Proceedings of IMECE 2000
International Mechanical Engineering Congress & Exposition
November 5-10, 2000, Orlando, Florida, USA

TIME-DEPENDENT CALCULATION OF ACOUSTIC RADIATION FROM FINITE
WINGS USING BEM

Trevor H. Wood*

Boston University
Boston, Massachusetts 02215
Email: twood@bu.edu

ABSTRACT

The calculationof acousticradiationfrom finite wings us-
ing a 3D, time-domainBoundaryElementMethod (BEM) was
investigated.Numericalcorvergencewas studiedand solutions
obtainedusinganextrapolateccorvergencemethodwereusedo
compareo 2D analyticalsolutions.Frequeng-domainlift solu-
tionswerefoundto be accurateto lessthan5% usingrelatively
coarsegrids (Ax ~ 0.1) for reducedfrequenciesabove 0.1 and
lessthanapproximately3. The acousticresponses$or high as-
pectratio wings werefoundto agreewell qualitatvely with the
2D results. As anillustration of the capabilitiesof the method,
a full-span, flappedwing configurationundegoing oscillatory
motion was consideredvith a preliminary quantificationof the
aeroacoustiinfluenceof theflap.

NOMENCLATURE

a speedf sound

A gustamplitude

AR aspectatio

b,c spanchordlength

G,C. 2D, 3D lift coeficient

Cp coeficientof pressure

DD—‘;’ = % + Uw& linearizedmaterialderivative

% = % +vw-0O  wake corvectivederivative

f frequeng of oscillation

I,L 2D, 3D lift force
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M Machnumber

N1, N2 numberof streamwisespanwiseanels
G Greensfunction

H(x) Heaviside stepfunction

U undisturbedreestreanvelocity

n outwardunit normalvector

r radialvector(sourceto obsener)

sourcepbsener positionandtime

vy = efve) wake corvective velocity

B Prandtl-Glauerparameter

o flap deflectionangle
8=cos!(n-L) obsenrerdeclinationangle

p,V, P fluid density velocity, andpressure
(0} perturbationvelocity potential

w= (2nf)c/2U, reducedrequeng of oscillation
Subscripts:

i i" spatialcoordinate

Superscripts:

(B) solid body part

(W)  wake part

+,— above,belov (£n) wake

Overscripts:
- Prandtl-Glauerspace
time derivative
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INTRODUCTION

Thereductionof aircraftnoiseis animportantconsideration
for currentand future aircraft designsas ervironmentalnoise
pollution becomesincreasinglydetrimentalwith increasedair
traffic. The predominantsourcesof aircraft noise include jet
noise, airfframe noise from high-lift systemsand landing gear
andblade-\ortex interaction(BVI) noisefrom helicopterrotors.
This noiseis generatedy unsteadyflow fluctuations(from vor-
ticity or turbulence)and their interactionwith solid surfaces
nearby Although jet noisetendsto dominateat take-off, air-
framenoisehasbeenobsenedto dominateover jet noisein cer
tain landing situations(Michel et al. 1998). The goal of the
currentresearchis to developefficient toolsfor theinvestigation
of airframenoise.

Thereis currentlya needto bridgethe gapbetweerhighly
idealizedanalyticalsolutionsand computationallyintensie nu-
merical simulations. For most flows of practicalinterest, nu-
merical solutionsare necessarilythree-dimensionadnd require
afull 3D-grid to performa RANS or LES simulation. To apply
suchtechniquego highly-complicatedyeometriesandto obtain
acousticinformation forcestheir applicationto the late stages
of designor for highly reducecharametricstudiesbecausef the
high computationatompleity involved. In thepresentesearch,
a balancebetweernrobustnesaindphysicalmodellingis sought.
By modellingonly thedominantflow featureseffectively, amore
efficient aeroacoustipredictiontool may be obtainedwhile re-
tainingtheability to analyzegeometricallycomplex systems.

It is believed that mary of the dominantacousticgenera-
tion mechanisméor high-lift wing systemsanbemodelledwell
(Guo 1997) within the framewnork of BoundaryElementMeth-
ods (BEM). Researcherbave previously usedBEM techniques
in 2D and3D to studyhelicopterrotorandturbomachineryoise
(Leeetal. 1990;Yao& Liu 1998;Gennarettietal. 1997),both
of which involve soundgeneratiormechanismsimilar to those
found in airframenoise (e.g., wakes from upstreamstructures
convecting pastdownstreamstructures). This paperbriefly de-
scribesthe adaptatiorof the BEM work of Morino etal. (1975)
for airframenoise.The solutionis calculatedn thetime domain
andallows for a free-wake evolution. Of interestfor airframe
noiseis the applicationof this methodto multielement,fixed
wing configurationsto calculatethe unsteadynearfield forces
andtheacousticpressuren thefield surroundinghewing.

In thismethod theassumptionthattheflow Reynoldsnum-
beris high andremainsattachedallow oneto modelthe bound-
ary layersandwakesby surfacesourcedistributions(i.e., source
anddoublet/hortex layers). Wakes are generatedat sharptrail-
ing edgesn thewing geometryandcanbe evolvedfreely under
theinfluenceof the surroundingluid. Thecurrentpaperfollows
thework of (Wood & Grace2000)whereanincompressiblém-
plementatiorof the presenBEM with a free-wake analysiswas
appliedto a wing-flap configuration. The presentwork extends
the implementatiorto includethe effect of subsoniccompress-

Figure 1. Problem schematic

ibility. As this methodologydevelops,it is critical to validate
the numericalresultswith classicalsolutions(althoughthe au-
thorshave yetto find othersimilar validationsfor 3D compress-
ible, time-domain BEM computationsn theliterature).This pa-
per shavs the comparisorbetweenpostprocessetime-domain
resultsfrom the currentmethodand canonical2D, frequeng-
domainsolutionsfor a thin, flat-plateairfoil in a transwersegust
(Atassietal. 1993).In additionto the validation,the paperalso
presentpreliminaryresultsshoving the effect of afull-spanflap
on both the wake developmentand the acousticfield produced
by anoscillatingwing.

METHOD

Consideffully-attached high Reynoldsnumberflow around
a rectangulamwing asshawvn in Figure1l. The presentesearch
usesthe BoundaryElementMethod (BEM) as formulatedfor
guasi-potentiafflows (Morino et al. 1975; Gennarettiet al.
1997). The flow is modelledto be potentialeverywhereoff the
solid wing surfacesandoutsidethe wakes. Fully attachedhigh
Reynold’s numberflows are assumedsuchthat viscouseffects
areprevalentonly in thewake generatiorat thetrailing edgeof
thewing elementsTheflow velocityinfinitely farfrom thewing
is taken to be uniform in the x; directionandto bein the low
subsoniaegime.

Governing Equations: Underthe above assumptions,
the perturbationvelocity potentialis known to satisfy the con-
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vective wave equation(Morino 1993)

D2
MZD—t;p—DZ(pzo, (1)

wherespaceandtime have beenscaledby the half-chordlength
c¢/2 andthecorvectivetime scalec/2U, respectiely. Thesolu-
tion to Eq. (1) satisfiegshe boundaryintegral equation

*

~ ~ ~ T
1 logp(y,t) F-dnfo o o
‘ﬁ/l? o +?z<?*5)] v

S

{ o(%,f) , for x in field

Ig(x,t) , for x onwing (2)
0 , forxinsidewing

wheret* =t /&4 a=B/M, F=|%x-¥|, andtildesdenote
evaluationin the Prandtl-Glauerspace—

szl) ‘ 3)
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Equation(2) is solved numerically by applying a zeroth-
order BoundaryElementMethod and linear time interpolation
to give asetof algebraicequationgMorino 1980)

Hef' = ;Gé?fcpT“” — GOV G ¢

b ag " +68ag ™, (@)
where, M
Tjj :E(rﬁij+Mr1ij)’ (5)

g, = \/(Xi1 = Vi1 )2/B?+ (Xi, = ¥in)? + (Xis — Yis)?.  (6)

Theindicesi, j, andn referto thecollocationpoint, panelindex,
andtime iteration,respectirely. Thewing bodyandwake surface
are denotedby (B) and (W), and Gs, Gp, and Gg referto the
sourcedoubletandrateletinfluencematrices.

By applying equationg(4) to collocationpoints locatedat
the centerof eachpanelon the body, atime-domainsolutionfor
the surfacedistributions of ¢ is readily obtained. The flow ve-
locity and pressurenay then be determinedhroughdifferenti-
ation andBernoulli's equation. Oncethe aerodynamicsolution
is calculated the acousticfield may be evaluateddirectly using
the computedaerodynamisourceswith newly computednflu-
encematricesfor obsener pointsin the surroundingluid. This
formulation provides an inherentconsisteng ideally suitedfor
aeroacoustistudies.

Boundary Conditions: The solid surfacesof the wing
areimpermeable.Thus, the normal perturbationvelocity is re-
quiredto satisfy

0p

Thewakesaremodelledasinfinitely thin sheatayersand,there-
fore, cannotsupporta pressurgump. By applying Bernoulli's
equationto a point x4 just abose andx_ just below the wake,
oneobtains

0Ap 1 5 o 08Q (vi+V.) _
o VTV =t eV =
DW _
(a9 =0, ®
where
Dw 0 0 (ve+vo)
Dt at‘|’VW 0 at+ > . (9

Equation(8) is the conditionwhich relatesthe wake strengthA@

to the potentialjump at thetrailing edgewhenthe wake element
waslocatedat that trailing edge. Additionally, the wake evolu-

tion is determinedsuchthat the fluid elementsn the wake are
corvectedwith the averagevelocity acrossthe sheet. This de-
finesafree-wake evolutionwhichis describedn greatedetailin

Ramsg (1996)andWood & Grace(2000).

Numerical Model and Grid Convergence: For pur-
posesof numericalvalidation,a very thin wing at zeroangleof
attackto the freestreamexperiencinga small amplitude oscil-
latory gustis considered.The gustis chosento correspondo
theSeargroblem(Searsl941)suchthattheboundarycondition
Eq. (7) maybewritten

g_(rl: = —MUw — N2ASINW(t — Xmc)], (10)

wherexn. denoteghe x; positionof the midchordandA is the
gustamplitude.Notethatin thelimit of zerowing thicknessthe
meanflow doesnot influencethe solutionwhenthe wing is at
zerodegreesangleof attack.

In Figure2a,thelift coeficientis presentedor awing with
an aspectratio AR = 10, a gust with a reducedfrequeng of
w= 0.4, anda Machnumberof M = 0. Threedifferentgrid res-
olutionsarepresentedo showv corvergence.Becauséhe zeroth
orderBEM exhibits a first-ordercorvergence an estimateof the
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Figure 2. Grid convergence

“converged” solutionmaybe obtainedby finding they-intercept
of a straightline passingthroughthe dataplotted againstl/N;
(Moran1984),whereN; is thenumberof elementsn thestream-
wise direction. Performingthis extrapolationfor eachtimestep
yieldsthesolid curvein Figure2a.

This linear extrapolationis illustratedin Figure 2b where
thecomplex amplitudeis determinedor all threediscretizations
in Figure2aat the gustfrequeny and plottedversusl/N;. All
othergrid parametersuchasthe spanwisepanellength 1/Ny,

o<l
=L

[TNSTNSTNNT]
o000
wiko
I I

® Real(c)

Figure 3. 2D lift amplitude

the timestepAt, the wing thickness,etc., shouldbe chosenso
asto decreaseroportionallyas 1/N; is decreased.This gives
convergencealongthe diagonalin the parametespacebecause
of thelinearcorvergenceof the method.

2-D COMPARISONS

The nearfield andfar-field responsesf a 2D flat-plateair-
foil to atrans\ersegustarecalculatecherefollowing themethod
of Atassi,Dusey, & Davis (1993). In Figure 3, the complex lift
coeficient is modified by a factorexp(—iw) to simplify there-
sponsegiven by the well-known Searsfunction (Sears1941)?!
The circles denotethe analytical solution for M = O given by
Searswhereaghe M = 0.1,0.2,0.3 resultswere obtainedfrom
thesemi-analyticsolutionof Atassi,Dusey, & Davis (1993).The
2D lift coeficientis definedby

G = PUxAS

(11)

Thefarfield complex pressureamplitudeswerealsocalcu-
latedby Atassietal. (1993)andarepresentedh Figure4 for four
casesM =0.1,0.3andw=0.1,0.8. In eachplot, thedashednd
solidlinesreferto therealandimaginaryparts,respectiely. The
farfield obserer locationsare positionedon a circle surround-
ing the airfoil and centeredon the midchord(seeFig. 1). The
azimuthakoordinatds takenpositive counterclockwisérom the

1This modificationis equivalentto referencinghe gustto theleadingedgeof
theairfoil asopposedo the midchord(Giesing,Roddeng& Stahl1970).
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Figure 4. 2D far-field pressure
+x1 axis. Theradiusof the obsenrer circle wastakento be 100 for thin, flat-plateairfoils. To attainthe desiredcorrespondence,
half-chords. arectangulamwing with a parabolicprofile wasused. Thewing

thicknesavaschosersoasto decreaseroportionatelywith 1/N;
usinga 10%-chordthicknessfor the Ny = 10 grid. A flat-wake
model(vy = [V4+ +V_]/2 = Usl) wasalsousedso asto match

3-D RESULTS "
the 2D analyticalmodel.

Calculationsusingthe 3D compressibléime-domainBEM
wereperformedo be comparedo well-establishe@D solutions
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Figure 5. Response to impulsively-started flow

Aerodynamics

Therespons®f athin rectangulawing (AR = 10) subjected
to impulsively startedflow at onedegreeangleof attackis pre-
sentedin Figure5. Resultsfor Mach numbersbetween0 and
0.3 arepresentec&ndwere obtainedusingthe extrapolatedcon-
vergencemethodoutlined in the methodsection. The 3D lift
coeficientis definedas

L
CL=—— 12
L %DUZCb7 ( )

whereb is the spanlength. Note the appearancef a deltafunc-
tion att = 0 arisingbecausef the stepjump in the potential?
The Mach numberis seento increasethe lift as well as the
strengthof theinitial impulse.

The incompressibleSearsgust responseis presentedfor
rectangulawings of varyingaspectatio in Figure6. The Sears
solutionis givenby thecirclesanddashedturve whereaghe 3D
resultsare given by the squaresand solid curves. The 3D lift
coeficientis definedby

L

Cl=—r,
" pUAE

(13)

Eachgustfrequengy is calculatedby performingthe extrapo-
lated corvergencemethodon all of the frequeny domaindata

2Thetime derative of the potentialappearsn Bernoulli's equationfor the
pressure:

P— P :
Cp= =1-V—-2
p U2 ()

Nl

) -5 Computed

0.5k <O 2D Theory

-2.5F

Real(C)

Figure 6. Effect of Aspect Ratio

obtainedfrom eachtime domain calculation. In addition, as-
pectratiosof 2, 4, 6, 10, and20 werecalculatecandanestimate
for AR — o was obtainedby extrapolatingfor 1/AR — 0. A
goodcorrespondends obsenedexceptfor thehighestandlow-
estfrequencies. The high frequencieswill fail whenthe grids
usingN = 10,12 and14 aretoo coarseto resole the temporal
variation.For thesecasescalculationdor higherN arerequired.
The low frequenciesncur error becauseahe time-domainsolu-
tion is not carriedon indefinitely. For thesecasesthe simulation
time mustbe extendedbeyond 20 units of time. The resultsus-
ing N = 10,12,and14 areseerto beaccurateo lessthan5%for
frequenciesigherthan0.1andlessthanapproximately3.

The effect of the Mach numberon the gustresponsdor an
AR = 20wing is shavn in Figure7. Thesolid anddashedturves
denotethe M = 0 andM = 0.3 casegespectiely. Whencom-
paring Figure 7 to Figure 3, note that the differencesare due
primarily to the low andhigh frequeny errorsdiscussediborve,
andto the effectsof thefinite aspecratio.

Acoustic Radiation

Thefarfield acoustigressurevascalculatedisingtheaero-
dynamicsolutionspresentedbore. The obsenrer locationsare
a distanceof 200 half-chordsfrom the centerof the wing and
situatedon a circle centeredaroundthe centersparof the wing
asillustratedin Figurel. The four casedor M = 0.1,0.3 and
w=0.1,0.8 (AR = 20) areshavn asin Fig. 4. The comparison
betweenthe 2D calculationsis qualitatively good. Differences
do exist, however, becausef both discretizationerrorsandthe
fundamentadifferencesn 2D versus3D acousticpropagation.
Thecoeficientof pressurescaleswith 4/r andr in 2D and3D, re-
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Figure 8. 3D far-field pressure

spectvely; however, adependencen M andw is alsoexpected.

In comparingthe maximumCy, depictedin figures4 and8, one
findsareasonablyglosecorrespondencat w = 0.8 while the3D
resultsat w = 0.1 fall shortof the correspondin@®D resultsby
afactorof about20. This may be correlatedperhapgo there-

sultsin Figure 6 wherethe lift coeficientis more significantly
affectedby the aspectatio atlow frequencieshanathigherfre-
guencies.In addition, the far-field asymptoticbehaiour of the

2D Greendunctionfor the HeImhoItzequationHéz)(Kr) scales
with v/K = v/Mw/B whichgivesv/K = 0.1,0.29,0.19,and0.54
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Figure 7. Effect of Mach Number

for casegqa) through(d) in Figure4.

Flapped Wing

Theobjective of the presentvork wasto validatea 3D com-
pressiblegime-domainBEM with 2D analyticalsolutionsfor an
ideally flat wing. The ultimate purpose,however, is to apply
this methodto morepracticalsystemsAs a preliminaryillustra-
tion, the flow arounda NACA 23012wing in heave oscillation
andwith aNACA 6412flap at20 degreesdeflectionis presented
here. Considera heare amplitudethatis 10% of the freestream
velocity suchthattheboundaryconditionEg. (7) maybewritten

g_(rf = —ny—np(0.1)sin(wt). (14)

An incompressibl¢M = 0) calculationfor w= 2 (f = 1/m)) was
performedusinga free-wake analysis(vy calculatedexplicitly).
Resultingwake configurationsare presentedvithout and with
theflap in figures9 and10. The wake is seento distort more
significantlywith theflap present.In Figure9b, thegrid is seen
to betoo coarseo fully resolhethetip andstartingvortices.

Thefrequeng spectrum(FFT) of the pressurecoeficientis
shown in Figure 11 for a farfield obserer locatedat r = 100
and@ = —1/2. The signalenepy is seento be increasedwith
thepresencef theflap.

Future Work

The examplepresentedabove helpsto highlight issuesfor
future consideration.Currently the compressibilityeffects are
accountedor via the Prandtl-Glauertransformatiorfor steady

translationamotion. The generainfluencefor a freely-evolving
wake involvesthe solutionof a transcendentaquationfor the
retardatiortime. How muchwill this affect the farfield evalua-
tion andthefree-wake evolutionitself?

The methodwill alsobe usedto investigatethe aeroacous-
tic responseo the passingof a freevortex. Theresultsmay be
comparedo theanalyticaltheoryof Howe (1999).

CONCLUSIONS

The validationof a 3D time-domain,compressibléBound-
ary ElementMethodfor subsonicflow arounda thin rectangu-
lar wing hasbeenperformed. The aeroacousticesponsef the
wing in asinusoidaltrans\ersegustwasobtainedandcompared
to 2D analyticaltheory An extrapolationmethodwas usedto
estimatethe corvergednumericalsolution using threedifferent
grid refinementdor eachcalculationof interest. It wasfound
thatfrequeng-domainlift solutionsaccurateo lessthan5% can
bereadily obtainedusingrelatively coarsegridsfor reducedre-
guenciesabove 0.1andlessthanapproximately3. By increasing
theresolutionof the gridsandlengtheninghe extentof the sim-
ulationtime, accuragy maybeimprovedfor thehigherandlower
frequenciesyespectiely. The aerodynamicsolutionsobtained
usingthis corvergencemethodwere usedto calculateacoustic
signalsin the far field. Theseacousticcalculationsfor high as-
pectratio wingswerefoundto agreewell qualitatively with the
2D results.

In additionto thevalidation theapplicationof themethodto
computethe aeroacousticesponsef a full-span, flappedwing
configuratiorundegoingoscillatorymotionwaspresentedThis
preliminary result exemplifiesthe capability of the methodfor
computingthe soundproducedfrom flow pastcomplex struc-
turesin threedimensions.
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