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ABSTRACT

A numericalnvestigatiorof unsteadyvind tunnelandgroundinterferencesffectsis carried
outin thetime domainto studythe transonicflutter characteristicef the NLR 7301sectioninside
a wind tunneland the thrustgenerationcharacteristicof a NACA 0014 airfoil plunging neara
groundplane. A parallelized,multi-block, deforminggrid, unsteadyflow-solver is coupledwith a
two-degree-of-freedonstructuraimodel.

For thetransonidlutter problem two typesof porous-vall boundary-conditiomareimple-
mentedandtestedfor the boundariesepresentinghe tunnelwalls. The type of porousboundary
conditionis foundto influencesignificantlyboth steadyandunsteadysolutions.Resultsshav that
the free-flight flutter behaior may differ significantly from the behaior foundin a porouswind
tunnelbecausef the strongdependencen thetunnelporosityparameteandthe proximity of the
walls.

An analysisof the trailing edgeboundaryconditionis performedfor the airfoil in ground
effect. The computationsshav that this boundarycondition influencesthe solution only when
non-linearitiesare presentin the flow-field, althoughparametergveragedthrougha cycle of os-
cillation arenot affectedsignificantly The samebehaior is obsered for theinfluenceof the tur-
bulencemodelon the fully-turbulent, unsteadycomputations.However, the bestagreementvith
low Reynolds numbey experimentaldatais obtainedwhenthe flow is assumedaminarand no

turbulencemodelis applied.
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|.INTRODUCTION

The study of unsteadyflow problemshasbecomevery importantin the pastfew decades.
Among mary otherproblems,one canmentionthrustandlift generatiorby meansof oscillating
wings,flutter, dynamicstall, blade-rov interactionsn axial compressorsandblade-wrtex interac-
tionson helicopterbladesasexamplesof importantunsteadyaerodynami@roblems.Theproblems
of transonicflutter of an airfoil inside a wind tunnel and flapping wing propulsionof opposed-
plungingairfoils arethe primaryinterestof this work.

Themainpurposeof thisintroductorychapteiis to give thereaderanoverview of thelatest
achiezementgelatedto thesetwo problemsandto summarizehe contritutionsof the presenivork
to the numericalcomputationof unsteadyflows pasta fluttering airfoil inside a wind tunneland
over a flappingairfoil in groundeffect. Consequentlythis chapteris divided into specificsections
relatedto thesetwo problems. It alsoincludesa sectionaboutsomeof the detailsof anunsteady

aerodynamicsolver commonto bothproblems.

A. TRANSONIC FLUTTER STUDIES

Historically, greatefforts have beendevotedto experimentalandtheoreticalinvestigations
of thetransonidlutter characteristicsf airfoils becaus¢hetransoniadip associatedavith theflutter
speedof typical aircraft wings posesa seriousproblemfor flight safety Developingtheoretical
modelsfor unsteadyflows hasbeenpursuedboth analytically and numerically But becauseof
the strongnonlinearcharacteof the governingequationgNavier-Stokes equations)pnestill must
rely on experimentgo understandomeflow characteristicer to validatetheoreticalmodels. The
dramaticadvancesin computerpower in the pastfew yearshave madeComputationaFluid Dy-

1



namics(CFD) very popularamongengineersandresearcherto overcomesomeof the difficulties

of solvingthe Navier-Stolesequations.

Flutter is a phenomenorgenerateddy the interactionbetweenfluid flow and structure.
Therefore numericalsolutionsof flutter problemsrequirethe useof CFD coupledwith Structural
Dynamics(SD) solvers. Analytical solutionsof the unsteadyequationsareavailableonly for a few
specialcaseswith little practicalapplication.Only very recently someexperimentaldatawasgen-
eratedwith the potentialfor validating CFD/SD codes for examplethe datapresentedy Schaeve

etal.[31, 44].

Thestudyof flutter startedbecaus®f the earlierdevelopmeniof fighteraircraft,especially
during World War I. Somedesignersabandonedhe classicalbiplaneconfigurationwith its inter
planebracing,in favor of the mono-planeving with lesstorsionalrigidity. With the developmenif
fasteraircraft, the aeroelastibehaior of the airplanebecamamoreimportant. Oneof the earliest
bookspublishedon this subjectwaswritten by Bisplinghof, Ashley, andHalfman[9] in 1955. It
wasa compilationof the theoreticabndexperimentatools availableat thattime for flutter studies.

Theanalyticalmodelsweremainly basedon the smalldisturbancesoncept.

Thefirst significantuseof CFD to performflutter calculationds dueto BallhausandGoor
jian[5] in thelate19705. They studiedthesingle-dgreepitch stability of anNACA 64A006profile
nearM., = 0.88. Themainconcernwasto predictcorrectlythemotionof the shockwith oscillation

of the profile, particularlythe phasdag with respecto the oscillatoryangle-of-attack.

Sincethen,the useof CFD/SDsolversto analyzeflutter problemsin thetime domainbe-
camemoreandmorefrequent. For instance the phenomenorf stall flutter wasstudiedby Eka-
terinarisandPlatzer{17]. They usedathin-layerNavier-Stokessolverincludingatransitionmodel
with a simplified criterionfor thetransitiononset. The numericalsolutionwith thetransitionmodel

2



shawved that the small laminar/transitionabeparatiorbubble forming during the pitch-up motion

hasa decisve effect on the nearwall flow andthe developmentof unsteadyoads.

A time-domainanalysisof low-speedairfoil flutter wasdoneby JonesandPlatzer[25] in
1996. A time-steppingaeroelasticodewasusedto performcomputationgor two-airfoil systems.
The configurationsstudiedwere a two-airfoil tandemandan airfoil in groundeffect. Becauseof
the excellentagreementvith pastresults,their codecanbe appliedasa feedbacKoop to stabilize
flutter of atrailing airfoil actively, to investigatewvake interferencen rotary-wingflowfields,andto

simulateflutter in groundeffect.

Transonicflutter computationsvere the subjectof several paperspublishedby Beranet
al. [6, 10, 36]. Themaininterestof theirinvestigationsvastheairfoil flutter boundariesThey used
two Euler solversto calculatethe flutter onsetfor a pitch-and-plungeairfoil at transonicspeeds.
They appliedthe Hopf-bifurcationanalysigo determineheflutter onsetandfoundthatthis method

is preciseandefficient for gridstypical of inviscid, transonicairfoil calculations.

Navier-Stokes computationdor flutter of an airfoil sectionwere conductedoy Weberet
al. [54] andWeberet al. [55]. In the formerwork, a flutter study of turbomachinerybladeswas
conductedby using a full Navier-Stokes code. In the latter, Weberet al. [55] useda thin-layer
Navier-Stokes solver to perform Limit Cycle Oscillation (LCO) computationdor the NLR 7301
airfoil. Comparisonf this unboundedlow calculationwith experimentalresultsobtainedby
meansof awind tunneltestsuggestedignificantwall interferenceeffects. Castroetal. [11] found
thattheinclusionof thewind tunnelwalls in the modelingof the problemcansignificantlyimprove

theagreementf numericalandexperimentaresultsfor steadyaswell asunsteadycomputations.

Theimportanceof tunnelinterferencas well recognized35], but reliablequantitatve esti-
matesarestill lacking. ForinstanceKhalid andMokry [30] have presentedhviscid calculationgor
tunnelwall interferenceeffectsin steadyflow overaNACA 0012airfoil in 2-D transonidlow. How-

3



ever, no Navier-Stoles studiesseemto have beendoneto analyzeunsteadytransonicinterference

effects.

This dissertatioris a continuationof thework presentedn [11] in which it wasfoundthat
both the porosity and the way of applying the correspondingpoundarycondition influencedthe
resultsof both steadyandunsteadycomputationgor the NLR 7301 airfoil insidea wind tunnelat
transonicspeeds.In that work, modelingthe porosity of the tunnelwall requireda very careful
constructionof the grid in which the cells wereapproximatelyequally spacedat the wall regions.
Thiswasnecessarpecausasomegrid cellsweretreatedassolid walls while othersweretreatedas
holesin orderto achieve thedesiredoorosity For example,a50%porositywasmodeledoy treating
four consecutie grid cellsasholes,the next four assolid walls, andso on. The dravbackof this
approachwasthata very limited numberof possiblevaluesof porosity could be simulateddueto
thefinite numberof grid cellsatthe wind tunnelwalls. In fact,only porosityvaluesof 25%,50%,

and75%werefeasible.Furthermorethe plenumchambepressuravasnotincludedin themodel.

Comparisonsvith experimentaresultsobtainedn the DLR-Go6ttingenwind tunnel[31, 44]
have demonstratethatinclusionof wind-tunneleffectsis the key to obtainingbetteragreementf

boththe steady-statpressuralistribution andtheflutter characteristicsvith the experiment.

A primary goal of the presentinvestigationwasto improve the porouswind-tunnelwall
model usedin the previous study specifically providing solution uniquenessand including the
plenumpressure As earliermentionedthe previous model provided a numberof waysto achieve
the sameporosity eachresultingin a differentsolution. Furthermore,jt wasdesirableto elimi-
natethe requiremenfor equally spacedyridding alongthe tunnelwalls. In the presentwork, the
approachpresentedby Mokry et al. [35] is used. The normalvelocity at the porouswall is set
proportionalto the pressuraifferencebetweerthe plenumchamberndthetestsectionwall. This
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modelallows a muchmorecontinuousvariationof flow parameteranddoesnotrequireanequally
spacedyrid alongthewalls.

In this dissertation the effect of tunnelwall interferenceon transonicflutter/limit-cycle
predictionis investigatedn furtherdetail. To this end,parametricstudiesof porosity tunnelheight,
andMachnumberareconductedNumericalsolutionsareobtainedfor anairfoil freeto oscillatein
two-degrees-of-freedonn transonicflow andthe resultsare comparedwith the measurementsf
Knipfer etal. [31].

Theproblemof transonidlutter of anairfoil insideawind tunnelis solvedbecauséehereis
neitheran analyticalnor an experimentalmethodof eliminatingmeasuremerinterferencecaused

by wind tunnelwalls in thetransoniaegime.

B. FLAPPING AIRFOIL STUDIES

Flappingwing propulsionhasbeenusedby birdsandinsectsfor mary millenniabut barely
by mankind.Althoughtheconcepbf obtainingthrustby meansof a plungingairfoil wasexplained
by Knoller [32] in 1909andby Betz[7] in 1912,very few efforts have beenmadeto explore or to
studythis alternatve to the morecornventionaluseof propellers.

Thefirst experimentademonstratiomf thefeasibility of flappingwing propulsionwasper
formedby Katzmayr[29] in 1922. Thefirst solutionfor incompressibldlow pastflappingairfoils
was presentedoy Birnbaum[8] in 1924. Then,in 1936, Garrick [19] solved the problemof a
sinusoidallyplungingairfoil, using Theodorsers theory[48], for the whole rangeof reducedfre-
qguenciesThis solutionwasbasedn thelineartheoryanddoesnot hold for detachedlows typical

of highreducedrequencies.



Oneof the earliesthumericalmodelsfor a 3-D flappingwing wasdevelopedby Lan [33]
in 1979. He usedan unsteadyquasi-wrtex-lattice to calculatethe propulsie efficiency andthrust
for somesweptandrectangulamplanformsby varying the phaseanglesbetweenthe pitching and
plunging motions. It was shavn that aerodynamicallyinteractingtandemwings, as usedby the
dragonfly can producehigh thrustwith high efficieney when the pitching is in adwanceof the
flapping and the hind wing leadsthe fore wing with someoptimum phaseangle. Linear theory
wasalsousedin this case therefore detachedlows arenot capturedoy this model.

With the advent of CFD, the problemwith detachedlows could be overcome.It became
possibleto studyimportantunsteadyphenomenasuchasthe dynamicstall. Amongtherecentin-
vestigationgdoneon this subject,the work of Platzeretal. [42, 43, 53] deseresspecialattention.
They appliedathin-layerNavier-Stokessolverimprovedwith atransitionmodelbasedn Gostelav
etal. [20] anddeterminedhe dynamicstall boundariedor the NACA 0012airfoil. Furthermore,
they investigatedhe needof including a transitionmodelinto the CFD solver andalsothe charac-
teristicsof dynamicstall andflappingairfoil propulsion.On the predictionof dynamicstall, Jones
andPlatzer[26] shavedthatthe delayin the dynamicstall onsetis relatedto the dynamicpressure
lag.

Platzeretal. [23, 28, 22, 51, 52] alsostudiedthe problemof flappingwing propulsionin
closedetail. Numerically they usedboth an unsteadypanelcodemethod(UPQT) coupledwith a
boundary-layesolverandathin-layerNavier-Stokessolver for theircomputationsExperimentally
alow-speedvind tunnelandalsoawatertunnelwereused.Amongotherconclusionsthey shaved
thatsomeconfigurationsof two airfoils canproducebetterpropulsve efficiency thana singleflap-
ping wing. As an exampleof suchconfigurationsthe flapping/stationaryairfoil combinationin

tandemprovided a 40%augmentatiorn propulsve efficiengy.



Thework performedby Isogaietal. [21] is alsoworth mentioning.They studiedthe effects
of dynamicstall on propulsve efficiengy andthrustof a flappingNACA 0012. It wasdetermined
thata phaseanglebetweerthe pitch andplungemotionsof 90 degreeswould yield optimumvalues
of propulsve efficiency andthrust. A similar resultwas obtainedexperimentallyby Anderson[3]
and Andersonet al. [2]. Using a modelfor the NACA 0012immersedin a watertunnel, it was
foundthatthe highestpropulsve efficiencieswere obtainedfor a phaseangleof approximately75
degreesbetweerpitch andplungeandmotionswith high effective anglesof attack. This indicates

thatthe presencef the dynamicstall vorticesmight not alwaysbe detrimentato thrustgeneration.

More recently Dickinsonet al. [14] experimentallystudiedthe characteristic®f flight of
aninsectwing. It wasfound that the mostimportantmechanismsn insectflight are what they
called“rotationalcirculation” and“wake capturé€’ In thelatter mechanismthe wing benefitsfrom
the shedvorticity of the previous stroke. They effectively demonstratethatthewing canproduce

positive lift by interactingwith its own wake.

RamamurtandSandbeg [40] alsostudiedtheproblemof anoscillatingNACA 0012.With
afinite elementincompressibldlow solver, they investigatedhe effectsof varyingthe phaseangle
betweenpitch and plungemotions. Their resultsshov good agreementvith the experimentsof
Anderson3] for thethrustcoeficient, andit wasfoundthatphaseanglesbetweemitch andplunge

around90 degreesdeliver the bestpropulsve efficiengy.

Someof the flapping wing configurationsinvestigatedin recentyearsare presentedn
Fig. 1.1. The single airfoil (a) hasbeenthe subjectof mary studies. The opposed-plungéc)
combinationwas investigatecboth numericallyand experimentallyby Jonesand Platzer[28] and
Lund etal. [34]. Thenumericalinvestigationwasdoneusinganunsteadypotentialflow codemod-
ified to computeincompressibldlow over two airfoils oscillatingin plungewith a phaseangleof
180 degrees. This code,called USPOI, wasoriginally developedby Pang[37] in 1988. It is im-
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portantto recall thatthe flow solutionfor two airfoils arrangedn a biplanefashion,oscillatingin
plungewith a phaseangleof 180degrees,is equivalentto the flow over a singleairfoil oscillating
neara groundplane. This remainstrue evenfor viscousflow solutionsaslong asaninviscid flow
tangeng conditionis enforcedalongthe groundplane. In their experimentalinvestigation,Jones
and Platzer[28] built andtesteda biplane configuration. Therefore,the single airfoil in ground
effect solutiondevelopedin this dissertatiorcanbe comparedwith their experimentakresults. The
experimentalpartwasconductedn the Naval Postgraduat&choollow-speedvind tunnel.

Apparently the only Navier-Stokes computationgor the opposed-plungegr biplane,con-
figurationhave beendoneby TuncerandKaya[50]. Their approachconsistsof applying C-grids
for eachairfoil and over-settingthemwith a Cartesiangrid in a “Chimera” fashion. It appears
thatno computationsveredonefor sucha configurationusinga deforminggrid approach.There-
fore, oneof the purposesf this dissertations to analyzethis problemusingthe samethin-layer
Navier-Stokes solver usedfor investigatingthe transonicflutter of anairfoil with wind tunnelwall
interference.

The problemof an airfoil oscillatingin groundeffect is investigatedin this dissertation
becausehemicro-airvehicledevelopedat the Naval Postgraduat&choolusesabiplanewing con-
figurationfor thrustgeneration.This configurationis known to producemorethrustperwing than

thesinglewing configurationandallows a muchbettermechanicabalance.
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C. COMMON ISSUES

The flow solver and the aeroelastionodelsusedin the presentinvestigationhave been
testedandvalidatedextensvely in previous studiesfor a variety of flow conditions. For example,
the flow solver andthe turbulencemodelshave beentestedfor subsonidlow [43, 16, 18] andfor
transonicflow [15]. The aeroelastianodelhasbeenimplementedandtestedin [27] for inviscid
flow calculationsandin [55] for viscous transonicflow.

Thetransitionmodelingcapabilityof the codewasdemonstrateth [55, 43]. Nevertheless,
becaus@reviousresultsof [55] shavedthattransitiononly slightly improvedthe numericalresults,
transitionmodelingwasnot usedin the preseninvestigationassumindully turbulentflow.

Theinfluenceof thedifferentturbulencemodelsavailablefor thepresentodein thenumer
ical predictionsof transonidlutter wasalsostudiedoy Weberetal. [55]. It is known thatturbulence
modelsare calibratedonly for steady-statélows. Neverthelessjt is commonpracticeto apply
themfor unsteadyflows without ary further modification. It wasfound during this work that, for
one-equationiurbulencemodelsappliedto moving grid problems,somemodificationsin theirim-
plementationis necessarySpecifically the time metricsshouldbe includedin the computationof
the contravariantvelocity usedin the corvectve terms,andatime-accuraténtegrationof thetrans-
port equationshouldbe performed.This modificationwasdiscussedvith Dr. Steven Allmaras([1]
andrepresentsneof the contritutionsof the preseninvestigation.

Theability of themulti-block versionof theflow solverto predictaccuratelytheflow overa
stationaryairfoil in awind tunnelby includingporouswall effectswasdemonstrateth the previous
work [11].

The problemsof flutter of anairfoil insidea wind tunnelandof anoscillatingairfoil near
a wall canbe numericallysolved in a very similar manner For the former, two wall boundary
conditionsshouldbeappliedbothabose andbelow theairfoil. Forthelatter, only onewall boundary
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Figurel.2. Comparisorof the Configurations

conditionis necessarpelown theairfoil. For the upperboundaryfree-streanboundaryconditions
areapplied. Therefore the samesolwer, only with minor changeswing to specificcharacteristics

of eachconfigurationcanbeusedfor numericalcomputation®f both problems.

Time-accurateunsteadycomputationsrequire large computingtimes until a reasonable
numberof cyclesis reached. Computationakfficiengy can be improved by taking advantageof
parallelarchitecturesThe computationadomainis divided into threeblocksto enablediscretiza-
tion of the full geometryfor both problemsunderinvestigation.This makesthe approachsuitable
for parallel computation. Therefore,a newly developedparallel versionof the code usesthree
Pentiumll 400 MHz PC'’s to carry out the computationsassigningone block to eachprocessor
The boundaryconditionsaretransferredrom one machineto anothervia a specificlibrary called
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MessagédPassinginterface(MPI). Theclusterof Linux PC’sis effective in performingthe parallel

computationandis alsoeffective in reducingthewall-clock time.

D. DISSERTATION OVERVIEW

The theoreticalbackgroundor the computationacodesusedin this work is presentedn
Chapterll. Thethin-layerNavier-Stokes equationsn conserative, unsteadygeneralizeccoordi-
nate,andnondimensiondlorm arediscusse@longwith someimportantissuessuchasthenumeri-
cal schemeturbulencemodels,deforminggrids,andtransitionmodels.The necessaradjustments
for workingwith maving andchanginggridsarepointedout. A brief explanationof thetwo-degree-

of-freedomstructuraldynamicsmodelis alsogivenin Chapterl.

Somemorespecifictopicsconcerninghepresenivork arepresentedn Chaptedll. It con-
tainsan explanationof why athree-blockgrid configurationis usedandhow a parallelizedversion
of the programis implemented. The treatmentof boundaryconditions,one of the mostimpor
tantissuesconcerningunsteadyaerodynamicsis alsodiscussedn Chapterlll. Specificboundary
conditionsfor boththe transonicflutter in the wind tunnelandthe airfoil in groundeffect configu-
ration areexplainedin moredetail. Furthermorea combinedpitch/plungemotionis imposedto a
NACA 0012airfoil in orderto evaluatethe performancenf two differentboundaryconditionsatthe

trailing edge.

The validationsof the computationatodeusedin this work are presentedn ChapterlV,
specificallywith respectto the moving or deforminggrid capability of the solver. A transonic
steady-stateomputations performedio shawv thatthe programdoesnot generatdarge deviations
from the solutionwhenmoving grid pointsarecrossingshockwaves. A subsonicmumericaltestis
conductedo shav thatamulti-grid discretizatioryieldsasimilar solutionasasingle-gridapproach.
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At the endof this chaptera comparisorwith a potentialflow solver solutionis donefor a biplane,
opposed-plungeonfiguration. The purposeof this chapteris to shav thatthe theory presentedn
Chapterdl andlll is adequatdor treatingdeforminggrid problems.

Theresultsobtainedfor the two problemsunderinvestigationare presentedn ChapterV.
In the first sectionof this chapter the detailsaboutthe resultsfor the flappingairfoil in ground
effect configurationarediscussedA NACA 0014airfoil is allowedto oscillatein the pureplunge
modenearawall. Theinfluenceof someparameterssuchasthe ReynoldsandMach numberss
investigated.Fully turbulent computationsare donefor the Spalart-Allmarasand Baldwin-Lomax
turbulencemodels.A fully laminarsimulationis performedor a Reynoldsequalto 10,000aswell.
The secondpart of this chapteris dedicatedo the transonicflutter with tunnelwall interference
of the NLR 7301airfoil. Theinfluenceof the porouswall boundaryconditionis studiedin close
detail. Theporosityparameteis foundto changehe steady-statsolutionssignificantly Therefore,
porosity parametes influenceon the limit cycle oscillationsis alsoevaluated.Becausahe Mach
numberis closeto the transonicdip, this parameteiis variedin orderto evaluatethe changesn
the flutter characteristic®f the NLR 7301 section. The heightof the wind tunneltestsectionis
increasedo assessorrelationsof wind tunneltestswith unboundedlow situations.

Finally, the conclusionsof the presentwork for the two problemsunderinvestigationand

therecommendationfor future studiesarediscussedn ChapterVI.
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|I. THEORETICAL BACKGROUND

A. UNSTEADY AERODYNAMICS
1 Governing Equations

Thesolutionfor theproblemof anunsteadycompressibleandviscousflow of aNewtonian
fluid is obtainedby solvingthe Navier-Stokes (N-S) equations.They arepresentedn matrix, non-

dimensionalandCartesiarcoordinatedorm in Eq. (2.1):

3t T ax Tz

0Q oF aG—Re‘l 0R 0S
0xXx 0z

(2.1)

whereQ = (p,pu,pw,e)" is the dependenvariableandrepresents vectorwhich componentsire

theflow statevariables.

The referencevaluesfor non-dimensionalizatio are the chord length €, the free stream

densityp., the free streamspeed-of-sound., thetime &/4&.,, andthe specificenegy Pe.a2.

ThefluxesF, G, R, andSaregivenby:
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4 3\ ( 3\
pu pw
pU?+p puw
F= , G =/ >
puw pWA+ p
| (e+pu | | e+pw |
(2.2)
( 3\ ( 3\
0 0
Txx Tzx
R: < > 5 S: < > H
Txz Tzz
{ TxxU+ Tz W — Ox ) { TxU+ Tz W — Oz )
where:
Txx:A(%‘i‘%_Vzv)‘i‘zu%a sz:ll(%‘i‘%_vxv)a Tzz=7\(%+%—vz")+2u%—vz",
(2.3)

o = —KIL, 0= —k% A=—2u/3.

Pressurés relatedto the othervariablesthroughthe equationof statefor anidealgas
p=pRT. (2.4)

The N-S equationshave analytical solutionsonly for a few simple problems. Usually
their solutioninvolves a numericalprocedureusing a digital computer This techniqueis called
ComputationaFluid Dynamics(CFD) andcanbe performedeitherwith the Finite-volumemethod
or the Finite-differencemethod. Both methodsrequirethe generatiornof a computationalgrid to
discretizethe flow-field. The grid canbe adaptve to the boundarieof the domainwherethe N-S
equationsrebeingsolved. Suchasituationdemandshe N-S equationgo bewrittenin generalized
coordinategt, &, and():
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G +F+6G =Re(R+S), (2.5)
where:
Q=J""Q J= (7 —%%)"
F :étQ‘FéxF +EZG IQ:EXR‘}'EZS ) (2.6)
é:ZtQ+ZxF+ZzG é: ZXR‘l'ZZS
and

=0 =xz—%z =3 =%z Xz
EX = Jflzx — ZZ Zx - \]7]{)( — —ZE - (27)

éz =J1%, = —Xg Zz =J1,= Xg

Equation(2.5) representghe Navier-Stokes equationsin conserative, non-dimensional
form andis written in termsof the computationalomainvariables.They arealsovalid for moving
or deforminggridsbecause¢he Jacobian,), is consideredo be afunctionof time (seeAppendixA

for details).

A commonsimplificationto the Navier-Stolkes equationss the thin-layer approximation

wheretheterm IQE ontheRHSof Eq.(2.5)is neglectedin comparisorwith ézz

0:Q+ 0¢F +0;G = Re 19, S. (2.8)

Substitutingeq. (2.2) into Eq. (2.6):
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pu R puU +&xp

pw pwWU +¢&2p

e { (e+pU —&p )
, (2.9)

pw 0

PUW + Lxp . MMy Uz + (1 3)mpdx
<

PWW +{zp MWz + (1/3)med,

| (e+PW-Gip | | umime-+ (b/3)mem,
where:

WENEENE

My = (xUz + (W
: (2.10)
Mg = 0z (U? +w?)/2+ [(y— 1)Pr] 19, (a?)
my = {xU+ (W

ThetermsU andW arethe contravariantvelocity componentgivenby:

U =2¢& +&u+&w
. (2.11)

W = (i + (u+(w

Pressureés relatedto the othervariablesthroughthe equationof statefor anidealgas:

p=(y-1) [e-p(uP+w?)/2] . (2.12)

2. Turbulence Models

Turbulencemodelsareintroducedo solve theclosureproblemgeneratedby time averaging
the N-S equations.They aredivided into cateyories,suchasAlgebraic, One-Equationand Two-

18



Equationmodels. The methodusedin this work is implementedwith one Algebraic turbulence

modelcalledBaldwin-Lomax(B-L) andoneOne-EquatiormodelcalledSpalart-AlimaragS-A).
The effects of turbulencearetranslatedn termsof an eddy viscosity coeficient (i) and

new heatflux terms. Thefluid viscosity is replacedby W + W&, wherep representshe laminar

viscosity andk/c, = p/Pr by k/cp = W /Pr+ p /Pry.
a. Baldwin-Lomax Turbulence Model

The Baldwin-Lomaxturbulencemodel, presentedn [4], representsa two-layer

algebraiceddyviscositymodelin whichtheterm is describedy:

(Mt )inner, Y < Yerosswer
L = (2.13)
(It )outers Y > Ycrosswer
wherey is thenormaldistancerom thewall andygossoer iS the smallestvalueof y

atwhichvaluesfrom theinnerandouterequationsareequal.

Theequationdor theinnersub-layelarebasednaPrandtl-\anDriestformulation:

(K )inner = p£2|00| (2.14)

where:

{=ky[l—e Y /A"]

| = (‘3-&”-%)2 (2.15)

y+ = Puthy _ yPuTuy
Hw Hw

Thefollowing equationsareusedfor the outerregion:

(He)ouwter = KCcppFwaktJ:kIeb(Y) (2.16)
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whereK is the ClauserconstantCc, is anadditionalconstantand

Fwake= Min(Ymaxdmax kaYmapdzif /Fimax)
F(y) =ylwl[1-eY /A

. (2.17)
Faeb(y) = [1+ 5.5( Q) 6] l

Ymax

Udit = (Vv U2+W2)max— (v u? +W2)min

The variablesymax and Fnax are determinedfrom the function F(y). In wakes,
the exponentialterm of this functionis setequalto zero. The function Fyen(y) is the Klebanof
intermitteny factor Ug;s is the differencebetweenmaximumandminimumtotal velocitiesin the
profile for a fixed x station. The second(min) termin the equationfor Ug;; is taken aszerofor

wakes. Theseequationsvoid the necessityof finding the outeredgeof the boundarylayer

Theconstantsn theequationdor the B-L modelaregivenbelow:

At =26 K=04
Ccp - 1.6 K - 0.0168

(2.18)
Cueb=0.3 Pr=0.72

Cwk=0.25 Pr,=0.9

b. Spalart-Allmaras Turbulence Model

The S-A turbulencemodelis suggestedh [45]. Reynolds-aeraged\avier-Stokes
equationsand a transportequationare solved for this turbulencemodel. The formulationfor the
eddyviscosityv; is givenby:

o _ f(ay; , 0
—GiU; = 2w S sz(%Jra_mJ) (2.19)

Vi =Vfy fvlzxe,ﬁ—gslxl X=



wherev is the molecularviscosity V is the working variableand obeys the transportequationfor

this model:
DU — o[l - fi2] S0+ 2 [O- (v +9)09) + opa(090)?]
(2.20)
— [owa fw — 3 fi2] [%]2+ fiAU2
and
S=S+ofp  fo=1— %
K1 T (2.21)

14 1/6 -
fw:g[gsicvca] g=r+owp(r’-r) r= 3<\£d2
Srepresentshe magnitudeof the vorticity andd is the distanceto the closestwall. The boundary

conditionfor thewall is obtainedby settingV = 0. Thefunctionsfi, and f;; areexpressedy:

fio = C3 exp(—Crax?)
fia = G & &xp (o 02 + 67 ) (2.22)
g = min(0.1,AU /wx AX)
whered; is thedistancefrom thefield pointto thetrip, whichis onthewall, wy is thewall vorticity
atthetrip, AU is the differencebetweenthe velocity at the field point andthe velocity at the trip,
andAx is thegrid spacingalongthewall atthetrip.

The constantsisedfor this modelare

Cpr = 0.1355  Cyy = Cp1/K2+ (L+Cpp)/0  C1=1.0

Cp2 = 0.622 Cw2 = 0.3 G =20
(2.23)

0=2/3 cwz = 2.0 gz = 1.1

K=0.41 cn=17.1 G4 =20

The constantausedin this turbulencemodel are calibratedfor steadyflows. In
this work, the constantsare assumedo be goodfor unsteadyflows aswell. This is a necessary
assumptiomecaus¢hereareno calibrationgor unsteadylows sofar. Moreimportantly thecoding
of thisturbulencemodelassumeghatthegrid is notchangingj.e.,thegrid is notafunctionof time.
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In otherwords, this turbulencemodel, asit is usually coded,is calibratedfor steadyflows andis
not changing-gridcompatible. The latter is becausehe contrazariant velocitiesare coded,in the

turbulencemodelsubroutinesimply as:

U=&u+&w and W ={u+{w (2.24)

For the turbulencemodelto be moving- or deforming-gridcompatible,it mustusethe following

equationfor the contrarariantvelocities:

U=&+&u+iw and W= +u+w (2.25)

The termsé; and¢; representhangesn the grid-conformingcoordinateswith time and are not
relatedto the factthatthe flow is unsteady Theremight be a situationin which the flow is steady
andthe grid is changing,suchasin an adaptve grid solution, and thosetime metricsshouldbe
includedin the equationf theturbulencemodels.

In a personakommunicatiorwith Dr. Steven Allmaras[1], he confirmedthatthe
changegnadeto the conseration equationgmass,momentum.enegy), to incorporateunsteady
andmoving grids, shouldbe duplicatedfor the S-A model. Anotherissuementionedby Dr. All-
maraswasthe time integration. Most turbulent codes,aswell asthe presenibne,usea decoupled
relaxation(or time integration) betweerthe conseration equationsandthe turbulencemodel. This
decoupledime integration introducesa first-ordererror (O(At)) into the results. This error can
becomesignificantfor high frequencies. A solutionfor this problemwould be implementinga

subiteratiorprocesst eachtime step.

3. Transition Modédls

Thetransitionfrom laminarto turbulentflow is ahighly importantissueonflow calculations
becausét hasa stronginfluenceon the predictionsof lossesseparationandstall. Transitionalso
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hasa significanteffect on the computedvaluesof wall shearstressesand surface heattransfer
Transitioncriteriausedtodayin CFD codesarebasednainly onthework of Gostelav et al. [20].
Transitionmodelsstartwith the predictionof the transitiononsetlocationand,then,move
on to the evaluationof the transitionlength. In this work, transitiononsetlocationis predicted
usingMichel’s Criterion[12] andthetransitionlengthis evaluatecbasednthe modelproposedy

Gostelav etal. [20].
a. Michel’s Criterion
This criterionassumeshattransitionis initiatedwhenthe Reynoldsnumberbased

onthemomentunthicknessRe, andthe Reynoldsnumberbasedon x, Rg,, satisfythe equation:

22,400
Re = 1.174<1+ %) RE4® where Rey=Uc0/V., . (2.26)

r

Equation(2.26) is solved for x; andthis valueis usedasx; in the Gostelav et

al.[20] model.
b. Gostelow et al.

Theideabehindthis modelis thattheturbulentviscosityshouldbeweightedby an
intermitteny functionto provide a smoothtransitionfrom laminarto turbulentflow. Thisis done

accordingo Eq.(2.27):
Herans = Y(X) Heurb - (2.27)

Theintermitteng functionin thetransitionalregionis givenby

X d X
y(x) =1—exp [—n/Xt % (UX> /Xt tanedx] (2.28)

whereg is the spotpropagatiomparametere is the spotspreadindalf angle,andAg is the pressure
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gradientparameteandthey aredescribedy:

2214

=4 2.2

=t 0791 2720xp(47.63n) (2.29)
0.37
—0.03 2.30
o 048+ 3.0exp(5290q) ’ (2.30)
and
02 /v

M= 307ix (2.31)

where@ is the boundary-layemomentumthicknessandU is the outeredgevelocity. The spot
generatiomrate,n, is inferredfrom thedimensionlesgreakdwn-rateparameterN, where:

VN
n=—«, 2.32
o (2.32)

0.86x 10 3exp(2.134g, In(qr) — 59.23\g, — 0.564In(q)), for Ag, <0
N = . (2.33)

N(Ag = 0) x exp(—10y/Ag,), for Ag, >0

andwhereq; denotegshefree-streamurbulence.

The spot-propagation-ta and the spot spreadinghalf-angle asymptoticallyap-
proacha maximumvalue for high negative valuesof Ag, but n is allowed to increaseto infinity
for high negative valuesof Ag,, whereAg, is thepressurgradientatthetransitiononsetiocation,x.

The value of the intermitteny parametery(x), is zerofor x < %, andincreases
downstreamfrom the transitionpoint, asymptoticallyto a maximumvalue of unity, which corre-

spondgo fully-turbulentflow. Thevalueof x is usuallygiven by Michel’s criterion.

4, Numerical Technique

The Thin-LayerNavier-Stokes (TLNS) equationsare discretizedusingan alternatedirec-
tion implicit (ADI), third-orderaccuratein space,second-ordeaccuratein time, finite-volume
schemewhich canberepresentedy:
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[' + hE(DEAiJ,rk + AEAfk) p] AQi*,k = —ff

|1+ e (OgBy + 8By, — Re 7oV )P| (QFH — Qf) = a0

(2.34)

where:

PPe= (QP— QM) +he(Fiajok— Fiog/2)P (2.35)

+hy(Gigr12 — Gik-1/2)P — Re Mg (S 172 — S 1/2)P

The variablesA, B, andM arethe flux JacobiarmatricesandaredefinedasA = aF /30,
B=0G/0Q, andM = 0S/3Q, respectiely. A flux splitting, accordingto StegerandWarming[46],
is appliedto matricesA andB, whereA = At + A~ andB =Bt +B.

The h quantitiesaredefinedash; = At/A€ andh; = At/AL. [, A, andd arethe forward,
backward,andcentraldifferenceoperatorsyespecirely.

Thevariableslf,ﬂ/z’k, éi,kﬂ/z, and$7k+1/2 arenumericalfluxes. The superscrip{.)" de-
notesthe physicaltime stepandthe superscrip{.)P is relatedto Newton sub-iterationsvithin each
physicaltime step,which are usedto improve time accurag. Thesesub-iterationgninimize the
linearizationandfactorizationerrorsandhelpdrive theleft-handsideof Eq. (2.34)to zero.

Inviscid numericaﬂuxes,lf,ﬂ/z,k andéi,kﬂ/z, areevaluatecby meansof the Oshersthird-
order accurateupwind-biasedscheme[13]. Linearizationof the left-handside of Eq. (2.34)is
performedby evaluatingthe flux Jacobiammatrices,A and B, with the Steger and Warming flux-
vector splitting [46]. The viscousnumericalflux $7k+1/2 is computedwith second-ordecentral
differences.Furthermorea Total Variation Diminishing (TVD) flux limiter suggestedby Rai and
Chakraarthy [39] is appliedto minimize numericaloscillationsat shocksdevelopedat transonic
speeds Grid movementand deformationcompatibility is obtainedby usingthe methodologypre-
sentedby TamuraandFugii [47].
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a. Steger and Warming Flux Vector Splitting

Theflux vectorsF (Q) andG(Q) canbesplitinto two parts. This is accomplished
by consideringhefactthatthe Jacobiamrmatricesassociatedvith the fluxeshave a completesetof
linearindependengigevectorsand,then,canbe splitinto subvectors. Theequationdor theflux F

aregivenbelon andthe onesfor flux G aresimilar.

ﬁ:QEQ:AQ:ZAz4Q, (2.36)
0Q
where:
A 0 0 O u0 O 0
0 A2 O O Ou O 0
N= = (2.37)
0 0 A3 O 0 0O ut+tc O
0 0 0 A\ 00 O u-c
Any eigemvalue); canbewritten as:
AN =N+N (2.38)
where:
A = Mt amjxrzﬁigﬁl (2.39)

Therefore matrix A canbesplit into to otherdiagonalmatrices,

A=N"+N" (2.40)

wherethe diagonalentriesof AT andA~ are\;" andA;", respectiely.
Finally, applying Eq. (2.40)to Eq. (2.36), the numericalflux F canbe expressed
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as.
F=Z(A*+A")z1Q
(2.41)

F=(A"+A")Q
where:

Af=3Ats 1 A =3A3 ! and A=At +A (2.42)

b. Osher Upwind Scheme

A detailedexplanationof the Osherschemeis presentedn [13]. Nevertheless,

some commentsmust be madeto better explain the interactionof the Oshermethodwith the
methodologyfor treatingdeforminggrids. In orderto facilitate notation, the hatson the fluxes

will bedropped.

For afirst-orderOsherschemethe numericalfluxesareupdatedising:

N+l Qn_ E[/ A*dQ+ / AdQ] (2.43)

Theintegralsof Eq.(2.43)areevaluatedon the subpathshavn in Fig. 2.1accord-

ing to:

JS ATQ+ [FHATAQ= F(E Q1) —F(&,Q)
e () e (B,
+Jo A (d—g) ds—f§i+l/3A+ (d—(§> ds

Q.+2/3 Qi+1 A+ (dQ)
fQ.+1/3 ( ) fQ|++2/3A ds

The point wherethe metricsare evaluatedcan be chosen. For instance,one can

define:
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i-2/3 i-1/3 i+1/3 i+2/3

Figure2.1. Pathsof Integrationfor the OsherScheme

F(&,Q) =F(&_1/2,Q  whenevaluating f§‘_1A+dQ
(2.45)

F(& Q) =F(&it1/2,Q) whenevaluating fgi‘“ A-dQ

The choiceof the mid-pointof theintenal, &;.1/2, is quite corvenientbecauset
requiresonly abouthalf of the computationdor eachtime step. This is possiblebecausesome
termsthatareevaluatedin the calculationof the numericalflux, for a particularinterval, areequal
to termsevaluatedfor the previous one. Thus, thesetermsdo not needto be evaluatedagain,
saving computationatime. This is calledtelescopicpropertyandis explainedin more detail in
[13]. Anotherconsequencef usingmid-pointmetricsis thatit alsoallows thenumericalschemeo
satisfythe conserationin the discretizedform of the equationswhich is oneof the requirements
for amoving grid solution.

For athird-orderaccurateDsherschemeEq. (2.43)is changedo:

P P
N+l Q- | Riyp=Flipe
Q" = ATt

— S5 I0F* (Q1, Qi By 2) —AF Q2 Qi iy P (2:49)

+ang [OF (Qi+1, Qi+2,&i41/2) — AF ~(Q1, Qiv1,&im1/2)]°

C. TVD Flux Limiter

The TVD schemeusedin the presentwork is basedon [39]. ThefluxesAF* and
AF~ on Eq. (2.46)aremodifiedto achiere the TVD property The flux limiters are obtainedwith
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the helpof anentroyy function,definedas:

V(Q) = —plog(p/pY) (2.47)

Theideabehindthis flux limiter is to changethe fluxeswhenthe gradientof this
entrogy functionexceedsa certainlimit, whichis whatoccurswhenashockwave exists. Then,the

gradientof theentropy functiondescribedy Eq.(2.47)canbeexpresseds:

(v—l)[ p ( p) ]T
Vo= DoV = — et —y—1+log2 ). —pu.—pv, 2.48
Q=HQ 0 =1\ oy ) ~PL—PUP (2.48)

The modificationof the fluxesis donefor eachsubpath. Defining Dv(gm) asthe

changean theentrogy functionalonghe subpathm,

DVY" = (VQlisma — (V)i (m-1/s, M=123 (2.49)

andthe modifiedfluxes(AF +)(™ and(AF-)(™ aregivenby:

[AF+(Qi—1,Qi, &)]™ = [AF (Qi, Qir1,£)]™ x max0, min(¢,N/D)] (2.50)
where
10<9p<20
N =< [AFH(Qi_1,Q:,&)]™, [DVo(Qi, Qiy1, &)™ > (2.51)
D =< [AF(Q;,Qi41,8)]™, [DV(Q:, Qi 1, €)™ >
and
[AF~(Q1, Qi1,8)]™ = [AF~(Qi-1,Q:,€)]™ x max0, min(¢,N/D)] (2.52)
where
10< 9< 2.0
N =< [AF(Qi,Qi+1,€)]™, [DVo(Q-1,Q;, &)™ > (2.53)

D =< [AF (Q-1,Q;,&)]™, [DVo(Qi—1, @, &)™ >

ThevariablesN andD representheinnerproductof thevectorscontainedvithin the symbols< >.
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d. Deforming-Grid Compatibility

The N-S equationgepresentedby Eq. (2.8) are compatiblewith deforming-and
moving-grid problemsasshavn in AppendixA. TheoreticallytheN-S equationsanhandleprob-
lemsin which both§; and{; aredifferentfrom zero. Computationallythe numericalschememust

be conserative bothin time andspacean orderto guarante@eforming-gridcompatibility

Thomasand Lombard[49] suggesthe useof the GeometricConseration Law
(GCL) for solving problemsinvolving a changingor deforminggrid. As shavn in AppendixA, the
GCL is analyticallysatisfiedoy theunsteadyN-S equationsvrittenin generalizedoordinategorm.
Nonethelessin orderto satisfythe GCL numerically the metricsassociatedavith computationof
the numericalfluxesmustbe calculatedusinga conserative scheme.They suggesthe following

conserative schemdor the 3-D metrics:

&=0n2e—0e2n  Nx=¥eDe — (%2 (2.54)

&= (Ye2)n — (n2Ds etc.

For 2-D metrics,Eq. (2.54)is reducecdto the form presentedn Eq. (2.7) andthe
schemas automaticallyconserative in space.Thereforethe numericalschemeusedin thepresent
work is conserative in space. ThomasandLombard[49] alsosuggestheinclusionof anextraterm
in the discretizedequationgo achieve moving-grid compatibility Accordingto their approachthe

Osherschemepresentedn sectionb would become:

[I It + he (CeA, +AA ) p] AQ =Tk (2.55)

[| I71 4 g (OB + OBy — Re 15 M) p] (@ —QP) =1371AQ;,
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where;:

rfe= I7HQN — QN + A0 H QN+ he (12— Fim1/200P
(2.56)
+h7(Gixs1/2 — Gik-1/2)P — Re g (S ke1/2 — Ske1/2)”
Now, the (7) termsrepresentlacobiansvith respectto Q, or d(.)/dQ, insteadof Q andthe term

A(J71) is obtainedby the GCL (seeAppendixB):
AITH = _AT[(EI)Q + (Zt)?] (2.57)

Oneof thedifferencedetweertq. (2.55)andEqg. (2.34)is theway they aresolved.
The former solves for Q while the latter solves for Q The other differenceis the extra term
A(J—l)Qﬂk in the RHS of Eqg. (2.55). The presenceof this term is due merely to the fact that

oneof theequationss solvedfor Q while the otheris solved for Q. This canbeseenby expanding

thetermdQ/ar:
0Q _09'Q _ ,007  ,-1,0Q
T ot =Q 7 +(J )E (2.58)
Writing Eq. (2.58)in discreteform:
AQ ~AAQTH ~1,8Q
A Q At +J )A_T (2.59)
Multiplying Eq. (2.59)by At andusingafinite differenceapproximation:
Q— Q= QI ™H + (I7H(Qf— Q) (2.60)

Substitutingeqg. (2.60)into Eqg. (2.35),0neobtainsEq. (2.56),whichis themethod
basednthe GCL suggestethy ThomasandLombard[49]. Therefore Eq.(2.34)is mathematically
equvalentto Eq. (2.55). In orderfor themto be numericallyequialent,accordingto the work of
TamuraandFuijii [47], the schememustalsobe conserative in time. This featureis achiered by
carefullychoosingthe Jacobiario beusedin Eq. (2.35). They suggestising:
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Figure2.2. Schematiof the Spring/Mass/DampeBystem

(Jfl)l — % [(Jfl)n + (J—l)n-i—l} (261)

B. STRUCTURAL DYNAMICS

Structuraldynamicsmodelingis basedon a two-degree-of-freedonspring/mass/damper

systemshawn in Fig. 2.2, to simulatethe bendingandtwisting of awing section.

1 Governing Equations

The equationgyoverninga two-degree-of-freedonmotion of structureare:

mh — S46 + Dph+ mogh = L
(2.62)
wherethe dotsrepresendifferentiationwith respecto time.

Equations(2.62) are nondimensionalizedsing referencdength €, referencevelocity &,
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referencenassp.11(€/2)?, andreferencenertiap..1(&/2)%E%. Rewriting Eq. (2.62)in matrix nota-

tion:
[MI{X}" + [D{X} + [K{X} = {F} (2.63)
where:
m - 20nmMxkn 0
[M]= [D] =
-S  la 0 204l aMaoKy
(2.64)
mMZkZ 0 h
{K}= {X}=
0 laM2K2 a—0g
and
{F}=%M§, - (2.65)
Cm

wherethe primesdenotedifferentiationwith respecto dimensionlestime, 1 = {4, /&, andtheother

parametergi.e.,m, |y, etc.)arenow nondimensional.

2. Numerical Technique

Equation(2.63)is a systemof two, coupled,second-orderdinarydifferentialequations.
Couplingis obtainedthroughthe termscontainingS, andthe dependencef ¢, andcy, onh and
o. The systemis nonlinearthroughthe nonlinearityof ¢, andcy,. Linearizationis introducedby
treatingc, andcy, asconstantscomputedrom the previoustime-stepof the flow solution.

Simulationswith single-dgree-of-fredan maybe performedby settingS, = 0 andeither
m= oo andwy, = 0 or I = 0 andwy = O for pitching-onlyor plunging-onlymotions,respectiely.
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Equation(2.63)is adwancedin time by solving for the secondderivative of the dependent

variableX:

{X}" = MI7H{F} = IM]HK]{X} — [M]7HDI{X}’ (2.66)

Rewriting theresultasa systemof two, coupled first-orderequations:

{X}' ={¥}

{Y} = MI7Y{F} - [M]K{X} - [M]*[DI{Y}

(2.67)

Finally, time integrationis performedusing a first-orderaccurateexplicit Euler scheme.
The useof higher order methodsdoesnot improve the quality of the solution becausahe time
stepsrequiredfor the stability of the unsteadyN-S equationgyield very high resolutionin time for

Eq.(2.63).
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|I1. BOUNDARY CONDITIONSAND MULTI-BLOCK

PROCESSING

This chapterexaminessomebackgroundhecessaryor solving the problemsinvestigated
in this dissertation. It is presentedas a separatechapterbecausesomeof the materialis quite
specificfor the layout of the grids usedthroughoutthis investigation. Furthermore this chapter
containsan importantdiscussioraboutall the boundaryconditionsnecessaryor the multi-block
grid computations. This chapteralso includesinformationthat is essentiain orderto apply the

theorydiscussedn Chapterl.

A. THREE-BLOCK GRID

Modeling of thewind tunnelgeometryrequiresa meshthatis very long in the streamwise
direction,comparedo its height. Accuratecomputationof the boundarylayeris mosteasily per
formedon a C-grid. However, constructiorof asingle-block,C-grid would requirea highly skewed
grid andanexcessie numberof grid pointsin regionsfarfrom theairfoil. Furthermoregaintaining
grid orthogonalitycloseto thewalls usingasingle-blockgrid would beimpossible Theseproblems
canbeminimizedby usingathree-blockgrid, shavn schematicallyn Fig. 3.1,wherethegoverning

equationaresolvedin eachblock, separately

A similar situationoccurswith respectto the airfoil-in-groundeffect computations.Be-
causghegroundplaneis closeto theairfoil sectiontheuseof asingle-block,C-gridwould require
avery skewed meshin thevertical direction. Onceagain,a three-blockgrid approacicanbe used
insteadof a single-blockgrid, asshavn in theschematian Fig. 3.2.
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T

Block (1)

Block (3)

Figure3.1. Schemati®of the Three-BlockGrid for the Flutter Problem

Thetwo problemsof this dissertatiorrequiretwo differentlayoutsfor thethree-blockgrids.
Thetransonidlutter problemasksfor thelayoutpresentedh Fig. 3.1. Theblocksareplacedin line.
Thefirst, or block (1), is placedaroundthe airfoil. The secondpr block (2), discretizeshe region
upstreanof thefirst block andthe third, or block (3), completeghe downstreanmdomain. For the
airfoil in groundeffect, thelayoutuseds shavn in Fig. 3.2. Themainblock, or block (1), represents
theregion aroundthe airfoil andalsothewake behindit. The secondpr block (2), fills theregion
upstreanof thefirst one. Thethird, or block (3), completeshe domainabore thefirst two blocks.

In bothproblems solvingthe N-S equationsn all threeblocksis not necessaryBlocks (2)

and(3) arealwayscoarseenoughto allow the useof EulerequationsTherefore N-S equationsare

solvedonly in block (1) for bothproblems.
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Block (3)

Block (2) <

Block (1)

Figure3.2. Schemati®of the Three-BlockGrid for the Airfoil-in-Ground-Effect Problem

B. BOUNDARY CONDITIONS

This sectiondescribeghe boundaryconditionsusedfor the two differentproblemssolved
in the presentwork. The boundaryconditionfor the surface of the airfoil is the samefor both
problemsandis describednext. The boundaryconditionsthat are specificfor eachproblemare

describedn the sectionsassociatedavith eachproblem.

Forinviscidflow solutionstheviscoustermsontheRHS of Eq. (2.1) aresetto zero,andthe
flow-tangeng boundaryconditionis usedatthe surfaceof theairfoil. For Navier-Stokessolutions,
the no-slipconditionis applied.Densityandpressurareextrapolatedo the surfacefor both Euler

andNavier-Stokessolutions.

For unsteadymotions, the flow-tangeng and no-slip conditionsare modified to include
the local motion of the airfoil, which also contritutesto the pressureon the suriace. Therefore,
the momentumequationnormalto the surface({ direction)is solved to predictthe pressurdor a
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viscousflow moreaccurately

X|wa||
PO -0+ 0zp|wan D& - 00T (3.1)

y|wa||

1
aZ p|wa|| = _D—ZZ
wherex|wan andy|wan arethe component®f the airfoil velocity Furthermore[J¢ - 0 = 0 when

assuminghatthe grid is orthogonalat the surface. If the airfoil is stationarythe normalpressure

gradientvanishesn agreemenwith boundary-layetheory

1. Wind-Tunnel Problem

The flow at the wind tunnelsectionsblocks (2) and(3) is assumedo be inviscid andthe
Euler equationsare solved in thesedomains. The tunnel walls are assumedo be porous,and
two typesof porouswall boundaryconditionsareapplied. First, the porousboundaryconditionis
appliedaccordingto theformulationpresentedy Mokry etal. [35] (Chapter2.0WALL BOUND-
ARY CONDITION). Pressuregdensity andx-directionvelocity, u, areextrapolatedrom theinterior
pointsof thegrid. The z-directionvelocity, w, is obtainedaccordingto Eq. (3.2)

w P — Pplenum
gt Fplenum 3.2
Uo  © PeU3 (3.2)

whereo is the porosityparameteof thewall and ppienumis the pressureatthe plenumchamberFor
o = 0, for example this boundaryconditionis the sameasthe flow tangeng conditionandthewall
is treatedasbeingcompletelysolid.

The porous-vall boundaryconditioncanbefurther modifiedto accountfor viscouseffects
presengatthis region of thewalls asfollows. Thetangentialvelocity atthewall is setequalto zero,
u= 0, andthenormalvelocity; w, is still obtainedaccordingto Eqg. (3.2). In this work, this model
is denotedasthe porous yviscousboundarycondition.

Thistreatmenfor theporous-vall boundaryconditionis quitedifferentfrom theoneadopted
in the previouswork [11]. In thatstudy the porousboundarywasmodeledby treatingsomegrid
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Figure3.3. BoundaryConditionsfor the Flutter Problem

cells as solid walls (applying flow tangeng) andthe othersas holes (extrapolatingthe velocity
vectorfrom the interior points). For the previous approachthe grid neededo be approximately
uniformly spacedat the porousregion. Furthermorepnly certaindiscretechoicesin the porosity
were allowed. Valuesof porosity suchas 17%, were quite difficult to apply dueto the limited
numberof grid cells alongthe porousregion of the walls. The nev modelis not dependenbn
the streamwisayrid spacingat the walls andalsoallows for a continuousvariationon the porosity

parameter

Inflow andoutflow boundaryconditionsareimposedn blocks(2) and(3), respectiely. For
theinflow boundaryflow propertiessuchaspressuretemperatureandvelocity arespecifiedwhile
thedensityis extrapolatedrom the neighborinterior points. Staticpressures specifiedfor the out-
flow boundaryconditionandall otherpropertiesare extrapolatedrom the interior. Extrapolations

in bothcasesareperformedby usingRiemanninvariants.

Theboundarieon theleft of domain(1) andright of domain(2) areupdatedoy meansof
an overlappingregion, asshavn in Fig. 3.3. Thereis an overlappingbetweenthe blocksandthe
flow variablesaretransferredlirectly from onedomainto the other Theboundaryconditionsatthe
right of domain(1) areupdatedvia linearextrapolationfrom domain(3) andvice-versa.
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2. Airfoil in Ground Effect

Theflow atthegrid blocks(2) and(3) is assumedo beinviscid andthe Eulerequationsare
solvedin thesedomains.Thegroundplaneis assumedo be a symmetryplane.Thereforejt canbe

modeledasa solid wall wherethe symmetryboundaryconditionis givenby Eq. (3.3).

[@ (3.3)

an]wall a

wheren representshe normaldirectionat thewall.

Thetypesof boundaryconditionsusedfor all boundarie®f thethree-blockgrid areshavn
in Fig. 3.4. Inflow boundaryconditionsareappliedto the pointsontheleft boundarie®f blocks(2)
and(3) andalsoto the upperboundaryof block (3). Outflow boundaryconditionsarespecifiedto
the pointson theright boundaryof blocks(1) and(3).

The boundarieson the left of domain(1) andright of domain(2) are updatedby means
of anoverlappingregion, asshavn in Fig. 3.4. Thereis an overlappingof the blocksandthe flow
variablesaretransferredlirectly from onedomainto theother Thesametypeof boundarycondition
is usedbetweerblocks (1) and(3), andbetween(2) and(3). Becauseof the overlappingregions,

directtransferof theflow variables(p,pu,pw,e) canbeused.

3. Trailing Edge Boundary Condition

Thetrailing edge(TE) boundaryconditionis a crucial issuein both steady-stateand un-
steadycomputations A schematicof a C-grid nearthetrailing edgeis shavn in Fig. 3.5. The cut
is theregion of the computationalomaincorrespondingo pointsfor which (1 <i <i;,k=1) and
(iu <i <imax k=1). Thesepointsarecoincidentin the physicaldomain. Thetrailing edgepoint
in the physicaldomaincorrespondso the points(i = i;) and(i = i) in the computationaomain.
Thepointsalongthecut, includingthetrailing edge areshavn separateth Fig. 3.5justfor clarity.
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Figure3.4. BoundaryConditionsfor the Airfoil-in-Ground-Effect Problem

Figure3.5. Schematiof a C-Grid nearthe Trailing Edge
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The boundarycondition at the cut of a C-grid canbe doneeitherexplicitly or implicitly.
In the presentmethod,this boundaryconditionis computedexplicitly, after the flow tangeng or
the no-slip conditionis appliedto the surfaceof the airfoil. The flow variablesat the cut, k =1,
arecalculatedby averagingthe upperandlower neighboringpointsfor k = 2. Someoptionsexist
whenonemustdecidehow to implementthe explicit boundaryconditionatthetrailing edge.Three

possibilitiesfor thisimplementatiorexist:

¢ usetheaveragedvaluefrom pointsat (iy,2) and(ij, 2);

e treatthetrailing edgeastwo differentpoints(no averaging);

¢ usetheaveragedvaluefrom pointsat (iy, 1) and(ij, 1).

Thefirst optionis themostohviousbecausét is justanextensionof theboundarycondition
appliedat the cut of the C-grid. However, the first optionis not the mostsuitableone becauset
doesnot enforcethe no-slip or the flow-tangeng conditionat the trailing edge. Theseboundary
conditionsare overwrittenwhen computingthe averageof the off-surface points (k = 2). In this
work, the secondalternatve is calledthe “free TE boundarycondition? The no-slip or the flow-
tangenyg conditionis appliedto the TE. However, becausé¢he TE is treatedastwo differentpoints
in thecomputationatlomain,a discontinuitymayoccurat the TE sincethetwo pointsarethesame
in the physicaldomain. Thelastoption, calledaveragedTE, appearso bethe mostconsistenbne
for the presentvork becausein termsof discretizatiorof the physicaldomain,the pointsof thecut
correspondingo the TE arethe same Furthermoreit is guaranteethatthe no-slipconditionor the
flow-tangeng conditionis maintainedatthe TE sincetheseconditionsareappliedfor k = 1 before
averaging.

Theinfluenceof applyingthefreeor theaveragedrl'E is investigated A singleNACA 0012
airfoil oscillatingin a combinedpitch andplungemotionis usedto determinghe differencein the
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Figure3.6. Grid aroundthe NACA 0012Airfoll

solutionsfor both TE conditions. The reducedfrequeng of the motionis setto k = 1.0 andthe
pitch andplungehalf amplitudesared = 10 degree%mdﬁ = 1.0, respectiely. Pitchleadsplunge
by @ = 90 degrees.The pivot pointfor the pitch motionis choserto bethe half chordor x, = 0.5.
Thefree-streanMachandReynoldsnumbersareM,, = 0.3 andRe, = 1P, respectiely. The B-L
turbulencemodelis appliedfor thefully turbulentcomputationsThe C-gridis presentedh Fig. 3.6

andits dimensionsareimax= 281 andkmnax= 81.

Thenon-dimensionagéquation®f motionaregivenby:

h= hsin(M.kt) o = @sin(M.kt + @) (3.4)

Steady-stateomputationsare performedfor a = 0 degrees,employing boththe averaged
and free TE boundaryconditions. The pressuredistributions over the surface of the airfoil are
presentedn Fig. 3.7. The matchis extremelygoodfor the two solutions.However, no conclusion
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Figure3.7. Steady-Stat&olutionsfor AveragedandFreeTE

is dravn from the steady-stateasebecause¢heflow is symmetric,andthis might be thereasorfor

the excellentmatch.

The motion parametergor the oscillation of the airfoil have beenchosenbecausehey
force a relatvely high inducedangle of attack,therefore,allowing dynamicstall to occur The
time history of the aerodynamiccoeficientsis presentedn Fig. 3.8 for both typesof boundary
conditions.Clearly, the solutionis not periodic. For the sametype of boundarycondition,thecurve

for thelift coeficients,for example,doesnotbehae periodically

The pressurelistributionsfor variouspositionsalongthe cycle areshavn in Fig. 3.9. The
left-handsideof this figure correspondso positionsalongthe up stroke andthe right-handsideto
the down strole. Although somepressuralistributionsarenotin closeagreementor thetwo TE
conditions,the developmentof the dynamicstall is not dramaticallydifferent. In orderto better
clarify this point, entrogy contoursduring the upstrole partof the motion of the airfoil areshavn
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Figure3.8. History of Lift andDrag Coeficientsfor the Pitch/PlungeCase
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in Fig. 3.10. The vorticesgeneratediuring the motion arewell captured. The left-handside of
Fig. 3.10representtheaveragedl E boundarycondition. Thefree TE boundaryconditionis repre-
sentedon theright-handside. Althoughthevorticesdo not matchperfectlyfor thetwo typesof TE
boundarycondition,their sizesarecomparableandthe speedwith which they convectdownstream
is approximatelythe same.Note, also,thatthe flow is not periodic. This canbeseenin Fig. 3.11in
which thevariationof the dragcoeficientis shovn againsthelift coeficient. Clearly the solution
is not periodic. However, it staysinsidea confinedareaalthoughit wandersrom placeto placein
thatarea.This behaior is representeth the ChaosTheoryby the TorusAttractor, whichis defined,
for example,by Petreg38]. This attractorappearso be the samefor bothtypesof TE boundary
condition. Furthermore a computationof the thrust coeficient and propulsve efficieney shaved
thattheseparametersirevirtually the samefor both TE conditions(ct = 0.40 andn = 0.21). As
a conclusionfrom this case the type of TE boundaryconditionis apparentlynot influential when
oneis interestedn quantitiesthatrepresenain averagealongthe cycle. Ontheotherhand,thefine
detailsof the flow-field, asthe developmentof the dynamicstall, are strongly affectedby the type

of boundaryconditionatthetrailing edge.

A casewith no dynamicstall was also run to evaluatethe TE boundarycondition. A
NACA 0014 airfoil oscillatingin pure plungeis computed. The reducedfrequeng of the mo-
tion is k = 0.4 with a half amplitudeof h = 0.4. The free-streanMach andReynoldsnumbersare
M = 0.3 andRe= 1(P, respeciiely. Theflow is assumedully turbulentandthe B-L turbulence

modelis used.Thedomainis discretizedby a 321x 91 C-grid shavn in Fig. 3.12.

When steady-stateomputationsare performed,they deliver the samesolution for both
typesof TE boundarycondition. This is similar to the NACA 0012airfoil case.Unsteadysimula-
tionsarealsocomputedor thetwo typesof TE boundarycondition. Thehistoryof theunsteadyfift
anddragaerodynamicoeficientsis presentedn Fig. 3.13. The agreemenbetweerthe solutions
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for thetwo differentboundaryconditionsis quitegood. Thethrustcoeficientis cr = 0.041andthe
propulsve efficiengy is n = 0.73 for bothcasesThereforejn situationswherethereis no dynamic

stall, thedifferenceof applyinganaveragedl E or afree TE boundaryconditionis negligible.

Althoughdynamicstallwascomputedsomevhatdifferentlyfor thetwo typesof TE bound-
ary condition, the effect on the predictedthrustcoeficient, the propulsve efficiencgy, andthe con-
vectionspeedf thedynamicvorticeswasminimal. Thereforetheaveragedrl E boundarycondition

is usedthroughouthe courseof thiswork.

Anotherimportantcomputatiorwith theaveragedl E boundaryconditionwasperformedo
assessheinfluenceof this boundaryconditionon the dynamic-stalboundarysuggestedby Tuncer
etal. [53]. They computedhe unsteadyflow over a NACA 0012airfoil oscillatingin pureplunge
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andvariedthe reducedfrequenyg andthe amplitudeof the motion to determinethe onsetof dy-
namicstall. Theircomputationsyusingafree TE boundarycondition,shavedthatthe dynamic-stall

boundaryis given by theequation:
hk=0.35 (3.5)

Two computationsvith k = 1.0 were performedfor h= 0.3 andh = 0.4. The first, cor
respondingo hk = 0.3, predictedno separatiorof the flow, in agreementvith the dynamicstall
boundarygiven by Eq. 3.5. The secondcorrespondingo hk = 0.4, calculateda separatedlow
duringthe motion of the airfoil, confirmingthatthe averagedTE boundaryconditionalsodelivers
thedynamic-stalboundarydescribedy Eqg. 3.5.

A secondsetof computationsvasperformedfor the averagedl E boundaryconditionbut,
this time, for the NACA 0014 airfoil. The objectve wasto determinethe influenceof the shape
of the airfoil on the dynamic-stallboundaryrepresentedby Eq. 3.5. The reducedfrequeny was
keptequalto k = 1.0 while the amplitudeof the pure plungemotion, h, wasvaried. For h = 0.4,
no separatiorof the flow was predicted,suggestinghat the dynamic-stallboundarymight have
changedor theNACA 0014airfoil. A computatiorwith h= 0.5 shavedthattheflow wasdetached
from the airfoil surface. Thesecomputationsareshavn schematicallyin Fig. 3.14,alongwith the
dynamic-stallboundaryof Eq. 3.5. Therefore,clearly the shapeof the airfoil hasa significant
influenceon the onsetof dynamicstall. For the NACA 0014 ,thedynamic-stalboundaryshouldbe

furtherinvestigatecandit appearshatit will begivenby:

hk> 0.4 (3.6)
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C. GRIDMOTION

Oneof the problemsconsideredn this dissertatioris the numericalpredictionof the flow
aroundanoscillatingairfoil insideawind tunnel. This problemrequiresheuseof deforminggrids;
however, problemsarisewhenadjustingthe grid, which accountdor the motion of the airfoil. The
wind tunnelwalls are fixed at all timeswhile the airfoil is moving. Therefore,the grid mustbe
deformedwithin every time stepin orderto adjustto therelatve movementbetweerthe airfoil and

thewalls.

The requireddeformationof the grid is obtainedby dividing the whole domainof the C-
typegrid aroundtheairfoil block (1) into four regions. Theseregionsaredistributedalongthemain
blockasshavnin Fig. 3.15. Thefirstregionis calledA, andcorrespondso the portionof theblock
thatis closeto the surfaceof the airfoil andthatis usedto capturethe viscousflow effects. In this
region, the meshdoesnot deformbut simply rotatesandtranslatesasa solid body following the
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samerotationandtranslationof theairfoil. Thismeanghatno geometricchangeof thegrid cellsin

theregion A, occurs.Anotherregion, denotedC, is theonecloseto thewind tunnelwalls andto the
blocks(2) and(3) overlappingsections.This region alsoremainsfixed at all timesand,therefore,
thegrid pointsdo not changdn time for anobsenrer sitting on thewind tunnelwalls.

Theregion A, correspondso the “wake” following region A,. The A, is adjustedo the
movementof theairfoil. Theadjustments doneusinganalgebraicgrid generatothatredistrilutes
the grid points. Linear interpolationfor the grid points along a constant( line is applied. This
procedureakesinto accountthatthe displacemenof a grid pointin the region A, is proportional
to therelatve displacemenof the correspondingoints (same( coordinate)in regionsAp andC.
Finally, while the relative locationof regions A, and A, with respecto the tunnelwalls changes,
region B (wherethe grid deformationis the largest)is adjustedto provide a smoothgrid between
regionsA andC. This adjustmentagain,is accomplishedy the algebraiogrid generatgrbut now
linearinterpolationis performedalongconstant, lines.

The sameapproachis appliedfor block (1) of the airfoil-in-ground-défect configuration.
Blocks (2) and(3) stayfixedthroughouthe unsteadycomputationandblock (1) mustbe adjusted
to therelatve movementbetweerthe airfoil andthe groundplane.This adjustments doneexactly

asdescribedor thewind-tunnelcase.
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Figure3.15. Schematiof the Regionsfor Grid Motion

D. PARALLEL PROCESSING

The stratgyy of dividing the domaininto blocksalsohasthe advantageof allowing the use

of parallelprocessingEachoneof thethreeblocksis solvedin a separateomputeranddatafrom

thegrid pointslocatedon thecommonboundariesreexchanged.

Datarelatedto the boundarieof eachblock mustbetransferredo the neighboringblocks
to beusedasboundaryconditions.Dataaretransferredy astandardibrary calledMessagéassing

Interface (MPI). The standardibrary usedin the presentwork is the Local AccessMultimachine

(MPI/LAM) from the University of Notre Dame.

The parallelversionof the Navier-Stokes solver usedin the presentwork is basedon the
codevalidatedand usedby several otherresearchergfor instance:Ekaterinarisand Menter[16],
EkaterinarisandPlatze{17], SanzandPlatze{43], andTuncerandPlatzel{51]). Then,subroutines

dedicatednly for datapassingbetweemeighboringblockswereaddedto the previous versionof

thecodeto make it parallelprocessingapable.
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The blocksaredefinedduring the grid-generatiorphase.They do not needto be of equal
dimensionsActually, becausé-S equationaresolvedin block (1) andEulerequationsaresolved
in blocks(2) and (3), the first block tendsto be larger thanthe othertwo. This characteristiof
the parallelcodeallows the useof differentmachineso composehe cluster For example,block
(2) is usuallythe smallestone. If block (1) is an N-S block with 300x100pointsandblock (2) is
60x50,theformeris 10timeslargerthanthelatter Therefore onecanusea machinemuchslower

to computeblock (2) asthe machineusedfor block (1).

A taskperformedin the presentwork wasevaluatingthe ability of the parallelversionof
the solver to reducethe computationatime requiredfor convergenceof a particularproblem. A
simulationfor an NLR 7301 airfoil inside a solid-wall wind tunnelwas run and a reductionof
approximatelyl0%in thetime requiredto achieve 5,000iterationswasfound. Notethatthethree-
block grid usedin this casewasnot favorablefor a substantiafeductionin the computationatime,
sincethe size of the first block correspondedo approximately85% of the total numberof grid
cells. Furthermorethin layer Navier-Stokesequationsveresolvedin it while Eulerequationsvere
solvedin the othertwo blocks. Consequentlya 10% reductionin the computationatime is quite
satishctory for this particularcaseand demonstrateghe feasibility of the parallel versionof the
code.Thepressuralistribution obtainedwith the parallelcodefor a steady-stat@roblemis shavn
in Fig. 3.16. This caseis a NLR 7301airfoil insidea wind tunnelwith solid walls. It canbe seen

thatthe parallelsolutionmatcheghe single processosolutionwell.

An unsteadycasewasalsorunin orderto checkthe parallelversionof thecode.Theresults
of unsteadyomputationgor a porouswind tunnelwall caseareshavn in Fig. 3.17. Theagreement

betweerthe parallelandsingleprocessosolutionsis alsovery good.

For the parallelversionof the code,the threeblocksare solved simultaneouslyeachone
in adifferentnodeof the PC cluster The valuesof the flow variablesat the boundariesarealways
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exchangedamongthe nodesbefole the beginning of eachiteration, for all blocks. Therefore the
exchangedoundaryconditionsareall atthe samecomputationatime. On the otherhand,for the
singleprocessosolution,theblocksaresolvedsequentially Theboundaryconditionsfor block (2),
for example,aretransferredrom block (1) afterits solutionis advancedonetime step.This means
that the boundaryconditionsare not exactly at the samecomputationatime. Despitethis subtle
differencein theway thetwo codeswork, they yieldedvirtually the samesolution. This shavs that,
for areasonablmalltime step,whetherthe boundaryconditionsareexchangedat the exactsame

computationatime or notis notinfluential.
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V. VALIDATION OF THE MODELS

A. DEFORMING GRIDS

The problemsstudiedin this work needa solver thatcanhandledeforminggrids. Thefirst
guestionthat naturally comesto mind is how this methodologyhandlesconstantchangesn the
coordinate®f thegrid points. In orderto answerthis question two testsaredesigned.They entalil
a subsonicandatransoniclow, respecirely. Both testsshawv thatthe presenimethodcanperform

computationsvith deforminggridswith a negligible deviation of the solution.

Thenext two subsectiongxplainin detailhow thesetwo testsareperformedandtheresults

obtainedn eachtestareshawvn.

1. Subsonic Flow Test

This testis designedo demonstratehe ability of this methodto performunsteadycom-
putationswith a deforminggrid for subsonidlow. The problemis the pureplungeoscillationof a
NACA 0014airfoil. Theairfoil is moving with afree-streanMachnumberM., = 0.3 andareduced

frequeng k = 0.5. The half amplitudeof the plungemotionis 0.4c.

First,anunsteadynviscid solutionis performedusinga singlegrid aroundtheairfoil. This
grid movesalongwith the airfoil asa solid body Thereforethegrid is moving but not deforming.
The grid usedfor the computationss a C-grid with 281 pointsin the & directionand51 in the

direction. Thesingle-blockgrid is shavn in Fig. 4.1.

Secondanothersolutionis computedusinga four-block grid. The mainblockis a C-grid
thatcontaingheairfoil. Thesecondlockis anH-grid placedjust upstreanof themainblock. The
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Figure4.1. Close-Upof the Single-BlockGrid aroundthe Airfoil

third block is placedright on top of thefirst two. The fourth block is a mirror imageof the third
with respecto the chordplaneof theairfoil. Thisgrid is shavn in Fig. 4.2. Blockstwo, three,and
four stayfixedatall times. The only block allowedto deform,in orderto accommodatéhe motion
of the airfoil, is the main one. The outerboundaryof this block staysfixedin orderto exchange

boundaryconditionswith the otherblocks.

Thecomparisorof thetwo solutionsis shavn in Fig. 4.3. Thesolutionfor the single-block
gridis representelly thedashedine andthesolutionfor thefour-block grid correspondso thesolid
line. Despitea very large deformationof thefirst block in the four-block solution,the agreement
with the single-blocksolutionis quite reasonableThe maximumdeviationsfor thelift, drag,and

momentcoeficientsarearound2.1%,3.5%,and2.7%,respeciiely.

The upperandlower boundariesof the first block for the four-block grid were placedat
h= 0.7 andh = —0.7, respectrely. The highestandlowestpositionsfor the airfoil correspondo
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Figure4.2. Portionof theFour-Block Grid aroundthe Airfoil

h= 0.4 andh = —0.4, respectrely. Thismeanghatthe deformatiorof thefirst blockis quitelarge.
To betterillustratethis point, the four-block grid with the airfoil in its lowestposition(h = —0.4)
is shavn in Fig. 4.4. A steady-statsolutionfor the airfoil ath = —0.4 is evaluatedandcompared
to a similar computationfor h = 0 (undeformedyrid) in Fig. 4.5. The solver is not ableto predict
a symmetricsolutionfor h = —0.4, asit is for h = 0, dueto the large deformationof the grid.
This deviation of the steady-statesolutionfor h = —0.4 may explain the differencebetweenthe

single-blockandthe four-block solutionsfor the unsteadyproblem.

Despitethe large deformationof the grid, this methodwasableto keepthe differencebe-
tweenthe single-blockandthe four-block solutionslower than4%. It is importantto notethatthe
four-block grid usedhereis just an extensionof the three-blockgrid usedto solve the airfoil-in-
ground-efiect problem.
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2. Transonic Flow Test

Thistestis intendedo determingheperformancef this methodfor atransonidlow prob-
lemin which only thegrid is changing.Two differentsolutionsarecomputed.Onefor afixedgrid
andanotherfor adeforminggrid.

Theproblemsolvedis thetransonidlow aroundthe NLR 7301airfoil insideawind tunnel.
Theflow is steadyata Machnumberof M = 0.768,aReynoldsnumberof Re= 1.727x 10°, andan
angleof attackof a = 1.28 degrees.Thewalls of thewind tunnelareconsiderecsbeingcompletely
solid. The grid usedis shovn in Fig. 4.6. It is a three-blockgrid andthe dimensionsof the first,
secondandthird blocksare281x 81,41x 41,and41x 61, respecirely.

To validatethe handlingof the deforminggrid, the testis performedwherethe boundary
of region B in block (1) remainsfixed, but the interior pointsof B performsinusoidaloscillations.
Grid pointsin blocks(2) and(3) aswell asthe onesin regionsAp, Ay, andC of block (1) remain
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Figure4.7. Deviation from the Fixed-GridSolution

fixed. Thereducedrequeng of the oscillationof grid pointsin region B is setto k = 0.3 andthe
maximumamplitudeto Ah = 0.05.

This testis initialized from a steady-statsolutionfor a solid wind tunnelwall boundary
condition at a non-dimensionatime of T = 46.72. Ideally, the solution shouldremainconstant
afterthe oscillationof the grid pointsin region B hasstarted. Nonethelesshecausef numerical
errorsand the movementof grid pointsacrossa shockwave, somevariation of the aerodynamic
coeficientsshouldbe expected. The resultsfor the testareshawvn in Fig. 4.7. The amplitudesof
the deviation of the aerodynamicoeficientsareAc,. = 3.2 x 1074, Acp = 1.6 x 107>, andAcy, =
6.4 x 107°.

Theresultsof a DFT analysison the deviationsis presentedn Fig. 4.8. Onecanseethat
the non-dimensionafrequeng of the signalis computedas f = 0.0375. This correspondgo a
reducedirequeng of k = 0.307, which is approximatelythe reducedfrequeng in which the grid
was oscillating. The amplitudesof the oscillationsare approximatelythree ordersof magnitude
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Figure4.8. DFT Analysisof the Deviation

smallerthan the oscillationsof the aerodynamiccoeficients during the limit-cycle oscillations.
Thesesmall-amplitudenscillationsareconsideredo be acceptable.

This resultfor the error betweenthe fixed and deforminggrid solutionwasfound to be
consistentvith the resultsobtainedin similar testsperformedin [47]. This meanghatthe present

methodis capableof handlingdeforminggridswith anacceptablelegreeof accurag.

B. PRESCRIBED MOTION ANALYSIS

Firstin this section,the resultsof the presentsolver are comparedwith computationof
Isogaietal. [21] andTunceretal. [53] for asingleNACA 0012in a pitch/plungemotion. The pa-
rametersof the motionof the airfoil werechoserin suchaway thatseparatioroccursanddynamic
vorticesaredeveloped.Thesecondartof this sectioncontainsa comparisorwith theunsteadypo-
tentialflow solver USPQOI for anNACA 0014airfoil in groundeffect. Eulersolutionsarecomputed
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andthegoodagreementvith predictionsof USPOT shavs thatthe presentodecanhandlemoving
anddeforminggridswith areasonablelegreeof accurag. Theresultsalsoshav a significantinflu-
enceof the free-streanMach numberon the aerodynamicoeficcientscomputedor the airfoil in

groundeffect.

1. Single-Airfoil Pitch/Plunge Motion

Theresultsof the presentodearecomparedo the onesobtainedby Isogaietal. [21] for a
pitch/plungemotionof aNACA 0012airfoil. Thereducedrequeny is constanandequalto k= 1.0
for all computationsThe half amplitudesared = 10 degreesandﬁ = 1.0 for the pitch andplunge
motions,respectiely. The phaseanglebetweenpitch and plungemotionsis variedfrom ¢ = 30
degreesto @ = 150degrees.Thefree-streanMachandReynoldsnumbersaresetto M., = 0.3 and
Re, = 10, respectrely. Thefully turbulentflow is computedoy usingthe B-L turbulencemodel.

Thegrid usedis the samepresentedn Fig. 3.6.

The vorticity contoursarepresentedn Fig. 4.9 for @ = 90 degrees. This casediffers only
by thefree-streanReynoldsnumberfrom theoneusedin Sectionlll.B.3, in whichthetrailing edge
boundaryconditionis discussed.The resultsobtainedby Isogaiet al. [21] are on the LHS and
the presentesultsareon the RHS of Fig. 4.9. The agreemenbetweerthe two solutionsis good.
Thelocationof the primary vortex is predictedvery closelyin both solutions. The predictionof a
secondaryortex occursin both cases.Even a small separatiomearthetrailing edgeis picked up
by bothsolvers. Notethatthe contoursarenotthe samefor bothresults. Thecontourlinesof Isogai

etal. arenotdefinedin [21], henceijt is difficult to reproducehe samecontours.

Intheirresearchlsogaietal.[21] comparedheirresultswith Tunceretal.[53]. They varied
the phaseanglebetweenpitch and plungeand calculatedthe thrustcoeficient andthe propulsve
efficiengy. Theirresultsfor thesetwo parameterarecomparedo the presentodecomputationsn
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Figure4.9. Vorticity Contoursof Isogaietal. (left) andPresenwork (right)

Fig. 4.10. In the presentork, the reducedrequeng of the motionis equalto k = 1.0, the plunge
amplitudeis h= 1.0, andthe ReynoldsnumbersareRe, = 10° andRe, = 10°. Notethat, because
of a differentnondimensionalizatig the reducedrequeng andthe plungeamplitudeof [21] are

k= 0.5 andh = 2, respectiely.

Thepresentesults,shavn in Fig. 4.10,containerror barsdueto the non-periodicityof the
computedsolution. The thrustcoeficient andthe propulsie efficiengy are not the samefor each
cycle andthevariationof theseparametershroughtencyclesis representetdy theerrorbars.lIt is
importantto notethat the maximuminducedangleof attackis symmetricwith respecto a phase
angleequalto @ = 90 degrees. For instance,the maximuminducedangleof attackfor ¢ = 30
degreesis the sameasfor @ = 150 degrees. The presentresultsshov a similar behaior for the
thrustcoeficientandpropulsve efficiengy. The curve throughthe meanvaluesof theseparamaters
is almostsymmetricwith respecto ¢ = 90 degrees althoughthe variationaroundthe meanvalue

is not symmetric.

An attemptto compareresultswith Ramamurtiand Sandbey [40] wasmadebut, because
of thelarge valuesof amplitudesof the motionandreducedrequeng, the presentodewasunable
to computea meaningfulsolution. The value of the Strouhalnumberusedin their computationis
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aroundS = 0.6, which correspondso areducedrequenyg k = 3.8. Theamplitudesof the motion
ared = 15 degreesandﬁ = 1.0. With this combinationof parametersthe presentcodepredicts
locally supersonidlow evenfor afree-streanMachnumberof M., = 0.1. Becausd&Ramamurtand
Sandbgy [40] usedanincompressibléNavier-Stokes solver for their computationsno comparison

with their resultscouldbedone.

2. Airfoil-in-Ground-Effect and Pure-Plunge Motion

A final validationof the presentodeis performedor a biplaneconfiguration.This compu-
tationshaws thatthe equationdor deforminggrids cancomputethe flow over an oscillatingairfoil

in groundeffectaccurately

Euler solutionsfor a pure plunging NACA 0014 biplaneare comparedwith the one ob-
tainedby using an unsteadypotentialflow solver called USPOI [37]. Thereducedfrequeng of
the oscillationis k = 0.5. The half amplitudeof the motionis h=0.4. Theseparatiorbetweerthe
wingsis | = 1.4. For the presentsolution,only onewing is modeledandthe presencef the second
wing is simulatedby a symmetryplane.Thedistancdrom thewing to the symmetryplaneis, then,

d=0.7.

The Euler solutionswererun for Mach numbersof M., = 0.2 andM, = 0.3. The multi-
block grid usedis shavn in Fig. 4.11. The dimensiongor blocks (1), (2), and(3) are289x 41,
41 x 39, and 165x 51, respectrely. The solutionsfor the two Mach numbersare presentedn
Fig. 4.12andcomparedvith the USPOI solution. Theincompressiblélow solutioncomputedoy
USPO correspondso aMachnumberof M, = 0. The Eulersolutionsfor My, = 0.2 andM. = 0.3
shav amaximumlift coeficienthigherthanthe onepredictedoy USPOI. Nonetheless;learly the
tendeng is to approachthe incompressiblesolution asthe Mach numberdiminishes. The same
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behaior is obsered with respecto the dragcoeficient. The minimum valuesfor the Eulerdrag

coeficientstendto move towardthe USPOI solutionasthe Machnumberdecreases.

The influenceof the Mach numberon the aerodynamiaoeficientsis known to be quite
significantfor wings in extremegroundeffect, asdiscussedy Rozhdestensk [41]. For wings
in extremegroundeffect, meaningdistancesrom the groundlower than 10% of the chord, the
aerodynamicoefientsvary with theparametet1— M) ! andnot (1— M) /2. Eventhoughthe
smallesdistancerom theairfoil to thegroundduringtheoscillationis d = 0.3, theinfluenceof the

Machnumberis still significant.

This computationshavs thatthe solutionobtainedwith the compressibledeforming-grid
codeis in goodagreementvith the solutioncalculatedfor the unsteadypotentialflow. Therefore,
the presensolver shaws thatit canperformaccuratelyfor adeforminggrid situation.Furthermore,
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Figure4.12. Comparisorof EulerandPotentialFlow Solutionsfor a BiplaneConfiguration

the solutionshaws a significantinfluenceof the Machnumberon the unsteadyflow characteristics

of the biplaneor airfoil-in-ground-éfect configuration.
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V. RESULTS

A. FLAPPING AIRFOIL PROPULSION

The biplanemodel studiedat the Naval Postgraduat&choolis presentedn Fig. 5.1. It
hastwo setsof wingswith a chordof € = 0.064m. Thewings oscillatesinusoidallyin anopposed
plungemanner The meanseparatiorbetweerthe two planesis | = 0.0896m, which yields a non-
dimensionalalueof | = r/é = 1.4. This configurationasexplainedin Chaptedll, canbe modeled
by only one airfoil oscillatingabove a symmetryplane,similar to a wing in groundeffect. The
non-dimensionaimeandistancefrom the airfoil sectionto the symmetryplaneis, then,d = 0.7.
Theamplitudeof the motion of the airfoil correspond$o a non-dimensionaalueof h=0.4. This
enablesa minimumclearancef d — h = 0.3 from thesymmetryplane.

This configurationwas testedby Lund [34] andthe experimentswere conductedinside
a low-speed,open-sectiorwind tunnelwith speedsvarying from U., = 0 to U, = 9.5m/s. The
Reynoldsnumbervariedfrom Re, = 0to Re, = 45,000andtheMachnumberfrom M, = 0t0 Mo, =
0.028. Thefrequeng of theoscillationof thewingswassetto discretevaluesof f = 3,5, and7 Hz.

Thenumericalcomputationsvereperformedn athree-blockgrid in whichblock (1) corre-
spondgo a289x 81 C-grid,block (2) isa61x 29 H-grid, andblock (3) isrepresentetly a152x 51
H-grid. A close-upof the grid aroundthe airfoil is presentedn Fig. 5.2. The S-A andB-L turbu-
lencemodelswereusedto performfully turbulent calculations.Fully laminarcomputationsvere
alsoperformedbecaus®f thelow Reynoldsnumberof the experimentsln this caseno turbulence

modelwasused.
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No sensitvity analysigto thesizeof thegrid wasperformedn the preseniwork becausef
theresultsobtainedby Tunceretal. [53]. They foundthatthecomputedsolutionwasnotsensitve to
gridsizesof 121x 62,241x 61,241x 91,and311x 71. However, asensitvity studyto thetime step
wasperformedfor someof the unsteadycasesf the presentwork. This studywasaccomplished
by increasinghe numberof Newton sub-iterationsvithin eachphysicaltime step,whichwasfound
to be equialentto reducingthetime step.Theresultsof this procedureshavedthatthe parameters
computedoy meanf averagingthroughacycle did notchangesignificantly Thepredictionof fine
detailof theflow-field, suchasthefrequeng of leadingedgevortex sheddingandthelocationof the
dynamicvortex alongthecycle, wasmoresensitve to thetime step.Neverthelesshecauséhe main
interestof the presentvork is on averagedvaluesalongthe cycle, suchasthethrustcoeficientand
the propulsve efficiency, threeNewton sub-iterationsvereusedandthetime stepwaskeptwithin

aminimumof 3,500 stepspercycle.

1 Steady-State Computations

Steady-statsolutionsare neededo startup unsteadysolutions. Anotherreasorfor com-
putingthemis the needto correctthe calculationof the thrustcoeficient. In the experimentspne
is interestedn measuringhe thrustdueto the oscillation of the wings. This is doneby measur
ing thedrag,or thrust,for the entiremodel,including the wings andfuselage and subtractinghe
steady-statelragmeasuredor the samemodel. The differenceis the thrustdueto the flappingof
thewings.

The consequencef this procedureis that all typesof steady-statelrag are eliminated,
includingfriction andpressuralragof thewing. Hence,in orderto comparenumericalandexperi-
mentalresultsthe sameprocedurenustbe performed.The computedsteady-statdragalsohasto

be subtractedrom the unsteadyalues.
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Table5.1. Steady-Stat®rag Coeficients

h laminar S-A S-A B-L

M=01 M=01|M=03|M=01

-0.4| 0.0260 | 0.0038 | 0.0038 | 0.0050

-0.2 | 0.0228 | 0.0030 | 0.0030 | 0.0031

0.0 | 0.0217 | 0.0028 | 0.0028 | 0.0029

0.2 | 0.0212 | 0.0027 | 0.0027 | 0.0028

0.4 | 0.0209 | 0.0026 | 0.0026 | 0.0027

For thebiplaneconfigurationor wing in groundeffect, it is knowvn thatthedragcoeficient
is a function of the groundclearance.Consequentlya seriesof steady-stat&omputationsvere
performedfor variousvaluesof distancesrom the ground. The resultsfor thesecalculationsis
presentedn Table5.1.

The steady-statsolutionsfor fully turbulentflows wererunfor a ReynoldsnumberRe, =
10°. Thisvalueis muchhigherthanthe Reynoldsnumberof theexperimentbut, in orderto useB-L
or S-A turbulencemodels,10P is the minimum value of their rangeof application. The pressure
distributionsfor theseturbulencemodelsare shavn in Fig. 5.3 for a distancefrom the symmetry
planeequalsto d = 0.3, correspondindo the closestpositionduring the sinusoidalmotion of the
airfoil. Thetwo solutionsarevery closeto eachother shawving that, for steady-stateomputations,
theturbulencemodelsdo not have a stronginfluenceon the calculations Furthermorethe pressure
distribution is not symmetricanymore. Thellift force resultingfrom the imbalanceof pressurds

now in thedirectionof thegroundplane.
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Figure5.3. Pressure&oeficient Distributionsfor B-L andS-A Models

Thesolutionfor fully laminarflow wasperformedusingRe, = 10*. The pressuralistribu-
tion over the airfoil for this caseis presentedn Fig. 5.4. Also shavn in this figureis the pressure
distribution for the fully turbulent flow usingthe S-A turbulencemodel. The two solutionslook
quite different. The flow for the laminarsolutionis separatedvhereashe fully turbulentflow is
alwaysattachedo theairfoil. A snapshobf thevorticity field for the laminarcomputationis pre-
sentedin Fig. 5.5. The boundarylayeris quite thick and detachegrom the surfaceof the airfoil,
producingvorticesthat are shedfrom the trailing edge. This meangthat even the fixed-airfoil so-
lution hasan unsteadybehaior for the low Reynoldsnumberin question.This unsteadybehaior
canalsobeseenin the history of aerodynamicoeficientsshavn in Fig. 5.6.

Thevorticesproducedby the detachmenof the boundaryayeraredraginducingvortices.
Their orientationis suchthatthey tendto approachthe groundplane. Therefore the wake is de-
flecteddownwardandinducesa positive (upward) lift ontheairfoil.
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Figure5.4. Pressure&Coeficient Distributionsfor Laminarand TurbulentFlows

Figure5.5. Entropy ContourLinesfor the LaminarSolution
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Figure5.6. History of AerodynamicCoeficientsfor the LaminarFlow Solution

The steady-statsolutionsshow thatthe fully turbulentflow is not influencedsignificantly
by the useof the B-L or the S-A turbulencemodel. The flow is alwaysattachedo the airfoil and
thelift forceis negative (pointingto thegroundplane).Ontheotherhand thelaminarflow solution
yieldsarelatively thick boundaryayer, which detache$rom theairfoil andproducesanoscillatory

behaior for theaerodynamicoeficients.

2. Oscillating Airfoil Computations

In the experimentsthe frequeng of oscillationof the wingswassetto a fixed value,and
the speedof the wind tunnelwas changedn orderto vary the reducedfrequeng. This means
thatthe free-streanReynoldsnumberis differentfor eachvalueof reducedrequeng. Therange
of the free-streanReynolds numberin the experimentswas from Re, = 0 to Re, = 45,000. In
the numericalsolutions,the Reynolds numberwaskept fixed for all valuesof reducedfrequeng
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becausef thelarge numberof steady-stateolutionsthatwould have to be generatedo startup the
unsteadycomputationsThe Reynoldsnumberwassetequalto Re, = 10* for thelaminarsolutions
andRe, = 10° for thefully turbulentcomputationslt is importantto mentionthatthis procedure
mayinducediscrepanciegshencomparingexperimentalandnumericaldata.

Thefree-streanMachnumberis anotheimportantissue.ldeally, becausef thelimitations
of the numericalscheme the minimum free-streamMach numbershouldbe aroundM,, = 0.3.
However, for this Mach numberandvaluesof reducedirequeng aroundk = 2.0, the local Mach
numbersof the flow-field reachvaluesashigh asM = 1.5, at which point compressibilityeffects
are se/ere. The Mach contourlines for theseconditionsare shavn in Fig. 5.7 with the airfoil in
a positionvery closeto h = 0 during the up stroke. The contourlinesgofromM =0toM = 1.6
with anincrementof AM = 0.04. The region wherethe local flow is supersonids presentedn
Fig. 5.8(a). Although this region is not very large, the region where compressibilityeffects are
alreadysignificantis muchlarger Theentrogy contourlinesareshovn in Fig. 5.8(b). It canbeseen
thatthe supersonipocket occursinsidethedynamicvortex whichis beinggeneratedttheleading
edge.Hence the physicsof the dynamicstall arecompletelyalteredby compressibilityeffects. It
is alsoimportantto mentionthatthe TVD schemes switchedoff for the airfoil in ground-efiect
computations.

A computatiorfor a free-streaniMach of M., = 0.1 wasperformedfor the samereduced
frequeng of k = 2.0. The Mach contourlines are presentedn Fig. 5.9 with the sameincrement
of AM = 0.04. Thelocal Mach numberfor this casestaysbelov M = 0.55 for the whole cycle.
Therefore mostof the computationsvere performedfor a free-streanMach numberof M, = 0.1.
The ideawasto eliminateary sourceof compressibilityeffects sincethe Mach numbersof the

experimentsaveremuchlower.
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Figure5.9. MachContourLinesfor M, = 0.1 andk = 2.0

Thecomputedhrustcoeficient for theairfoil in groundeffect configurationrandM., = 0.1
is presentedh Fig. 5.10asafunctionof thereducedrequeng. Theturbulencemodelsusedfor the
fully turbulentsolutionswereB-L andS-A. The Reynoldsnumberfor thesecasesvasRe, = 1(F.
For thefully laminarsolution,theReynoldsnumbemwasRe, = 10*. Thepotentialflow solutionsfor
abiplane(USPQ) andasingleairfoil (UPQOT) configurationsindthe experimentalaluesobtained
by Lund[34] in the NPSwind tunnelarealsoshavn in the samefigure.

Thethrustcoeficient perairfoil is definedby Eq. (5.1):

T

er= 1/2p.U2c

(5.1)

whereT = —D is the thrustforce generatedy the flapping motion of the airfoil, p is the free-
streamdensityandU,, is the free-streanvelocity of the flow.

Computationdor M., = 0.3 werealsoperformedfor the S-A turbulencemodel. They are
comparedvith thesolutionsfor thesamemodelandM. = 0.1in Fig.5.11.For M, = 0.3 andvalues
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Figure5.10. ThrustCoeficientfor M, = 0.1

of reducedrequeny higherthank = 1.0, compressibilityeffectsclearlychangehe behaior of the

solutiondramatically

Theagreementvith the experimentf [34] is muchbetterfor thelaminarthanfor thefully
turbulent solutions,regardlessof the turbulencemodelusedfor turbulent flow. This is expected
becausehe Reynoldsnumbersof the experimentsaremuchcloserto the Reynoldsnumberof the
laminar solutionthanto the Reynolds numberof the fully turbulent computations.At this range
of Reynolds numbersthe vortices,which are sheddueto the detachmenbf the boundarylayer,
dominatetheflow overtheairfoil, especiallyfor low frequenciesin fact,solutionsfor S-A andB-L
turbulencemodels,whenno vorticesare shed,agreebetterwith the USPOI solution. This means
thatthe predictionof the vorticesproducedoby boundarylayer detachmenor the predictionof the
dynamicstall is crucialfor simulatingcorrectlythe behaior of the flow at this rangeof Reynolds
numbers.
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Figure5.11. ThrustCoeficientfor the S-A TurbulenceModel

Theentropy distribution of thelaminarflow field aroundtheairfoil is presentedh Fig.5.12
througha seriesof framesfor differentpositionsalongthe cycle. The LHS of Fig. 5.12represents
thedown strole whereaghe RHS shavs theup stroke. Thedynamicstall vorticesgeneratedluring
the motionarewell capturedoby the solver, andit is clearthatthe boundarylayeris quite thick for
somepositionsalongthecycle. Thereforereviewing thethin layerassumptiorof thepresensolver
is essential. This assumptiormay not hold for positionsalongthe cycle if the boundarylayeris

relatively thick.

The solutionsfor turbulent flow arecloseto the potentialflow computationgUSPQT) for
reducedfrequenciesup to k = 1.0 (S-A andM, = 0.3) andk = 2.0 (S-A, B-L, andM, = 0.1).
As statedby Tunceret al. [53], the limit for separatedlows for a single NACA 0012 airfoil is
givenby theequatiorﬁk: 0.35. Accordingto thediscussiorpresentedn Sectionlll.B.3, thislimit
could be further extendedto hk = 0.45 for the NACA 0014airfoil. For h = 0.4, the valueof the
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Figure5.12. Entropy ContourLinesfor LaminarFlow, M, = 0.1, andk = 1.0

85



reducedrequeny for flow separatiotnecome& = 1.125. However, thecomputedhrustcoeficient
remainscloseto the potentialflow solutionevenbeyondthis dynamicstall limit. In orderto assess
this behaior, two sequencesf entropy contoursfor k = 2.0 andM,, = 0.1 aregivenin Figs.5.13
and5.14 for the S-A and B-L turbulencemodels,respectrely. For the S-A solution, Fig 5.13,
theflow is not completelyseparatedA recirculationbubble,which corvectsdownstreanmbut only
separatefrom the surfaceof theairfoil nearthetrailing edge s predicted.Furthermorethebubble
predictedfor the uppersurfaceis larger thanthe bubble computedfor the lower surface. For the
B-L simulation,Fig. 5.14,thedynamicstall vortex is clearly predictedby the solver for bothupper
andlower surfaces.Thesesolutionssuggesthatthe turbulencemodelinfluenceshe predictionof
dynamicstall, and also suggesthat the dynamicstall limit for the biplaneconfigurationmay be
slightly differentfrom the single-wingvalue.

Thepropulsie efficiencgy is definedasthepowergeneratedby thethrustforcedividedby the
power necessaryo oscillatetheairfoil, andit is representeth Eq. (5.2). Thecomputedoropulsve

efficiengy is shawvn in Fig. 5.15.

g TUs
I:’req

(5.2)

whereT = —D is thethrustforceandP.eq is the power requiredfor oscillatingthe airfoil.

It is known that the biplaneconfigurationproducesmore thrustper wing thanthe single
wing. A comparisorbetweencomputedvaluesof propulsve efficiengy andthrustperwing for the
biplaneand single configurationss shawvn in Fig. 5.16. It canbe seenthatthe airfoil in ground
effect producesnorethrustperwing, with almostthe sameefficiengy, thanthe singleairfoil. This

behaior wasdemonstrategreviously by Jonesetal. [24].
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B. TRANSONICFLUTTER

A major conclusionby Castroet al. [11] wasidentifying how significantthe porosity of
the wind-tunnelwalls wason predictingtransonicsteadyand unsteadyflow characteristicef the
airfoil insidethe wind tunnel. The currentwork wasconductedn orderto furtherinvestigatethe
effect of porosityof thewalls andto improve themethodof prescribingsuchaboundarycondition.
Thereforetheapproacladoptedvasbasedndeterminingaporoushoundaryconditionthatyielded
a steady-statsurfacepressuralistribution for the NLR 7301 airfoil, in the presencef the wind-
tunnelwalls, which bestagreedwith the experimentsof Scheve et al. [31]. Oncea satishctory
porousboundaryconditionwas determined the flutter computationsvere performed. Adjusting
otherflow parameter®sf the experiment,suchasinflow andoutflov boundaryconditions,wasnot
attemptedsincethey werenotgivenin [31]. Thewind-tunneltestwasperformedata Machnumber
of M., = 0.768,anangleof attackof o = 1.28 degreesandaReynoldsnumberof Re= 1.727x 1(P.
Thesameflow conditionswereusedin the presensimulation,sinceno correctionsvereappliedto
theexperimentaldata[31]. The plenumpressuravasalwayskeptequalto thefree-streanpressure
(Pplenum= Pw). The resultsfor the steadycalculationswere usedas the start for the unsteady
simulations.

All steady-statandunsteadycomputationsvereperformedusinga C-type281 x 81 point
main-blockgrid (1), shawvn in Fig. 5.17, which was generatedrom the original NLR 7301 air-
foil surfacedata. Blocks (2) and (3) were Cartesian-typeand contained4l x 41 and41 x 61
pointsalongthe streamwiseandthe normaldirections,respectiely. The Spalart-AllmaragS-A)
and Baldwin-Lomax (B-L) turbulencemodelswere usedthroughoutthe courseof the unsteady
computationgor theNLR 7301airfoil.

All the computationsvereperformedin a time-accuratenodeusinga constantime step.
For fixed anglesof incidence the solutionwasrun for a long time after corvergencein residuals

90



T

|

I

[

T
TI7111T |

Figure5.17.C-Type Grid nearthe NLR 7301 Airfoll

sothatvariationsin all aerodynamicoeficientswerereducedo machinezero. This wasdonein
orderto ensurethatall flow disturbance$rom the initial transientsvere sweptout of the domain.

At corvergence all solutionsat fixedanglesof incidencedid not exhibit ary unsteadiness.

A grid-sensitiity studywasperformedopreviously by Weberetal. [55] shaving thatresults
were not significantly changedor grid sizesof 221x 91 with aninitial wall spacingof 2 x 107>,
whichyieldsy' < 1.0, with 40 pointsin the wake andwith the far-field boundaryplaced20 chord
lengthsaway from the airfoil surface. Therefore aninitial wall spacingof 1 x 10-° waschoserto
keepyt ~ 1.0 evenfor unsteadycomputations.The grid size of 281x 81 choserfor block (1) of
the presentomputationguaranteethattherewill be40 pointsin thewake. Furthermorepecause
the far-field boundaryis placedat the tunnelwalls andnot 20 chordlengthsaway from the airfoil,
81 grid pointsin the  directionaresuficientto guarantea reasonablgrid resolutionaway from
theairfoil.
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A time-sensitiity analysiswasconductedn the presenwork. Thetime stepusedin the
presentinvestigationwas suchthat a minimum of 2,400 iterationsper cycle of oscillation was
appliedto eachone of the unsteadycases. The time step of someunsteadycomputationsvas
divided by two, andno significantchangen theflutter frequeng or intermodal phaseanglewas
obsered. However, a reductionof approximately5% on the flutter amplitudesoccurredfor these
cases.As seenlaterin this section,otherparametersnfluencedthe flutter amplitudesnuchmore
stronglythanthetime step.Therefore mostof theeffort wasconcentrateih studyingtheinfluence
of theseparametersatherthantheinfluenceof the time step. Furthermorethe computationatost

of usingafinertime resolutionfor mostof the unsteadysimulationswvould beenormous.

1. Steady-State Computations

First, a computatiorfor a solid wind tunnelwall wasperformedusingthe S-A turbulence
model. The normal componentof the velocity at the walls was setto zero and the other flow
variableswere extrapolatedirom the interior pointsof the grid. The pressurdistribution for this
caseis presentedn Fig. 3.16 andcomparedwith the averagedpressureistribution of Scheve et
al. [31]. Theagreementvith the experimentcanbe furtherimproved, asdiscussedn the previous
work [11], by modelingthe porosityof thewind-tunnelwalls.

The modelfor the porosityof thewall, basedn thetheorypresentedby Mokry etal. [35],
Eq.(3.2),wasevaluatedhext. Thepressuralistributionsfor 25%and50%wall porosityparameters
arepresentedn Fig. 5.18. Theporous,nviscid boundaryconditionwasusedfor thesecaseslt can
be seenthat a betteragreementvith the experimentis achieved for a porousboundarycondition
thanfor the solid wall. Thatthe turbulencemodelhasa significantinfluenceon the predictionof

the shocklocationis alsoclear
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Figure5.19. SurfacePressur®istribution for a Porous ViscousBoundaryConditionatthe Tunnel

Walls

Theporousyiscousmodelwasalsotestedor porosityparametersf o = 0.25ando = 0.50
andyieldedslightly betteragreementvith the experimentthan the porous,inviscid model. The
comparisorof the pressuredistributions with the experimentalresultsfor this caseare shavn in
Fig. 5.19. The porosity parameteof o = 0.25 seemdo yield a betteragreementvith the time-
averagedpressuralistribution of [31], predictinga betterlocationfor the uppershock.Onceagain,

the turbulencemodelsignificantlyaffectsthe computedshocklocation.

In summary the steady-stateomputationgdlemonstrat¢hat the porosity of the walls has
avery stronginfluenceon the computediow field aroundthe NLR 7301airfoil. Additionally, the
methodof applyingthe correspondindpoundaryconditionandthe turbulencemodelareinfluential.

94



2. Flutter Computations

Basedon the conclusiongiravn from the steadycomputationsthe flutter simulationswere
performedusingthe porousmodelfor the wind-tunnelwalls. The nominalconditionsof thewind-
tunneltestwerepresered,namelyM., = 0.768,a; = 1.28 degreesandRe= 1.727x 1(°, aswell as
the spring-neutrabngleof attackao = 1.91 degrees.Note thatthesevaluesweremodifiedin [55],
to accountfor wind-tunnelinterferenceto Mo, = 0.753, ajc = —0.08 degrees,Re= 1.727x 10°,
andag. = 0.635 degrees. All time-accuratdlutter computationsvere performedassumingully
turbulent flow usingthe Spalart-Allmarasand Baldwin-Lomaxturbulencemodels. The computa-
tionspredictedfutterin two degreesof freedom.Limit-cycle oscillations(LCO) werecomputedn
agreementvith thewind-tunneltest.

In theexperimentatestcasg31], limit-cycle oscillationsin pitchandplungewerereported.
The experimentwasconductecht a total pressuref 0.45baranda dynamicpressureof 0.126bar
A time-areragedangleof attackof a = 1.28 degreeswasmeasuredor anangleof attackat wind-
off condition of ap = 1.91 degrees,which is equialentto the spring-neutralangle of attackin
the numericalsimulation. The porosity parameteassociatedvith the perforatedwall of the DLR-
Gottingenwind tunnelwasstatedaso = 0.25. The holesin thewall weredrilled atanangleof 30
degreeswith respecto the surfaceof the wall. No measurementsf the pressureat the wall were
performedthereforetheplenumpressuravasassumedo bethefree-streanpressurén thepresent
study Thedimensionlesstructuralparametersf theexperimentaresummarizedn Table5.2. The
sameparametersvereusedfor theaeroelasticomputation.

Initially, the flutter computationsvere startedbasedon a porosity parameteof o = 0.25.
Time historiesof the angleof attackfor a porous,inviscid boundaryconditionat the tunnelwalls
areshavn in Figs.5.20and5.21 for the S-A andB-L turbulencemodels,respeciiely. Note that
LCO hasnot beenachiered for both turbulencemodels. Theinitial oscillationsdampout andthe
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Table5.2. StructuralParameters

Xp= 0.2500| kg = 0.3330

Xqg = 0.0484| ko= 0.2540

m = 946.00|| 0, = 0.0041

l« = 33.900| &= 0.0073
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Figure5.20. Angle-of-AttackHistory for o = 0.25, Porousnviscid BC, andS-A Turb. Model

computationsonvergeto a steadyvalueof the angleof attack.For the B-L model,the oscillations

areerraticaftersometime, shaving a differentbehaior from the S-A turbulencemodel.

Next, a porous,viscousboundarycondition was evaluated. Time historiesof the angle
of attackfor this caseare presentedn Fig. 5.22and5.23. For a porous,viscousmodel,LCO is
clearly achieved for boththe S-A andB-L turbulencemodels,but the amplitudesare higherthan
the reportedexperimentalvaluesof Knipfer etal [31]. The flutter resultsfor the computationsare
summarizedn Table5.3. Differentlyfrom the porous,nviscid model,the behaior of the solutions
for the porous,viscousboundaryconditionis similar for both turbulencemodels.No erraticoscil-
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Figure5.21. Angle-of-AttackHistory for o = 0.25, Porousnviscid BC, andB-L Turb. Model

lationsare presentandthe flutter parameterare predictedclosely Thereforeno significanteffect

of theturbulencemodelon computationsvith the porous,viscousmodelexisted.

The computationdor o = 0.25 shawv that the type of boundaryconditionfor the porous
wall canleadto differentunsteadysolutions. LCO is obtainedfor the porous,viscousboundary
conditionin which the flow is essentiallywertical at thewall, but for the porous,inviscid boundary
condition,theflow is almosttangento thewall andthe motionis damped.In fact, neitherthe vis-
cousnor theinviscid boundaryconditionaccuratelymodelsthe detailsof the nearwall flow of the
experiment.The experimentusedholesdrilled at 30 degreesimposinga curvatureto theflow. The
approachadoptedin the presentwork usestwo extremeconditionsof flow curvaturerepresented
by the porous,inviscid and viscousboundaryconditions(tangentand normal, respectiely). The
curvatureof theflow in the experimentis betweerthesetwo extremevalues.Fortunatelythe exper
imentalLCO amplitudesalsolie betweernthe computedamplitudesfor the two typesof boundary
condition. This fact suggestghat the porousboundarycondition for the wind-tunnelwalls sig-
nificantly improvesthe computationsof LCO for the NLR 7301 insidethe DLR-Gottingenwind
tunnel.
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Figure5.22. Angle-of-AttackHistory for o = 0.25, Porous ViscousBC, andS-A Turb. Model
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Figure5.23. Angle-of-AttackHistory for o = 0.25, Porous ViscousBC, andB-L Turb. Model
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Table5.3. Flutter Results

method| a a h f ®
[deg] | [deg] | [mm] | [Hz] | [deg]
Expa 1.28 | 0.18 | 0.65 | 32.85| 176.7
S-Ap 1.19| 0.00 | 0.00 | 34.4 | 166
S-Ac 115 | 1.70 | 468 | 345 | 165
B-Lp 1.11 | 0.00 | 0.00 - -
B-L. 098 | 1.79 | 5.00 | 34.6 | 165
S-Ayq 1.24 | 0.78 | 2.9 36.7 | 149
S-Ae 0.07 | 3.78 | 11.1 | 32.30| 171.8

(0]

= withoutwind-tunnelcorrections.

= with porous,inviscid wall; o = 0.25.

= with porousyviscouswall; o = 0.25.

= previouswork; with 50% porosity

= [55]; fully turbulent(unboundedomputation).
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Figure5.24.MachContourLinesfor Porosityc = 0.25 andPorous Inviscid BoundaryCondition

TheMachcontourlinesof theflow field neartheairfoil for the porous,nviscid andporous,
viscousboundaryconditionsarepresentedn Figs.5.24and5.25,respectrely. TheMachcontours
linesgo from M = 0 to M = 2.0 with anincrementof AM = 0.05 for both cases.The flow goes
to a relatively low speednearthe porouswalls for the porous,viscousboundarycondition case,
asshawn in Fig. 5.25. For the porous,inviscid boundarycondition, the flow nearthe tunnelwalls

remainsatarelatively high speedasshavnin Fig. 5.24.

In orderto studythe influenceof the porosity parametef the wind-tunnelwalls in pre-
dicting limit-cycle oscillations,a parametricvariationof o wasconductedFirst, a porous,inviscid
boundaryconditionwasusedto computea solutionfor a porosityparametenf 50%. Thetime his-
tory of theangleof attackshavs thatthe LCO wasnever achiered andtheinitial oscillationsdamp
out asillustratedin Fig. 5.26. Next, several casesvererun for differentvaluesof the porosity pa-
rameterusingthe porous,viscousboundarycondition. The LCO amplitudesobtainedn thoseruns
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Figure5.25.MachContourLinesfor Porosityc = 0.25 andPorous,\ViscousBoundaryCondition
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Figure5.26. Angle-of-AttackHistory for o = 0.50, Porousnviscid BC, andS-A Turb. Model

areshavn in Fig. 5.27. Theseresultsarealsoprovidedin Table5.4. Thatthe porosity parameter
alsohasa significantinfluenceonthe LCO amplitudeds clear Becausef theflow cunvatureatthe
porouswalls, the LCO amplitudesare expectedto be smallerthanthe onespresentedn Fig. 5.27
and Table5.4. Neverthelessthe influenceof the porosity parameteiis believed to be the same.
Final resultsfor the flutter computationsjncluding flutter frequeng, phase,amplitudesd and h,

andmeanangleof attacka, areshavn in Tables5.3and5.4.

Theinfluenceof thetunnelblockagewasalsoinvestigated Threemorecaseavererun with
differentheightsof the wind-tunneltestsection,H. The nominalconditionfor the experimentwas
H = 1.0m, whichyieldsH /c = 3.33. The additionalcasesepresentedi /c = 5.00, H/c = 6.67,
andH /c = o« (unboundediow). All nominalvaluesof theexperimentwerepresered. Notethatthe
unboundedsolution,in this casejs differentfrom the resultsobtainedin [55], dueto the corrected
free-streantonditionsthey used. The history of the angle-of-attackamplitudefor thesecasescan
beseenin Fig. 5.28. The porous,viscousboundaryconditionwith o = 0.25 wasusedat the tunnel
walls in all the casesexceptthe unboundedlow. The resultsshov a tendeng of decreasinghe
LCO amplitudesasthe heightof the testsectionH is increased.For H/c = 5.00, the oscillations

102



LCO amplitude

5 ‘ \

o [degrees] T T T
4L —— h[mm] ! e |
! >~ o
3| ) i
//
2 | | ]
!
i
!
1 7 // 7
O | £ | | |
0 0.1 0.2 0.3 0.4

porosity parameter o

Figure5.27. Variationof LCO Amplitudeswith the PorosityParameter

Table5.4. LCO Computations

Q|

[deg]

[deg]

[mm]

[Hz]

[deg]

0.12

1.10

0.01

0.04

34.7

164

0.16

1.11

0.38

1.09

34.5

165

0.20

1.12

1.51

4.25

34.6

165

0.25

1.15

1.70

4.68

34.5

165

0.30

1.17

1.69

4.61

34.3

167

0.50

1.17

1.20

3.19

34.5

166
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Figure5.28. Variationof LCO Amplitudeswith the Solid Blockage

arealreadydampedoutasin theunboundedlow solution. As expectedtheresultstendto approach
the unboundedlow solutionasH /c is increased.Theseresultsalsoshav that, dependingon the
valueof H/c choserfor the wind-tunneltest, the flutter characteristicof the measurementay
differ significantly from the free-flight situation. Moreover, apparentlythe variation of the LCO

amplitudeswith thetunnelblockageis rathernon-linear

The influenceof the Mach numberon the flutter characteristice®f the NLR 7301 airfoll
including tunnelwalls was studiedas well. In orderto sare computationalefforts, the porous,
inviscid wall boundaryconditionwasused. This type of wall boundaryconditionrequiresa much
shortercomputationatime to achieve LCO. The time history of the angle-of-attackamplitudes
for someMach numbersis presentedn Fig. 5.29for both tunneland unboundedsolutions. The
amplitudesfor wind-tunnelsolutionswere alwayshigherthanthe amplitudesfor unboundediow

in the Machnumbermrangeof the computations.
The resultsobtainedin this work shav that the porosity parameterthe solid blockageof

thetestsection,andthe Machnumberall have a stronginfluenceon the predictionof thetransonic
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Figure5.29. Variationof Angle-of-Attack Amplitudeswith MachNumber
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flutter characteristic®f the NLR 7301 airfoil, asindicatedin Figs.5.20through5.29. The type
of boundaryconditionusedfor the porouswind-tunnelwall is alsoinfluential. The computedam-
plitudesof & andh arelargerthanthe onesmeasuredn the experiment[31] for a porous,viscous
boundaryconditionbut lower for a porous,inviscid boundarycondition. Thetypeof boundarycon-
dition hasonly a small effect on predictingthe flutter frequeng andthe intermodal phaseangle.
Thesevalueswere predictedmore closelyin the presentwork thanin [11]. Therefore,it is con-
sideredthat an improvementwas obtainedwith respectto the previous work [11]. The predicted
flutter frequenyg deviatesfrom the experimentalvalue by 4.9% and the inte-modal phaseangle
by 11 degrees.Nonethelessheseparametersvere predictedmorecloselyby the unboundedlow

computationof Weberet al [55]. The valuesof frequenciesamplitudesand phaseangleswere
calculatedby meansof a DFT-analysisof thelast10 cycles.

Although the amplitudeswere overpredictedor underpredictedlependingon the type of
wall boundarycondition, the limit-cycle oscillation phenomenomas correctly predictedand the
frequeng andthe inte-modal phaseanglewere computedwithin a reasonableaccurag. It must
be keptin mind that the plenum chambermressurevas assumedo be the free-streanpressure.
Also, inevitably, otheruncertainfactorsexist. It appearsthen,thatthe wind-tunnelporositymodel
usedin the presenttcomputationssignificantlyimprovesthe predictionof flutter characteristicof

wind-tunnelflows.

106



VI. CONCLUSIONS AND RECOMMENDATIONS

A parallelversionof the solver wasimplementedandcomparedwith the single-processor
version.The parallelcodereducedhewall-clock time requiredfor a solutionandyieldedidentical
resultsto the single-processaosolutionfor both steady-statandunsteadycomputations A cluster
of Linux PC’s wasusedto conductthe computationgor both problemsunderinvestigationin this

work.

Thereasorfor studyingtheairfoil-in-groundeffect problemis to understandhe physicsof
the low-speedfiow over the opposed-plungéiplaneof the NPS’s micro-air vehicle. Whenusing
a compressiblesolver for high reducedrequenciesthe local Mach numbermay reachsupersonic
valuesatwhich compressibilityeffectsaredominantasdiscussedh Chapte. Sincethemicro-air
vehiclewill fly atmuchlower Machregimes,predictionsusingcompressibleolversmay not cap-
turethe correctphysicsof this problem.Furthermoreasindicatedby Anderson3], it appearshat
dynamic-stall-ertex captureat high reduced-frequenes males thrust generationrmore efficient.
Hence,in orderto investigatenumerically motionswith high reduced-frequencigshe useof an

incompressiblesolver would be moreappropriatebecausét would avoid compressibilityeffects.

Anotherimportantissueis the thin-boundary-layeassumption.Micro-air vehiclesfly at
low Reynoldsnumbersand,in suchcase this assumptions questionabldecausdoundarylayers
arerelatively thick at this regime. Therefore,it is moreappropriateo useanincompressiblefull
Navier-Stokes codeto study numericallythe unsteadyflow over the biplanewing of the NPS's

micro-airvehiclefor low MachandReynoldsnumbers.

The Spalart-Allmaradurbulencemodelwas modified so that it would work with moving
anddeforminggrids. This changeis importantbecausehis modelwas developedfor fixed grids

107



and the corvection of vorticity was not correctly predictedfor moving or changinggrids. This
changealoneis insuficient to work with moving anddeforminggrids. Theturbulencemodelmust
alsobesolvedwith the sametime stepasthe conseration equationsin somesolvers,arelaxation
schemas usedin which thetime stepfor theturbulencemodelis differentfrom thetime stepused
for the conseration equations.Sincerelaxationis usedin the presentsolver, the Spalart-Allmaras
turbulencemodelmustbe further modifiedto betime accurate.

It wasfoundthatassumingully laminarflow for the airfoil-in-groundeffect problemde-
liveredthe bestagreementvith the experimentsonductedy Lund[34]. Despitethelimitations of
the solver, the agreemenof the numericalpredictionswith the experimentsvasgoodfor reduced
frequenciesip to k = 2.0. Beyondthis value,compressibilityeffectsplayeda majorrole in the nu-
merical predictions. Therefore computationsvere not attemptedor valuesof reducedrequeny
beyondk = 2.0.

A study of the trailing-edgeboundarycondition revealedthat the mannerin which it is
implementedn the flow solver is influential whenthereare non-linearitiesin the flow field. For
unsteadyflows with low inducedanglesof attack,wherethe flow is alwaysattachedo the airfoil,
almostno differencewasfoundin the computationsvhenusingthefreeor theaveragedl E bound-
ary conditions.However, if theinducedangleof attackwashigh enoughto generatalynamicstall,
thecomputedsolutionwassensitve to the TE boundarycondition.Whennon-linearitiesarepresent,
the predictedsolutionis no longerperiodic. Instead the predictedsolutionfollows an attractor as
shavn in Chapteill. Althoughthefine detailof thesolutionis dependenbnthetypeof TE bound-
ary condition, the attractorfollowed by the solutionis apparentlynot significantlyinfluenced. A
similar behaior wasfoundregardingthe influenceof the turbulencemodel. Whennon-linearities

arepresentthesolutionis significantlyaffectedby theuseof the S-A or the B-L turbulencemodels.
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In the presensolver, theboundaryconditionsarecomputedexplicitly. Thegrid-cutbound-
ary conditionsare obtainedby meansof linear interpolationandthe airfoil suraceboundarycon-
ditionsareperformedusinga first-orderextrapolationfor Eulercomputationandzeroth-ordeex-
trapolationdor Navier-Stolkescalculations An improvementon theaccurag of thesolver couldbe
obtainedby computingthe cutboundaryconditionsimplicitly andusinghigherorderextrapolations

for theairfoil surfaceboundaryconditions.

An improved methodof modelingthe porosityof thewind tunnelwalls wasimplemented.
Two differentmodelsweretested. One adoptedthe approachpresentedy Mokry et al. [35], in
whichthenormalvelocity throughthe porousregionwasproportionalto the pressurealifferencebe-
tweentheplenumchamberlndthetestsection.Theotherconsistedf aviscousapproactassuming
thesamenormalvelocity but notangentiacomponenattheporousregion of thewind-tunnelwalls.
The modelingof the tunnelwall porosityandthe way the correspondindoundaryconditionwas
applied(viscousor inviscid) werebothfoundto affect the numericalpredictionsof the steady-state
andflutter characteristicsignificantly Theimproved porositymodelsalsoallowed moreflexibil-
ity for the generatiorof the grid becausehe requiremenfor an almostequallyspacedyrid at the

porousregion of thewalls wasno longernecessary

Thetransonidwo-degree-of-freedonbending/torsiorflutter analysisof the NLR 7301 su-
percritical airfoil sectionwas performedwith tunnel walls modeledwith an improved porosity
boundarycondition. This modelshaved that the porosity parameteinfluencessignificantly the
predictionof the limit-cycle amplitudes. On the other hand,the computedphaseanglebetween
pitch and plungemotionsandthe flutter frequeng were not significantly affectedby the porosity

parameter

Themainconclusionfor thewind-tunnelinterferencgoroblemis thatthelimit-cycle flutter
amplitudescan be quite sensitve to the chosenwind-tunnelwall porosity In fact, flutter may
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be suppressedompletelyfor a suficiently small value of the porosity parameter Furthermore,
the free-flight flutter behaior may differ substantiallyfrom the behaior foundin a porouswind
tunnel,dependingpn the chosemporosityandblockageratio. Consequentlyfurtherinvestigationis
necessaryo assesthemodelingof the porouswall boundaryconditionandthecorrelationbetween

wind-tunneltestsandfree-flightconditions.
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APPENDIX A: DEFORMING GRID EQUATIONS

Navier-Stokesequationsn non-dimensionaflorm:

90Q oF oG _ _,(dF oG
whereQ = (p, pu,pw,e)".

FortheLHS of Eq. (A.1):
Q=Qxzt) =QE L) = R=3R+FR+ TR =&Q +%4Q+
F=F(xzt)=F(.¢, T):> X = a—i%—g—f-a—i%—[z-f—g—a—': &xFe + (< (A-2)
G=G(xzt)=G(EL{) = L =R+ 52+ EF =866+
Similarly:

oR 0S

o &xRs +(xR; and 9z &S+ (A.3)

Substitutingegs.(A.2) and(A.3) into Eq. (A.1):

&Qs + 4 Qp + Qu+ &xFe + LuFr + 6.6 + (G = RE (&R + LR + &5 +4.S)  (A4)

Let Q berescaledyy the Jacobiarby definingQ =J1Q. Then:
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(7' =3+ (HQ= & =J(7'Qr— (I7)Q]

(I7'&Q)e = I 1&Q+ (I7%)eQ = &Qe = J[(I7 & Q)e — (I7&)eQ)
(071%Q); =I1LQr+ (I7)Q= 4Qr = (3% Q)7 — (I71%) Q)
(J1&F)e = I 18R + (3 18)¢F = &R = I[(I&xF )g — (3 1&x)eF]
(IT18F); =371 0F + (37100 F = Uy = I[(I710F ) — (3718w F]
(I71&:G); =J &G+ (1 &) G = &0y = I[(J &0) — (I &G  (AD)
(I7'%:68); =3 G+ ()G = 4Gy = I[(I14:G); — (I74)¢ G
(IT&R)y = ITER + (I71E)eR = &R = I[(I8xR)e — (I7"&x)eR]
(7R = IR + (74 R= LR = [T 4R — (I70)R]
(17189 =365+ (I 18)eS= &5 = (I &g — (3 &2)eS
(3G =365+ (1)S=> 6§ =4~ ()8

Substitutingeg. (A.5) into Eg. (A.4) anddividing by J:

(I7'Q)r — (I H1Q+ (I %&Q)e — (I &) Q+ (I 1%Q) — (I %) Q

+HITHEF ) — (37180 F + (I714F) — (I700)¢F

+(ITEG)e — (3782 G+ (I77CG)7 — (378G (A-6)
= ReITER) — (I78x)eR+ (I714R) - (3710)¢R

+(ITE — (3718 S+ (371%S) — (972§

Rearrangindermsin Eq. (A.6) andusingthedefinitionsof Q, 2 andZ:

(@) — QLI N+ (E)e + (L)) + (EQ+EF + E,G)e + (LQ+UF + L,6);
_F[(gx)é + (ZX)Z] - G[(éz)z + (ZZ)Z] (A.7)

= ReY(ER+ES): + (LR+19; — RIEe + (L) — SEe + (L))}
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Expandingsometerms:

(375 = (Xezg — X¢Z )t = XerZ + XeZr — XnZe — XZex (A.8)
(&)e = (g2 — XeZg)g = XegZe + XeZer — XexZg — XaZeg (A.9)
(G)g = Oz — Xez)g = XeuZe + XaZeg — XegZe — Xex (A.10)

CombiningEgs.(A.8), (A.9), and(A.10):

(I e+ Ee+ (L) =0 (A.11)

Importantto notethatEq. (A.11) is known asthe GeometricConseration Law (GCL). It
will bederivedagainin AppendixB to shav thatit actuallyrepresentshe conseration of volume
asthegrid is changedn time.

Although the RHS of Eq. (A.11) is mathematicallyzero, it is not the samenumerically
Theassumptiorof orthogonalityis no longervalid for adeforminggrid. Consequentlyoneshould
expectsomeerrorin the solutionwhenthe deformationof thegrid is relatively large.

Expandingmoreterms:

= (gx)é +(x)z =0 (A.12)

= (&) + (L) =0 (A.13)

113



PluggingEgs.(A.12) and(A.13) into Eq. (A.7):

A~

(@) + (E:Q+&F +E,6)s + (LQ+ &F +4,6);

(A.14)
= Re[(&xR+&e + (LR+ 9]
Defining:
F= étQ-I- EXF +£ZG R= EXR‘I' EZS
(A.15)
G= ZtQ‘F ZXF + ZZG S= ZXR+ ZZS
Substitutingegs.(A.15) into Eq. (A.14):
Q+F+G =Re(Re+ &) (A.16)

Equation(A.16) representshe Navier-Stokesequationsn non-dimensionalorm andwrit-
tenin termsof the computationablomainvariables. It is importantto notethatthe Navier-Stolkes
equationsare valid for a changinggrid becausehe Jacobianwas consideredo be a function of

time.
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APPENDI X B: GEOMETRIC CONSERVATION L AW

Thevelocity of thegrid pointsonasurfaceScanbedescribedy Ws= (X, %) for (x,z2) € S

andthevelocity of all grid pointsis givenby thefield W = (x, z).

GeometricConserationLaw (GCL):

d
a/Vo|v_/svv5-o|s

Applying the DivegenceTheorem:

%/V dV:/V(D-W) av

But:

_ _ 11 d -1 _ -1
dV = dxdz(1) = J dEdZ(l):>a/ﬁJ dEdZ_/S(D-W)J dE g

Expandingheterm (O - W):

_ _1/0u ow _1(0&0u 0(ou o0&ow OCow
1 . — (Y- ) 1fY5YY s Ve s YW YR YW
I (E-W)=J <6x+az> ) (axa§+axaz+azaa+azaz>

Rearrangingheterms:

J7HO-W) = I7HDE-We + 07- W)

But:
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(I7108- W) = (37108) - W+ J710E - W

= 7108 -Wg = (37108 - W)g — (I71008)e - W

(B.6)
(I7102- W), = (37100 - W+ J3710C- W,
= J7100- Wy = (37 '00- W) — (3100) - W
Substitutingeg. (B.6) into Eq. (B.5):
IHO-W) = (37108 -W)g + (37102 W) — W - [(I108)g + (371 00)¢] (B.7)
It is alsoknown that:
0g-W = (g—il + g—i ) (X FzK) =& + &z = —I(m — %) = & (©.8)
0¢-W = (%i' + g_i ) - (Xl 4+ zK) = G + (o = =%z — Xez) = =
PluggingEg. (B.8) into Eq. (B.7):
IHOW) = —(I&)e—(I7);
(B.9)

-W- {[(J_lEx)E + (J_le)Z]i + [(J_lf.z)é + (J_1Zz)l]k}

Rearrangingerms,performingthe dot productandusingé = J-1& and = J-1¢:

IHOW) = —(&)e — (@) —%[(Ee + ()] — z[(Ee + (L))

=~ (@~ @)~ xl@)e — ()] - zl-0)e + )] (B10)

=—(&)e — (Q)e
Substitutingeq. (B.10) into Eqg. (B.3) andassuminghatthe Jacobiarvariescontinuously:
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/8 0:(371) dg g Zé[—(ét)z—(Zt)z] dgdl = /9[0r(3‘1)+(3t)z+(2t)<] dfdZ=0 (B.11)

Hence:

O(I™) + (&) + (&) =0 (B.12)
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APPENDIX C: JACOBIAN MATRICES

A. MatricesA, B, and M

It is necessaryo know thematricesA™, A-, B, B~, andM in orderto applythenumerical
methoddiscussedn Chapterll. MatricesAt, A, B*, and B~ are obtainedby assumingflux

splitting. ThesematricesarisebecausenatricesA andB canbe written in termsof an eigevalue

factorization:
A=3paAaZx!  and  B=3pAs3gt (C.1)
where:
)\f O 0 O )\? 0O 0 O
0 )\é 0O O 0 )\E 0O O
Na = and Ng = (CZ)
0O O )\é 0 0O O )\2 0
0O 0 O )\4A 0O 0 O )\E

Also, thediagonalmatricesAa and/Ag canbe split into the summatiorof two parts:

M= ML and AB=ABt B (C.3)
where:
A= Ai —|—2|7\.| and A= Ai —2|7\i| (C.4)

In doingthis, matricesA andB canbewritten as:
A=ZaANL+ANZY and  B=3p(Af +Ag)25" (C.5)
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1. Matrix M

0 0 0 0

oS mp1 a1(1/p); az2(1/p); 0

me1 az2(1/p); as(1/p); 0

| Ma Mg Mz 0a(1/p)g |

where:

Mp1 = —01(U/p); — A2(W/P); Mgy = —02(U/p); — az(w/p);
Myt = g [-€/p? + (U +W?) /p], — 01(UP/p)z — 202(uw/p); — a3(W?/p);
My2 = —04(u/p)z — M1 My3 = —04(W/P)z — Ma1

and

4 4
a; = u(§z§+z§> oz = gZsz a3 = IJ(Z)Z(—I— :—3@) oy = % (Z+2)
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