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Abstract

Detached-Eddgimulation(DES)is usedto predictthe massiely separated
flow aroundaforebodycrosssection.The configuratioris theflow at10° angle
of attackover a rounded-cornesquare.The spanwisecoordinateof the flow is
statisticallyhomogeneouwith periodicendconditionsemplgyedin the calcu-
lations. Simulationsareperformedat sub-andsupercritical Reynoldsnumbers
for which experimentaimeasurementshav areversalof thelateral(side)force
actingonthebody DES predictionsareevaluatedusingexperimentaimeasure-
mentsand unsteadyReynolds-aeragedNavier-Stokes (URANS) resultsfor a
modestangeof grid refinementin calculationsvith adoublingof thespanwise
period,andusingsimulationgperformedwithout anexplicit turbulencemodel.

Sub-andsupercritical flows arecomputedat Reynoldsnumbersof 10° and
8 x 10°, respectiely. Boundarylayerseparatiorcharacteristiclaminaror tur-
bulent)areestablishedia theinitial andboundaryconditionsof thecalculations.
Following flow detachment chaoticandthree-dimensionatake rapidly devel-
ops.For thesupercritical flow, the pressurdalistributionis closeto themeasured
valuesand both the streamwiseand lateral forcesare in adequateagreement
with measurementsi-or the sub-criticalflow, DES predictionsare sufficiently
farfrom theexperimentaimeasurementsatside-forcereversalis not predicted.
Possiblecausegor the discrepang arediscussed.
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1. Introduction

Knowledge of the spin and recorery characteristicof modernaircraft is
crucialatavarietyof levels,includingmaneuerability, controlstratgies,and
ultimatelydesign.Oneof themostsignificantfactorsaffecting spincharacter
isticsis the forebody with its complex vortical flows andlong momentarm.
Laboratorymeasurementsf spincharacteristicareof limited utility sinceit is
notpossiblgo resolhe importantReynoldsnumbereffectsbecausef therange
of availabletunnels. Numericalsimulation,therefore provides animportant
tool that shouldultimately provide highekfidelity evaluationsof aircraftspin
thancurrentapproaches.

Unfortunatelynumericalmodelsarenotadequatén mary instanceslueto
theirinability to accuratelypredictthecomplex andunsteadyeffectsassociated
with spin. Vortical flows, crossflav separationsandsensitvity of forcesand
momentsto Reynolds numbersignificantly challengemodelingapproaches.
Thesefactorsalsosupplythe overall motivation for the preseninvestigations
andthe needto develop andassessmproved techniquedor predictingcom-
plex, separateflows athigh Reynoldsnumbers.

Most high-Re/noldsnumberpredictionsare currently obtainedfrom solu-
tions of the Reynolds-&eragedNavier-Stokes (RANS) equations.While the
mostpopularRANS modelsappearto yield predictionsof comparableaccu-
rag/ in attachedlows aswell asthosewith shallav separationsRANS pre-
dictionsof massie separationbave typically beenunreliable RANS models,
calibratedn thin sheatdayers,appeaunableto consistentlyrepresento suffi-
cientaccurag the chaoticandunsteadyeaturef massiely separatedlows.

The relatvely poor performanceof RANS modelshas motivatedthe in-
creasedhpplicationof Large Eddy Simulation (LES). Away from solid sur
facesLESis apowerful approachproviding adescriptiorof thelarge,enegy-
containingscale®f motionthataretypically dependentngeometrnandbound-
ary conditions.Whenappliedto boundarylayers,howvever, the computational
costof whole-domairLES doesnotdiffer significantlyfrom thatof Direct Nu-
merical Simulation(DNS) (Chapmaril979, Spalartet al. 1997). The “large
eddies”closeto the wall are physicallysmallin scaleandin high Reynolds
numbetboundaryayers LES maynotsuficiently resohe nearwall structures,
leadingto inaccuratedescription®f boundarylayergrowth and/orseparation.

In the presentcontrikution, predictionsare obtainedusing Detached-Eddy
Simulation(DES), a hybrid methodwhich hasRANS behaior nearthe wall
andbecomes Large Eddy Simulationin theregionsaway from solid surfaces
wherethegrid densityis suficient (Spalartetal. 1997). The formulationused
hereis basedon a modificationto the Spalart-Allmarasone-equatiormodel
(SpalartandAllmaras1994 referredto asS-A throughoutjandis describedn
greaterdetailin the next section.DESis a non-zonatechniquethatis compu-
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tationallyfeasiblefor high Reynoldsnumberprediction but alsoresohestime-

dependentthree-dimensionalurbulent motionsasin LES. Previous applica-
tionsof the methodhave beenfavorable,yielding adequatgredictionsacross
arangeof flows andalsoshaving the computationatostexhibits a weakde-

pendenc®n Reynoldsnumbey similarto RANS methods/etatthesameime

providing morerealisticdescription®f unsteadyeffects(seeStrelets2001for

arecentreview).

The study describedn this manuscriptis a pre-cursorto the ultimate ap-
plicationwhichis predictionof the spincharacteristicsf full aircraftatflight
Reynoldsnumbers Progressn modelinga full aircraftusingDESis reported
by Squireset al. (2001). The flow fields characterizingspinningaircraftare
massiely separatedyroviding a“natural” applicationfor DES.Thougha nat-
ural applicationfor the model,calculationsof complex configurationsat high
Reynoldsnumbershallengeheentirecomputationahpproachespeciallythe
proces®f grid generationGiventhe endapplicationunstructuredyridsform
anintegral componenof the presentipproactandanunstructured-grigolver
is emplgyed for numericalsolutionof the Navier-Stokes equations.The dis-
adwantageof the currentunstructuredapproachis that the numericalproce-
dureis second-ordeaccuraten time andspaceandstabilizedvia non-linear
(TVD) numericaldissipation.Relatednvestigationshave shavn thatthe arti-
ficial dissipationassociatedvith the numericalschemecanbe aslarge asthat
representetby the turbulencemodelandthereforecaremustbe exercisedin
applicationof thesemethodgo eddy-resolvingimulationssuchasLES (e.qg.,
seeMittal andMoin 1999). This in turn motivatesanothergoal of the work —
to explorethe accurag of the currentsecond-ordemethodon bothstructured
andunstructuredjridsfor DESapplications.

Theflow considereds thatarounda canonicalforebodycrosssection,the
rounded-cornesquareshavn in Figure 1. The cornerradiusis 1/4 of the
width/height(“diameter”, D) of the forebody similar to the cross-sectionef
the X-29 and T-38. Numericalpredictionsare comparedo the experimental
measurementsom Polhamuset al. (1959). Theseinvestigatorsmeasuredhe
forceson a variety of forebodycross-sectionever a rangeof Reynoldsnum-
bersandanglesof attack.For therounded-cornesquarepressureoeficients
aroundtheforebodywerealsoreported.

For thesimulationgeportedn thismanuscripttheangleof attack,«, of the
freestreanvelocityis 10°. In thesub-criticalregime (Reynoldsnumberselov
about5 x 10°), boundarylayer separatioralongthe top surface (uppermost
horizontalsurfacein Figure 1) occursnearthe upperfront cornerof the fore-
body while for the supefscritical flows the boundarylayer remainsattached
alongtheuppersurface. Thechangesn boundarylayerseparatiorcharacteris-
tics have significanteffectson the streamwisendlateralforceswith Reynolds
number(the lateral, or side, force actsalongthe y axisin Figurel). A re-



Figure 1. Flow configurationCornemadiusis 1/4the“diameter” D of theforebody Angles
aremeasuregbositive counterclockwisérom the aft-symmetrystagnatiorpoint.

versalof the lateralforce wasmeasuredn the experimentsj.e., negative for
sub-criticalflows and positive in the supercritical regime. Relevantto spin,
the negative sideforce in the sub-criticalregime is spin-propelling,while at
the higherReynoldsnumberghe positive sideforceis spin-damping.

Themainobjectivesof thework have beento bothunderstandorebodyspin
characteristicasit relatesto side-forcereversalandto assess/adnceDESas
a viable methodfor predictionof unsteadyflows at high Reynoldsnumbers.
Thestability of DESresultswith changesn grid refinements investigatedas
well asotherfactorssuchasthe dimensionof the (statisticallyhomogeneous)
spanwisecoordinate. DES resultsare alsocomparedo predictionsobtained
from the unsteadyReynolds-aeragedNavier-Stokes (URANS) equationgof
boththe two- andthree-dimensionaquationsandto simulationsperformed
withoutanexplicit turbulencemodel. Therunswithoutaturbulencemodelare
denotedasMILES (MonotonelntegratedLarge Eddy Simulation)to provide
alink with relevantliterature,althoughno detailedinvestigationsvereunder
taken to evaluatethe numericaldissipationin the currentcalculationsandits
role asan SGSmodel,andthe numericalschemesrenotmonotondn astrict
sensgseeFurebyandGrinstein1999for furtherdiscussiorof the MILES ap-
proach).

2. Computational Approach
2.1 Detached-Eddy Simulation

The DES formulationin this studyis basedon a modificationto the S-A
modelsuchthatit reducedo RANS closeto solid surfacesandto LES away
from the wall (Spalartet al. 1997). The S-A RANS modelis written as(see
SpalartandAllmaras1994),

Dy

D = enll= fulS 5+ [V (4 D)D) + e (V)]
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whereS is the magnitudeof the vorticity. The productionterm aswritten in

(3) differs from that developedin Spalartand Allmaras(1994)via the intro-

ductionof f,3 andre-definitionof f,o. Thesechangeslo notalterpredictions
of fully turbulent flows and have the adwantagethat for simulationof flows

with laminar separationnumericaldiffusion upstreamof the eddy viscosity
into attachedlaminarregionsis prevented.Thefunction f, is givenby,

1+ 0213 1/6 6 v
fwzgm ; g=r+cy2 (r’—r), TE g (5)
Thefunction fy is definedas,
fr2 = cizexp(—cux’) - (6)

Thetrip function f;; is specifiedn termsof thedistanced, from thefield point
to the trip, the wall vorticity w; at the trip, and AU which is the difference
betweerthe velocity at thefield pointandthatatthetrip,

2
ft1 = cigieXp <_Ct2 :5.2 [d2 + gfd%D ) (7)
whereg; = min(0.1, AU/w;Az) whereAz is thegrid spacingalongthewall
atthetrip. For thecurrentsimulations f;; wassetto zeroto alleviatethehigh
costof evaluatingd; in anunstructured¢ode.For simulationgn whichtheflow
is tripped,large levels of eddyviscosityareaddedat designatedrip locations.
The wall boundaryconditionis 7 = 0. The constantsarec,; = 0.1355,
o =2/3, cpp = 0.622, k = 0.41, cp1 = cp1 /K> + (1 + cp) /0, cw2 = 0.3,
Cwz3 =2,¢cp1 = 7.1, c00=5,¢c,1 =1,¢c0 =2, 43 = 1.1, andct4 = 2.



The DES formulationis obtainedby replacingthe distanceto the nearest
wall, d, by d, whered is definedas,

d = min(d, CppsA) . (8)

In Eqn.(8) for thecurrentstudy A is thelargestdistancebetweerthecell cen-
ter underconsideratiorandthe cell centerof the nearesteighborgi.e., those
cellssharingafacewith thecell in question).In “natural” applicationof DES,
thewall-parallelgrid spacingge.g.,streamwis@andspanwisepreontheorder
of theboundaryayerthicknessandthe S-A RANS modelis retainecthrough-
outtheboundaryayer i.e.,d = d. Consequentlypredictionof boundaryayer
separations determinedn the‘'RANS mode’of DES.Awayfrom solid bound-
ariestheclosureis aone-equatiomodelfor the SGSeddyviscosity Whenthe
productionanddestructiontermsof the modelare balancedthe lengthscale
d = CpgsA intheLESregionyieldsaSmagorinsk eddyviscosityr o« SAZ.
Analogougo classicalLES,therole of A is to allow theenegy cascade&own
to thegrid size;roughly it makesthe pseudo-KImogorw lengthscale based
on the eddyviscosity proportionalto the grid spacing.The additionalmodel
constantCpps = 0.65 wassetin homogeneousirbulence(Shuretal. 1999)
andis usedwithout modificationin this work.

2.2 Approach and simulation overview

As measurethy Polhamusetal. (1959),thereareimportantReynoldsnum-
ber effectsin the flow aroundthe forebodyat angleof attack. Theseeffects
areanalogouso thatof thedragcrisisoccurringaroundcylindersandspheres
andarelinked to boundarylayertransitionandthe natureof the flow separa-
tion. While predictingdetailsof the transitionprocesss beyondthe scopeof
the methodsusedin the currentsimulations,it is possibleto constructwell-
definedcomputationdo investigatethe effect of the type of boundarylayer
separatioron the flow. In particular simulationswere performedin the sub-
andsupefcritical regimesin which the type of boundarylayer separatiorwas
controlledvia theinitial andboundaryconditionson the eddyviscosity

Following, Travin etal. (2001),a ‘tripless’ approachs emplg/ed for sub-
critical flows in which theinflow eddyviscosityis zero. Non-zerovaluesare
seedednto thewake andthereversediow thatis establishedh therecirculat-
ing region s suficient to sustainthe turbulencemodeldowvnstreanof separa-
tion. Boundarylayer separationn this caseis laminarwith the modelactive
following separation For the supercritical flows the inflow eddyviscosityis
setto asmallvalue(3v), suficientto ignite theturbulencemodelon solid sur
facesasthefluid entergheboundarylayers.Thesubsequerdeparatioris then
of aturbulentboundarylayer

The computationsvere performedusing Cobalgg, an unstructuredinite-
volumemethoddevelopedor solutionof thecompressibl&avier-Stokesequa-
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Table 1. SimulationparametersGrid sizereportedassurface-normak surface-tangentiak
spanwise “baseline”is the smallerz—y domain,“padded”the larger x—y domain. URANS
calculationgerformedusingthe Spalart-Allmara®ne-equatiomodel.

Case Model Grid Size L, z—y domain
1 DES 100 x 149 x 151 3D baseline
2 DES 100 x 149 x 301 6D baseline
3 DES 150 x 200 x 151 3D baseline
4 DES 120 x 149 x 151 3D padded
5 DES unstructured3.55 x 10° cells 3D padded
6 MILES 120 x 149 x 151 3D padded
7 URANS 200 x 400 - baseline
8 URANS 120 x 149 x 151 3D padded

tions anddescribedn Stranget al. (1999). The numericalmethodis a cell-

centeredfinite volume approachapplicableto arbitrary cell topologies(e.g,

hexahedralsprisms tetrahdrons)ThespatialoperatoruusegheexactReimann
Soler of Gottlieb and Groth (1988), leastsquaregyradientcalculationsus-

ing QR factorizatiorto provide secondrderaccurag in spaceandTVD flux

limiters to limit extremesat cell faces. A point implicit methodusing ana-
Iytic first-orderinviscid andviscousJacobianss usedfor advancemenbof the

discretizedsystem. For time-accurateeomputationsa Newton sub-iteration
schemds emplo/ed, themethodis secondrderaccuraten time.

For parallelperformanceCobalty usesthe domaindecompositiodibrary
ParMETIS(Karypisetal. 1997)to provide nearlyperfecoadbalancingwith a
minimal surfaceinterfacebetweerzones.Communicatiorbetweerprocessors
is achieved using MessagePassinglinterface (MPI), with parallelefficiencies
abore 95%o0nasmary as1024processorgseealsoGrismeretal. 1998).

Most of the calculationspresentedn the next sectionwere performedon
structuredneshesStructuredyridsweregeneratedsingthecontroltechnique
of HsuandLee (1991). Using this techniquejt waspossibleto controlmesh
spacingto thefirst point nearesthe boundary(within onewall unit nearsolid
surfaces) exert control over grid spacingtangentialto the boundaryandalso
to maintainorthogonalityof the meshat all boundaries. Also evaluatedin
the next sectionis a DES predictionobtainedon an unstructurednesh. The
unstructuredrid wasgeneratedisingGridgen(Steinbrenneetal. 2000),with
prismsin the boundarylayer and nearisotropic tetrahedraaway from solid
surfaces. The ability to exert greatercontrol on cell distribution compared
to the structuredgrids permittedgenerationof an unstructuredneshhaving
2.5 x 10° cells(of atotal cell sizeof 3.55 x 108 cells)within two diametersf
themodelsurface.



The parametersf the calculationaresummarizedn Tablel. Shavnis the
casenumbey model,grid size,spanwiseperiod,andreferenceo the z—y do-
main size. The majority of simulationswere performedon domainsin which
the spanwisedimensionwasthreetimesthe diameteri.e., L, = 3D. The
influenceof the spanwisgperiodwasinvestigatedn Case2 via computations
performedon a domainwith a doublingof the spanwiseperiodto L, = 6.
Domain-sizeinfluenceswere also investigatedin calculationswith two do-
mainshaving different outerboundaryplacement. The smallerdomain(re-
ferredto as“baseline”in the table) extendedeight diametersdovnstreamof
the body andwith a lateralextentalsoof 8D. In calculationsperformedon
thelargerdomaingreferredto as“padded”in thetable),the streamwisextent
to the outflov boundarydownstreamof the body wasat approximately20D,
with thelateraldimensioralsoapproximately20D from themodelsuriace.As
shavn in thenext section therewasanoverly strongeffect of the baselinedo-
main on the solutions,resultingin over-predictionsof the stagnatiorpressure
andaxialforce. Boundaryconditionsonthemodelsurfacewereno-slipfor the
velocity componentandturbulentviscosity Thenormalmomenturrequation
is usedat solid walls to estimatethe variationof pressurenormalto the sur
face,while a one-sided|east-squaregradientmethodis usedto estimatethe
variationof pressurgéangentiato thewall.

Grid resolutioneffects were investigatedoy refining the meshin the z—y
planeby a factorof two. For the coarsegrid with the shorterspanwisedi-
mension(L, = 3D), the structured-gridcalculationwas performedusing
approximately2.2 x 10 points, the finer meshcalculationpossessingbout
4.5 x 108 grid points. BecauseA in Eqn. (8) nearthe surface was set by
the spanwisespacingthethicknesof the“RANS region”, i.e., thedimension
from the modelsurfaceto the interfaceat which d is setby the grid spacing
for all the DESrunswas0.013D. Thedimensionlessimestep,At/(D/U)
(U is thefreestreanspeed)was0.01,a conserative valuechoserbasedn
preliminarycalculationsaandprevioustime-accurateomputation®f unsteady
flows by the currentinvestigatorsandotherresearcherge.g.,seeTravin etal.
2001). With At/(D/Us) = 0.01, thereareapproximately350timestepger
mainsheddingycle.

From a given setof initial and boundaryconditionsfor a particularflow
type (triplessor fully-turbulent), the governingequationsveretime adwanced
througha transientasthe flow evolvedto its equilibriumcondition. This tran-
sient,typically lessthan20D /U, wasdiscardedandthe simulationscontin-
uedfor anadditionalperiodof O(100D/Uy,). This periodwassuficient for
adequateonvergenceof averagedjuantitiesandcaptureof thelongtimescales
in theflow.
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3. Results

3.1 Solution properties and flow visualization

70 Edge of RANS region

Figure 2.  Flow field nearupperrearcornerof the forebody Dark bordermarksedgeof the
“RANS region” at0.013D. Velocity vectorscoloredby viscosityratiov; /v.

A snapshobf the instantaneouselocity vectorsin a plane nearthe up-
perrearcorner(f in therange45°) for aturbulent separatiorrun (simulation
parametersorrespondo Cased4) is shavn in Figure2. Theinterfacebeyond
whichd is setby thegrid hasbeendravn. Thefigureshavsasmoothtransition
betweerthe“RANS region” and“LES region” of thesolutionwith essentially
all of theboundarylayerwithin the RANS region.

Figure 3.  Instantaneousorticity isosurbiceswith pressureontoursonthefar plane vortic-
ity contoursin the nearplane. Sub-criticalflow at Re = 10° shavn ontheleft, supercritical
flow at Re = 8 x 105 shavn ontheright.

The differentstructureof the sub-and supeftcritical flows is illustratedin
Figure3. Drawn for eachflow-type areisosurficesof the instantaneousor-
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ticity field (coloredby thelocal pressure) Contoursof pressurendvorticity

areshavn onthefarandnearperiodicplanesrespecirely. For thesub-critical
flow at Re = 105 the attachedboundarylayersare laminarand cannotsus-
tainthedevelopmenbf theadwersepressurgradientn theupperfront corner
with separatioroccurringaroundd ~ 135°. In the“tripless” mode,theturbu-

lencemodelis dormantupstreanof separationyith flow reversalsustaining
themodeldownstreanof separation.

Figure 4.  Particlepathlinescoloredby v /v from triplesssolutionat Re = 10°. Threshold
of v, /v from O (blue)to 1 (purple).

Shawnin Figure4 arearepresentate sampleof pathlinesin thevicinity of
the upperfront cornerof the forebodyfor the flow at Re = 10° (simulation
parametergorrespondo Case4 in Table1). The pathlinesin the figure are
coloredby the valueof the viscosityratio v; /nu. Upstreamof separatiorthe
eddyviscosityis zero(asindicatedby the blue color of the pathline). In the
separatedegion the reversingflow sweepsurbulent fluid from downstream
into contactwith the separatinglow. Importantto noteis thatthereis not a
“transition creep”,i.e., a numericaldiffusion of non-zeroeddyviscosityinto
regionsupstreanof separation.

In “natural” applicationof DES, the detachedegionsof the flow arecom-
putedusingLES,in this casewith a one-equatiomodelfor the subgrid-scale
eddyviscosity An adwantageof LES is that meshrefinementesohes more
flow features,in turn lesseningnodelingerrorsand driving the solutionto-
wardsthe DNS limit. The effect of meshrefinementwas investigatedby
doublingthe z—y grid by a factor of two in Case3 ascomparedo Casel
(c.f., Table1). Shavn in Figure5 areinstantaneousorticity contoursfrom
Casel andCase3 for a simulationwith turbulent boundarylayer separation
at Re = 8 x 10°. Cutsof the vorticity field from threespanwiseplanesare
shawvn for eachcaseandprovide an exampleof the strongspanwisevariation
in theDESsolution.As alsothecaséor classical ES, Figure5 shavsthatthe
effect of themeshrefinements to resole smallerscaleeddiesn Case3. This
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featurein the DES wasalsoillustratedin the circular cylinder calculationsof
Travin etal. (2001).

Figure 5.  Contoursof the instantaneousorticity in threespanwiseplanesfor Casel (on
theleft) and Case3 (on theright). Vorticity contoursarefrom a turbulent separatiorcaseat
Re =8 x 10°.

3.2 Statistics for the turbulent separation cases

Force coeficients C;; and C, in the axial and lateral directions, respec-
tively, aredefinedusingthe freestreandensityandvelocity andfrontal area
of theforebody Figure6 shavstheforcecoeficienttime historiesfor thetwo-
dimensionaURANS solutionat Re = 8 x 10°. A fractionof thetime history
is shavn in thefigure,i.e., following theinitial transient.Thefigureshavsthe
2D URANS solutionis temporallyperiodic,with large swingsin the sideforce
coeficientcomparedo theaxial valueastheflow undegoesasheddingycle.

A representate force coeficient history for a DES run is shawvn in Fig-
ure 7, for aturbulentseparatiomun at Re = 8 x 10° (simulationparameters
correspondo Case?2). Similar to Figure 6, a transientof roughly 20 non-
dimensionatime unitshasbeenexcludedfrom thefigure (notealsothelonger
time integrationfor the DES). Unlike the 2D URANS, a strongmodulationis
apparentn the side force coeficient Cy, similar to that obsered in related
studiesof cylindersandotherbluff bodies(e.g.,seeTravin etal. 2001). The
side-forcemodulationis complex andseemdo be an intrinsic featureof the
chaotic,three-dimensionalow. For the forebody the modulationdevelops
via theinteractionof spanwiseindstreamwiseorticity in thenearwake. DES
calculationson domainsin which the spanwisecoordinateL, was1.5D did
notyield forcemodulationandsuppressethree-dimensionalitgf theprimary
spanwisestructurgalthoughthesolutionpossessestreamwiseorticity). Pre-
dictionson thedomainwith L, = 1.5D yieldedlarge over-predictionsof the



12

1.75

15

1.25 |-

Car C
o S
(4] [4;] =

.
N
a

o
ol BN S U

10 20 30 40

tUn /D

Figure 6. ForcecoeficientsC, andC, from two-dimensionaURANS at Re = 8 x 109,
turbulentboundarylayerseparation---- Cy; Cy.

1.75

15

1.25

Ca, C,

0.75

n | il

', i 1 w11 wh A (

1 a5 i it v
) [P R !
u{b‘,xﬂy I \‘/UU’VW m W

o
3

.

N .

a
OrTTTTTTTT T

o

Wl
LN

TR TR 1 TR TR
50 100 150 200

tU /D

Figure 7. Forcecoeficients C, andC, from Case2, DES predictionat Re = 8 x 109,
turbulentboundarylayerseparation-—--Cy; —— Cy.



Detached-Eddy Simulation around a Forebody Cross-Section 13

Table 2. Time-averageforce coeficientsfrom turbulentseparatiorcasesat Re = 8 x 10°
(timeaverageslenotedising(-)). Experimentameasurementsrefrom Polhamustal. (1959).

Case Model (Cg) (Cy)
1 DES 0.57 0.92
2 DES 0.55 0.98
3 DES 0.51 0.96
4 DES 0.46 0.94
5 DES 0.43 0.83
6 MILES 0.76 0.62
7 2D URANS 0.75 0.88
8 3D URANS 0.43 0.94
- expts. 0.4 0.9

axial force. Thoughnot shawvn here,force-coeficient historiesfor all of the
three-dimensionaurbulent separatiorcases- including the 3D URANS re-
sult—exhibitedforcemodulation.

Time-averagedorce coeficientsfor theturbulentseparatiortasesaresum-
marizedin Table2. The2D URANS, which producesa periodicsheddingand
cannotaccuratelyaccounfor theforcemodulation substantiallyover-predicts
themeanaxial force coeficient (C,;). Thisfeatureis analogouso thecircular
cylinderwheretwo-dimensionaURANSYyieldslargedrag(Travin etal. 2001).
Forthe DES,force coeficientsfrom thesmaller(baselinedomainsarehigher
thanthe measuredaluesaswell asfrom calculationgperformedon the larger
domain(c.f., Casesl-3). A comparisorof Case3 againstCasesl-2 shav a
trendtowardslower axial force with grid refinemenin the z—y plane. In ad-
dition, the axial force slightly decreasein Case2, computedon the longer
spanwisedomain,comparedo Casel. Nevertheless{C;) is too high and,
asshawn below, the over-predictionarisesirom theinfluenceof the computa-
tional domain,which effectively constrainghe flow andraisesthe stagnation
pressureby about10% comparedo resultsobtainedon the larger domains
(Casedt-5). DES predictionson the larger domainusingboth structuredand
unstructuredyridsarein quitegoodagreementvith the measurementsf Pol-
hamusetal. (1959). Interestingly the 3D URANS alsoyieldsforcesin good
agreementvith the measurementand padded-domaiES predictions. On
the other hand, calculationswithout an explicit turbulencemodel (Case6)
markedly over-predictthe axial forcedueto the poortreatmenof theattached
boundaryayers,asdescribedn moredetailbelow.

Pressureoeficientsaroundthebodyfor thefully-turbulentruns(Re = 8 x
10°) areshavn in Figure8. Theangled is measureadounterclockwisefrom
the aft-symmetrypoint of the forebody For the flow at 10° angleof attack,
the maximumcC;, occursaboutl5 — 20° belowv thefore-symmetrypoint (6 ~
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—160° asshawvn in Figure8). For Casesdl, 3, and7, the stagnatiorC), is over
predictedanerrorintroducedby the useof the smallerz-y domain.For these
caseghe over-predictionin the stagnationpressures O(10%), comparable
to the over-predictionof the meanaxial force (c.f., Table2). Comparingthe
effect of thedomain(Casel andCase4) shavs areductionin the axial force
coeficient on the larger domain,closerto the measuredialue of about0.4 as
alsosummarizedn Table2. The2D URANS, with afiner z-y grid compared
to the three-dimensionalunsalsoshavs deepeminimain C;, in the vicinity
of eachcorner providing someinsightinto the effect of grid resolutionon the
pressurdield.
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Figure 8.  Pressureoeficientdistribution aroundthe forebody Turbulentseparatiorcases,
Re = 8 x 10°. Symbolsare measurementsom Polhamuset al. (1959). Casel,;
-—-—-Case3; —-— Case4; -------- Caseb;, ————- Case6; —--— Case7; =——e Case
8.

An effect of the Reynoldsnumberreproducedn the fully-turbulent solu-
tionsin Figure8 is thatthe boundarylayersaroundthe upperfront andlower
front corners(f ~ +135°) remainattachedasevidencedby the strongpres-
sureminimain theseregions,especiallyaroundd ~ 135°. It is apparenthat
all of the simulationgpredictattachedoundarylayersaroundthe upperfront
corner with the exceptionof the MILES run (Case6), i.e., the simulationper
formedwithout anexplicit turbulencemodelin which the (laminar)boundary
layer separates.Accuratepredictionof boundarylayer gronth and separa-
tion in MILES requiresthe boundarylayer grid be suficiently fine to resohe
the small nearwall turbulent structuregaswould alsobe requiredin whole-
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domainLES with an explicit SGSmaodel). In practice,however, boundary
layergridswill notbesuficiently denseor high Reynoldsnumberdlows be-
causeof the high computationatost.In the presentasetheresultingMILES
boundarylayer predictionis absentof turbulent structuresandis essentially
laminar

Along the rearvertical surface(in the vicinity & = 0 in Figure8) the 2D
URANS (Case7) pressurdistribution is far from the measuredralues,re-
sulting in a large streamwisgorce (c.f., Table 2) asalso obsered in other
two-dimensionalJRANS predictionsof bluff-body flows (e.g.,seeTravin et
al. 2001). For all othercasesshavn in the figure,includingthe 3D URANS,
predictionsof the rearsurfacepressuresrereasonable;loseto the measure-
mentsof Polhamusetal. (1959). Consequent|yfor the DESand3D URANS
calculationson the paddeddomains(Case#, 5, and8), the overall pressure
distrinutionsareadequat@ndthe axial andstreamwisdorcesexhibit reason-
ableagreementvith measurementsThe accurag of the 3D URANS result
is surprisingsinceflow visualizationsshav the solutionlacksthe streamwise
vorticity apparenin the DES predictionsshavn in Figure3. Flow visualiza-
tions shav thatthe 3D URANS solutionexhibits weak, but persistentthree-
dimensionalityin the primary spanwisevorticity shedfrom theforebody Be-
causethe peaksuctionis missedn the MILES run (Case6), the axial forceis
too high, yieldinga similar (C,) asthe2D URANS, thoughthe causedor the
over-predictionshy thesetwo techniquesrenotthesame.

Meanside-forcecoeficientssummarizedn Table2 shav thatthe DESpre-
dictions of the lateral force coeficient (Cy) arein generalnot far from the
measurementeportedby Polhamuset al. (1959). The lateralforce predic-
tion in the MILES caseprovidesanotheiillustration of the errorthatcanarise
dueto theboundarylayertreatmentin thistechnique As alsonotedin the C,
distribution andaxial force coeficient, the 3D URANS is againaccurateand
apparentlyable to resohe enoughof the 3D variationimportantto accurate
prediction.

3.3 Statistics for the laminar separation cases

Laminarseparatiorcasesn the DESwerecomputedor mostof the simu-
lation parametersummarizedn Tablel. TheReynoldsnumberin thelaminar
separatiomunswas1 x 10° for the DES (4 x 10° for the2D URANS shawn
below), belown the critical valuefound by Polhamuset al. (1959) of approxi-
mately5 x 10°. In the triplessmode,the upstreameddy viscositywas zero
throughouthe simulation. The wake wasinitially seededvith eddyviscosity
andthereversingflow establishedehindthe forebodyis suficient to sustain
theturbulencemodelfollowing separation.
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Figure 9.  ForcecoeficientsC, andC, from Case4, DES predictionat Re = 1 x 10°,
laminarboundarylayerseparation----Cy; Cy.

A representate force history from a laminarseparatiorcaseis shawvn in
Figure9. Thesimulationparameterfor this casecorrespondo thoseof Case4
in Tablel. As shavn qualitatively via Figure 3, belov the critical Reynolds
numbertheflow separatem thevicinity of the upperfront cornerof thefore-
body Themeasuremenisf Polhamusetal. (1959)indicatethatthe boundary
layeralongthe lower surfaceof the forebodyremainsattached.The pressure
distributionis thento developlower pressurealongthelowerforebodysuriace
comparedo theuppersurface which hastheresultof reversingthemagnitude
of thesideforceascomparedo thevaluesmeasureat higherReynoldsnum-
bers,pastthecritical value.

Theforce historiesshavn in Figure9 shav a higheraxial force thanin the
fully turbulent runsdiscussedabore. The meanaxial force for this caseis
around0.8, not far from the valuereportedin Table2 for the MILES run at
Re = 8 x 10, which alsoexperienceslow detachmenin approximatelythe
sameregion nearthe upperfront corner More importantly the sideforce Cy
in Figure9, while chaotic,is only infrequentlynegative. Therefore the mean
sideforcewill notbe negatve (the meanC,, is 0.38for thetracein Figure9)
andthesimulationdoesnotyield areversalin the magnitudeof the sideforce.

The pressurecoeficient distribution aroundthe forebodyfor the laminar
separatiorDES (Case4 parameters)s shavn along with the experimental
measurementsf Polhamusetal. (1959). For comparisonthe C;, distribution
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Figure 10.  Pressureoeficient distribution aroundthe forebody Laminarseparatiorcases.
Symbolsare measurement§om Polhamuset al. (1959). Case4 (Re = 1 x 10°);
————Case7 (Re = 4 x 10%).

from the 2D URANS calculationat Re = 4 x 10° is alsoshavn. Consis-
tentwith the flow visualizationshavn in Figure 3, flow detachmentaround
6 ~ 135° resultsin a substantiallyhigherC,, comparedo the turbulentsepa-
rationcasen Figure8. Boththe DESand2D URANS have lower minima,in-
dicative of delayedboundarnyjayerseparatiomscomparedo theexperiments.
Nearthelower front surface(f ~ —135°), measurementshav a deepemin-
ima than predictedin the DES. The 2D URANS, on the otherhand,comes
closerto predictingthe pressureminima alongthe lower surface. Along the
rearvertical surface (§ =~ 0°), DES predictionsof the pressuredistribution
arereasonableHowever, becausef the deepeminimain the DES C;, near
6 ~ 135° andhigherC;, alongthelower flat surface sideforcereversalcannot
occur Inspectionof the instantaneou$elds shavs that alongthe lower flat
surface(in thevicinity of 8 ~ 135°), athin region of reversedflow occursin
the DES (in themean).This reversedflow region contritutesto aneffectively
alteredgeometrythat preventsdevelopmentof a deepC, minimumasappa¥r
ently occursin the experiments.To determinéf the developmentof the thin
region of reversedlow wascausedy numericaland/ormodelingerrors,a Di-
rectNumericalSimulationof the two-dimensionaflow at Re = 1 x 10* was
conductedisingagrid of 1600 x 1200 points. The DNS resultshavs a similar
thin region of reversedflow alongthe lower surfaceof the forebody nearthe
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lower front corner Thoughnotshawn in Figure 10, the C,, distribution for the
DNSis similarto thetriplessDES predictionat Re = 1 x 10°.

4. Summary

DESwasappliedto predictionof the separatedlow arounda forebodyat
10° angleof attack.Influencesf domainsize,grid refinementandturbulence
modelwereinvestigatedn flowsin whichboundarylayerseparationvaseither
laminaror turbulent. Theinitial and/orboundaryconditionsof thecalculations
setthe type of boundarylayer separationcorrespondingo flows above or
below the critical Reynolds numberfor which thereis a reversalof the side
forcein theexperimentaimeasurementsf Polhamusetal. (1959).

In general DES predictionsof the fully turbulentflow seemrohust, tend-
ing towards experimentalmeasurementwith grid refinement,for example.
The comple sheddingprocessandmodulationin the forcesappeaito berep-
resentedeasonablhadequatelyat leastin relationto the agreemenbetween
simulationandmeasuremertf thepressurelistribution andforces.In thesub-
critical regime,no simulationtechniqueappliedduringthe courseof this study
(DES/LES,DNS, andpreliminarycalculationsusingvortex methods)yielded
a sign changein the side force. Small differencesn the geometry hystere-
sis,andsidewall effectsarethreesourceghatmightexplainonthedifferences
betweemredictionsof the sub-criticalflow andexperimentaimeasurements.

Aside from theseeffects, boundarylayer treatmentof the sub-criticalflow
wassimplistic. The adwantageof thetriplessapproachis thatthe simulation
parametergare unambiguousln practice therecanbe substantiategions of
laminarflow anda predictionof boundarylayertransitionis required.Details
of theseparatioprocesandtransitionto turbulencethatinterminglecontinue
to stronglychallengecurrentmodelingapproaches.

In the presentapplication,the attachedooundarylayerslie entirely within
the“RANS region” of theDESsolution.As theflow detachesn theseparating
sheatayersthewake developsnew instabilitiesthatresultsin therapidgronth
of a chaoticand three-dimensionalvake. The lack of eddy contentin the
detachingooundarylayersrepresents relatvely small errorto the solutions
presentechere. In otherapplications,e.g., flows with shallav separations,
it will be adwantageousndnecessaryo seedthe upstreanflow with ‘eddy
content'andLES partof theattachedoundarylayersprior to separation.

Thecurrentstudyalsoprovidedanopportunityto assesthesolverandbuild
confidencdn the applicationof a second-ordeunstructurednethodfor DES
applications.The algorithmwassuficiently accurateo capturethe gronth of
instabilitiesin thewake onbothstructurecandunstructuredridsof reasonable
density Streamwisevorticeswerecapturedwith betweerfive andtencellsin
both cases.Thesefeaturesare connectedo aspectof the numericalmethod,
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suchas least-squaresalculationsof spatialderivatives and the use of non-
lineardissipation(i.e.,a TVD type limiter). Higherordermethodsshouldbe
expectedo retaina given solutionquality while reducingthe numberof cells
required. However, obtaininghigherordersolutionson an unstructuredyrids
is significantlymorechallenginghanon structuredyrids. Additionally, higher
ordermethodsvould likely reducethe scalabilityof the algorithm. A side-by-
sidecomparisorio a higherordernumericalmethodwould provide important
estimatef potentialbenefitsto going higherorder in turn allowing oneto
determinethe tradeofs betweenvariousapproachesDES predictionson the
unstructuredyrid shaved the potentialbenefitof the unstructuredapproach
in placing points preciselywherethey are needed- in the nearwake. This
study however, is certainlynota comprehense testingof thenumericssince
it only includedexperimentalsurfacepressuresor validation. More detailed
comparionsjncluding wake profilesand spectraare neededo further assess
thecurrentapproach.
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