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EXTENDED ABSTRACT

Introduction. Theperformanceandcavitation characteristicsof marine
propellersandhydrofoilsarestronglyaffectedby tip vortex behavior. A
numberof previouscomputationalstudieshave beendoneon tip vortices,
both in aerodynamicandmarineapplications. The focus, however, has
primarily beenon validating methodsfor predictionand advancing the
understandingof tip-vortex formationin general,ratherthanshowing ef-
fectsof tip modificationson tip vortices.Studiesof themostrelevanceto
the currentwork includecomputationalstudiesby Dacles-Marianiet al.
(1995)andHsiaoandPauley (1998,1999). Dacles-Marianiet al. carried
out interactively a computationalandexperimentalstudy of the wingtip
vortex in the nearfield usinga full Navier-Stokessimulation,accompa-
nied with the Baldwin-Barthturbulencemodel. Although they showed
improvementover numericalresultsobtainedby previousresearchers,the
tip vortex strengthwasunderpredicted.HsiaoandPauley (1998)studied
thesteady-statetip vortex flow over a finite-spanhydrofoil, alsousingthe
Baldwin-Barthturbulencemodel. They wereableto achieve goodagree-
mentin pressuredistribution andoil flow patternwith experimentaldata
andaccuratelypredictvertical andaxial velocitiesof the tip vortex core
within thenear-field region. Fardownstream,however, thecomputedflow
field was overly diffusedwithin the tip vortex core. Hsiao and Pauley
(1999)alsocarriedout a computationalstudyof the tip vortex flow gen-
eratedby a marinepropeller. Thegeneralcharacteristicsof theflow were
well predictedbut thevortex corewasagainoverly diffused.

In this study, a computationalcomparisonof the performanceof
roundedtip andductedtip hydrofoilshasbeenperformed,with the long-
termgoalof improving marinepropellerperformanceby optimizingduct
geometry. A ductedtip hydrofoil/propelleris onein which flow-through
ducts,alignedapproximatelywith thehydrofoil/bladechord,areaffixedat
thehydrofoil/bladetips. Theductedtip geometryfor a hydrofoil wasfirst
proposedby Greenet. al (1988).Waterandwind tunneltestshave shown
thattheflow-throughductssuppressthetip vortex roll-up, thusresultingin
a substantialdelayin theonsetof tip vortex cavitation (GreenandDuan,
1995). This comeswith little changein the lift to dragratio. Theducted
tip hasalsobeenstudiedonapropeller. Seatrialsonaductedtip propeller,
anda conventionaloneof thesamediameter, conductedby Hordnesand
Green,(1998)showedthatthecavitation inceptionindex couldbereduced
by approximately50% by installing the ductedtips. This camewithout
efficiency loss. The efficiency of the ductedtip propelleris in fact up to
6% higherthantheefficiency of theconventionalpropeller. In thepresent

study, steadyflow over roundedandductedtip hydrofoilshasbeenstudied
computationally. Theaim of thestudywasto expandour knowledgeand
understandingof theflow arounda ductattachedto the tip of a hydrofoil
andthusprovide a goodbasisfor computationaloptimizationof a ducted
tip propellerblade.

Numerical implementation. Thecurrentstudyconsidersauniformflow
pasttwo hydrofoilswith a modified64-309crosssection.Oneof thehy-
drofoils hasa roundedtip whereastheotheronehasa ductattachedto its
tip. Thehydrofoils, their computationaldomains,andtheflow properties
of thesurroundingfluid werechosenwith comparisonto theexperimental
dataof Green(1988)in mind. Bothhydrofoilsarewithout twist andtaper
andhave an aspectratio of 1.17. The aspectratio is basedon the semi-
span. The semi-spanof the roundedtip hydrofoil is measuredfrom the
root of thehydrofoil to thespanwisestationwheretheroundingof thetip
starts.

Thesemi-spanof theductedtip hydrofoil is basedon theaveragespan-
wise distancebetweenthe root of the foil andthe intersectioncurve be-
tweenthe duct and the hydrofoil. The duct hasan outsidediameterof
0.19cand is 0.67c long and is attachedflush with the hydrofoil trailing
edge,with its centralaxisalignedwith thecamberline. The thicknessof
the wall is 0.013cat the front top andbottomof the duct, but tapersoff
to almostno thicknessalongthewhole outboardsideof theduct aswell
astowardsthe trailing edgeof theduct. Theshapeof theductandits at-
tachmentto thefoil have beenmadeto resembleascloselyaspossiblethe
original ductedtip hydrofoil for which theexperimentalresultsareavail-
able.It is however impossibleto replicatetheoriginalhydrofoil perfectly;
thegreatestdifferencebetweenthe two occursin theareawheretheduct
and the hydrofoil meet. On the original hydrofoil a fillet was addedto
smooththe intersectionbut that fillet hasnot beenreplicatedin thecom-
putationalmodeldueto thedifficulty in creatingandmeshinga hydrofoil
with sucha fillet.

The dimensionsof the computationaldomainwerechosenso that the
crosssectionperpendicularto thefreestreamflow wouldbethesameasthe
correspondingcrosssectionof the tunnelin which theexperimentswere
performed.Theflow domainis 2chordlengthshighandwide. Thedomain
extends2 chord lengthsdownstreamof the trailing edgeand1.25 chord
lengthsupstreamof the leadingedgeof thehydrofoil. Thehydrofoilsare



tilted aroundthequarterchordline whenrunat anangle.
Severalgrid generationmethodshave beenexploredin attemptsto re-

solvetheflow nearthetip vortex coreandthehydrofoil surface.Themulti-
block gridsthatwereusedfor this studyconsistof structuredhexahedral,
semi-structuredprismatic,andunstructuredtetrahedralblocks. Thegrids
weregeneratedwith CFD-GEOMfrom CFD ResearchCorporation.and
their basicstructurewill be describedbelow. Solutionswere computed
by usingthepressure-based,finite-volumeflow solverCFD-ACE(U)from
CFDRC.Thecodeusesunstructured/hybridgridsto integratetheNavier-
Stokes equations.Caseswere run with a k � ε turbulencemodel anda
second-orderaccurateupwinddifferencingscheme.Thefreestreamveloc-
ity wasspecifiedfor the inlet andconstantpressurewasspecifiedfor the
outlet. A no-slipflow conditionwasusedfor thesolid hydrofoil surface.
Boundariescorrespondingto thewalls of thetunnelwerespecifiedasslip
walls.

Results. Theductedandroundedtip hydrofoilswerestudiedatanglesof
attackα � 7

�
andα � 12

�
anda ReynoldsnumberRe � 1 � 2 � 106. Mesh

densityandcell countwereguidedby a grid convergencestudy for the
rounded-tiphydrofoil. The final grid usedfor the rounded-tiphydrofoil
hasapproximately536,000cells,with wall spacingof about0.0006-0.001
chords,correspondingto y

���
20; gridsfor theducted-tiphydrofoil have

about20%morecells.
Theprimarycomparisonthatis donehereis oneof surfacevelocityvec-

torsobtainedfrom thecomputations,andsurfaceflow visualization(SFV)
photographsfrom experimentsdoneby Green(1988).Agreementbetween
computedandexperimentalsurfaceflow directionis excellentoverall. The
mostsignificantdifferencesin flow patternsfor therounded-tiphydrofoil
at α � 7

�
occurat the tip of the hydrofoil, wherethe locationof the tip

vortex rollup influencestheflow significantly. Poorboundarylayer reso-
lution in the computationis likely responsiblefor part of the differences
here. he discrepancy betweenthe computationalandexperimentalflow
anglesaroundthe tip canbepartly attributedto a poorly resolvedbound-
ary layer. Agreementis betterfor theα � 12

�
case,becausethetip vortex

is largerandhencebetterresolved. Theagreementbetweencomputations
andexperimentsfor theductedtip hydrofoil is alsoquitegoodoverall. The
agreementbetweenthe SFV photographsandthe surfacevectorpictures
is excellenton thepressuresideandverygoodontheductof thehydrofoil
aswell. Theagreementwasalsoverygoodfor the7

�
case.For theducted

cases,somediscrepanciesin flow patternsrelative to the experimentare
presentneartheduct,becausethecomputationalmodellacksa fillet.

Apart from validatingthecomputationalresultswith experimentaldata
throughsurfaceflow visualizationon the ductedand roundedtip hydro
foils, theaxialandtangentialvelocitiesof thetrailing vortex werestudied.
Computationswereperformedontheroundedtip hydrofoil atα � 10

�
and

Re � 5 � 2 � 106 with comparisonto theexperimentaldataof Green(1988)
in mind. The computedaxial velocity U in the vortex coreimmediately
downstreamof the hydrofoil was 1.47, which compareswell to a mean
axial velocity of U � 1 � 53

�
0 � 17,measuredin thecenterof a vortex core

of a roundedtip hydrofoil of similar shape(NACA 66-209crosssection)
andsameaspectratioat thesameoperatingconditions.Thecorresponding
maximumtangentialvelocitieswereUcomp � 0 � 83andUexp � 0 � 80.

Discussion. Comparingthe surfaceflow over the roundedandducted
tip hydrofoils is a goodway to assessqualitatively theperformanceof the
differentgeometries.In the computations,as in the earlierexperiments,

the spanwisevelocity componentat the trailing edgepressureand suc-
tion side,despitethe fillet problem,is substantiallylessthanthat of the
roundedtip. Thedifferencein spanwisevelocity componentsuggeststhat
the ductedtip hydrofoil shedslesscirculationover the hydrofoil surface
thandoestheroundedtip hydrofoil. Vorticity resultscorroboratethis. The
streamwisevorticity behindtheroundedtip hydrofoil is concentratedin a
circlewith thehighestvorticity in thecenterof thecirclewhereasthevor-
ticity from theductedtip hydrofoil is shedin aring with thesameshapeas
theduct,with thehighestvorticity locatedontheoutboardsideof theduct.
This differencein vorticity sheddingimplies thatthe lift alongthehydro-
foil surfaceof the ductedtip hydrofoil shouldbe higher than the lift on
theroundedtip hydrofoil; sectionallift coefficientsbearthis out. Because
thevorticity shedfrom theductformsacirclewith amuchlargerdiameter
thanthe roundedtip vortex, it is expectedthat the minimum pressurein
the trailing vortex of the ductedtip hydrofoil is significantlyhigherthan
thatof theroundedtip hydro foil. This is in fact thecase.Theminimum
computedpressurecoefficientsin they-z planeat x/c = 1.05andα � 12

�

areCp 	duct
� � 1 � 07andCp 	 round

� � 2 � 94. Thesignificantlylowermag-
nitudeof the ductedtip pressurecoefficient occursin spiteof a slightly
higherlift coefficient for thathydrofoil. This impliesthattheductedtip is
likely to inhibit tip vortex cavitation inception,a finding that is in agree-
mentwith observationsby GreenandDuan(1995).

Futurework will include continueduseof CFD to optimize the duct
size,shapeand locationon a propellerblade. This will be followed by
experimentsin a cavitation tunnelon a modelpropellerwith ductedtips.

A full-lengthversionof thispaperappearedin theProceedingsof the2002
ASME FluidsDivision Conference,Montreal,July2002.
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