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EXTENDED ABSTRACT

Introduction. The performancend cavitation characteristice®f marine
propellersand hydrofoils are strongly affectedby tip vortex behaior. A
numberof previous computationaktudieshave beendoneonttip vortices,
both in aerodynamicand marine applications. The focus, howvever, has
primarily beenon validating methodsfor predictionand advancing the
understandingf tip-vortex formationin generalratherthanshaving ef-
fectsof tip modificationson tip vortices. Studiesof the mostrelevanceto
the currentwork include computationaktudiesby Dacles-Marianiet al.
(1995)andHsiaoandPauley (1998,1999). Dacles-Marianketal. carried
out interactizely a computationaland experimentalstudy of the wingtip
vortex in the nearfield usinga full Navier-Stokes simulation,accompa-
nied with the Baldwin-Barthturbulencemodel. Although they shaved
improvementover numericalresultsobtainedby previousresearcherghe
tip vortex strengthwasunderpredictedHsiaoand Pauley (1998) studied
the steady-statéip vortex flow over afinite-spanhydrofoil, alsousingthe
Baldwin-Barthturbulencemodel. They wereableto achieve goodagree-
mentin pressurelistribution andoil flow patternwith experimentaldata
andaccuratelypredictvertical and axial velocitiesof the tip vortex core
within thenearfield region. Fardovnstreamhowever, the computediow
field was overly diffusedwithin the tip vortex core. Hsiao and Pauley
(1999)alsocarriedout a computationaktudy of the tip vortex flow gen-
eratedby a marinepropeller The generalcharacteristicef the flow were
well predictedbut thevortex corewasagainoverly diffused.

In this study a computationalcomparisonof the performanceof
roundedtip andductedtip hydrofoils hasbeenperformedwith thelong-
termgoal of improving marinepropellerperformancey optimizing duct
geometry A ductedtip hydrofoil/propelleris onein which flow-through
ducts,alignedapproximatelywith the hydrofoil/bladechord,areaffixedat
the hydrofoil/bladetips. Theductedtip geometryfor a hydrofoil wasfirst
proposedy Greenet. al (1988). Waterandwind tunneltestshave shavn
thattheflow-throughductssuppresshetip vortex roll-up, thusresultingin
a substantiabelayin the onsetof tip vortex cavitation (GreenandDuan,
1995). This comeswith little changen thelift to dragratio. The ducted
tip hasalsobeenstudiedonapropeller Seatrials onaductectip propeller
anda corventionaloneof the samediameter conductedy Hordnesand
Green(1998)shavedthatthecavitationinceptionindex couldbereduced
by approximately50% by installing the ductedtips. This camewithout
efficiengy loss. The efficiency of the ductedtip propelleris in factup to
6% higherthanthe efficiency of the corventionalpropeller In the present

study steadyflow over roundedandductedtip hydrofoilshasbeenstudied
computationally The aim of the studywasto expandour knowvledgeand
understandin@f the flow arounda ductattachedo thetip of a hydrofoil
andthusprovide a goodbasisfor computationabptimizationof a ducted
tip propellerblade.

Numerical implementation. Thecurrentstudyconsiders uniformflow
pasttwo hydrofoilswith a modified 64-309crosssection.Oneof the hy-
drofoils hasaroundectip whereaghe otheronehasa ductattachedo its
tip. The hydrofoils, their computationatlomains,andthe flow properties
of the surroundindluid werechoserwith comparisorio the experimental
dataof Green(1988)in mind. Both hydrofoilsarewithout twist andtaper
andhave an aspectratio of 1.17. The aspectratio is basedon the semi-
span. The semi-sparof the roundedtip hydrofoil is measuredrom the
root of the hydrofoil to the spanwisestationwherethe roundingof thetip
starts.

Thesemi-sparof theductedtip hydrofoil is basedon theaveragespan-
wise distancebetweenthe root of the foil andthe intersectioncurve be-
tweenthe duct and the hydrofoil. The duct hasan outsidediameterof
0.19candis 0.67clong andis attachedflush with the hydrofoil trailing
edge,with its centralaxis alignedwith the camberline. The thicknessof
thewall is 0.013cat the front top and bottom of the duct, but tapersoff
to almostno thicknessalongthe whole outhoardside of the ductaswell
astowardsthetrailing edgeof the duct. The shapeof the ductandits at-
tachmento thefoil have beenmadeto resemblescloselyaspossiblethe
original ductedtip hydrofoil for which the experimentaresultsareavail-
able.lt is howeverimpossibleto replicatethe original hydrofoil perfectly;
the greatestifferencebetweerthe two occursin the areawherethe duct
andthe hydrofoil meet. On the original hydrofoil a fillet was addedto
smooththe intersectiorbut thatfillet hasnot beenreplicatedin the com-
putationalmodeldueto the difficulty in creatingandmeshinga hydrofoil
with suchafillet.

The dimensionsof the computationadomainwere chosenso thatthe
crosssectionperpendiculato thefreestreanflow would bethesameasthe
correspondingrosssectionof the tunnelin which the experimentswere
performed.Theflow domainis 2 chordlengthshighandwide. Thedomain
extends?2 chordlengthsdawnstreamof the trailing edgeand 1.25 chord
lengthsupstreanof the leadingedgeof the hydrofoil. The hydrofoilsare



tilted aroundthe quarterchordline whenrun atanangle.

Several grid generatiommethodshave beenexploredin attemptso re-
solvetheflow nearthetip vortex coreandthe hydrofoil surface. Themulti-
block gridsthatwereusedfor this studyconsistof structurechexahedral,
semi-structuregbrismatic,and unstructuredetrahedrablocks. The grids
weregeneratedvith CFD-GEOMfrom CFD ResearctCorporation.and
their basicstructurewill be describedbelan. Solutionswere computed
by usingthe pressure-basefinite-volumeflow solver CFD-ACE(U) from
CFDRC.The codeusesunstructured/hybrigrids to integratethe Navier-
Stoles equations. Caseswere run with a k — € turbulencemodeland a
second-ordeaccurataipwinddifferencingschemeThefreestreanveloc-
ity wasspecifiedfor the inlet and constantpressurevas specifiedfor the
outlet. A no-slipflow conditionwasusedfor the solid hydrofoil surface.
Boundariesorrespondingo the walls of thetunnelwerespecifiedasslip
walls.

Results. Theductedandroundedip hydrofoilswerestudiedatanglesof
attacka = 7° anda = 12° anda ReynoldsnumberRe= 1.2- 1(°. Mesh
densityand cell countwere guidedby a grid convergencestudy for the
rounded-tiphydrofoil. The final grid usedfor the rounded-tiphydrofoil
hasapproximately536,000cells,with wall spacingof about0.0006-0.001
chords,correspondindo y* ~ 20; gridsfor the ducted-tiphydrofoil have
about20%morecells.

Theprimarycomparisorthatis donehereis oneof surfacevelocity vec-
torsobtainedrom thecomputationsandsurfaceflow visualization(SFV)
photograph&rom experimentsioneby Green(1988). Agreemenbetween
computedandexperimentaburfaceflow directionis excellentoverall. The
mostsignificantdifferencesn flow patternsfor the rounded-tiphydrofoil
at o = 7° occurat thetip of the hydrofoil, wherethe location of the tip
vortex rollup influenceshe flow significantly Poorboundarylayerreso-
lution in the computationis likely responsiblgor part of the differences
here. he discrepang betweenthe computationaland experimentalflow
anglesaroundthetip canbe partly attributedto a poorly resohed bound-
ary layer Agreements betterfor thea = 12° casebecausehetip vortex
is largerandhencebetterresoled. The agreemenbetweencomputations
andexperimentgor theductedtip hydrofoil is alsoquitegoodoverall. The
agreemenbetweenthe SFV photographsndthe surfacevectorpictures
is excellentonthe pressureideandvery goodontheductof the hydrofoll
aswell. Theagreementvasalsovery goodfor the 7° case For theducted
casessomediscrepanciedn flow patternsrelative to the experimentare
presenneartheduct,becaus¢he computationamodellacksafillet.

Apartfrom validatingthe computationaftesultswith experimentadata
throughsurfaceflow visualizationon the ductedand roundedtip hydro
foils, the axial andtangentialvelocitiesof thetrailing vortex werestudied.
Computationsvereperformedontheroundedip hydrofoil ata = 10° and
Re= 5.2- 10° with comparisorto the experimentaldataof Green(1988)
in mind. The computedaxial velocity U in the vortex coreimmediately
downstreamof the hydrofoil was 1.47, which compareswvell to a mean
axial velocity of U = 1.53+ 0.17, measuredn the centerof a vortex core
of aroundedtip hydrofoil of similar shape(NACA 66-209crosssection)
andsameaspectatio atthe sameoperatingconditions.Thecorresponding
maximumtangentialelocitieswereUcomp= 0.83 andUexp = 0.80.

Discussion. Comparingthe surfaceflow over the roundedand ducted
tip hydrofoilsis a goodway to assessgjualitatively the performancef the
differentgeometries.In the computationsasin the earlierexperiments,

the spanwisevelocity componentat the trailing edge pressureand suc-
tion side, despitethe fillet problem,is substantiallylessthanthat of the
roundedtip. Thedifferencein spanwisevelocity componensuggestshat
the ductedtip hydrofoil shedslesscirculation over the hydrofoil surface
thandoestheroundedip hydrofoil. Vorticity resultscorroboratehis. The
streamwisevorticity behindthe roundedtip hydrofoil is concentratedh a
circle with the highestvorticity in the centerof the circle whereaghevor-
ticity from theductedtip hydrofoil is shedin aring with thesameshapeas
theduct,with thehighestvorticity locatedontheoutboardsideof theduct.
This differencein vorticity sheddingmpliesthatthelift alongthe hydro-
foil surfaceof the ductedtip hydrofoil shouldbe higherthanthe lift on
theroundedtip hydrofoil; sectionalift coeficientsbearthis out. Because
thevorticity shedfrom theductformsa circle with amuchlargerdiameter
thanthe roundedtip vortex, it is expectedthat the minimum pressurean
the trailing vortex of the ductedtip hydrofoil is significantly higherthan
thatof theroundedtip hydrofoil. Thisis in factthe case.The minimum
computedpressurecoeficientsin they-z planeat x/c = 1.05anda = 12°
areC,, qyct= —1.07andC, ;oyng= —2.94. Thesignificantlylower mag-
nitude of the ductedtip pressurecoeficient occursin spite of a slightly
higherlift coeficientfor thathydrofoil. Thisimpliesthatthe ducteditip is
likely to inhibit tip vortex cavitation inception,a finding thatis in agree-
mentwith obserationsby GreenandDuan(1995).

Futurework will include continueduseof CFD to optimize the duct
size, shapeand location on a propellerblade. This will be followed by
experimentdn a cavitation tunnelon amodelpropellerwith ductedtips.

A full-lengthversionof this paperappearedh the Proceedingsf the 2002
ASME FluidsDivision ConferenceMontreal,July 2002.
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