panbgraphcover, with the individual streamines following gently curved paths
arourd the cover before beghnning to mix with the pink streamlinesin the turbulent wake of the
panbgraphcover.

4. ACOUSTIC CALCULATIONS

The acousticcomputatbonswerebasedon a specal implementaton of the boundaryelementmethod
(BEM). This implementaton is part of a generalmixed FEM—BEM variatioral formulaion usedin
RAYON™ for moddling the elast@cousticrespnseof complex3D strucurescouplked to one or
seveal acousic fluid domans and subfct to time-harmanic mechangal and/or acousic loads.The
detals of this formulaton are disaussedelsevhere’®” andwill not be repeate here Howeve, a
brief summay is providedin the Appendk.

As mentionedin Section2, the resuts of the unsteadyflow calculatons were usedto predictthe
noise radiatedfrom the baseand cover at frequendes betwea 50 and 2000 Hz. The time doman
surface pressurefluctuations were transbrmed into the frequeny domain using a standad FFT
algaithm. Althoughthefrequeng contentof thetransbrmeddatacovers thetheaetical rangeof 50—
2000Hz, the pradical range of validity is signficantly lower owing to the CFD consierations
preentedin the precedng sectian.

Quditative examiration of theseharmonc pressuralistributions canyield significant insight into
the chamcterof the acousticsolution evenbefore the actual SPL is computel at eachmicrophone
locdtion. In particula, onecanarguethatthe bulk of the predictedsoundgeneationis radiaed from
the surface on the back of the coverandthe surfaceof the tablein the wake of the cover.Plate3
illustratesthis point with datatakenfrom the calculaton with the fine mesh.Here surface presure
ampitude at a frequencyof 3906 Hz is plotted as colour conours on the cover andtable. This is
essatially a singlecomponentbf the boundarycondtion usedasinput to the acousics solver.The
Plateshowsthatthat highestinput amgitudesat this frequeng are concentatedon the inside of the
cover and in two trails on the left and right sidesof the cover wake. This plot also shows an
interestingartefact of the calculaton length.We would exped thatoveralong periodof time this plot
would be symmeric aboutthe sagttal plane.The fact thatthereare someasymnetriesin the plot is
probably a resultof the calculaton lengh; at a frequeng of 3906 Hz thereare appraximately 10
complete cyclesin the calculation.

Quantitative acousics resultsare presengd in Figure5, wherethe predicted soundpresureleve
datawerecomparedwvith the actualmicrophonereadngs;the darke barsarethe analysisresuts and
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1316 B. S.HOLMES ET AL.

the lighter barsarethe experimendl results.The resuts obtainedwith the coasemesh are preented
in Figure 5(a) andthoseobtainal with the fine meshin Figure 5(b).

Refering first to Figure5(a), we obseve that the analsis overpredics the SPL at frequendes of
100200 Hz and underpreitts the SPL at frequendes above 400 Hz. It is difficult to make a
guanttative comparisonbetwee analyss and experimentbelow 50 Hz owing to the backgound
noise at thesefrequenées notedearlier.

A similar comparisoris macke in Figure5(b) using the resultsobtaned with the fine mesh. In this
case betteragreements found at all frequencies Howeve, above500 Hz the predictedSPL still
falls off rapidy.

It shoud be noted thatthe variationin SPLwith microphonelocaion wasnotaspronowncedin the
anapsisresluts asin the expeimental measuements This may be dueto the proximity of the wind
tunnd nozzlein the experimens, noise from the mixing zone at the edgesof the nozzle and the
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Figure5. Compaisonsof predictedSPL with measuremerdata
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advedion of the soundfield. It is difficult to quantify thes effects.Most studiesof the noisefrom
nozzkshaveconcentatedon Mach numtersnearl or highe. Howeve, Mitchell et al.*® and Soh'®
have studed the far-field noise from jets at Mach numters of 0-4 and 0-6 respedtely and have
shown sigrificant direcivity in the radiated sound.In any casethe agreenent illustrated hereis
typical for all microphae locations.

Gererally good agreenent was obtaned betwea the analyss and the experimens at the other
microphonelocations.Significantly, the predictedoverdl soundpresurelevel obtainal by summing
the contiibutions over frequendes between125 and 700 Hz waswithin 4 dB of that measued for
three of the six microphones The maximum errorin overdl SPLwas8 dB (at location 3).

5. CONCLUSION

A seriesof calculatonswasusedto predictthewind noise from a pantograh. Theapproachusedwas
to divide the calcuktion into an unsteadyincomprestle flow calculaton and an acousticwave
propagation calculation. Two fluid flow problemscorrespading to two levels of meshrefinemert

weresolvedon a multiprocessorcomputer.The correspadingacousics solutionswereobtainal on a

workstation. The predictedsoundpressurdevels were compare with microphonemeasurerants.
Gereral agreenentwasfound betweenthe analysisand experinent, althoughsignificant differences
were found at sone frequendées.

Exanination of the resuts of the calculktionsrevealed seveal importantfeatuesof the flow field
and the mechanism of soundgeneation. One of the mod important obsewations was that the
panbgraphcovertendcedto sheda seriesof large transversevorticesfrom its front edgewhich were
conveted downstreamand impinged on the back edge of the cover. This interaction seemedto
geneate much of the prediced sound.From this we might concludethat changesn covergeometry
may redue radiatedsoundby redudng theinteraction betwea the vorticesandtherearof the cover.

The work descibed here is an application of several modern computadional aeracoustics
techniquesto a large-scaleindustrid problem with comple< georretry. One of the important
contibutionsof the analyss appeardo bethe increasedinderstading of the flow featuesthatlead
to noise. It would appearthat this type of analysisis most usefd in providing insight into the
mechanisns of aeracousticnoisegenerationsuggeting geomety changs which mightbeuseful in
redudng noise.

Althoughtheinitial resuts appea promising furtherimprovementsareneededIn particula, finer
resdution of the flow is neededin orderto resolvehigherfrequendes. The large-eddysimulaion
modéd usedhereis known to be deficientin solving sonme flow problemsand may not give similar
resuts when appied to otherwind noise problems°

APPENDIX: NOTESON ACOUSTIC COMPUTATION

The mixed FEM—BEM variatioral formulationimplementedin RAYON™ is capableof solving for

the linear elast@cousticresponseof conplex 3D structures coupled to one or more acousic fluid
domdns and subjectto time- harmont medanical and/or acousic loads. The strucures are
representedby the classicalFEM discretization. In RAYON™ all acousic fluids are consilered
perfectandbarotropic Theinternalfluid domans (cavities) canbe representedy eitheranacoustic
FEM or BEM discretzation. The external acoustic fluids are always represated by a BEM
disaetization,so thatthe Sommefield radiation condtion (outgong wavesonly, far awayfrom the
sour@s) can be satisfiedexactl.

In the simplified problemsolvedhere RAYON™ wasusedto solvefor soundpropagationoutsde
the train. However,it could also be usedto solve for the responseof the train strucure coupled
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simultaneous} with the air insideandoutsidethe cars.Indeed,asa continudion of thework repoted
here the authas are currently cartying out predictians of the noise generatedy the flow over the
train roof andpanbgraphshroud structure,andits transnissionto thetrain carinterior, when thetrain
is passingthrougha tunnd. Resuts from this work will be presentdin a future publicaion.

For the presentproblemthe presurein the externalfluid is governedby the Helmholtz equaton

AP k2P =0,

where k:a)/c is thewave number,is the radianfrequeny andc is the speedf soundin this fluid.
The bounday condtions for this simplified problem are P =P on the upper surfaces of the
panbgraphshroudand suppoting table, which are exposé to the flow, aD/an =0 on the lower
surface of the suppoting table and limr|oP /o —ikP| =0 as r —00 (Sommerfeld radiaion
condtion).

In order to derive a generalintegral representatio of the acousic pressurewhich is valid for
external aswell asinternal problens, the Helmholtz equatia is rewrittenusingdistribution theoryas

(A+K?)P =005 +a(s)/h,

where ltand o arerespectivey the jumpin theacousic pressurendits normal derivative acrosshe
integration surfaceS and ds is a Dirac distribuion appliedat S

Further use of the propertes of convoluion and the Dirac distribuion yields the following
expressionfor the acousic presureat any point M outsidethe integration surface (Q is a running
point on the integrationsurfacé:

P(M) = J (oB(M, Q)/ohg —dog(M, QNS

where g(M, Q) is the free spaceGreenfunction solution of the inhomogaeousHelmholtz equaion
saisfying the Sommefeld radiationcondtion. This expressia is the staring point for the variatioral
formulation and BEM discretization of the externalproblem.

Notice thatwhen the point M lies in the integrationsurface the aboveintegral is singular andhas
to be evaluatedin the senseof Cauchys principal value. Furthermoe, if the integration surface
representsan elastic fluid—structire interface a similar integral can be derived for the normal
disgacement This integral hasa secoml-ordersingulaity and hasto be evaluatedin the senseof
Hadamards finite part. One advantageof the BEM variatioral formulaion usedin RAYON™ is
avoiding the explicit evaluaton of thes hypersimgular integrals while still yielding a symmeric
sysem of equatons which canbe solvedusingfastalgorithns develogd for the classicalFEM.*¢17

REFERENES

1. K. lIwamotoandA. Higashi,'Someconsideratiortowardreducingaerodynamng noiseon pantograph Jpn. RailwayEng,
122 1-4 (1993).

. A. Pierce,Acoustics Acoustical Societyof America, 1989, pp. 60- -68.

. C. Tam, ‘Computation& aeroacousts: issuesand methods’,AIAA J., 33, 1788—-17961995).

. C. Kato, A. lida, Y. Takano,H. Fujita and M. lkegawa,‘'Numerical prediction of aerodynamimoise from low Mach
numberturbulert wake’, AIAA Paper93-1045 1993.

5. J.C. HardinandS. L. Lamkin, ‘Aeroacousic computationof cylinder wake flow’, AIAA J., 22, 51-57(1984).

. S.Haruna,M. Hashiguchil. Kamimob andK. Kuwahara,Numerical studyof aerodynamimoiseradiatedfrom a three-
dimensionalwing’, SAEPaper920341 1992.

. M. J. Lighthill, ‘On soundgeneratedaerodynamially: . Generaltheory’, Proc. R. Soc.A, 211, 564-587(1951).

. N. Curle, ‘The influenceof solid boundariesuponaerodynarnt sound’,Proc. R. Soc.A, 231, 505-514(1955).

. Parallel SpectrumSolvel™ User Guide Release?.0 (mp810),Centric EngineeringSystems)nc., 1995.

. Rayorl™ User'sManual Version4.0, STRACOS.A., 1994,

2] A OWN

[any
[@N{ele BN

INT. J.NUMER. METH. FLUIDS, VOL 24: 1307-139 (1997) (©)1997by JohnWiley & Sons,Ltd.



11.

12.

13.

14.

15.

16.

17.

18.

19
20

PREDICTINGWIND NOISE 1319

T.J.R.HughesL. P.FrancaandG. M. Gilbert, ‘A newfinite elementformulation for computationafluid dynamics:VIIl.
The Galerkin/least-squags methodfor advectivediffusive equations’.Comput.MethodsAppl. Mech.Eng, 73, 173-189
(1989).

H. M. Hilber, T. J. R. Hughesand R. L. Taylor, ‘Improved numerical dissipationfor time integrationalgorithrs in
structuraldynamics, EarthquakeEng. Struct.Dyn,, 5, 283—-292(1977).

J. Smagorinsk, ‘Generalcirculation experimentswith the primitive equationsl. The basicexperiment’,Mon. Weather
Rev, 91, 99-164(1963).

V. Kalro and T. E. Tezduya, ‘Parallel finite elementcomputaion of 3D incompeessibleflows on MPPs’, in Solution
Techniqueof Large- ScaleCFD Problems JohnWiley, New York, 1995.

S.Aita, A. Tabbal,E. MestreauN. Montmayeur F. MasbernatY. F. WolfhugelandJ. C. Dumas,'CFD aerodynamicef
the Frenchhigh speedtrain’, SAEPaper920343 1992.

M. A. Hamdi, ‘Une formulationvariationnele par équationsintégralespourla résolutionde I'é quationde Helmholtzavec
desconditionsaux limites mixtes’, C. R. Acad. Sci. Paris Il, 292 17-20(1981).

J.BenMariemandM. A. Hamdi,’A newboundaryfinite elementmethodfor fluid—structireinteractionproblems; Int. J.
numer.methodseng, 24, 1251-1267(1987).

B. E. Mitchell, S. K. Lele andP. Moin, ‘Direct computationof the soundgeneratedy vortex pairingin anaxisymmetric
jet’, AIAA Paper95-0504 1995.

. W. Y. Soh,‘Unstead jet flow computatbn: towardsnoiseprediction’, AIAA Paper94-0138 1994.

. J. H. Ferziger ‘Subgrid-scée modeling, in Large Eddy Simulationof ComplexEngineeringand Geophygal Flows
CambridgeUniversity PressCambridge, 1993, pp. 37-54.

(©)1997by JohnWiley & Sons,Ltd. INT. J. NUMER. METH. FLUIDS, VOL 24: 1307-13191997)



