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Abstract
Detached-EddySimulation(DES)is usedto predictthemassively separated

flow arounda forebodycrosssection.Theconfigurationis theflow at É�Ê�Ë angle
of attackover a rounded-cornersquare.Thespanwisecoordinateof theflow is
statisticallyhomogeneouswith periodicendconditionsemployed in thecalcu-
lations.Simulationsareperformedat sub-andsuper-critical Reynoldsnumbers
for whichexperimentalmeasurementsshow areversalof thelateral(side)force
actingon thebody. DESpredictionsareevaluatedusingexperimentalmeasure-
mentsandunsteadyReynolds-averagedNavier-Stokes (URANS) resultsfor a
modestrangeof grid refinement,in calculationswith adoublingof thespanwise
period,andusingsimulationsperformedwithoutanexplicit turbulencemodel.

Sub-andsuper-critical flows arecomputedat Reynoldsnumbersof É�Ê�Ì andÍ_Î É�Ê Ì , respectively. Boundarylayerseparationcharacteristics(laminaror tur-
bulent)areestablishedvia theinitial andboundaryconditionsof thecalculations.
Following flow detachment,achaoticandthree-dimensionalwakerapidlydevel-
ops.For thesuper-critical flow, thepressuredistributionis closeto themeasured
valuesand both the streamwiseand lateral forcesare in adequateagreement
with measurements.For the sub-criticalflow, DES predictionsaresufficiently
far from theexperimentalmeasurementsthatside-forcereversalis notpredicted.
Possiblecausesfor thediscrepancy arediscussed.
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Knowledgeof the spin and recovery characteristicsof modernaircraft is
crucialatavarietyof levels,includingmaneuverability, controlstrategies,and
ultimatelydesign.Oneof themostsignificantfactorsaffectingspincharacter-
istics is the forebody, with its complex vortical flows andlong momentarm.
Laboratorymeasurementsof spincharacteristicsareof limitedutility sinceit is
notpossibleto resolve importantReynoldsnumbereffectsbecauseof therange
of availabletunnels. Numericalsimulation,therefore,providesan important
tool that shouldultimatelyprovide higher-fidelity evaluationsof aircraft spin
thancurrentapproaches.

Unfortunately, numericalmodelsarenotadequatein many instancesdueto
theirinability to accuratelypredictthecomplex andunsteadyeffectsassociated
with spin. Vortical flows, crossflow separations,andsensitivity of forcesand
momentsto Reynolds numbersignificantly challengemodelingapproaches.
Thesefactorsalsosupplytheoverall motivationfor thepresentinvestigations
andthe needto develop andassessimproved techniquesfor predictingcom-
plex, separatedflowsathighReynoldsnumbers.

Most high-Reynoldsnumberpredictionsarecurrentlyobtainedfrom solu-
tions of the Reynolds-averagedNavier-Stokes (RANS) equations.While the
mostpopularRANS modelsappearto yield predictionsof comparableaccu-
racy in attachedflows aswell asthosewith shallow separations,RANS pre-
dictionsof massiveseparationshave typically beenunreliable.RANSmodels,
calibratedin thin shearlayers,appearunableto consistentlyrepresentto suffi-
cientaccuracy thechaoticandunsteadyfeaturesof massively separatedflows.

The relatively poor performanceof RANS modelshasmotivatedthe in-
creasedapplicationof Large Eddy Simulation(LES). Away from solid sur-
faces,LESis apowerful approach,providing adescriptionof thelarge,energy-
containingscalesof motionthataretypicallydependentongeometryandbound-
ary conditions.Whenappliedto boundarylayers,however, thecomputational
costof whole-domainLESdoesnotdiffer significantlyfrom thatof DirectNu-
mericalSimulation(DNS) (Chapman1979,Spalartet al. 1997). The “large
eddies”closeto the wall arephysicallysmall in scaleandin high Reynolds
numberboundarylayers,LESmaynotsufficiently resolvenear-wall structures,
leadingto inaccuratedescriptionsof boundarylayergrowth and/orseparation.

In the presentcontribution, predictionsareobtainedusingDetached-Eddy
Simulation(DES),a hybrid methodwhich hasRANS behavior nearthe wall
andbecomesaLargeEddySimulationin theregionsawayfrom solidsurfaces
wherethegrid densityis sufficient (Spalartet al. 1997).Theformulationused
hereis basedon a modificationto the Spalart-Allmarasone-equationmodel
(SpalartandAllmaras1994,referredto asS-A throughout)andis describedin
greaterdetailin thenext section.DESis anon-zonaltechniquethatis compu-
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tationallyfeasiblefor highReynoldsnumberprediction,but alsoresolvestime-
dependent,three-dimensionalturbulent motionsasin LES. Previousapplica-
tionsof themethodhave beenfavorable,yielding adequatepredictionsacross
a rangeof flows andalsoshowing thecomputationalcostexhibits a weakde-
pendenceonReynoldsnumber, similar to RANSmethodsyetat thesametime
providing morerealisticdescriptionsof unsteadyeffects(seeStrelets2001for
a recentreview).

The studydescribedin this manuscriptis a pre-cursorto the ultimateap-
plicationwhich is predictionof thespincharacteristicsof full aircraftat flight
Reynoldsnumbers.Progressin modelinga full aircraftusingDESis reported
by Squireset al. (2001). The flow fields characterizingspinningaircraft are
massively separated,providing a“natural” applicationfor DES.Thoughanat-
ural applicationfor themodel,calculationsof complex configurationsat high
Reynoldsnumberschallengetheentirecomputationalapproach,especiallythe
processof grid generation.Giventheendapplication,unstructuredgridsform
anintegral componentof thepresentapproachandanunstructured-gridsolver
is employed for numericalsolutionof the Navier-Stokesequations.The dis-
advantageof the currentunstructuredapproachis that the numericalproce-
dureis second-orderaccuratein time andspaceandstabilizedvia non-linear
(TVD) numericaldissipation.Relatedinvestigationshave shown thatthearti-
ficial dissipationassociatedwith thenumericalschemecanbeaslargeasthat
representedby the turbulencemodelandthereforecaremustbe exercisedin
applicationof thesemethodsto eddy-resolvingsimulationssuchasLES (e.g.,
seeMittal andMoin 1999).This in turn motivatesanothergoalof thework –
to exploretheaccuracy of thecurrentsecond-ordermethodon bothstructured
andunstructuredgridsfor DESapplications.

Theflow consideredis thatarounda canonicalforebodycrosssection,the
rounded-cornersquareshown in Figure 1. The cornerradius is 1/4 of the
width/height(“diameter”, ÷ ) of the forebody, similar to thecross-sectionsof
the X-29 andT-38. Numericalpredictionsarecomparedto the experimental
measurementsfrom Polhamuset al. (1959).Theseinvestigatorsmeasuredthe
forceson a varietyof forebodycross-sectionsover a rangeof Reynoldsnum-
bersandanglesof attack.For therounded-cornersquare,pressurecoefficients
aroundtheforebodywerealsoreported.

For thesimulationsreportedin thismanuscript,theangleof attack,ø , of the
freestreamvelocityis ùHúWû . In thesub-criticalregime(Reynoldsnumbersbelow
about ü³ý(ùHúPþ ), boundarylayerseparationalongthe top surface(upper-most
horizontalsurfacein Figure1) occursneartheupper-front cornerof thefore-
body, while for the super-critical flows the boundarylayer remainsattached
alongtheuppersurface.Thechangesin boundarylayerseparationcharacteris-
ticshavesignificanteffectsonthestreamwiseandlateralforceswith Reynolds
number(the lateral,or side, force actsalongthe ÿ axis in Figure1). A re-



�
α

r=0.25

1.0

y

x

®AqÀ�p«H{kh����
Flow configuration.Cornerradiusis 1/4the“diameter” � of theforebody. Angles

aremeasuredpositivecounterclockwisefrom theaft-symmetrystagnationpoint.

versalof the lateralforce wasmeasuredin the experiments,i.e., negative for
sub-criticalflows andpositive in the super-critical regime. Relevant to spin,
the negative sideforce in the sub-criticalregime is spin-propelling,while at
thehigherReynoldsnumbersthepositive sideforceis spin-damping.

Themainobjectivesof thework havebeento bothunderstandforebodyspin
characteristicsasit relatesto side-forcereversalandto assess/advanceDESas
a viable methodfor predictionof unsteadyflows at high Reynoldsnumbers.
Thestabilityof DESresultswith changesin grid refinementis investigated,as
well asotherfactorssuchasthedimensionof the(statisticallyhomogeneous)
spanwisecoordinate.DES resultsarealsocomparedto predictionsobtained
from theunsteadyReynolds-averagedNavier-Stokes(URANS) equations(of
both thetwo- andthree-dimensionalequations)andto simulationsperformed
withoutanexplicit turbulencemodel.Therunswithoutaturbulencemodelare
denotedasMILES (MonotoneIntegratedLarge EddySimulation)to provide
a link with relevant literature,althoughno detailedinvestigationswereunder-
taken to evaluatethe numericaldissipationin the currentcalculationsandits
roleasanSGSmodel,andthenumericalschemesarenotmonotonein astrict
sense(seeFurebyandGrinstein1999for furtherdiscussionof theMILES ap-
proach).�¿Ò �#×��	�5ÚÙÕ�
¬ÕAÝ£×¿Ô�
������� Ö�×�
�Û���¿ÒXÑ ���zÕ�
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The DES formulationin this study is basedon a modificationto the S-A
modelsuchthat it reducesto RANS closeto solid surfacesandto LES away
from the wall (Spalartet al. 1997). The S-A RANS modelis written as(see
SpalartandAllmaras1994),

÷#"$
÷&% ' (*) G,+ ù.-0/21 [�3 "4 "$65 ù7 8:9<;>=�= $65 "$@? 9 "$�?A5 (*) [ =B9 "$C? [�D



ÞbßDàkáwâ£ãäß�åHæcçyåwåHèié7êCëbìPí�áHà¯ê9îHïðáFñ|îHìPï>åSáÜòUîFñ|ßpó�îJåHè�ô�ñ|îHõ�õ�æké�ß�âeà¯ê9îHï E
- F (HG G / G - (H) GI [ /21 [�J F "$ K J [ 5 /21 GMLON [MP (1)

where "$ is theworkingvariable.Theeddyviscosity $ 1 is obtainedfrom,$ 1 ' "$ /2Q G P /2Q G ' R fR f 5 ( fQ G P RTS "$$ P (2)

where $ is themolecularviscosity. Theproductiontermis expressedas,"4 S /2Q f 4 5 "$I [ K [ /2Q [ P (3)

/2Q [ 'VU ù 5 R( Q [�W�X f P /2Q f ' =
ù 5 R /2Q G ? = ù.-0/2Q [ ?R P

(4)

where
4

is the magnitudeof thevorticity. Theproductiontermaswritten in
(3) differs from that developedin SpalartandAllmaras(1994)via the intro-
ductionof /2Q f andre-definitionof /2Q [ . Thesechangesdo notalterpredictions
of fully turbulent flows andhave the advantagethat for simulationof flows
with laminarseparation,numericaldiffusion upstreamof the eddyviscosity
into attached,laminarregionsis prevented.Thefunction / G is givenby,

/ GY'[Z]\ ù 5 (*^G fZ ^ 5 ( ^G f`_ P Gba ^ Zc'[d 5 (HG [ = d ^ - d ? P d S "$"4 I [ K [ e (5)

Thefunction /21 [ is definedas,/21 [ '[( 1 f exp
= - ( 1:f R [ ? e (6)

Thetrip function /21 G is specifiedin termsof thedistance

K 1 from thefield point
to the trip, the wall vorticity g 1 at the trip, and LON which is the difference
betweenthevelocityat thefield pointandthatat thetrip,/ 1 G '�( 1 G Z 1 exp hi- ( 1 [ g [1LON [ 8 K [ 5 Z [1 K [1 Dkj P (7)

whereZ 1 ' min
=
ú e ù P LlN.m g 1 L�n ? whereL�n is thegrid spacingalongthewall

at thetrip. For thecurrentsimulations,/21 G wassetto zeroto alleviatethehigh
costof evaluating

K 1 in anunstructuredcode.For simulationsin whichtheflow
is tripped,largelevelsof eddyviscosityareaddedatdesignatedtrip locations.
The wall boundarycondition is "$ ' ú . The constantsare (*) G ' ú e ùpoPüPü ,7 'rq m o , (*) [ ' ú ets quq , I ' ú ewv ù , ( G G '	(*) G m I [ 5 = ù 5 (*) [ ? m 7 , ( G [ ' ú e o ,(�G f 'xq , ( Q G 'zy e ù , ( Q [ ' ü , ( 1 G ' ù , ( 1 [ 'xq , ( 1 f ' ù e ù , and ( 1:f 'xq .
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The DES formulationis obtainedby replacingthe distanceto the nearest

wall,

K
, by "K , where "K is definedas,"K Sx|c}�~ = K P����M��� L ? e (8)

In Eqn.(8) for thecurrentstudy, L is thelargestdistancebetweenthecell cen-
ter underconsiderationandthecell centerof thenearestneighbors(i.e., those
cellssharingafacewith thecell in question).In “natural” applicationsof DES,
thewall-parallelgrid spacings(e.g.,streamwiseandspanwise)areontheorder
of theboundarylayerthicknessandtheS-A RANSmodelis retainedthrough-
outtheboundarylayer, i.e., "K ' K . Consequently, predictionof boundarylayer
separationis determinedin the‘RANS mode’of DES.Awayfromsolidbound-
aries,theclosureisaone-equationmodelfor theSGSeddyviscosity. Whenthe
productionanddestructiontermsof the modelarebalanced,the lengthscale"K ' ���M��� L in theLESregionyieldsaSmagorinsky eddyviscosity "$�� 4 L [ .
Analogousto classicalLES,theroleof L is to allow theenergy cascadedown
to thegrid size;roughly, it makesthepseudo-Kolmogorov lengthscale,based
on theeddyviscosity, proportionalto thegrid spacing.Theadditionalmodel
constant

���M��� ' ú ets ü wassetin homogeneousturbulence(Shuret al. 1999)
andis usedwithoutmodificationin thiswork.�¿Òb� ��� �ÜÖA×�
�Û���
ÂÔÜØ���Ý�� Ú !
¬ÕAÝ£×¿Ô&×M����Ö��bÝ!���

As measuredby Polhamusetal. (1959),thereareimportantReynoldsnum-
ber effects in the flow aroundthe forebodyat angleof attack. Theseeffects
areanalogousto thatof thedragcrisisoccurringaroundcylindersandspheres
andarelinked to boundarylayer transitionandthenatureof theflow separa-
tion. While predictingdetailsof thetransitionprocessis beyondthescopeof
the methodsusedin the currentsimulations,it is possibleto constructwell-
definedcomputationsto investigatethe effect of the type of boundarylayer
separationon the flow. In particular, simulationswereperformedin the sub-
andsuper-critical regimesin which thetypeof boundarylayerseparationwas
controlledvia theinitial andboundaryconditionson theeddyviscosity.

Following, Travin et al. (2001),a ‘tripless’ approachis employed for sub-
critical flows in which the inflow eddyviscosityis zero. Non-zerovaluesare
seededinto thewakeandthereversedflow thatis establishedin therecirculat-
ing region is sufficient to sustaintheturbulencemodeldownstreamof separa-
tion. Boundarylayerseparationin this caseis laminarwith themodelactive
following separation.For thesuper-critical flows the inflow eddyviscosityis
setto asmallvalue( o $ ), sufficient to ignite theturbulencemodelonsolidsur-
facesasthefluid enterstheboundarylayers.Thesubsequentseparationis then
of a turbulentboundarylayer.

The computationswereperformedusingCobalt60, an unstructuredfinite-
volumemethoddevelopedfor solutionof thecompressibleNavier-Stokesequa-
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Simulationparameters.Grid sizereportedassurface-normal
Î

surface-tangential
Î

spanwise; “baseline” is the smaller � –� domain,“padded”the larger � –� domain. URANS
calculationsperformedusingtheSpalart-Allmarasone-equationmodel.

Case Model Grid Size �@� � –� domain

1 DES É�ÊJÊ Î É��*� Î É��HÉ �H� baseline
2 DES É�ÊJÊ Î É��*� Î �JÊFÉ �H� baseline
3 DES É��pÊ Î�� ÊJÊ Î É��HÉ �H� baseline
4 DES É � Ê Î É��*� Î É��HÉ �H� padded
5 DES unstructured,��� �H� Î ÉXÊH� cells �H� padded
6 MILES É � Ê Î É��*� Î É��HÉ �H� padded
7 URANS

� ÊJÊ Î ��ÊJÊ – baseline
8 URANS É � Ê Î É��*� Î É��HÉ �H� padded

tions anddescribedin Stranget al. (1999). The numericalmethodis a cell-
centeredfinite volume approachapplicableto arbitrarycell topologies(e.g,
hexahedrals,prisms,tetrahdrons).ThespatialoperatorusestheexactReimann
Solver of Gottlieb and Groth (1988), leastsquaresgradientcalculationsus-
ing QRfactorizationto providesecondorderaccuracy in space,andTVD flux
limiters to limit extremesat cell faces. A point implicit methodusing ana-
lytic first-orderinviscid andviscousJacobiansis usedfor advancementof the
discretizedsystem. For time-accuratecomputations,a Newton sub-iteration
schemeis employed,themethodis secondorderaccuratein time.

For parallelperformance,Cobalt60 usesthe domaindecompositionlibrary
ParMETIS(Karypisetal. 1997)to providenearlyperfectloadbalancingwith a
minimalsurfaceinterfacebetweenzones.Communicationbetweenprocessors
is achieved usingMessagePassingInterface(MPI), with parallelefficiencies
above 95%onasmany as1024processors(seealsoGrismeretal. 1998).

Most of the calculationspresentedin the next sectionwereperformedon
structuredmeshes.Structuredgridsweregeneratedusingthecontroltechnique
of HsuandLee(1991). Usingthis technique,it waspossibleto controlmesh
spacingto thefirst point nearesttheboundary(within onewall unit nearsolid
surfaces),exert controlover grid spacingtangentialto theboundary, andalso
to maintainorthogonalityof the meshat all boundaries.Also evaluatedin
the next sectionis a DES predictionobtainedon an unstructuredmesh. The
unstructuredgrid wasgeneratedusingGridgen(Steinbrenneretal. 2000),with
prismsin the boundarylayer and near-isotropic tetrahedraaway from solid
surfaces. The ability to exert greatercontrol on cell distribution compared
to the structuredgrids permittedgenerationof an unstructuredmeshhavingq e üiý ùHú ^ cells(of a totalcell sizeof o e üPüSý ùHú ^ cells)within two diametersof
themodelsurface.



 
Theparametersof thecalculationaresummarizedin Table1. Shown is the

casenumber, model,grid size,spanwiseperiod,andreferenceto the n –ÿ do-
mainsize. Themajority of simulationswereperformedon domainsin which
the spanwisedimensionwas threetimes the diameter, i.e., ¡�¢ ' od÷ . The
influenceof thespanwiseperiodwasinvestigatedin Case2 via computations
performedon a domainwith a doublingof the spanwiseperiodto ¡ ¢ ' s .
Domain-sizeinfluenceswere also investigatedin calculationswith two do-
mainshaving different outer-boundaryplacement.The smallerdomain(re-
ferredto as“baseline”in the table)extendedeight diametersdownstreamof
the body andwith a lateralextent alsoof £d÷ . In calculationsperformedon
thelargerdomains(referredto as“padded”in thetable),thestreamwiseextent
to theoutflow boundarydownstreamof thebodywasat approximatelyq úP÷ ,
with thelateraldimensionalsoapproximatelyq úP÷ from themodelsurface.As
shown in thenext section,therewasanoverly strongeffectof thebaselinedo-
mainon thesolutions,resultingin over-predictionsof thestagnationpressure
andaxial force.Boundaryconditionsonthemodelsurfacewereno-slipfor the
velocitycomponentsandturbulentviscosity. Thenormalmomentumequation
is usedat solid walls to estimatethe variationof pressurenormalto the sur-
face,while a one-sided,least-squaresgradientmethodis usedto estimatethe
variationof pressuretangentialto thewall.

Grid resolutioneffectswere investigatedby refining the meshin the n –ÿ
planeby a factorof two. For the coarsegrid with the shorterspanwisedi-
mension( ¡ ¢ ' od÷ ), the structured-gridcalculationwas performedusing
approximatelyq e q ý ùHú ^ points,the finer meshcalculationpossessingaboutv�e ü ý ùHú ^ grid points. BecauseL in Eqn. (8) nearthe surfacewas set by
thespanwisespacing,thethicknessof the“RANS region”, i.e., thedimension
from the modelsurfaceto the interfaceat which "K is setby the grid spacing
for all theDESrunswas ú e ú�ùpod÷ . Thedimensionlesstimestep,L % m = ÷ m`NM¤ ?
( NM¤ is thefreestreamspeed),was0.01,a conservative valuechosenbasedon
preliminarycalculationsandprevioustime-accuratecomputationsof unsteady
flows by thecurrentinvestigatorsandotherresearchers(e.g.,seeTravin et al.
2001).With L % m = ÷ m`NM¤ ? ' ú e ú�ù , thereareapproximately350timestepsper
mainsheddingcycle.

From a given set of initial and boundaryconditionsfor a particularflow
type(triplessor fully-turbulent), thegoverningequationsweretime advanced
througha transientastheflow evolvedto its equilibriumcondition.This tran-
sient,typically lessthan q úP÷ m`N¥¤ , wasdiscardedandthesimulationscontin-
uedfor anadditionalperiodof ¦ = ùHúPúP÷ m`N ¤ ? . This periodwassufficient for
adequateconvergenceof averagedquantitiesandcaptureof thelongtimescales
in theflow.
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®AqÀ�p«H{khy�*�
Flow field nearupper-rearcornerof theforebody. Darkbordermarksedgeof the

“RANS region” at Êp� ÊrÉ���� . Velocityvectorscoloredby viscosityratio ¯�°²±³¯ .
A snapshotof the instantaneousvelocity vectorsin a planenearthe up-

per rearcorner( ´ in therangev ü û ) for a turbulent separationrun (simulation
parameterscorrespondto Case4) is shown in Figure2. Theinterfacebeyond
which "K is setby thegrid hasbeendrawn. Thefigureshowsasmoothtransition
betweenthe“RANS region” and“LES region” of thesolutionwith essentially
all of theboundarylayerwithin theRANSregion.

®AqÀ�p«H{kh«µ*�
Instantaneousvorticity isosurfaceswith pressurecontourson thefarplane,vortic-

ity contoursin thenearplane.Sub-criticalflow at ¶M·�¸ ÉXÊ Ì shown on the left, super-critical
flow at ¶M·�¸ Í¿Î É�Ê�Ì shown on theright.

The differentstructureof the sub-andsuper-critical flows is illustratedin
Figure3. Drawn for eachflow-typeareisosurfacesof the instantaneousvor-



Ï�¹
ticity field (coloredby the local pressure).Contoursof pressureandvorticity
areshown onthefarandnearperiodicplanes,respectively. For thesub-critical
flow at º¼» ' ùHúPþ the attachedboundarylayersarelaminarandcannotsus-
tain thedevelopmentof theadversepressuregradientin theupperfront corner
with separationoccurringaround́¾½ ùpoPüPû . In the“tripless” mode,theturbu-
lencemodelis dormantupstreamof separation,with flow reversalsustaining
themodeldownstreamof separation.

®AqÀ�p«H{kh�´��
Particlepathlinescoloredby ¯ ° ±�¯ from triplesssolutionat ¶M·«¸ É�Ê Ì . Threshold

of ¯ ° ±�¯ from 0 (blue)to 1 (purple).

Shown in Figure4 arearepresentative sampleof pathlinesin thevicinity of
the upperfront cornerof the forebodyfor the flow at º¼» ' ùHúPþ (simulation
parameterscorrespondto Case4 in Table1). The pathlinesin the figure are
coloredby thevalueof theviscosityratio $ 1 m,¿AÀ . Upstreamof separationthe
eddyviscosityis zero(asindicatedby theblue color of the pathline). In the
separatedregion the reversingflow sweepsturbulent fluid from downstream
into contactwith the separatingflow. Importantto noteis that thereis not a
“transitioncreep”,i.e., a numericaldiffusion of non-zeroeddyviscosityinto
regionsupstreamof separation.

In “natural” applicationsof DES,thedetachedregionsof theflow arecom-
putedusingLES, in this casewith a one-equationmodelfor thesubgrid-scale
eddyviscosity. An advantageof LES is that meshrefinementresolvesmore
flow features,in turn lesseningmodelingerrorsanddriving the solutionto-
wards the DNS limit. The effect of meshrefinementwas investigatedby
doubling the n –ÿ grid by a factor of two in Case3 as comparedto Case1
(c.f., Table1). Shown in Figure5 are instantaneousvorticity contoursfrom
Case1 andCase3 for a simulationwith turbulent boundarylayer separation
at º¼» ' £.ý ùHú þ . Cutsof the vorticity field from threespanwiseplanesare
shown for eachcaseandprovide anexampleof thestrongspanwisevariation
in theDESsolution.As alsothecasefor classicalLES,Figure5 showsthatthe
effectof themeshrefinementis to resolve smaller-scaleeddiesin Case3. This



ÞbßDàkáwâ£ãäß�åHæcçyåwåHèié7êCëbìPí�áHà¯ê9îHïðáFñ|îHìPï>åSáÜòUîFñ|ßpó�îJåHè�ô�ñ|îHõ�õ�æké�ß�âeà¯ê9îHï ÏWÏ

featurein theDESwasalsoillustratedin thecircularcylinder calculationsof
Travin etal. (2001).

®AqÀ�p«H{kh ���
Contoursof the instantaneousvorticity in threespanwiseplanesfor Case1 (on

the left) andCase3 (on the right). Vorticity contoursarefrom a turbulent separationcaseat¶«·�¸ Í±Î ÉXÊ�Ì .
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Force coefficients
��Ç

and
��È

in the axial and lateral directions,respec-
tively, aredefinedusingthe freestreamdensityandvelocity andfrontal area
of theforebody. Figure6 showstheforcecoefficient timehistoriesfor thetwo-
dimensionalURANSsolutionat º¼» ' £/ý#ùHú þ . A fractionof thetimehistory
is shown in thefigure,i.e., following theinitial transient.Thefigureshows the
2D URANSsolutionis temporallyperiodic,with largeswingsin thesideforce
coefficientcomparedto theaxialvalueastheflow undergoesasheddingcycle.

A representative force coefficient history for a DES run is shown in Fig-
ure7, for a turbulentseparationrun at º¼» ' £ ý�ùHúPþ (simulationparameters
correspondto Case2). Similar to Figure6, a transientof roughly 20 non-
dimensionaltimeunitshasbeenexcludedfrom thefigure(notealsothelonger
time integrationfor theDES).Unlike the2D URANS,a strongmodulationis
apparentin the side force coefficient

��È
, similar to that observed in related

studiesof cylindersandotherbluff bodies(e.g.,seeTravin et al. 2001). The
side-forcemodulationis complex andseemsto be an intrinsic featureof the
chaotic,three-dimensionalflow. For the forebody, the modulationdevelops
via theinteractionof spanwiseandstreamwisevorticity in thenearwake. DES
calculationson domainsin which the spanwisecoordinate¡ ¢ was ù e üd÷ did
notyield forcemodulationandsuppressedthree-dimensionalityof theprimary
spanwisestructure(althoughthesolutionpossessedstreamwisevorticity). Pre-
dictionson thedomainwith ¡ ¢ ' ù e üd÷ yieldedlargeover-predictionsof the
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Forcecoefficients ÌiÍ and ÌiÎ from two-dimensionalURANS at ¶M·�¸ Í Î ÉXÊ Ì ,

turbulentboundarylayerseparation. Ì Í ; Ì Î .
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�rn*�|uÀhÙ�*�
Time-averageforce coefficientsfrom turbulent separationcasesat ¶M·�¸ ÍbÎ ÉXÊJÌ

(timeaveragesdenotedusing ÏÑÐ Ò ). Experimentalmeasurementsarefrom Polhamusetal. (1959).

Case Model ÏÓÌ Í Ò ÏÓÌ Î Ò
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 shown here,force-coefficient historiesfor all of the
three-dimensionalturbulent separationcases– including the 3D URANS re-
sult– exhibitedforcemodulation.

Time-averagedforcecoefficientsfor theturbulentseparationcasesaresum-
marizedin Table2. The2D URANS,whichproducesaperiodicsheddingand
cannotaccuratelyaccountfor theforcemodulation,substantiallyover-predicts
themeanaxial forcecoefficient Ô ��ÇÅÕ . This featureis analogousto thecircular
cylinderwheretwo-dimensionalURANSyieldslargedrag(Travin etal. 2001).
For theDES,forcecoefficientsfrom thesmaller(baseline)domainsarehigher
thanthemeasuredvaluesaswell asfrom calculationsperformedon thelarger
domain(c.f., Cases1-3). A comparisonof Case3 againstCases1-2 show a
trendtowardslower axial forcewith grid refinementin the n –ÿ plane. In ad-
dition, the axial force slightly decreasesin Case2, computedon the longer
spanwisedomain,comparedto Case1. Nevertheless,Ô ��Ç`Õ is too high and,
asshown below, theover-predictionarisesfrom theinfluenceof thecomputa-
tional domain,which effectively constrainstheflow andraisesthestagnation
pressureby about10% comparedto resultsobtainedon the larger domains
(Cases4-5). DESpredictionson the largerdomainusingbothstructuredand
unstructuredgridsarein quitegoodagreementwith themeasurementsof Pol-
hamuset al. (1959). Interestingly, the3D URANS alsoyieldsforcesin good
agreementwith the measurementsandpadded-domainDES predictions.On
the other hand, calculationswithout an explicit turbulencemodel (Case6)
markedlyover-predicttheaxial forcedueto thepoortreatmentof theattached
boundarylayers,asdescribedin moredetailbelow.

Pressurecoefficientsaroundthebodyfor thefully-turbulentruns( º¼» ' £¿ý
ùHúPþ ) areshown in Figure8. Theangle ´ is measuredcounter-clockwisefrom
the aft-symmetrypoint of the forebody. For the flow at ùHú û angleof attack,
themaximum

�«Ö
occursabout ùFü6- q ú û below thefore-symmetrypoint ( ´c½



Ï �-Sù s úWû asshown in Figure8). For Cases1, 3, and7, thestagnation
�«Ö

is over-
predicted,anerrorintroducedby theuseof thesmallern - ÿ domain.For these
casesthe over-predictionin the stagnationpressureis ¦ = ùHú`× ? , comparable
to the over-predictionof the meanaxial force (c.f., Table2). Comparingthe
effect of thedomain(Case1 andCase4) shows a reductionin theaxial force
coefficient on the largerdomain,closerto themeasuredvalueof about0.4 as
alsosummarizedin Table2. The2D URANS,with a finer n - ÿ grid compared
to the three-dimensionalrunsalsoshows deeperminimain

�«Ö
in thevicinity

of eachcorner, providing someinsightinto theeffect of grid resolutionon the
pressurefield.
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Pressurecoefficient distributionaroundtheforebody. Turbulentseparationcases,¶«·�¸ ÍiÎ ÉXÊ Ì . Symbolsaremeasurementsfrom Polhamuset al. (1959). Case1;

Case3; Case4; Case5; Case6; Case7; Ù Ù Case
8.

An effect of the Reynoldsnumberreproducedin the fully-turbulent solu-
tionsin Figure8 is thattheboundarylayersaroundtheupperfront andlower
front corners( ´Ú½rÛ/ùpoPü û ) remainattached,asevidencedby thestrongpres-
sureminimain theseregions,especiallyaround́O½&ùpoPü û . It is apparentthat
all of thesimulationspredictattachedboundarylayersaroundtheupperfront
corner, with theexceptionof theMILES run (Case6), i.e., thesimulationper-
formedwithout anexplicit turbulencemodelin which the(laminar)boundary
layer separates.Accuratepredictionof boundarylayer growth and separa-
tion in MILES requirestheboundarylayergrid besufficiently fine to resolve
the small near-wall turbulent structures(aswould alsobe requiredin whole-
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domainLES with an explicit SGSmodel). In practice,however, boundary
layergridswill not besufficiently densefor highReynoldsnumbersflowsbe-
causeof thehighcomputationalcost.In thepresentcase,theresultingMILES
boundarylayer predictionis absentof turbulent structuresand is essentially
laminar.

Along the rearvertical surface(in the vicinity ´ ' ú in Figure8) the 2D
URANS (Case7) pressuredistribution is far from the measuredvalues,re-
sulting in a large streamwiseforce (c.f., Table2) as also observed in other
two-dimensionalURANS predictionsof bluff-body flows (e.g.,seeTravin et
al. 2001). For all othercasesshown in thefigure, including the3D URANS,
predictionsof therear-surfacepressuresarereasonable,closeto themeasure-
mentsof Polhamuset al. (1959).Consequently, for theDESand3D URANS
calculationson the paddeddomains(Cases4, 5, and8), the overall pressure
distributionsareadequateandtheaxial andstreamwiseforcesexhibit reason-
ableagreementwith measurements.The accuracy of the 3D URANS result
is surprisingsinceflow visualizationsshow thesolutionlacksthestreamwise
vorticity apparentin theDESpredictionsshown in Figure3. Flow visualiza-
tionsshow that the3D URANS solutionexhibits weak,but persistent,three-
dimensionalityin theprimaryspanwisevorticity shedfrom theforebody. Be-
causethepeaksuctionis missedin theMILES run (Case6), theaxial forceis
toohigh,yieldinga similar Ô � Ç Õ asthe2D URANS,thoughthecausesfor the
over-predictionsby thesetwo techniquesarenot thesame.

Meanside-forcecoefficientssummarizedin Table2 show thattheDESpre-
dictionsof the lateral force coefficient Ô ��È�Õ are in generalnot far from the
measurementsreportedby Polhamuset al. (1959). The lateral force predic-
tion in theMILES caseprovidesanotherillustrationof theerrorthatcanarise
dueto theboundarylayertreatmentin this technique.As alsonotedin the

�«Ö
distribution andaxial forcecoefficient, the3D URANS is againaccurateand
apparentlyable to resolve enoughof the 3D variation importantto accurate
prediction.¨RÒB¨ �±Õ>
¬ÕAÝ��NÕ�Ý�ÛA�ÂÁJ×_Ö ÕC�]�Ü!
���ÝXÔ�
�Öª�>����
�Ö�
¬ÕAÝ£×¿Ô Ûi
Æ�>���

Laminarseparationcasesin theDESwerecomputedfor mostof thesimu-
lationparameterssummarizedin Table1. TheReynoldsnumberin thelaminar
separationrunswas ùSý�ùHúPþ for theDES( v ý�ùHúPþ for the2D URANS shown
below), below thecritical valuefoundby Polhamuset al. (1959)of approxi-
mately ü ý ùHúPþ . In the triplessmode,the upstreameddyviscositywaszero
throughoutthesimulation.Thewake wasinitially seededwith eddyviscosity
andthereversingflow establishedbehindthe forebodyis sufficient to sustain
theturbulencemodelfollowing separation.
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A representative force history from a laminarseparationcaseis shown in

Figure9. Thesimulationparametersfor thiscasecorrespondto thoseof Case4
in Table1. As shown qualitatively via Figure3, below the critical Reynolds
numbertheflow separatesin thevicinity of theupperfront cornerof thefore-
body. Themeasurementsof Polhamuset al. (1959)indicatethattheboundary
layeralongthe lower surfaceof the forebodyremainsattached.Thepressure
distribution is thento developlowerpressuresalongthelowerforebodysurface
comparedto theuppersurface,whichhastheresultof reversingthemagnitude
of thesideforceascomparedto thevaluesmeasuredathigherReynoldsnum-
bers,pastthecritical value.

Theforcehistoriesshown in Figure9 show a higheraxial forcethanin the
fully turbulent runs discussedabove. The meanaxial force for this caseis
around0.8, not far from the valuereportedin Table2 for the MILES run atº¼» ' £ ý�ùHúPþ , which alsoexperiencesflow detachmentin approximatelythe
sameregion neartheupperfront corner. More importantly, thesideforce

� È
in Figure9, while chaotic,is only infrequentlynegative. Therefore,themean
sideforcewill not benegative (themean

��È
is 0.38for thetracein Figure9)

andthesimulationdoesnotyield a reversalin themagnitudeof thesideforce.
The pressurecoefficient distribution aroundthe forebodyfor the laminar

separationDES (Case4 parameters)is shown along with the experimental
measurementsof Polhamuset al. (1959).For comparison,the

�«Ö
distribution
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Pressurecoefficient distributionaroundtheforebody. Laminarseparationcases.

Symbolsaremeasurementsfrom Polhamuset al. (1959). Case4 ( ¶«·¾¸
É Î ÉXÊ Ì );
Case7 ( ¶M·�¸l� Î É�Ê�Ì ).

from the 2D URANS calculationat º¼» ' v ý�ùHúPþ is alsoshown. Consis-
tent with the flow visualizationshown in Figure3, flow detachmentaround´&½�ùpoPüPû resultsin a substantiallyhigher

�«Ö
comparedto theturbulentsepa-

rationcasein Figure8. Both theDESand2D URANShave lowerminima,in-
dicative of delayedboundarylayerseparationascomparedto theexperiments.
Nearthelower front surface( ´Ý½Þ-�ùpoPü û ), measurementsshow a deepermin-
ima thanpredictedin the DES. The 2D URANS, on the otherhand,comes
closerto predictingthe pressureminima alongthe lower surface. Along the
rear vertical surface( ´ß½ ú û ), DES predictionsof the pressuredistribution
arereasonable.However, becauseof the deeperminima in theDES

�«Ö
near´6½
ùpoPü�à andhigher

�«Ö
alongthelowerflat surface,sideforcereversalcannot

occur. Inspectionof the instantaneousfields shows that alongthe lower flat
surface(in thevicinity of ´l½+ùpoPü û ), a thin region of reversedflow occursin
theDES(in themean).This reversedflow region contributesto aneffectively
alteredgeometrythatpreventsdevelopmentof a deep

�«Ö
minimumasappar-

ently occursin theexperiments.To determineif thedevelopmentof the thin
regionof reversedflow wascausedby numericaland/ormodelingerrors,aDi-
rectNumericalSimulationof thetwo-dimensionalflow at º¼» ' ù ý�ùHú f was
conductedusingagrid of ù s úPúÜýðù q úPú points.TheDNSresultshowsasimilar
thin region of reversedflow alongthe lower surfaceof the forebody, nearthe
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lower front corner. Thoughnotshown in Figure10, the

�«Ö
distribution for the

DNSis similar to thetriplessDESpredictionat º¼» ' ùiý�ùHúPþ .á Ò �ÙÚ �r�â
�Ö��
DESwasappliedto predictionof the separatedflow arounda forebodyat
ùHú û angleof attack.Influencesof domainsize,grid refinement,andturbulence
modelwereinvestigatedin flowsin whichboundarylayerseparationwaseither
laminaror turbulent.Theinitial and/orboundaryconditionsof thecalculations
set the type of boundarylayer separation,correspondingto flows above or
below the critical Reynoldsnumberfor which thereis a reversalof the side
forcein theexperimentalmeasurementsof Polhamuset al. (1959).

In general,DES predictionsof the fully turbulent flow seemrobust, tend-
ing towardsexperimentalmeasurementswith grid refinement,for example.
Thecomplex sheddingprocessandmodulationin theforcesappearto berep-
resentedreasonablyadequately, at leastin relationto the agreementbetween
simulationandmeasurementof thepressuredistributionandforces.In thesub-
critical regime,nosimulationtechniqueappliedduringthecourseof thisstudy
(DES/LES,DNS,andpreliminarycalculationsusingvortex methods)yielded
a sign changein the sideforce. Small differencesin the geometry, hystere-
sis,andsidewall effectsarethreesourcesthatmightexplainon thedifferences
betweenpredictionsof thesub-criticalflow andexperimentalmeasurements.

Asidefrom theseeffects,boundarylayer treatmentof thesub-criticalflow
wassimplistic. The advantageof the triplessapproachis that the simulation
parametersareunambiguous.In practice,therecanbe substantialregionsof
laminarflow anda predictionof boundarylayertransitionis required.Details
of theseparationprocessandtransitionto turbulencethatinter-minglecontinue
to stronglychallengecurrentmodelingapproaches.

In the presentapplication,the attachedboundarylayerslie entirelywithin
the“RANS region” of theDESsolution.As theflow detaches,in theseparating
shearlayersthewakedevelopsnew instabilitiesthatresultsin therapidgrowth
of a chaoticand three-dimensionalwake. The lack of eddy contentin the
detachingboundarylayersrepresentsa relatively small error to the solutions
presentedhere. In other applications,e.g., flows with shallow separations,
it will be advantageousandnecessaryto seedthe upstreamflow with ‘eddy
content’andLESpartof theattachedboundarylayersprior to separation.

Thecurrentstudyalsoprovidedanopportunityto assessthesolverandbuild
confidencein theapplicationof a second-orderunstructuredmethodfor DES
applications.Thealgorithmwassufficiently accurateto capturethegrowth of
instabilitiesin thewakeonbothstructuredandunstructuredgridsof reasonable
density. Streamwisevorticeswerecapturedwith betweenfive andtencells in
bothcases.Thesefeaturesareconnectedto aspectsof thenumericalmethod,
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suchas least-squarescalculationsof spatialderivatives and the useof non-
lineardissipation(i.e., a TVD type limiter). Higherordermethodsshouldbe
expectedto retaina givensolutionquality while reducingthenumberof cells
required.However, obtaininghigherordersolutionson anunstructuredgrids
is significantlymorechallengingthanonstructuredgrids.Additionally, higher
ordermethodswould likely reducethescalabilityof thealgorithm.A side-by-
sidecomparisonto a higher-ordernumericalmethodwouldprovide important
estimatesof potentialbenefitsto going higherorder, in turn allowing oneto
determinethe tradeoffs betweenvariousapproaches.DESpredictionson the
unstructuredgrid showed the potentialbenefitof the unstructuredapproach
in placingpointspreciselywherethey areneeded– in the nearwake. This
study, however, is certainlynotacomprehensive testingof thenumerics,since
it only includedexperimentalsurfacepressuresfor validation. More detailed
comparions,includingwake profilesandspectraareneededto furtherassess
thecurrentapproach.��Û�ã Ôb×M�ª!�2Ø�ä��â��Ô±Õ��
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