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Abstract:Effectsoftipslotsontheaerodynamiccharacteristicsofhelicopterrotorwereinvestigatednumericallyby
solvingthree-dimensionalNavier-Stokesequationsbasedonunstructuredoversetgridsalgorithm.Improvedde-
layeddetachededdysimulation(IDDES)basedontheSpalart-Allmarasturbulencemodelandadaptivegridrefine-
menttechniquewereemployed.SeveralslotsintherotorbladetipweredesignedonthebaseofCaradonna-Tung
rotortostudytheeffectoftipslots.Numericalresultsshowthattipslotsareabletointroducetheairflowfromthe

leadingedgeandturnitinthespanwisedirectiontobeejectedoutofthefaceattherotorbladetip,whichcanre-
ducethestrengthoftherotorbladetipvortexandacceleratethedissipationprocess.Althoughtipslotsmayleadto

thedecreaseofairfoils’liftcoefficientattherootoftherotorblade,itcanincreasetheliftcoefficientofairfoilsat

therotorbladetip,sotheliftoftherotorwithtipslotsisalmostthesameasthatoftherotorwithouttipslots.In

addition,tipslotscanalsoreducetheintensityofthetipshockwave,whichisbeneficialtoreducethewavedragof

therotor.
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0 Introduction

Comparedwithfixedwingaircrafts,dueto
theuniqueadvantagesofverticaltakeoffsand
landing,good maneuverability and hovering
flight,helicoptersarewidelyusedonciviland
militaryfields.Blade-vortexinteraction (BVI)

appearswhenhelicopterrotatingbladeencounters
thetrailingwakegeneratedfromthefrontrotor
blade[1],whichmakeshelicopterrotorbladevi-
brateviolentlyandgeneratestrongnoise.BVIis
aseriousproblemforhelicopterrotorstructure
andisalwaysthedifficultyintheresearchofro-
toraerodynamicsandaeroacousticsduetoits
complexity.

WithregardtotheBVIalleviation,many

measureshavebeenproposed,includingoptimi-
zingthetipshape,installingthetipvortexallevi-
ationequipmentandsoon.Althoughoptimizing
thetipshape,suchasswept,taperedoranhedral
bladetips[2,3],hassomeeffectsonBVIallevia-
tion,thesetypesofrotorbladetipsarenotable
tobalancethegoalsofimprovingtheaerodynamic
performanceandreducingthevibration.Instal-
lingthetipvortexalleviationequipment,suchas
trailingedgespoiler,bladetipwingletorend-
plate[4],cannotwork well,too.Trailingedge
spoilercanreducethestrengthofthebladetip
vortex,whiletheprofiledragoftherotorbladeis
verylarge,whichcausesaerodynamicperform-
anceofhelicopterrotortodescend.Bladetipwin-
gletcandividetheoriginalsingletipvortexinto



twovorticesandmakeuseoftheviscouseffectto
acceleratethedissipationofthebladetipvortex.
However,practicalapplicationshowsthatthe
effectofthemethodonBVIalleviationisnot
obvious.Withthedevelopmentofnew material
andcontroltechnology,manynewmethodshave
beenproposed,suchashigher-harmonicpitch
control(HHC),individualbladecontrol(IBC),

andactiveflapcontrol(ACF)[5-7].Nonetheless,

itisdifficultforthesemethodstobeappliedto
engineeringproblems.Inrecentyears,aneffec-
tivemethodoftheBVIalleviationbasedonblade
tipslotshasbeenproposedbyHan[8-11].Several
slotsintherotorbladetiparedesigned.Theair
flowsintotheslotentranceattheleadingedgeof
thebladeandoutoftheslotexitatthesideofthe
bladetip,formingamomentumjet,soastoalle-
viatethebladetipvortex.Themethodiseasyto
realizeandwithnoneedtoaddadditionalcomplex
controlsystem,soitisapotentialmethodfor
BVIalleviation.Duetothelimitationsofexperi-
mentaldiagnostictools,the mechanism oftip
slots’effectontheaerodynamiccharacteristicsof
helicopterrotorhasnotbeenclarified,whichisin
urgentneedofcarryingoutrelevantresearch.

1 NumericalMethods

  Three-dimensionalNavier-Stokesequations
basedonunstructuredoversetgridsalgorithm
weresolvedusingthefinitevolumemethod.The
inviscidfluxeswerecalculatedusingsecond-order
centralschemewithartificialdissipation,anddu-
al-timesteppingmethodwasappliedfortheun-
steadysimulations.No-slipboundarycondition
wasusedforthewallboundaryandnon-reflecting
boundarycondition wasusedforthefar-field
boundary.Improveddelayeddetachededdysimu-
lation(IDDES)basedonSpalart-Allmarasturbu-
lencemodelwasused[12].IDDESisatypeofhy-
bridRANS/LESmodel,whichdistinguishesthe
RANSandLEScomputationaldomainautomati-
callybypartitionscale췍dtorealizesmoothtrans-
formationbetweenRANSandLESinthebounda-
rylayer.Themodelisoriginatedfromdetached
eddysimulation(DES)model[13,14].

FortheearlyDES[14]model,thedefinitionof
췍dis

췍d=min(dw,CDESΔ) (1)

wheredwrepresentsthedistancetothewall,Δis
gridscale,andCDESisamodelparameter.

Delayeddetachededdysimulation (DDES)
model[15]changedthepartitionscale췍dbasedon
DES.
    췍d=dw-fdmax(0,dw-CDESΔ) (2)
  ForIDDESmodel,partitionscale췍disde-
finedas

췍d=췍fd(1+fe)dRANS+(1-췍fd)dLES (3)

wheredRANSrepresentsRANSscaleanddLESre-
presentsLESscale.

췍fd =max (1-fdt),f{ }B (4)

fB =min{2exp(-9α2),1.0} (5)

α=0.25-dw/hmax (6)

fdt=1-tanh[(8rdt)3] (7)

rdt= υt

κ2d2wmax{[∑i,j
(∂ui/∂xj)2]1/2,10-10}

(8)

whereυtiseddyviscositycoefficient,∂ui/∂xjis
velocitygradient,andκ=0.41.

Whenincomingflowcontainsturbulentfluc-
tuation,rdtismuchlessthan1,fdtiscloseto1,

and췍fd=fB,partitionscale췍disdefinedas
췍d=dWMLES=fB(1+fe)dRANS+(1-fB)dLES

(9)

  Whenfe=0,partitionscale췍disdefinedas
췍d=dDDES=췍fddRANS+(1-췍fd)dLES (10)

  Computationaldomainoftherotorwasdi-
videdintorotatingdomainandstaticdomaindue
totheuseoftheunstructuredoversetgridsalgo-
rithm,andthegridsweregeneratedrespectively
ineachsub-domain.Therotatingdomaincon-
tainedtherotorandthestaticdomaincontaineda
hole,andtherewasanoverlappingdomainbe-
tweenthetwodomains.Theinformationtrans-
missionbetweenthetwodomainswascarriedout
bythesearchandinterpolationofthetwosetsof
grids.Adaptivegridrefinementtechnique was
usedduringtheunsteadycomputationtoimprove
computationalaccuracyandbettercapturetipvor-
tex.Thegridwasautomaticallyrefinedwherethe
gradientoftheflowfieldparameterwaslarge.
Theoversetgridsalgorithmandtheadaptivegrid
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refinementtechniquehadbeenvalidatedinthe
previouswork[16].

2 ComputationalModelandGrids

  Inordertocomparewiththeexperimental
data,Caradonna-Tung(C-T)rotorwasusedas
theoriginalconfiguration[17],asshowninFig.1
(a).Theradiusoftherotoris1.143m,andthe
aspectratiois6.OnthebasisoftheC-Trotor,
theslotsystemincludingthreeslots (circular
pipes),whichbypassaslightamountoftheflow
throughtheleadingedgeandturnitinthespan-
wisedirectiontobeejectedoutofthefaceatthe
bladetip,wasdesigned,asshowninFig.1(b).
Thethreeslotsarethreeconcentricarcs.Thedi-
ameteroftheslotis0.067C,andthespacebe-
tweentwoadjacentslotsis0.157C,whereCis
thechordlength.Thehoveringcondition was
chosenforthesimulation,whichwasatablade
tipMachnumberof0.877,acollectivepitchan-
gleof8°,andtherotationspeedis2500RPM.

Fig.1 Computationalmodel

Thecomputationalgridwascomposedoftwo
setsofgrid:therotorgridandthebackground
grid,andtherewasanoverlappingdomainbe-
tweenthetwodomains,asshowninFig.2.The
numbersoftherotorgridcellsandbackground
gridcellswereabout5.4millionand1.5million,
respectively.Duringtheunsteadysimulation,the
gridwasadaptedaccordingtothegradientofthe
flowfieldparameter.

Fig.2 Computationalgrids

3 ResultsandDiscussion
3.1 Validation

Inordertocapturethevortexstructurewell,
theadaptivegridrefinementtechniquewasused.
Fig.3(a)showstheadaptiverefinedgridand
Fig.3(b)showsthevorticitydistributionofxz
crosssection,wherethecoordinateisnondimen-
sionalizedwiththerotorradiusR.Itcanbeseen
thattheadaptivegridrefinementtechniquepro-
videsgoodtechnicalsupportforthesimulationof
high-resolutionbladetipvortex.

Fig.4showstheMachnumberdistribution
oftherotorwithoutslotsatxzsection.Fig.5
showsstreamlinesoftherotorwithouttipslots.
Asshowninthefigures,whentheairflows
throughtherotor,itisacceleratedandthestream
tubecontractsaccordingtothelawofmasscon-
servation.
  Fig.6showsthedistributionofsurfacepres-
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Fig.3 Adaptiverefinedgridandthevorticitydistribution

Fig.4 Machnumberdistributionofthexzcrosssection

Fig.5 Streamlinedistributionofthexzcrosssection

Fig.6 Distributionofsurfacepressurecoefficientondifferentcrosssections

549No.6 ChenRongqian,etal.NumericalSimulationofAerodynamicCharacteristicsof…



surecoefficientCpondifferentcrosssections.As
showninFig.6,thecomputationalresultsagree
wellwiththeexperimentaldata,whichindicates
thevalidityofnumericalmethods.

3.2 Effectsoftipslotsontherotorbladetip
vortex

  Thecomputationalmodeloftherotorwith
tipslotsisshowninFig.1.Forthegridofthero-
torbladewithtipslots,averydensegridwas
generatedinandaroundtheslotbeforeinitialcal-
culationasshowninFig.7.Duetothelarge
rangeoftipvortexmotion,itisunbearableto
generateverydensegridinthewholecomputa-
tionaldomain.Sotheadaptivegridrefinement
techniquewasusedtocapturethebladetipvor-
tex.Thegridwasadaptedoncewhentherotor
rotatesacertainangle,andwasadapted28times
intotal.Thenumberofthegridcellsincreased
from7.37millionto24.23million.Fig.8isthe
contrastofthecomputationalgridneartherotor
bladetipbeforeandaftergridadaptation.

Fig.7 Griddistributionoftherotorbladetip

Fig.9showsthevorticityiso-surfaceofthe
rotorbladetipwithandwithoutslots.Itcanbe
seenthatthetipvorticesdevelopcontinuously
about900°inthecircumferencedirectionforthe

Fig.8 Contrastofcomputationalgridneartherotor
bladetipbeforeandaftergridadaptation

Fig.9 Vorticityiso-surfaceoftherotorbladetipvor-
ticeswithandwithoutslots

rotorbladetipwithoutslots,butonly540°for
therotorbladetipwithslots[18].Meanwhile,the
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radiusoftheslottedrotorbladetipvortexisen-
larged,whichembodiestheeffectoftipslotson
acceleratingthedissipationofthebladetipvor-
tex.

Fig.10showsvorticitydistributionsatthe
sectionalplaneacrossthecoreofthetipvortex,

whicharecomparedbetweenthebaselinetipand
theslottedtipforseveralnear-fieldwakeages.
Comparedwiththebaselinetip,thediameterof
thevortexcoreoftheslottedtipislargerandtip
vortexstrengthisweaker.Asthetipvortexmi-
gratesdownstreamawayfromthebladetip,the
tipvortexofthebladetipwithslotsisquickly
diffused,andthe maximum vorticityis much
smallthanthatofthebaselinebladetip,which
demonstratesthattipslotscanalleviatetherotor
bladetipvortexeffectively.

Fig.11showstheswirlandaxialvelocitydis-
tributionsinsidethecoreoftherotorbladetip

Fig.10 Vorticitydistributionsatthesectionalplane
acrossthetipvortexcore (theleftfigures
showthevortexofthebaselinetip,theright
figuresshowthevortexoftheslottedtip)

Fig.11 Swirlandaxialvelocitydistributionsinsidethe
coreofthetipvortexat29°wakeage

vortexat29°wakeage,whicharecomparedbe-
tweenthebaselinetipandtheslottedtip,where
Vθistheswirlvelocity,Vtipisthebladetipveloci-
ty,Vaxialistheaxialvelocity,andrrepresentsthe
radialposition.Theswirlvelocityofthevortex
centerisboth0,andthereareopposite-signpeak
valuesofswirlvelocityonbothsidesofthevortex
center.Thedistancebetweenthevortexcenter
andthepeakvaluesoftheswirlvelocityisdefined
astheradiusofthevortexcore[19].Asshownin
Fig.11,theswirlvelocityincreasesgradually
alongtheradialdirectioninsidethevortexcore
anddecreasesoutsidethevortexcore.Forthe
slottedtip,thepeakvalueoftheswirlvelocity
decreasesby30%,andtheaxialvelocityincreases
by63%comparedwiththatofthebaselinetip.
Sincethegreatertheaxialvelocityofthevortex
coreis,thefasterthebladetipvortexdecays,the
slottedbladetipvortexdecaysfasterthanthe
baselinebladetipvortex,whichindicatesthatthe
rotorbladetipwithslotscanalleviatethetipvor-
texquantitatively.
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Sincethepressureofthelowersurfaceislar-
gerthanthatoftheuppersurface,theairflowing
bypassthebladetipfromthelowersurfacetothe
uppersurfacegeneratesthebladetipvortex.As
showninFig.12,theairflowejectedfromtheslot
exitdisturbstheairflownearthebladetip,enlar-
gestheradiusoftheslottedtipvortexcoreand
reducesthestrengthofthevortex,whichreveals
themechanismthatthebladetipwithslotscan
alleviatethebladetipvortex.

Fig.12 Flowfieldofthecrosssectionneartherotor
bladetip(y=0.37C)

3.3 Effectsofthebladetipwithslotsontherotor
aerodynamiccharacteristics

Fig.13showstheliftfluctuationTofthero-
torwithtime.Itcanbeseenthattheliftofthe
rotorwithbaselinetipfluctuatesperiodically,

whilethatoftherotorwithslottedtipfluctuates
moreirregularly.Theaverageliftoftherotor
withorwithouttipslotsisalmostthesame.

Fig.14showsthedistributionofsectionallift
coefficientClalongthespanoftherotorblade.
Whenr/Rislessthan0.82,thesectionalairfoil
liftcoefficientoftherotorbladewithtipslotsis
smallerthanthatoftherotorbladewithouttip

slots.Whiler/Risgreaterthan0.82,thesec-
tionalairfoilliftcoefficientoftherotorbladewith
tipslotsislargerthanthatoftherotorblade
withouttipslots.

Fig.13 Liftfluctuationofrotorwithtime

Fig.14 Distributionofsectionalliftcoefficientalong
thespanoftherotorblade

Fig.15showssurfacepressuredistributions
oftherotorblade.Itcanbeseenthattherotor
bladetipslotsreducetheintensityoftheshock
waveandformalargerlowpressureareaonthe
uppersurfaceatthebladetip,whilethetipslots
reducetherangeofthelowpressureareaonthe
lowersurface.Thisisthereasonwhythesection-
alairfoilliftcoefficientoftherotorwithtipslots
islargeratthebladetip.

Fig.16showspressuredistributionofthe
airfoilondifferentcrosssections.Atthesection
of0.5R,sinceitisfarfromthebladetip,thereis
littledifferenceonthepressuredistributionbe-
tweenthetwotypesofrotorblade.Atthesection
of0.96R,thereisastrongshockwavestanding
ontheuppersurfaceoftheairfoilforthebaseline
tip,whiletheshockwaveisweakenedforthe
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Fig.15 Surfacepressuredistributionsoftherotorblade

Fig.16 Pressuredistributionoftheairfoilondifferent
crosssections

slottedtip,whichresultsinalargerlowpressure
areaontheuppersurfacefortheslottedtip.

Fig.17showsthesurfacepressurecoefficient
Cpoftheairfoilondifferentcrosssections.Atthe
sectionof0.5R,thereislittledifferenceonthe

surfacepressurecoefficientbetweenthetwotypes
ofrotorblades.Atthesectionof0.96R,the
strengthoftheshockwaveisreducedandthelift
oftheairfoilisincreasedatthetrailingedge,

whichresultsintheincreaseofthesectionalair-
foilliftcoefficientattherotorbladetip.Thisis
consistent with the phenomenon reflected in
Fig.16.

Fig.17 Surfacepressurecoefficientoftheairfoilon
differentcrosssections

4 Conclusions

  Effectsoftipslotsontheaerodynamicchar-
acteristicsofthehelicopterrotorhavebeeninves-
tigatednumericallyandthefollowingconclusions
canbedrawn.

(1) The computational fluid dynamics
(CFD)methodscombinedwithIDDES model,

theunstructuredoversetgridsalgorithmandthe
adaptivegridrefinementtechniqueareableto
simulatetheunsteadycharacteristicsoftherotor
bladetipvortexeffectively.Thecomputational
resultofsurfacepressurecoefficientisingood
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agreementwithexperimentaldataandtherotor
bladetipvorticesarecapturedwell.

(2)Thetipslotconnectingtheentranceat
theleadingedgetotheexitatthesideoftheblade
canenlargetheradiusofthetipvortex,reduce
thevorticitystrength,andacceleratethedissipa-
tionofthetipvortex.

(3)Althoughthetipslotmayleadtothede-
creaseofsectionalairfoil’sliftcoefficientatthe
root ofthe blade,itcanincrease sectional
airfoil’sliftcoefficientatthetipoftheblade,

thustheliftoftherotorwithtipslotsisalmost
thesameasthatoftherotorwithouttipslots.
Meanwhile,tipslotscanalsoreducetheintensity
oftheshockwave,whichisbeneficialtoreduce
thewavedragoftherotor.
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