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Abstract

InfitfiaflpredfictfionsoffthehydrodynamficfloadsandflowfiefldfforthegenerficBB2submarfine
modeflwerecomputedusfingthecommercfiaflvfiscousflowsoflverANSYSCFXwfiththe
BaseflfineReynofldsstressturbuflencemodefl(BSL-RSM).Abflockstructuredmeshhavfing
37×106ceflflswascreatedfforthfispurpose.CaflcuflatfionswereperfformedataReynoflds
numberoff9.57×106fforsteadytransflatfionwfithzeroflowfincfidenceandatadrfifftangfleoff
10◦.Astrategyoffaflternatfingbetweenflargeandsmaflfltfimestepswasffoundtobeuseffuflffor
convergfingtheflufidequatfionsfforthewfiderangefintfimeandflengthscaflesoffvortficesfinthe
flow.TheprfimaryflowffeaturesaroundtheBB2,suchasjunctfionvortficesandappendage
tfipvortfices,havebeenfidentfifiedtogufideffuturemeshfimprovements.

Sfignfificanceffordeffenceandsecurfity

Infitfiaflstepshavebeentakentowardsbench-markfingandvaflfidatfinghfighfideflfitytoofls
fforpredfictfingsubmarfineflowfiefldsandmanoeuvrfingfforces.Thfisfiscontrfibutfingtothe
assessmentandfimprovementoffourtooflsfforunderstandfingoffsubmarfinemanoeuvrfing
flfimfitatfionsfinextremecondfitfionsandfforevafluatfingpotentfiaflhydrodynamficperfformance
fimprovementsfforsubmarfines.
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Résumé

Nousavonscaflcufléflesprévfisfionsfinfitfiaflesdeschargeshydrodynamfiquesetduchamp
d’écouflementdumodèflegénérfiquedesous-marfinBB2àfl’afidedurésoflveurcommercfiafl
d’écouflementvfisqueuxANSYSCFXetdumodèflederéfférencedeturbuflenceàcontrafintes
deReynoflds(BSL-RSM).Àcettefin,nousavonscrééunmafiflflagestructurémufltfibflocde
37×106ceflflufles.LescaflcuflsontétéeffectuésàunnombredeReynofldsde9.57×106seflon
unetransflatfionconstanteàdébfitnufletunangflededérfivede10◦.Lastratégfiequficonsfistafit
àaflternerentredesfintervaflflesdetempscourtsetflongss’estrévéfléeutfifleàflaconvergence
deséquatfionsdesflufidesdansuneflargegammed’écheflflesdeduréesetdeflongueursdes
tourbfiflflonsdansfl’écouflement.Nousavonsdétermfinéflesprfincfipaflescaractérfistfiquesde
fl’écouflementautourduBB2,teflflesqueflestourbfiflflonsauxjonctfionsetàfl’extrémfitédes
appendfices,cequfiorfienteraflesaméflfioratfionsàapporteraumafiflflageàvenfir.

Importancepourfladéffenseetflasécurfité

Nousavonsentreprfisflespremfièresétapesdefl’étabflfissementd’uneréfférenceetdeflavaflfidatfion
desoutfiflsàhautefidéflfitépourprévofirflechampd’écouflementdesous-marfinsetdefleurs
fforcesdemanœuvre.Ifls’agfitd’unecontrfibutfionàfl’évafluatfionetàfl’améflfioratfiondenos
outfiflsservantàflacompréhensfiondesflfimfitesde manœuvredessous-marfinsdansdes
condfitfionsextrêmes,afinsfiqu’àfl’évafluatfiondesaméflfioratfionspossfibflesdeflaperfformance
hydrodynamfiquedessous-marfins.
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1Introductfion

TheNATOAVT-301workfinggroup,"Fflowfiefldpredfictfionfformanoeuvrfingunderwater
vehficfles",fisusfingthegenerficBB2submarfinegeometry[1]fforabenchmarkstudyassessfing
theabfiflfityoffvfiscousflowsoflverstopredfictthehydrodynamficperfformanceoffamanoeuvrfing
submarfine.Theobjectfivefistofimproveawarenessoffmodeflflfingrequfirementsand/orshortffaflfls
bycomparfingCFDcodesandmethods,andbyvaflfidatfingpredfictfionsagafinstexperfimentafl
data.Anequaflflyfimportantobjectfivefistogafinadeeperunderstandfingofftheflufiddynamfics
offamanoeuvrfingsubmarfinethroughthfisprocess.Threesubmarfinemotfionsarepflannedffor
thfisbenchmarkfingactfivfity:strafightflfight(zeroflowfincfidence),steadydrfifft,andconstant
turnfingrate manoeuvres. WfindtunnefldatawfiflflbeprovfidedbyDeffenceScfienceand
TechnoflogyGroup(DSTG)finAustraflfiaandrotatfingarmdatawfiflflbeprovfidedbyQfinetfiQ
fintheUKfforcomparfison.

Forphase0offthfiscoflflaboratfiveexercfise,partficfipantsperfformedfinfitfiaflflowfiefldcomputa-
tfionsofftheBB2atstrafightflfightandatasteadydrfifftangfleoff10degreesusfingthefirown
methodsandbestpractfices.Thepurposeoffthfisphasefistogetanfinfitfiaflfindficatfionoffthe
varfiatfionfinpredfictedquantfitfiesduetotheuseoffdfifferentcodes,meshes,turbuflencemodefls,
etc.Thfiscomparfisonwfiflflprovfidedfirectfionffortheaspectsthatshoufldbestudfiedfinffurther
detafifl.ThefinstructfionsandaddfitfionafldetafiflsfforthfistestcaseweregfivenbyToxopeusand
Kerkvflfiet[2].Theffoflflowfingoutputquantfitfiesarebefingcompared:hydrodynamficfforces
andmoments,shearstressandpressuredfistrfibutfionsontheBB2surfface,andflowfiefld
quantfitfiesatdfifferentcross-sectfions,fincfludfing:veflocfity,vortficfity,pressure,andturbuflent
kfinetficenergy.

DeffenceResearchandDeveflopmentCanada(DRDC)perfformedReynoflds-AveragedNavfier-
Stokes(RANS)computatfionswfiththecommercfiaflcodeANSYSCFXfforphase0offthfis
coflflaboratfiveexercfise.Thepurposeoffthfisdocumentfistodescrfibethedetafiflsoffthe
mesh,boundarycondfitfions,soflversettfings,turbuflencemodefl,andconvergencefforthese
computatfions.Someoffthekeyresufltsareaflsopresented,butamoredetafifledanaflysfis
fincfludfingacomparfisonwfithsubmfissfionsffromotherpartficfipantswfiflflbedocumentedfina
separatereport.

2 Geometry

ThegenerficBB2huflflfformfisshownfinFfigure1andthemafinpartficuflarsaregfivenfin
Tabfle1.Thfisgeometrywasdesfignedbythe MarfitfimeResearchInstfituteNetherflands
(MARIN)[1]bymodfiffyfingtheBB1submarfinegeometry,whfichfinturnwasdevfisedbased
onaconceptdesfignbyJoubert[3]. MARINconductedffreerunnfingmodefltestswfith
theBB2huflflfform,asdescrfibedbyOverpefltet.afl[1].TheBB2geometryfisavafiflabfleon
theMARINwebsfiteathttp://www.marfin.nfl/web/Shfips-Structures/Navy/Submarfines.
htm.FourconfiguratfionsofftheBB2havebeendefined:huflflwfithdeck(configuratfion1);huflfl
wfithdeckandsafifl(configuratfion2);huflflwfithdeck,safifl,andtafiflpflanes(configuratfion3);
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andhuflflwfithdeck,safifl,tafiflpflanes,andsafiflpflanes(configuratfion4).Thefletter"P"fis
appendedtotheconfiguratfionnumberfiffthepropeflflerfisfincfluded.Theffuflflyappendedhuflfl
wfithoutpropeflfler(configuratfion4)wasusedfforthfiswork.Notethatthegeometryfisgfiven
finffuflfl-scafledfimensfionsbutfitwasscafledtothemodeflscafleflengthfforthepresentstudy.

Tabfle1:MafinpartficuflarsoffBB2modefl(modeflscafle1:18.348).

Quantfity Symbofl Vaflue Unfit

Fuflfl Modefl

Lengthoveraflfl Loa 70.2 3.8260 m

Beam B 9.6 0.5232 m

Depth(todeck) D 10.6 0.5777 m

Depth(totopoffsafifl) Dsafifl 16.2 0.8829 m

Ffigure1:BB2huflflfform(configuratfion4)wfithcoordfinatesystem.

3 Coordfinatesystem

Theprfimarycoordfinatesystemwassettohavetheorfigfinflocatedonthehuflflaxfisatmfidshfips
(flocated1.913mafftoffthenoseoffthesubmarfineatmodeflscafle).AsshownfinFfigure1,
theposfitfivexaxfisfisdfirectedfforwardthroughthenose,theyaxfistoport,andzaxfis
vertficaflflyupward.Thesubmarfineveflocfitycomponentsfinthex,y,andzdfirectfionsare
denotedasu,v,andw,andthesubmarfinerotatfionaflveflocfitfiesabouttheseaxesaregfiven
byp,q,andr.Thepresentstudyonflyconsfiderspuretransflatfionfinthexypflane,suchthat
w=p=q=r=0.Thedrfifftangflefisdefinedbyβ=arctan(v/u),whfichmeansβfisposfitfive
fforflowcomfingffromportsfide.
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AflflfforcesX,Y,Z andmomentsK,M,N weredfirectedasshownfinFfigure1andmade
non-dfimensfionaflasffoflflows:

X′,Y′,Z′=
X,Y,Z
1
2ρU

2L2oa
K′,M′,N′=

K,M,N
1
2ρU

2L3oa
(1)

whereρfisflufiddensfity,U=

(u2+v2+w2)fisthesubmarfinespeed,andLoafistheoveraflfl

flengthoffthesubmarfine(seeTabfle1).

Asecondcoordfinatesystem,x̃,y,z,fisusedffortheflowfieflddata.Itfisthesameasthe
prfimarycoordfinatesystemfforhydrodynamficfloadsexcepttheorfigfinfisshfifftedtotheafft
perpendficuflar,suchthatx̃=x+Loa/2.

4 Fflowcondfitfions

TheflowpropertfiesusedfforthecomputatfionsaregfivenfinTabfle2.Computatfionswere
perfformedffordrfifftangflesoffβ=0andβ=10◦(flowffromportsfide).TheReynofldsnumber
basedonsubmarfineflength,ReL,wassetto9.57×10

6byusfingthemodeflscaflesubmarfine
flength(3.826m),affreestreamspeedoff3m/s,awaterdensfityoff1000kg/m3,andkfinematfic
vfiscosfityoff1.2×10−6m2/s.

Tabfle2:Fflowcondfitfionsusedfforthesfimuflatfions.

Quantfity Symbofl Vaflue(s)

Inflowspeed V∞ =U 3m/s

Drfifftangfles β 0◦,10◦

Inflowveflocfityfinx-dfir Vx −V∞cos(β)

Inflowveflocfityfiny-dfir Vy −V∞sfin(β)

Inflowveflocfityfinz-dfir Vz 0

Densfity ρ 1000kg/m3

Vfiscosfity ν 1.2×10−6m2/s

ReynofldsNumber ReL 9.57×106

5 Fflufiddomafinandmesh

ArectanguflarboxwasusedffortheflufiddomafinaroundtheBB2modefl,wfithupstreamfface
atx=2.5Loa,downstreamffaceatx=−3.5Loa,andsfidesandtopaty,z=±2Loa.These
dfistanceswereseflectedbasedonaRANSverfificatfionandvaflfidatfionstudyoffasymmetrfic
huflflsbyBaker[4],whfichshowedthatanomfinafldfistanceoff2Loabetweenthehuflflandffar
fiefldboundarfieswasadequate.

AbflockstructuredmeshwascreatedwfiththecommercfiaflsofftwarePofintwfisev18.0R2ffor
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thestarboardhaflffofftheflufiddomafinusfingffuflflscafledfimensfionsfinmfiflflfimetres.Thfishaflff
meshwasthenmfirroredabouty=0andscafledtomodeflscafledfimensfions(Lpp=3.826m)
usfingthepre-processfingtooflANSYSCFDPrev17.1.Thfisprocessensuredthattheffuflfl
meshwassymmetrficabouttheBB2centrepflane.

Ffigures2,3and4show,respectfivefly,thebflockstructureffortheoveraflflmesh,theedgesoff
thebflocksonthesymmetrypflane,andthefinflatfionflayerO-grfidssurroundfingtheBB2.In
theffuflflmesh(afftermfirrorfing)thereare476bflocksand36,952,960hexahedraflceflfls.Ffigure5
showsthemeshonthesubmarfinesurffaceandpflaneoffsymmetryfinthevficfinfityoffthe
submarfineandFfigure6showsacross-sectfionoffthenear-bodyportfionoffthemeshatthe
flongfitudfinaflposfitfionwherethehuflflbegfinstotaper(x/Lpp=−0.184).Anfinflatfionflayer
havfingathficknessoffapproxfimatefly2metersffuflflscafle(0.11matmodeflscafle)surrounds
theBB2huflfl.ThehefightoffthefirstceflflofftheBB2surffacewassetto8.5×10−6metersffuflfl
scafle(4.63×10−7metersmodeflscafle),whfichyfiefldsaflowaveragey+vaflueoffflessthan0.05
fforthesecaflcuflatfions.Thewaflfl-normaflmeshexpansfionrateattheBB2surffacewas1.12.
Tabfle3gfivesasummaryoffmeshparametersandmetrfics,Tabfle4gfivethenumberoffflayers
andceflflspacfingfforthefinflatfionflayerbflocksaroundtheBB2,andTabfle5gfivesthenumber
offceflflsandmaxfimumspacfingfinvarfiousdfirectfionsaflongtheBB2huflflandappendages.

Itrequfiredconsfiderabfleeffort—ontheorderofftwotothreemonths—tocreateandadjust
thebflockstructuredmesharoundtheappendedsubmarfinemodefl.Anunstructuredmesh
wfithtetrahedraflceflflscoufldhavebeengeneratedfinmuchflesstfime.However,astudyby
Haflfly[5]showedthattetrahedraflceflflscauseexcessfivedfiffusfionfinpropagatfingvortficeseven
whenusfingasmanyas22ceflflsacrossthevortexcore.Incontrast,hexahedraflceflflswere
ffoundtoresoflvethevortexcorepressureandcfircumfferentfiaflveflocfitydfistrfibutfionusfingon
theorderoff10ceflflsacrossthecore,whentheceflflsareaflfignedwfiththeaxfisoffthevortex.
Achfievfingthesameaccuracywfithtetrahedraflceflflswoufldrequfireaveryflargenumberoffceflfls
andflfikeflymorecomputatfionaflresourcesthanarecurrentflyavafiflabfleatDRDC.Addfitfionafl
meshfingapproachesshoufldbeexpfloredfinffoflflow-onstudfies,suchastheuseoffahybrfid
meshwherehexahedraflceflflsareusedfintheboundaryflayerandwheretherearevortfices
butunstructuredceflflsareusedeflsewheretoreducetheeffortoffmeshgeneratfion.
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Ffigure2:BflockstructureoffDRDC’sBB2mesh(starboardhaflffonfly).

Ffigure3:Bflockedgesonthesymmetrypflane.
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Ffigure4:Inflatfionflayerbflocks.
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Ffigure5:GrfidontheBB2surffaceandsymmetrypflanefinthevficfinfityofftheBB2.

Ffigure6:Meshcrosssectfionfinthevficfinfityoffthesubmarfineattheafftendofftheconstant
mfidbodysectfion(x/Lpp=−0.184).
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Tabfle3:Overaflflcharacterfistficsofftheffuflflmesh(afftermfirrorfing).

Totaflmeshceflfls(hexahedrafl) 36,952,960

Submarfinesurffaceffaces(quadrfiflaterafl) 371,616

HefightofffirstceflflatBB2surfface 1.21×10−7Loa
Waflfl-normaflexpansfionrateatBB2surfface 1.12

Mfinfimumfinternaflceflflangfle 39.2deg

Maxfimumaspectratfio 75,181

Maxfimumvoflumeratfiobetweenadjacentceflfls 3.24

Tabfle4:NumberoffflayersandceflflspacfingfforthefinflatfionflayersshownfinFfigure4.
LayersstartattheBB2surffaceexceptOSo,whfichstartsattheoutersurffaceoffOSfi.

Inflatfion Thfickness #off StartSpacfing EndSpacfing Expansfion

Layer ffuflflscafle flayers ffuflflscafle ffuflflscafle Rate

(m) (ceflfls) (mm) (mm) (start)

Huflfl(OH) 2.0 96 0.0085 125 1.12

SafiflInner(OSfi) 1.0 160 0.0085 37.5 1.07

SafiflOuter(OSo) 3.2 36 37.5 88-250 1.05

Safiflpflane(OSP) 0.45 72 0.0085 80 1.13

Tafiflpflanes(OT*) 0.9-2.7 72 0.0085 90-375 1.11-1.13

Tabfle5:CeflflcountandmaxfimumspacfingfinvarfiousdfirectfionsontheBB2surfface.

Dfirectfion #offceflfls Max.spacfing

Longfitudfinafl,nosetotafifl 416 0.0085Loa
Cfircumfferentfiafl(360◦):mfidbody 264 0.0078πB

Cfircumfferentfiafl(360◦):nose,tafifl 240 0.013πDflocafl
Safifl,chordwfise(onesfide) 168 0.037Csafifl
Safifl,spanwfise(onesfide) 144 0.035Ssafifl
Safiflpflane,chordwfise(onesfide) 56 0.054Csp
Safiflpflane,spanwfise(onesfide) 188 0.045Ssp
Tafiflpflane,chordwfise(onesfide) 56 0.058Ctp
Tafiflpflane,spanwfise(onesfide) 128 0.026Stp
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6 Vfiscousflowsoflver

ThecommercfiaflvfiscousflowsoflverANSYSCFXv17.1wasusedfforthesecaflcuflatfions.
ANSYSCFXsoflvestheNavfier-Stokesequatfionsusfingastrongconservatfionfformuflatfion.
Ithasseveraflmodeflsfforturbuflence,fincfludfingReynoflds-AveragedNavfier-Stokes(RANS)
basedmodeflsasweflflasLargeEddySfimuflatfion(LES)andDetachedEddySfimuflatfion(DES)
modefls.ThefincompressfibflesteadyRANSequatfionswfithaReynofldsstressmodefl(descrfibed
beflow)wereusedfforthepresentsfimuflatfions.

ANSYSCFXusesaneflement-basedfinfite-voflumemethodtosoflvethedfiscretfizedcontfinufity
andmomentumequatfions.Aflflflufidsoflutfionvarfiabflesarestoredatthemeshvertfices(nodes).
Refference[6]descrfibeshowcontroflvoflumesareconstructedaroundthenodesandwhere
fintegratfionpofintsareflocatedfforevafluatfingcontroflvoflumesurffacefluxes.Trfi-flfinearfinfite
eflementshapeffunctfionsareusedtofinterpoflatequantfitfiesatthefintegratfionpofints.

ANSYSCFXusesacoupfledsoflver[7,8]tosoflvethehydrodynamficequatfions(fforu,v,w,p)
asasfingflesystemandtheAddfitfiveCorrectfion[9]AflgebraficMufltfi-grfid[10]procedurefis
usedtoaccefleratethesoflutfion.

7 Turbuflencemodefl

TheBaseflfineReynofldsstressmodefl(BSL-RSM)fimpflementedfinANSYSCFXv17.1[6]
wasusedfforthesecaflcuflatfions.ThfismodeflsoflvessfixtransportequatfionsffortheReynoflds
stressesandoneequatfionffortheturbuflenteddyffrequencyω.Themathematficaflfformuflatfion
ffortheBSL-RSMfisgfivenfinRefference[6].

TheReynofldsstressmodeflfinherentflymodeflsanfisotropfiesfintheReynofldsstresses,unflfike
twoequatfionturbuflencemodeflsbasedonaBoussfinesqreflatfionshfipwhfichassumesfisotropfic
turbuflence.AstudybyJeansetafl.[11]showedthattheBSL-RSMbetterpredfictedthe
normaflfforceontheDRDC-STRandSerfies58submarfinehuflflfformsatfincfidencecompared
tothetwoequatfionk−ωSSTturbuflencemodefl.TheSSTnormaflfforcepredfictfionsunder-
predfictedtheBSL-RSMandexperfimentaflresufltsduetodeflayedseparatfionandafless
concentratedfleesfidevortex,resufltfingfinflessenergyfloss.

ThedfisadvantageoffusfingtheBSL-RSMmodeflovertheSSTandothertwoequatfionmodefls
fisfincreasedcomputatfionaflrequfirementsand(generaflfly)flessrobustness.

8 Boundarycondfitfions

TheflocatfionofftheffarfiefldboundarfiesfisgfivenfinSectfion5.Theffoflflowfingboundary
condfitfionswereappflfiedfforthecaflcuflatfions:

•TheBB2submarfinesurffacewasgfivenasmooth,no-sflfipwaflflboundarycondfitfion.
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•Theffar-fiefldboundarfiesthatarenomfinaflflytangenttotheffreestreamflow(top,
bottom,andsfidesatzerofincfidence;topandbottomatβ=10◦)weregfiventhe
"OpenfingfforEntrafinment"boundarycondfitfion.Forthfiscondfitfion,thepressurefis
settozero,andthegradfientsoffveflocfityandturbuflentquantfitfiesperpendficuflarto
theboundaryweresettozero.Fflowcanefitherenterorfleavetheseboundarfiesas
determfinedfimpflficfitflyffromthesoflutfion.

•Onboundarfieswheretheffreestreamflowfisknowntoonflyenterthedomafin(fforward
boundaryatzerofincfidence;fforwardandport-sfideboundarfiesatβ=10◦),thefinflow
veflocfitycomponentsarespecfified,theturbuflentfintensfityfissetto1%andtheratfiooff
turbuflentvfiscosfity(µt)todynamficvfiscosfity(µ)fissetto1.

•Ontheboundarfieswheretheflowfisonflyfleavfingthedomafin(afftboundaryatzero
fincfidence;afftandstarboardsfideboundarfiesatβ=10◦)theaveragepressureover
thewhofleboundarywasconstrafinedtozero.Thepressurevarfiesspatfiaflflyoverthe
boundary,asdetermfinedfimpflficfitflybythesoflutfion,buttheaveragepressurefiszero
oneachoutfletfface.

9 Dfiscretfizatfion

Thedfiscretfizedmomentumandcontfinufityequatfionsweresoflvedusfingamethodthatfis
fformaflflysecondorderaccuratefinspace.Theffoflflowfingsecond-orderupwfindschemewas
usedffortheadvectfionterm:

φfip=φup+β∇φ·∆r (2)

whereφfipfisthequantfityevafluatedatthefintegratfionpofint(fforcomputfingthesurfface
fintegrafl),φupfisthequantfityattheupwfindnode,rfisthevectorffromtheupwfindnodeto
thefintegratfionpofint,andβfisabflendffactor.Thegradfient∇φwassetequafltotheaverage
offtheadjacentnodaflgradfientsandthebflendffactorβwassetto1toachfievesecondorder
accuracy.

Thefirstorderupwfindschemewasusedffortheadvectfiontermsfintheturbuflenceequatfions.

10Iteratfiveconvergence

ApseudotfimestepwasusedfinANSYSCFXtoconvergetheRANSequatfionstoasteady
soflutfion.Itwasffoundthatthemosteficfientmethodfforconvergfingtoasteadysoflutfion
wastoaflternatebetweenaflargertfimestepandasmaflfltfimestep.Theflargetfimestepwas
requfiredtoqufickflyachfieveagflobaflsoflutfionffortheflargeflengthscafles,butfitdoesnot
provfideenoughstabfiflfitytoconvergeregfionsoffsmaflflscafleeddfies/hfighvortficfity,suchas
atthehorseshoevortexaroundthesafifl-deckjunctfiondescrfibedfinSectfion11.2.Thesmaflfl
tfimestepprovfidesastabflesoflutfion,buttheconvergencefisverysflowgflobaflfly.Theffoflflowfing
procedurewasffoundtoprovfideareasonabflyeficfientsoflutfion:
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1.RunNtfimesteps(fiteratfions)wfiththeflargetfimestep(∆tflg=
1
50Loa/U),whereN

wassetto200fforthezerofincfidencecaseand500ffortheβ=10degreescase;

2.Aflternatebetween300fiteratfionswfiththesmaflfltfimestep(∆tsm=
1
5000Loa/U)and

15fiteratfionswfith∆tflguntfifltheL∞ norm(maxfimum)resfiduaflsdroptothespecfified
convergencecrfiterfia.

Inaddfitfiontovaryfingthepseudotfimestepsfize,thereflaxatfionparametersfinTabfle6
weresettoheflpachfievestabflefiteratfiveconvergence.AflflANSYSCFXsoflversettfingsand
boundarycondfitfionsusedfforthe10degreesdrfifftandzerofincfidencecasesareshownfin
AnnexAandAnnexB,respectfivefly.

Tabfle6:Reflaxatfionparametersettfings.

Parameter Settfingffor Settfingffor
caseβ=0◦ caseβ=10◦

GradfientReflaxatfion 0.01 0.1
reflaxmass 0.4 0.4

Ffigures7and8showthenormaflfizedmaxfimum(L∞)resfiduaflsfforthezerofincfidenceand10
degreedrfifftcases,respectfivefly.Thesuddenperfiodficchangesfinresfiduaflsarearesufltoffthe
changesfintfimestepsfize.Inbothcases,themaxfimumresfiduaflsfintheentfireflufiddomafinffor
aflflequatfionswerereducedto3×10−5bytheendoffthesfimuflatfions.Thezerofincfidencecase
requfired3,630fiteratfionswhereastheβ=10◦caserequfired2,000fiteratfions.Notethatthe
ffasterconvergencefforthesteadydrfifftcasewasprobabflyachfievedbecausemoreflargetfime
stepsareusedfinfitfiaflfly(befforeaflternatfingbetweensmaflflandflargetfimesteps)andaflarger
vafluewasusedfforGradfientReflaxatfion(meanfingflessunder-reflaxatfionwasappflfied).

Theconvergenceoffhydrodynamficfforcesfforthezerofincfidenceand10degreedrfifftcasesare
shownfinFfigure9andFfigure10,respectfivefly.Aflflfforcesvarybyflessthan0.1%durfingthe
flast900fiteratfionsoffthezerofincfidencecaseandbyflessthan0.03%durfingthefinafl900
fiteratfionsfintheβ=10degreescase.
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Ffigure7:Maxfimumresfiduaflsfforthecontfinufityandmomentumequatfions(top)and
turbuflenceequatfions(bottom)durfingthezerofincfidencecomputatfion.
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Ffigure8:Maxfimumresfiduaflsfforthecontfinufityandmomentumequatfions(top)and
turbuflenceequatfions(bottom)durfingtheβ=10degreescomputatfion.
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Ffigure9:Percentdfifferencebetweenfforcesatfiteratfionfiandthefforcesattheendoffthe
computatfionfforthezerofincfidencecomputatfion.

11 Resufltsanddfiscussfion

11.1 FflowVfisuaflfizatfion

FoflflowfingToxopeusetafl.[12],thevortficesfintheflowaroundtheBB2arevfisuaflfizedusfing
fiso-surffacesoffconstantQ-vaflues,definedasffoflflows:

Q=
1

2


|Ω|2−|S|2


(3)

whereΩ=

∇u−∇uT


/2fisthevortficfitytensorandS=


∇u+∇uT


/2fisthestrafin

tensor.Inthfiswork,Qfismadenon-dfimensfionaflasffoflflows:

Q′=Q


Loa
V∞

2
(4)

TheQfiso-surffacesarecofloredbynon-dfimensfionaflheflficfity,H′,finordertofindficatethe
dfirectfionorrotatfion:

H′=
ω·u

|ω||u|
(5)
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Ffigure10:Percentdfifferencebetweenfforcesatfiteratfionfiandthefforcesattheendoffthe
computatfionffortheβ=10degreescomputatfion.

whereωfistheflocaflvortficfityvectorandufistheflocaflveflocfityvector.Normaflfizedheflficfity
findficatestheangflebetweentheveflocfityvectorandthevortficfityvector;H′=1whenveflocfity
andvortficfityvectorsarepofintfingfinthesamedfirectfionandH′=−1whentheyarepofintfing
finopposfitedfirectfions.Thusasthevortficestendtoaflfignwfiththeflowafftertheyfleavethe
body,H′tendstowards±1,wfithposfitfivevafluesfindficatfingacflockwfiserotatfionandnegatfive
vafluesfindficatfingcounter-cflockwfiserotatfionwhenflookfingfinthedfirectfionofftheflow.

11.2 ZeroIncfidenceflowfiefld

Ffigure11showsthepredfictedprfimaryvortficesaroundtheBB2fforthezerofincfidence.There
arepafirsoffcounter-rotatfingvortficesshedffromthetfipsoffthesafifl,safiflpflanes,andtafifl
pflanes.Thereareaflsohorseshoevortexsystemsgeneratedupstreamoffeachappendage-huflfl
junctfionandthesafiflpflane-safifljunctfion.Thesevortficeswraparoundeachappendageand
propagatetowardstheafftendoffthesubmarfine.Theflegsoffthesafiflpflanehorseshoevortfices
propagatetothetrafiflfingedgeoffthesafifl,wheretheythenfleavethesafiflandpropagate
afftwards,justbeflowtheprfimarysafifltfipvortfices.Inasfimfiflarmanner,theflegsoffthetafifl
pflanejunctfionvortficespropagatetotheendoffthesubmarfineandseparateoffthehuflflnear
theaffterperpendficuflar.
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Ffigure11:PredfictedvortexcoresaroundtheBB2atzerofincfidence.
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Thesafifl-deckjunctfionvortexsystemfistheflargestandfitfispredfictedtoremafincoherent
untfiflneartheendoffthedeckcasfing.Detafiflsoffthepredfictedsafifljunctfionvortexsystem
areshownonthesubmarfinepflaneoffsymmetry,justupstreamoffthesafiflfinFfigure12.
Theflowseparatesffromthedeckasfitapproachesthe90◦cornerbetweenthedeckand
thefleadfingedgeoffthesafifl.Therefisastrongreversedflowregfionfinffrontoffthefleadfing
edgeoffthesafifl,whfichroflflsupfintotheprfimaryvortexataroundx̃/Loa=0.721.Thereare
addfitfionaflweakersecondaryvortficespredfictedfforwardoffthfisprfimaryvortex.Theflocatfion
andmagnfitudeoffpeakvortficfityfintheydfirectfion,ωy,ateachoffthesethreevortexcoresfis
tabuflatedfinTabfle7.Thedfimensfionsoffthfisvortexsystemaresmaflflreflatfivetotheoveraflfl
submarfine,wfiththedfiameterofftheprfimarycorepredfictedtobeapproxfimatefly0.1%off
thesubmarfineflength.Itrequfiredaffewfiteratfionsfinthemeshfingprocesstopflaceenough
meshceflflstoresoflvetheffeaturesshownfinFfigure12(notethattherefisameshnodeat
thetafifloffeachveflocfityvectorfinthfisfigure).Evenffurtherrefinementmaybeneededto
convergethemagnfitudeoffvortficfityatthecore.

Tabfle7:Locatfionandmagnfitudeoffmaxfimumvortficfityfinthecoreoffthesafifl-deck
junctfionvortficesonthey=0pflaneupstreamoffthesafifl,shownfinFfigure12.

ωyLoa/V∞
Vortex# x̃/Loa z/Loa Max/Mfin

1 0.72082 0.08359 -3594

2a 0.72193 0.083049 1186

3 0.72356 0.08306 -711.0

aNoflocaflmaxfforωyfinvortex2duetoboundaryflayerfinteractfion;vafluesarefforthezeroveflocfitypofintat
thecore.

Ffigure13showsaflateraflcrosssectfionoffvortficesatx=0(0.060588Loaafftoffsafifltrafiflfing
edge)fforthezerofincfidencecase.ThenumberfingoffvortficesfisconsfistentwfithFfigure12;
vortex1fistheprfimarysafifl-deckjunctfionvortexandvortfices2and3arethesecondary
safifl-deckjunctfionvortfices.Notethatduetosymmetry,therearevortficesoffequaflstrength
butopposfiterotatfiononeachsfideoffthey=0centrepflane.Dfirectflybehfindthesafifl,there
areanaddfitfionafl9predfictedvortficesoneachsfideoffthecentrepflane(flabeflfled4-12).The
topvortfices —thestrongestoffthegroup —weregeneratedatthesafifltfip.Beflowthat,
thereare4setsoffvortficesoneachsfideoffthecentrepflanewhfichorfigfinateffromthejunctfion
betweenthesafiflpflaneandthesafifl.Furtherdown,behfindtherootoffthesafifl,therearean
addfitfionafl4pafirsoffvortfices,wfiththebottompafirbefingthestrongest.Ffinaflfly,thevortex
flabeflfled13finFfigure13fisthetfipvortexffromthesafiflpflanes.Thecoresoffeachoffthese
vortficesatx=0arefidentfifiedbytheflocaflpeakfintheaxfiaflcomponentoffvortficfity,ωx,as
tabuflatedfinTabfle8.
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Ffigure12:Centerpflane(y=0)crosssectfionoffthepredfictedsafifl-deckjunctfionvortexfforthezerofincfidencecase.
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Ffigure13:Lookfingafftatvortficfitycontoursonthex=0cross-sectfionaflpflane(flocated0.060588Loaafftoffsafifltrafiflfingedge)
fforthezerofincfidencecase.
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Tabfle8:Locatfionandmagnfitudeoffmaxfimumx-componentoffvortficfityfinthecoreoffthe
vortficesonthex=0pflane,shownfinFfigure13(starboardsfideonfly).

ωxLoa/V∞
Vortex# y/Loa z/Loa Max/Mfin

1 -0.01853 0.08433 -26.69

2 -0.02431 0.08495 15.88

3 -0.02777 0.07964 -12.81

4 -0.00267 0.15166 95.29

5 -0.00350 0.13847 -36.51

6 -0.00259 0.13370 43.55

7 -0.00168 0.12522 -24.45

8 -0.00252 0.11991 6.25

9 -0.00156 0.09352 -3.31

10 -0.00151 0.08807 -10.18

11 -0.00148 0.08521 22.72

12 -0.00378 0.08389 -56.96

13 -0.04794 0.13771 -10.19

11.3 Fflowfiefldffor10◦drfifftcase

Ffigure14showsthepredfictedprfimaryvortficesffortheβ=10◦case.Inthfiscase,therefisa
strongsafifltfipvortexthatrotatescounter-cflockwfisewhenflookfingfinthedfirectfionoffthe
flow.Thfisfisexpectedffromtheoryasthesafiflactsasawfingfincrossflow.Therefisaflsoa
strongvortex(H1finFfigure14)separatfingffromthefleesfide(finthfiscasethestarboardsfide)
offthehuflflandpropagatfingdownstreambetweentheruddersonthestarboardsfideoffthe
BB2.Thfisprfimaryhuflflvortexrotatesfintheopposfitedfirectfionoffthesafifltfipvortex.A
second,weakerhuflflvortex,H2,rotatesfintheopposfitesenseasH1.vortficesH1andH2are
aresufltoffthecrossflowseparatfingffromthefleewardsfideoffthehuflfl.Therefisathfirdvortex
H3thatseparatesffromthecreasebetweenthehuflflandtheafftendoffthedeckcasfing.

ThecontouroffaxfiaflvortficfityfinFfigure15morecflearflyshowsthearrangementoffvortfices
onaflateraflcross-sectfionatmfidshfips(x=0)ffortheβ=10case.Thesamenumberfingfis
appflfiedfforthevortficesbehfindthesafiflandsafiflpflanesasfforthezerofincfidencecase,except
wfithanaddfitfionaflfidentfifierfforport-sfide(P)orstarboardsfide(S)astherefisno-flonger
flowsymmetry;1Pfisthemafinsafifl-deckjunctfionvortexthatwrapsaroundtheportsfide
offthesafifl,4Sfistheprfimarysafifltfipvortex,and13Sand13Parethetfipvortficesffrom
thestarboardandportsafiflpflanes,respectfivefly.Thestarboardflegofftheprfimarysafifl-deck
junctfionvortex(1S,notflabeflfled)fisdfificuflttofidentfiffybecauseoffthewayfitfinteracts
wfiththehuflflseparatfionvortexH2,whfichrotatesfintheopposfitedfirectfion.Theflocatfions
andmagnfitudesoffpeakaxfiaflvortficfityfforsomeoffthevortexcoresshownfinFfigure15are
summarfizedfinTabfle9.
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Ffigure14:PredfictedvortexcoresaroundtheBB2atβ=10◦.
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Tabfle9:Locatfionandmagnfitudeoffmaxfimumx-componentoffvortficfityfinthecoreoffthe
vortficesonthex=0pflane,shownfinFfigure15.

ωxLoa/V∞
Vortex# y/Loa z/Loa Max

1P 0.00744 0.08898 84.71

4S -0.01647 0.14237 328.22

13P 0.01953 0.15652 80.63

13S -0.07201 0.12415 24.25

Theaccuratepredfictfionofftheseparatfionflfinesandstrengthsoffthehuflflvortficesfisfimportant
fforpredfictfingthehydrodynamficfloadsonthesubmarfine[11].Anfinfitfiaflcomparfisonbetween
NATOAVT-301partficfipants’predfictfionsshowedawfidevarfiatfionfinthepredfictedvortficfity
magnfitudefinvortexcoresastheyprogressdownstream.Asthenextstepgofingfforward,a
systematficverfificatfionstudyshoufldbedonetodetermfinethemeshresoflutfionrequfiredto
obtafinamesh-convergedconvergedsoflutfion.Theresufltsffordfifferentturbuflencemodeflflfing
approachescanthenbecompared.

Inordertoassessthecurrentflevefloffrefinementthroughtheprfimarysafifltfipvortex,a
contouroffthepressurecoeficfient,cp=P/(0.5ρU

2),finthecoreregfionfisoverflafidwfiththe
meshattwoflongfitudfinaflposfitfionsfinFfigure16.Theradfiusoffthevortexfistakentobethe
dfistanceffromthecentretothepofintoffmaxfimumcfircumfferentfiaflveflocfity.Basedonthfis
definfitfion,thecp=−0.4fisoflfinefforthemfidshfipscross-sectfionfinFfigure16approxfimatefly
definesthecoreoffthevortex;thfisgfivesaround10ceflflsacrossthecore.AstudybyHaflfly
and Watt[13]ffoundthatapproxfimatefly10ceflflsacrossthecorefisadequatefforpropagatfing
anfideaflfizedvortexwfithhexahedraflceflflsaflfignedwfiththevortexaxfis.Thfisfindficatesthat
themeshrefinementatmfidshfipsfisreasonabflefforcapturfingthesafifltfipvortex.However,
addfitfionaflceflflsmaybeneedtoachfieveffuflflmeshconvergencebecausetheceflflsarenot
perffectflyaflfignedwfiththevortexduetothe10◦drfifftangfle.Affoflflowonmeshrefinement
studyshoufldbedonetoassessthfis.Atthepropeflflerpflanecross-sectfion,thesafifltfipvortex
passesthroughabflockfinterffacefinthemeshwheretherefisasfignfificantfincreasefinceflfl
sfize.Itfisdfificuflttodefinetheprecfiseboundaryoffthevortexcorebuttheflargeceflfls
areontheorderoff1/3offthecoredfiameter.Thfisflargeceflflsfize,combfinedwfiththeflarge
meshexpansfionrateandmfisaflfignmentbetweenceflflsandthevortexaxfisshoufldresufltfin
sfignfificantnumerficafldfiffusfion.Asfimfiflarassessmentshowsthatthesafiflpflanetfipvortficesare
evenflessweflflresoflvedovertheflengthoffthesubmarfine,wfithonflyaround2-3ceflflsacross
thecore.Theseareareasoffthemeshthatshoufldbefimproved/refinedfinthenextstageoff
thfisproject.

11.4 Surffacepressureandshearstress

ThepredfictedpressureandshearstressdfistrfibutfionsontheBB2areshownfinFfigures17
and18.Anfinfitfiaflassessmentoffsubmfissfionsffromotherpartficfipantsfindficatesagoodoveraflfl
agreementfinthepressuredfistrfibutfionbuttherearesomedfifferencefinshearstress.Inthe
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Ffigure15:Lookfingafftatvortficfitycontoursonthex=0cross-sectfionaflpflane(flocated
0.060588Loaafftoffsafifltrafiflfingedge)ffortheβ=10

◦case.
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Ffigure16:Pressurethroughtheprfimarysafifltfipvortexatmfidshfips(x/Loa=0)andthe
propeflflerpflane(x/Loa=−0.481),ffortheβ=10

◦case.
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presentDRDCcaflcuflatfionsandsomeothersubmfissfions,theshearstressdfistrfibutfionhas
somehfighffrequencynofisethatdoesnotappeartobephysficafl.Themeshshoufldbeverfified
toseefiffthfisfisanfissuewfithceflflsnotconfformfingtotheBB2geometryorfifftherefisan
fissuewfiththeunderflyfingCADmodefl.Aflso,theboundaryflayerfisresoflvedweflflfintothe
vfiscoussubflayerfinthesecaflcuflatfions,wfithacomputedaveragey+vaflueoff0.0456,wfitha
maxfimumvaflueoff0.211andstandarddevfiatfionoff0.05.Thfisaflflowsthemeshtobeusedffor
arangeoffReynofldsnumbersuptoffuflfl-scaflewhfiflestfiflflresoflvfingthevfiscousboundaryflayer.
However,thehfighceflflaspectratfiosattheBB2surffacemakeconvergencemoredfificufltand
maybecontrfibutfingtothenofisefintheshearstresspredfictfion.Computatfionswfithaflarger
y+arepflannedfforthenextphaseoffthfisproject.

11.5IntegratedForces

ThecaflcuflatedhydrodynamficfforcesandmomentsaregfivenfinTabfles10and11.Atzero
fincfidence,theaxfiaflfforcefisbrokendownfintoshearstressX′sandpressureX

′
pcomponents.

DuetothesymmetryofftheBB2aboutthecentrepflane,theflateraflfforceY′,yawfingmoment
N′,androflflfingmomentK′areaflfltheoretficaflflyzerofforzeroflowfincfidence.Themagnfitude
offaflflthesenormaflfizedvaflueswereflessthan1×10−9attheendoffthezerofincfidenceRANS
computatfion.

Asexpected,aflargeflateraflfforceYandflargeyawfingmomentNarepredfictedfforthe10◦

drfifftcaseduetothecrossflowdragonthehuflflandflfifftgeneratedbythesafiflandtafiflpflanes.
TherefisaflsoaflargeroflflfingmomentKbecausethecentreoffflfifftonthesafiflfisabovethe
huflflaxfis.Asfignfificantout-off-pflanefforceZandpfitchfingM areaflsopredficted.Asdescrfibed
by Wattetafl.[14],theseout-off-pflanefloadsareduetothesafiflgeneratfingaflowcfircuflatfion
aroundthehuflflafftoffthesafifl.Thfiscfircuflatfionfinteractswfiththecrossflowoverthehuflfl
togenerateadownwardfforceovertheafftendofftheboat,whfichresufltsfinthenose-up
pfitchfingmoment.

Inthenextphaseoffthfisproject,asystematficgrfidrefinementstudywfiflflbeconductedto
determfinethesensfitfivfityoffpredfictedhydrodynamficsfforcesandmomentsongrfidresoflutfion.

Tabfle10:PredfictedBB2hydrodynamficfforcesandmomentsfforzeroflowfincfidence,
ReL=9.57×10

6.

X′s X′p X′ Z′ M′

−1.414×10−3 −2.31×10−4 −1.645×10−3 −1.46×10−4 −8.60×10−5

Tabfle11:PredfictedBB2hydrodynamficfforcesandmomentsfforβ=10◦,ReL=9.57×10
6.

X′ Y′ Z′ K′ M′ N′

−6.17×10−4 −1.44×10−2 −3.88×10−3 4.68×10−4 −6.39×10−4 −3.32×10−3
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Ffigure17:Predfictedpressurecoeficfient(top)andaxfiaflcomponentoffwaflflshearstress
normaflfizedby0.5ρU2(bottom)aflongtheBB2fforthezerofincfidencecase.
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Ffigure18:Predfictedpressurecoeficfient(top)andaxfiaflcomponentoffwaflflshearstress
normaflfizedby0.5ρU2(bottom)aflongtheBB2ffortheβ=10◦case.
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12 Concflusfionsandffuturework

Anfinfitfiafl37mfiflflfionceflflstructuredmeshwascreatedaroundthegenerficBB2submarfine
modeflffortheNATOAVT-301coflflaboratfiveproject.BaseflfineRANScaflcuflatfionsweredone
onthfismeshatzerofincfidenceand10◦drfifftcasesusfingthevfiscousflowsoflverANSYS
CFXwfiththeBaseflfineReynofldsStressturbuflencemodefl.Goodfiteratfiveconvergence
coufldbeobtafinedbyaflternatfingbetweenflargeandsmaflfltfimestepsfizes.Affocusoffthe
finfitfiaflpredfictfionswasonresoflvfingthesafiflhorseshoejunctfionvortex.Moreworkfisneeded
toachfieveadequatemeshresoflutfionfinthfisandotherregfionsofftheflow.Thepresent
caflcuflatfionshavefidentfifiedtheapproxfimatesfizeandflocatfionoffvortficestogufidesubsequent
meshfimprovements.Astrategyshoufldbedeveflopedtorefineregfionswfithflargegradfientsfin
flowvarfiabfles,suchasvortexcores,wfithoutfincurrfingexcessfivecomputatfionaflcost.Some
partficfipantshaveffoundautomatficmeshrefinementmethodstobeveryeficfient;thfisshoufld
befinvestfigatedbyDRDC.Asystematficgrfidrefinementstudyshoufldaflsobedonetoassess
numerficafldfiscretfizatfionerrors.

Experfienceffromphasezerowfiflflthenbeusedtoperfformsfimuflatfionsatexperfimentafl
condfitfionsfforwfindtunneflexperfimentsrecentflyconductedbyAustraflfia.Acomparfisonwfith
dfifferentturbuflencemodeflflfingapproaches,suchasahybrfidRANSflargeeddysfimuflatfions
shoufldaflsobeconsfideredfintheffuture.Sfimuflatfionsoffrotatfionaflsubmarfinemotfionmatchfing
condfitfionsfforrotatfingarmexperfimentsconductedbyQfinetfiQareaflsopflannedffoflflowfing
thesteadytransflatfionstudy.
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AnnexAANSYSCFXsoflversettfingsfforthe10

degreesdrfifftangflecase

TheffoflflowfingarethesoflversettfingsusedffortheANSYSCFXsfimuflatfionofftheBB2
submarfinemodeflatadrfifftangfleoff10degrees,finCFXCommandLanguage(CCL)fformat.

LIBRARY:
CEL:
EXPRESSIONS:
Aflpha=0.0[deg]
Beta=10[deg]
Lsub=3.826[m]
NormForce=0.5*Rho*Ufinff2*Lsub̂2
NormMom=0.5*Rho*Ufinff2*Lsub̂3
Rho=1000[kgm̂-3]
Ufin=-Ufinff*cos(Beta)*cos(Aflpha)
Ufinff=3.0[mŝ-1]
Vfin=-Ufinff*sfin(Beta)
Vfisc=0.0012[kgm̂-1ŝ-1]
Wfin=Ufinff*sfin(Aflpha)
bff=step(afitern-100.5)+(afitern-1)*0.01*step(100.5-afitern)
dt=dtflg-(dtflg-dtsm)*(step(afitern-(fiflg1))*step((fiflg1+fism)-\
afitern)+step(afitern-(fiflg1+fism+fiflg))*\
step((fiflg1+fiflg+fism*2)-afitern)+step(afitern-(fiflg1+fism*2+fiflg*2))*\
step((fiflg1+fiflg*2+fism*3)-afitern)+step(afitern-(fiflg1+fism*3+fiflg*3))*\
step((fiflg1+fiflg*3+fism*4)-afitern)+step(afitern-(fiflg1+fism*4+fiflg*4))\
*step((fiflg1+fiflg*4+fism*5)-afitern)+\
step(afitern-(fiflg1+fism*5+fiflg*5))*step((fiflg1+fiflg*5+fism*6)-afitern)\
+step(afitern-(fiflg1+fism*6+fiflg*6))*step((fiflg1+fiflg*6+fism*7)-\
afitern)+step(afitern-(fiflg1+fism*7+fiflg*7))*step((fiflg1+fiflg*7+fism*8)\
-afitern)+step(afitern-(fiflg1+fism*8+fiflg*8))*\
step((fiflg1+fiflg*8+fism*9)-afitern)+step(afitern-(fiflg1+fism*9+fiflg*9))\
*step((fiflg1+fiflg*9+fism*10)-afitern)+\
step(afitern-(fiflg1+fism*10+fiflg*10)))

fiflg1=500
fism=300
fiflg=15
Nflrg=50
Nsm=5000
dtflg=Lsub/(Ufinff*Nflrg)
dtsm=Lsub/(Ufinff*Nsm)

END
END
MATERIAL:Fflufid1
MaterfiaflGroup=User
Optfion=PureSubstance
ThermodynamficState=Lfiqufid
PROPERTIES:
Optfion=GeneraflMaterfiafl
EQUATIONOFSTATE:
Densfity=Rho
MoflarMass=1.0[kgkmofl-1]
Optfion=Vaflue

END
DYNAMICVISCOSITY:
DynamficVfiscosfity=Vfisc
Optfion=Vaflue

END
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END
END

END
FLOW:FflowAnaflysfis1
SOLUTIONUNITS:
AngfleUnfits=[rad]
LengthUnfits=[m]
MassUnfits=[kg]
SoflfidAngfleUnfits=[sr]
TemperatureUnfits=[K]
TfimeUnfits=[s]

END
ANALYSISTYPE:
Optfion=SteadyState
EXTERNALSOLVERCOUPLING:
Optfion=None

END
END
DOMAIN:FflufidDomafin
CoordFrame=Coord0
DomafinType=Fflufid
Locatfion=Assembfly,Assembfly2
BOUNDARY:Bottom
BoundaryType=OPENING
Locatfion=Bottom,Bottom2
BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic

END
MASSANDMOMENTUM:
Optfion=Entrafinment
ReflatfivePressure=0.0[Pa]

END
TURBULENCE:
Optfion=ZeroGradfient

END
END

END
BOUNDARY:Inflet
BoundaryType=INLET
Locatfion=In,In2
BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic

END
MASSANDMOMENTUM:
Optfion=CartesfianVeflocfityComponents
U=Ufin
V=Vfin
W=Wfin

END
TURBULENCE:
Optfion=LowIntensfityandEddyVfiscosfityRatfio

END
END

END
BOUNDARY:Negy
BoundaryType=OUTLET
Locatfion=Starboard
BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic
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END
MASSANDMOMENTUM:
Optfion=AverageStatficPressure
PressureProfffifleBflend=0.05
ReflatfivePressure=0[Pa]

END
PRESSUREAVERAGING:
Optfion=AverageOverWhofleOutflet

END
END

END
BOUNDARY:Outflet
BoundaryType=OUTLET
Locatfion=Out,Out2
BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic

END
MASSANDMOMENTUM:
Optfion=AverageStatficPressure
PressureProfffifleBflend=0.05
ReflatfivePressure=0[Pa]

END
PRESSUREAVERAGING:
Optfion=AverageOverWhofleOutflet

END
END

END
BOUNDARY:Pflusy
BoundaryType=INLET
Locatfion=Starboard2
BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic

END
MASSANDMOMENTUM:
Optfion=CartesfianVeflocfityComponents
U=Ufin
V=Vfin
W=Wfin

END
TURBULENCE:
Optfion=LowIntensfityandEddyVfiscosfityRatfio

END
END

END
BOUNDARY:Submarfine
BoundaryType=WALL
Locatfion=Huflfl,Safifl,Safiflpflane,TafiflLS,TafiflUS,Huflfl2,Safifl2,Safiflpflane\
2,TafiflLS2,TafiflUS2

BOUNDARYCONDITIONS:
MASSANDMOMENTUM:
Optfion=NoSflfipWaflfl

END
WALLROUGHNESS:
Optfion=SmoothWaflfl

END
END

END
BOUNDARY:Top
BoundaryType=OPENING
Locatfion=Top,Top2
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BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic

END
MASSANDMOMENTUM:
Optfion=Entrafinment
ReflatfivePressure=0[Pa]

END
TURBULENCE:
Optfion=ZeroGradfient

END
END

END
DOMAINMODELS:
BUOYANCYMODEL:
Optfion=NonBuoyant

END
DOMAINMOTION:
Optfion=Statfionary

END
MESHDEFORMATION:
Optfion=None

END
REFERENCEPRESSURE:
RefferencePressure=0[atm]

END
END
FLUIDDEFINITION:Fflufid1
Materfiafl=Fflufid1
Optfion=MaterfiaflLfibrary
MORPHOLOGY:
Optfion=ContfinuousFflufid

END
END
FLUIDMODELS:
COMBUSTIONMODEL:
Optfion=None

END
HEATTRANSFERMODEL:
Optfion=None

END
THERMALRADIATIONMODEL:
Optfion=None

END
TURBULENCEMODEL:
Optfion=BSLReynofldsStress

END
TURBULENTWALLFUNCTIONS:
Optfion=Automatfic

END
END

END
INITIALISATION:
Optfion=Automatfic
INITIALCONDITIONS:
VeflocfityType=Cartesfian
CARTESIANVELOCITYCOMPONENTS:
Optfion=AutomatficwfithVaflue
U=Ufin
V=Vfin
W=Wfin

END
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STATICPRESSURE:
Optfion=AutomatficwfithVaflue
ReflatfivePressure=0[Pa]

END
TURBULENCEINITIALCONDITIONS:
Optfion=MedfiumIntensfityandEddyVfiscosfityRatfio

END
END

END
OUTPUTCONTROL:
BACKUPDATARETENTION:
Optfion=DefleteOfldFfifles

END
BACKUPRESULTS:BackupResuflts1
FfifleCompressfionLevefl=Deffauflt
Optfion=Standard
OutputEquatfionResfiduafls=Aflfl
OUTPUTFREQUENCY:
IteratfionIntervafl=200
Optfion=IteratfionIntervafl

END
END
MONITOROBJECTS:
MONITORBALANCES:
Optfion=Fuflfl

END
MONITORFORCES:
Optfion=Fuflfl

END
MONITORPARTICLES:
Optfion=Fuflfl

END
MONITORPOINT:Khuflfl
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@REGION:Huflfl+torque_x()@REGION:Huflfl2
Optfion=Expressfion

END
MONITORPOINT:Ksafifl
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@REGION:Safifl+torque_x()@REGION:Safifl2
Optfion=Expressfion

END
MONITORPOINT:KspP
CoordFrame=Coord0
ExpressfionVaflue=torque_x@REGION:Safiflpflane2
Optfion=Expressfion

END
MONITORPOINT:KspS
CoordFrame=Coord0
ExpressfionVaflue=torque_x@REGION:Safiflpflane
Optfion=Expressfion

END
MONITORPOINT:Ksub
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@Submarfine
Optfion=Expressfion

END
MONITORPOINT:KsubNorm
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@Submarfine/NormMom
Optfion=Expressfion

END
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MONITORPOINT:Ktafifl
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@REGION:TafiflUS+\
torque_x()@REGION:TafiflUS2+torque_x()@REGION:TafiflLS+\
torque_x()@REGION:TafiflLS2

Optfion=Expressfion
END
MONITORPOINT:KtafiflLP
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@REGION:TafiflLS2
Optfion=Expressfion

END
MONITORPOINT:KtafiflLS
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@REGION:TafiflLS
Optfion=Expressfion

END
MONITORPOINT:KtafiflUP
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@REGION:TafiflUS2
Optfion=Expressfion

END
MONITORPOINT:KtafiflUS
CoordFrame=Coord0
ExpressfionVaflue=torque_x()@REGION:TafiflUS
Optfion=Expressfion

END
MONITORPOINT:Mhuflfl
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@REGION:Huflfl+torque_y()@REGION:Huflfl2
Optfion=Expressfion

END
MONITORPOINT:Msafifl
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@REGION:Safifl+torque_y()@REGION:Safifl2
Optfion=Expressfion

END
MONITORPOINT:MspP
CoordFrame=Coord0
ExpressfionVaflue=torque_y@REGION:Safiflpflane2
Optfion=Expressfion

END
MONITORPOINT:MspS
CoordFrame=Coord0
ExpressfionVaflue=torque_y@REGION:Safiflpflane
Optfion=Expressfion

END
MONITORPOINT:Msub
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@Submarfine
Optfion=Expressfion

END
MONITORPOINT:MsubNorm
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@Submarfine/NormMom
Optfion=Expressfion

END
MONITORPOINT:Mtafifl
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@REGION:TafiflUS+\
torque_y()@REGION:TafiflUS2+torque_y()@REGION:TafiflLS+\
torque_y()@REGION:TafiflLS2
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Optfion=Expressfion
END
MONITORPOINT:MtafiflLP
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@REGION:TafiflLS2
Optfion=Expressfion

END
MONITORPOINT:MtafiflLS
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@REGION:TafiflLS
Optfion=Expressfion

END
MONITORPOINT:MtafiflUP
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@REGION:TafiflUS2
Optfion=Expressfion

END
MONITORPOINT:MtafiflUS
CoordFrame=Coord0
ExpressfionVaflue=torque_y()@REGION:TafiflUS
Optfion=Expressfion

END
MONITORPOINT:Nhuflfl
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@REGION:Huflfl+torque_z()@REGION:Huflfl2
Optfion=Expressfion

END
MONITORPOINT:Nsafifl
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@REGION:Safifl+torque_z()@REGION:Safifl2
Optfion=Expressfion

END
MONITORPOINT:NspP
CoordFrame=Coord0
ExpressfionVaflue=torque_z@REGION:Safiflpflane2
Optfion=Expressfion

END
MONITORPOINT:NspS
CoordFrame=Coord0
ExpressfionVaflue=torque_z@REGION:Safiflpflane
Optfion=Expressfion

END
MONITORPOINT:Nsub
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@Submarfine
Optfion=Expressfion

END
MONITORPOINT:NsubNorm
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@Submarfine/NormMom
Optfion=Expressfion

END
MONITORPOINT:Ntafifl
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@REGION:TafiflUS+\
torque_z()@REGION:TafiflUS2+torque_z()@REGION:TafiflLS+\
torque_z()@REGION:TafiflLS2

Optfion=Expressfion
END
MONITORPOINT:NtafiflLP
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@REGION:TafiflLS2
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Optfion=Expressfion
END
MONITORPOINT:NtafiflLS
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@REGION:TafiflLS
Optfion=Expressfion

END
MONITORPOINT:NtafiflUP
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@REGION:TafiflUS2
Optfion=Expressfion

END
MONITORPOINT:NtafiflUS
CoordFrame=Coord0
ExpressfionVaflue=torque_z()@REGION:TafiflUS
Optfion=Expressfion

END
MONITORPOINT:Xhuflfl
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@REGION:Huflfl+fforce_x()@REGION:Huflfl2
Optfion=Expressfion

END
MONITORPOINT:Xsafifl
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@REGION:Safifl+fforce_x()@REGION:Safifl2
Optfion=Expressfion

END
MONITORPOINT:XspP
CoordFrame=Coord0
ExpressfionVaflue=fforce_x@REGION:Safiflpflane2
Optfion=Expressfion

END
MONITORPOINT:XspS
CoordFrame=Coord0
ExpressfionVaflue=fforce_x@REGION:Safiflpflane
Optfion=Expressfion

END
MONITORPOINT:Xsub
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@Submarfine
Optfion=Expressfion

END
MONITORPOINT:XsubNorm
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@Submarfine/NormForce
Optfion=Expressfion

END
MONITORPOINT:Xtafifl
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@REGION:TafiflUS+fforce_x()@REGION:TafiflUS\
2+fforce_x()@REGION:TafiflLS+fforce_x()@REGION:TafiflLS2

Optfion=Expressfion
END
MONITORPOINT:XtafiflLP
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@REGION:TafiflLS2
Optfion=Expressfion

END
MONITORPOINT:XtafiflLS
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@REGION:TafiflLS
Optfion=Expressfion
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END
MONITORPOINT:XtafiflUP
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@REGION:TafiflUS2
Optfion=Expressfion

END
MONITORPOINT:XtafiflUS
CoordFrame=Coord0
ExpressfionVaflue=fforce_x()@REGION:TafiflUS
Optfion=Expressfion

END
MONITORPOINT:XvsubNorm
CoordFrame=Coord0
ExpressfionVaflue=areaInt(WaflflShearX)@Submarfine/NormForce
Optfion=Expressfion

END
MONITORPOINT:Yhuflfl
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@REGION:Huflfl+fforce_y()@REGION:Huflfl2
Optfion=Expressfion

END
MONITORPOINT:Ysafifl
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@REGION:Safifl+fforce_y()@REGION:Safifl2
Optfion=Expressfion

END
MONITORPOINT:YspP
CoordFrame=Coord0
ExpressfionVaflue=fforce_y@REGION:Safiflpflane2
Optfion=Expressfion

END
MONITORPOINT:YspS
CoordFrame=Coord0
ExpressfionVaflue=fforce_y@REGION:Safiflpflane
Optfion=Expressfion

END
MONITORPOINT:Ysub
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@Submarfine
Optfion=Expressfion

END
MONITORPOINT:YsubNorm
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@Submarfine/NormForce
Optfion=Expressfion

END
MONITORPOINT:Ytafifl
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@REGION:TafiflUS+fforce_y()@REGION:TafiflUS\
2+fforce_y()@REGION:TafiflLS+fforce_y()@REGION:TafiflLS2

Optfion=Expressfion
END
MONITORPOINT:YtafiflLP
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@REGION:TafiflLS2
Optfion=Expressfion

END
MONITORPOINT:YtafiflLS
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@REGION:TafiflLS
Optfion=Expressfion

END
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MONITORPOINT:YtafiflUP
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@REGION:TafiflUS2
Optfion=Expressfion

END
MONITORPOINT:YtafiflUS
CoordFrame=Coord0
ExpressfionVaflue=fforce_y()@REGION:TafiflUS
Optfion=Expressfion

END
MONITORPOINT:Zhuflfl
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@REGION:Huflfl+fforce_z()@REGION:Huflfl2
Optfion=Expressfion

END
MONITORPOINT:Zsafifl
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@REGION:Safifl+fforce_z()@REGION:Safifl2
Optfion=Expressfion

END
MONITORPOINT:ZspP
CoordFrame=Coord0
ExpressfionVaflue=fforce_z@REGION:Safiflpflane2
Optfion=Expressfion

END
MONITORPOINT:ZspS
CoordFrame=Coord0
ExpressfionVaflue=fforce_z@REGION:Safiflpflane
Optfion=Expressfion

END
MONITORPOINT:Zsub
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@Submarfine
Optfion=Expressfion

END
MONITORPOINT:ZsubNorm
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@Submarfine/NormForce
Optfion=Expressfion

END
MONITORPOINT:Ztafifl
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@REGION:TafiflUS+fforce_z()@REGION:TafiflUS\
2+fforce_z()@REGION:TafiflLS+fforce_z()@REGION:TafiflLS2

Optfion=Expressfion
END
MONITORPOINT:ZtafiflLP
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@REGION:TafiflLS2
Optfion=Expressfion

END
MONITORPOINT:ZtafiflLS
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@REGION:TafiflLS
Optfion=Expressfion

END
MONITORPOINT:ZtafiflUP
CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@REGION:TafiflUS2
Optfion=Expressfion

END
MONITORPOINT:ZtafiflUS
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CoordFrame=Coord0
ExpressfionVaflue=fforce_z()@REGION:TafiflUS
Optfion=Expressfion

END
MONITORPOINT:ZvsubNorm
CoordFrame=Coord0
ExpressfionVaflue=areaInt(WaflflShearZ)@Submarfine/NormForce
Optfion=Expressfion

END
MONITORRESIDUALS:
Optfion=Fuflfl

END
MONITORTOTALS:
Optfion=Fuflfl

END
END
RESULTS:
FfifleCompressfionLevefl=Deffauflt
Optfion=Standard
OutputEquatfionResfiduafls=Aflfl

END
END
SOLVERCONTROL:
TurbuflenceNumerfics=FfirstOrder
ADVECTIONSCHEME:
BflendFactor=1.0
Optfion=SpecfifffiedBflendFactor
GradfientReflaxatfion=0.1

END
CONVERGENCECONTROL:
MaxfimumNumberoffIteratfions=2000
MfinfimumNumberoffIteratfions=10
PhysficaflTfimescafle=dt
TfimescafleControfl=PhysficaflTfimescafle

END
CONVERGENCECRITERIA:
ResfiduaflTarget=1e-06
ResfiduaflType=MAX

END
DYNAMICMODELCONTROL:
GflobaflDynamficModeflControfl=On

END
INTERPOLATIONSCHEME:
PressureInterpoflatfionType=Trfiflfinear

END
END
EXPERTPARAMETERS:
maxsoflverfitsffflufids=60
mgsoflveroptfion=5
reflaxmass=0.4
soflverreflaxatfionffflufids=0.95

END
END
COMMANDFILE:
ResufltsVersfion=17.1
Versfion=17.1

END
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AnnexBANSYSCFXsoflversettfingsfforthezero

fincfidencecase

ThezerofincfidencecasesusedthesamesoflversettfingsasflfistedfinAnnexA,exceptfforthe
ffoflflowfingdfifferences:

LIBRARY:
CEL:
EXPRESSIONS:
Beta=0[deg]
fiflg1=200

END
END

END
FLOW:FflowAnaflysfis1

BOUNDARY:Negy
BoundaryType=OPENING
Locatfion=Starboard
BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic

END
MASSANDMOMENTUM:
Optfion=Entrafinment
ReflatfivePressure=0[Pa]

END
TURBULENCE:
Optfion=ZeroGradfient

END
END

END
BOUNDARY:Pflusy
BoundaryType=OPENING
Locatfion=Starboard2
BOUNDARYCONDITIONS:
FLOWREGIME:
Optfion=Subsonfic

END
MASSANDMOMENTUM:
Optfion=Entrafinment
ReflatfivePressure=0[Pa]

END
TURBULENCE:
Optfion=ZeroGradfient

END
END

END
END
SOLVERCONTROL:
ADVECTIONSCHEME:
GradfientReflaxatfion=0.01

END
END
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