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VISUALIZATIONSTUDYOF SECONDARYFLOWSINTURBINEROTORTITREGIONS

ByHubertW.AllenandMiltonG.Kofskey

suMMARY

Smokewasusedto visualizethesecondary-flowphenomenainthe
rotor-bladetipregionof a low-speedturbine,andmeasurementsofthe
factorsaffectingtheflowpatternswererecordedfromvisualobservations.

Cross-channelflowandpassagevortexformationobservedinrotor-
bladepassagesweresimilarto thosefoundin stationaryshroudedblade
rows.However,becauseoftheclearancespacesndrelativemotionbetween
bladetipandshroud,additionalflowsandmodificationsof cross-channel
flowresulted.Theclearancespacegaverisetoa tip-leakagevortexat
lowrotorspeedti;and,whentherelativemotionbetweenbladetipand
shroudwasof sufficientmsgnitude,a scrapingvortexwasprmiuced.

A regionofrotorspeedswithno definitevortexpatiernexisted
betweenthetip-leakagevortexregionandthescrapingvortexregion.
Thisregionoftransitionappearedto representa conditionofreduced
disturbanceInmainflowattherotor-bladetip. At largeclearances
wherethemainstreamairgovernedtheflowpattern,therotorspeedre-
quiredto reachtrsmsitionwasa functionofaxialairspeedanddidnot
dependon clesrance.Forsmallerclearanceswheretherotor-bladetip
wasintheshroudboundarylayer>trmsitiondependedon clesranceand
boundary-layervelocityprofile.Resultsoflargechangesinbladecamber
showedno observableeffectontransitionrotortipspeed.Increasesin
angleof incidencefromzeroresultedinincreasedtransitionrotortip
speeddueto increasesinthecomponentofairflownormalto themean
camberlineatthepointof smokeintroductionandobservation.bstalla-
tionofa flowfenceontherotor-bladetipasa meansofreducingtip-
clearanceflowacrossthebladetipfrompressureto suctionsurface
resultedina reductionoftransitionrotorspeed.

Preliminarycomparisonofresultsatlowspeedwithactualturbine
operatingdataindicatesthatturbinesnormallyoperateina regionwhere
scrapingeffectwouldbe expected.Althoughtheresultsobtainedfrom
thisinvestigationarenotintendedtobe applieddirectlytobladedesign
athigherairspeeds,theyshouldserveasa guideinextendingtheinvesti-
gationtohighervaluesofairspeedsandtipspeedswhichareencountered
inactualturbineoperation.

.— — - -—.———— -——.———— ——— — .— —.. .— —
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Oneoftheprincipal
understandingoftheflow

,,
problemsinthedesignof turbomachinesisan
processtakingplacethroughtheturbinerotor.

Plowphenomenaintherotor-bladetipregionwhererotortip-clesrance
spaceexistsarediscussedinreference1. Smoke-flowpatternsfora
two-dimensionalcascadehavinga movingwallindicatedthatairflowfrom
pressureto suctionsurfacethroughtheclesrancespaceresultedina
v“ortexne~ thecornerbetweenthewallandthesuctionsurface.In-
creasedwallspeedcausedformationofa vortexofoppositerotational
directioninthe sameregionduet-oa scrapingeffectoftheblade.It
wassuggestedthatatthe~roperwallspeeda balanceortransitioncon-
titionmightbe establishedbetweenthesetwotypesofrotation,with
theresultthatminimumflowdisturbancewouldexistintherotor-blade
tipregion.Thiscondition,if established,could,underactualturbine
operatingconditions,resultin a reduceddisturbanceinmainflowatthe
rotor-bladetip.

Inordertoinvestigatefurtherthesetypesofflowbehavior,smoke-
visualizationtechniqueswereappliedto a low-speedturbinesetup.This
constitutesa continuationof thefundamentalinvestigationof secondary
flowsinturbinebladepassageswhicharereportedinreferences1 to 3.
Theobjectivesofthepresentinvestigationwereto obtaina goodvisual
pictureofthetip-flowphenomenaandto determinewhatfactorsofblsde
geometryandtipconditioninfluenceorgovernthetypesof secondsry-
flowbehaviorencounteredat thebladetip.

Althoughtheresultsobtainedfromthisinvestigationsrenotin-
tendedtobe applieddirectlytobladedesignforhighspeeds,it isfelt
thataninterpretationofthesecondary-flowphenomenaobservedat low
airspeedswouldserveas a guideinextendingtheinvestigationto air-
speedsandtipspeedsencounteredinactualturbineoperation.

Inthepresentinvestigation,therefore,photo~aphsaswellas
visualobservationsoftheinfluenceofbladegeometry,solidity,and
tipconditionsontipsecondary-flowphenomenaweremadeattheNACA
Lewislaboratoryby independentlyvaryinginletbladeangle,camber,tip
clearance,andairspeed,andvaryingthesolidityina low-speedturbine.

APPARA!I’USANDPROCEINRE

‘lestUnit

A schematicviewofthetestunitusedintheinvestigationis shown
infigure1. Theoutercasing(hereinafterreferredtoas theoutershroud)
wasconstructedofLucitetofacilitatetheuseofa lightsynchronized
withthebladesforvisualinspectionandphotographyof thesmokepattern .
throughtheturbine.Thespeedof therotorwascontrolledby a variable-
speedelectricmotor,andtherotorspeedwasmeasuredwithan electric
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tachometer.Airtothetestunitwassuppliedby thelaboratorycombus-
tionairsystemandwasdischargeddirectlyintotheroom. Theaxial
airvelocitywasdeterminedby severalindependentmethods,thefinal
valuesof velocitybeingobtainedthroughtheuseofa Hastingselec-
tronicmanometer,whichwascalibratedagainsta thin-plateorifice.

Introductionof smokeusedforobservationofthesecondary-flow
behaviorwasgenerallymadethroughtheLuciteoutershroudatan @al
locationcorrespondingto approximatelytherotor-blademidchord.Smoke-
flowpatternsofthecross-channelflowandpassagevortexwereobtained
by introducingsnmkethroughtheshroudatanaxiallocationjustahead
oftherotor-bladeleadingedge.Smokewasproducedbyburdngoil-soak&l
cigarsina forceddraftofair. Therateof smokeprciiuctionandinjec-
tionintotheairstreamwascarefullycontrolledby a pressureregulator
soastomatchcloselythelocaldirection,velocity,anddensityofthe
airstresm.

NozzleBlades

A setof48 airfoil-shapednozzlebladeshavinga hub-to-tipradius
ratioof0.730amda tipdiameterof16.250incheswasdesignedfora con-
stantdischargeangleof3b.2°fromtangential.Thesenozzlebladeswere
alsoresetfora constantdischargeangleof37.2°fromtangential.A
completedescriptionofthebladeswithprofilecoordinatesisgivenas
bladetypeB inreference2.

RotorBlades

Threesheet-metalcirculsr-arcrotor-bladeconfigurationswhich
differedmad.nlyinamountof camber(20°,61°,and98°)anda conventional
airfoil-typeblsdeof70°camberwereinvestigated.Therotorconsisted
of29bladesforthecticular-arcbladeconfigurationshavingtipchord
lengthsof2.15,1.87,and2.12inchesforthe20°,61°,and98°blades,
respectively.Therotorfortheconventionalairfoil-typeconfiguration
consistedof 60bladeshavinga tipchordlengthof 1.lJ’5inches.The
bladetipsolidifies,therefore,were1.23,1.07,1.21,and1.31forthe
20°,61°,98°,and70°rotorblades,respectively.Thecircular-arc
sheet-metalbladesweremountedon circularbasesh therotordiskto
facilitatechangesininletbladeangle(angleformedbytangenttoblade
csmberlinenesrleadingedgeandtangentialdirection). Theairfoil-type
rotorblade,however,hadtheconventional.mountingbase,whichprevented
anychangesinbladeinletangle.Profilesoftherotorbladessreshown
infigure2.
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TestProcedure

Thethreesheet-metalcircular-arcrotor-bladecotiigurations

3!519

theairfoil-typebladew=e investigatedovertherangeofvariables
shownintableI. Nozzleandrotor-bladenomenclatureis showninfig-
ure3; symbolsaredefinedintheappendix.Theinfluenceofbladegeom-
etryandtipconditionsonrotortipsecondary-flowphenomenawassystem-
aticallyinvestigatedby independentlyvsryinginletbladeangle,csniber,
solidity,tipclesmnce,sm.d@speed.

&*
m

Observational.Procedure

b orderto eliminateanypossibleeffectontheresultsdueto a
variationin smokepatternalongthebladetipfromleadingtotrailing
edge,a singleemokeinletwasusedforalldatatobeplotted.The
smokeinletthroughtheoutershroudwaschosentobe slightlyupstresm
oftherotor-blademidchordPOsition.

Themethodusedforstudyingthefactorsgoverningsecondary-flow
phenomenaintherotortipregionrecy.dredthedetermb.ationofrotor
speedwhichproduceda givenreferencepatternintheflowdevelopment.
~ansitionbetweenthetip-clearance-typeandscraping-typeflow(ref.1)
wasthoughttohe a desirableconditionbecauseofreducedflowdisturb-
ance.Therefore,thisregionin secondary-flowdevelopmentwasconsidered
tobe advantageousas a reference.However,atthisconditionnowell-
definedsmokepatternwasformed.Hencethetransitionregionwasidenti-
fiedby tskingtheaveragebetweentheminimumrotorspeedrequiredto
producethesmapingvortexendthemax@umrotorspeedreqtiedtopro-
ducethetip-leakagevortex.5is couldbe doneeitherphotographically
orvisually.

Becauseoflimitationsinphotographictechniques,visualobserva-
tionweremoredependableandmuchlesstimeconsuming.Undermany
conditions,however,evenvisualobservationwasdifficult.Values
ofrotorspeedrequiredforonsetofthescrapingvortexorofthetip-
leakagevortexwerenotwelldefinedbecauseof slownessofvariationin
patternwithrotorspeedandbecauseofdifferencesinpatternappearance
fordifferentconfigurationsandflowconditions.Therefore,determina-
tionofrotor-speedvaluesdependedon establishmentof arbitrsry
standardsfortheshapeofthepattern.Measurementsweresubjectivein
natureinthatmemoryofreference-patternshapeswasrequiredforcom-
parisonofrotorspeedsobservedunderdifferentconditions.Atispeed,
tipclesrance,bladeinletangle,andcsmiberaffectedthesh~ness and
shapeof anygivenpattern.Hence,inaccumulatingthedatareported
hereti,muchcarewasrequiredb findingsimilaridentifyingcharacter-
isticsforaXlthevariationsinappearanceofther~erencepattern,and
theindividualvaluesofrotorspeedobtainedwereunderstandablylimited
inaccuracy.Althoughtheplotsof originaldatashowmuchscatterof

L,

points,theresultsshowunmistakabletrends.
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RESULTSANDDISCUSSION

GeneralDescriptionofSmokePatterns

Inreference1 srereportedvisualandphoto~aphicobservationsof
a numberofblade-end-regionsecondaryflowsin a two-dimensional.cascade
withmovingwall.Amongthesewerecross-channelflow,tip-clearance
flow,anda scrapingeffect,eachresultingin a vortexformationinthe
bladepassage.Thesehavebeenobservedinthesamegen=slforminthe
rotortipregionofthepresentlow-speedturbine.

Inthisinvestigation,theflowsastracedby smokeinvolvedonly
airinorfromtheouter-shroudboundarylayer.Theflowsmaybe divided
intotwogeneraltypes.Onetype,includingthecross-channelandscraping
flows,hada relativevelocityacrossthechanneloppositetothedirection
ofrotormotionandculminatedina vortexwhichwasclockwiseasviewed
lookingintotherotorexit.A vortexwiththisrotationappearedwith
therotorstationaryormovingatlowspeeds(thepaasagevortex)and
anotherathighrotorspeeds{thescrapingvortex).Theothertype,tip-
clearanceflow,hada relativevelocityinthedirectionofrotornmtion
throughtheclearancespacebetweenthebladetipandtheshroudand
culminatedIna counterclockwisevortexatlowrotorspeeds(thetip-
leskagevortex).

Eachof thetwotypesofflowwasthoughttobe theresultantof
threevelocitycomponentsintheboundarylayer,eachbeingtakeninthe
directionacrossthechannel.Thesecomponentsweredueto (1)the
Cross-chmelpressuredifference,(2)theboundary-layerveloci~atthe
rotorinlet,and(3)therotormotion.Dependinguponthemagnitudesof
thesecomponents,oneorbothofthetwotypesofflowusuallyappesred
ina bladepassage.However,fora givenpassageconfigurationandflow
condition,a rangeofrotorspeedsexistedforwhichtheseboundsry-layer
secondary-flowdisturbancesappearedtobe ata minimum.Thishasbeen
termeda transitioncondition.As wouldbe expected,theconditionsunder
whichtrsmsitionappearedinvolvednotonlyrotorspeedbutalsotheblade
andflowparameterswhichaffectedthevelocitycomponentspreviously
mentioned.Evaluationoftheinfluenceof theseparametersonbl.ade-
passagesecondary-flowpatternswasoneoftheprincipalobjectivesof
thepresentinvestigation.

Themethodusedfortheevaluationinvolvedsystematicchsngesin
bladeandflowparameters.Suchchangesinfluencedthepreviouslynoted
velocitycomponentswhichwereduetothecross-channelpressurediffer-

‘ enceandtheboundary-layervelocityattherotorinlet.Theamountof
suchinfluencewasmeasuredby observm therotorspeedrequiredto

.
producethetransitionconditionforeachpassageconfigurationandflow
condition.!Ihnsitionwasobservedby theuseof smokevisualization.
Thetransitionconditionwasof interestin itself,becauseitappeared
topresenta patternofminimumflowdisturbance.

_—._—. . ~__ .-. -z— ... .... _.—
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Beforediscussionofmeasurementsoftherotorspeedrequiredfor
transition,a generaldescriptionoftheflowsasobservedhereinwillbe
presented.FlowsdiscussedwilLincludecross-channel,tipclearance,
andscrapingflowswiththeirresultingvorticesandtheflowinthe
rotor-speedregionoftransitionwheretherewasminimumdisturbanceof
normalflow. Smoke-patternphotographswillbe includedtoaidinvisual.-
i.zingtheflows.Thesamepatternsappearedforallbladeconfigurations,
butnotallcouldbe readil.yphotographed.Eachofthephotographswas
selectedto showa typeofpattern,asindicatedby thediagramaccom-
pan@g it. Extraneoussmokeappearinginthephotographswasdueto
diffusionofthesmokefromthepatternintothesurrounding.air.asit
moveddowmstresm.5is diffusionwasaggravatedrapidlyas airspeedin-
creased.Thusmostphotographsof vorticesshowthesmokedefiningonly
a singleturnor less.

Cross-channelflowandpassagevortex.-Withtherotorstationary
andwiththerotor-bladetipclearancelessthantheinletboundary-lay=
thicknessontheoutershroud,cross-channelflowtowardtherotor:blade
suctionsurfaceappesredontheshroud.Thisoccurredinmuchthesame
wayasin a shroudednozzle(ref.3)wherethenatureoftheflowwas
governedchieflyby theturningofthechmnel. Themaindifference
hereinwasthatsomeof theboundary-layerairnearestthepressuresur-
facewasforcedthroughtheclear.mcespaceinsteadof overturdngtoward
thesuctionsurface.As in someshroudednozzles,thepassagevortexalso
appeared.

13.Ifigure4 areshownviewsthroughthetransparentoutershroudof
cross-channel-flowpatternswithroll-upinpassagevorticesasthesmoke
a~roachedthesuctionsurface.Thebladesshowninfigure4(b)werethe
sameasthoseinfigure4(a),exceptthatthesoliditywasdoubledforthe
fOrmer. It canbe seenthatthepatternswerethesameinessenceand
differentonlyindetail.Theconfigurationsinvolved(A2 and A6)me

describedintable1. Figure5 showsthebeginningofthepassagevortex
withcloc~se rotationas viewedfromdownstream.Herethecross-passage
motionofthesmokeontheshroudwastowardthebladesuctionsurfaceon
therightuntilit suddenlydippedawayfromtheshroudandturnedtowsxd
theleft.Aboutone-halfturnoftheC1Ockwiserotationisshown.

Theeffecton cross-channelflowof anincreaseintipclearance
withtherotorstationaryis showninfigure6. Forfigure6(a)theblade
tipwaswellinsidetheouter-shroudboundarylayerattherotorinlet.
As thecroas-channelflowapproachedthesuction‘surface,itreacheda
pointwhereitrolledup inthepassagevortex,whichcarrieditdownstream
towardtherotorexit.Figure6(b)showsthebladetipstillinthebound-
arylayer,buttheroll-~-wasa littlefartherfromthe
becauseof an increaseinthetip-clearmceflowthrough
clearancespace.

●

suctionsurface ,.
thewidened

.
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Thediagraminfigure6(c),descriptiveoffigures6(a)and(b),
showsthat,whenthebladetipwasintheboundarylayer,themainstream
flow(solidline)nearthebladetipfollowedthebladecontourapproxi=
mately.Flowthroughtheclearancespaceincreaseds13.ghtlywithincrease
intipclearancebutwaskeptsmallby viscosityeffects,andthecross-
channelpressuredifferencewasmaintainedwithonlya littlereduction
dueto suchflow.Thecross-channelflowobserved(dashedline)hada
largecomponenttowardthesuctionsurface.Thisresultedfromtwove-
locitiesinthecross-channeldirection.Onewasthecross-channelcom-
ponent(ifany)resultingfromtherelativeboundary-layervelocityat
therotorinlet.Theotherwasintroducedby thecross-channelpressure
difference.

Thephotographsoffigures7(a)and(b)showtheeffectofincreasing
thetipclearanceuntilthebladetipwasinthemainstreamoutsidethe
shroudboundarykyer. Onlya smallamountof smokeremainedinthe
boundarylayerlongenoughtomapoutthecross-channelflow. Thissmall
amountof smokeindicatedthatthecross-chsmnelflowwaslessprominent
andtheroll-upoccurredfartherfromthesuctionsurfaceatthesetip
clearmcesthanforthetipclearanceoffigure6(b).

Thediagramoffigure7(c)showsthatmainstreamflowinthevicinity
ofthebladetipspilledthroughtheclearancespace,reducingthemain-
streamturninginthepassagenetitheshroudboundarylayer.Thismeant
thatthecross-channelpressuretiferenceintheboundarylayerandits
effectonboundary-layervelocitywerealsoreduced.Thusthecross-
channelflowhadonlya smallresultingcomponentinthedirectiontoward
thesuctionsurface.Intheclearancespacebetweentheactual.bladetip
andtheshroud,thepressuregradientwasreversedsothatbothboundary-
layerandmainstreamflowsthroughtheclearancespaceacquireda locally
reversedturningas showninfigure7(c).

Whentherotorspeedincreasedfromzero,thecross-channelflowwas
increasedby theadditionoftherelativevelocitycomponenttowardthe
suctionsurfaceduetotherotor-bladetipspeed.

Tip-clearanceflow.- Whentherotorwasstationaryormovingat
verylowspeeds,theboundary-layerairnearthecornerbetweentheouter-
shroudsurfaceandthepressuiesurfaceleakedthroughthetip-clearance
space.Itremainedneartheshroudafterpassingthebladetipuntilit
encounteredthecross-channelflowinthenextpassage.Themeetingof
thesetwooppositelydirected* streamsresultedinbothturningiaway
fromtheshroud.Figure8(a)showsthetip-clearsmceflowintheprocess
ofturning.Thisstarteda counterclockwiserotationalmotionandbegan ‘-
theformationofthecounterclockwisetip-leakagevortex.Thephotograph.-.
alsoshowssomeofthesmokeenteringtheclockwisepassagevortex,al-
thoughthisvortexwasformedfromcross-channelflowinto.whichno smoke
hadbeenintroduceddirectly.

— ..— —— —. ..-.-—--——.———— —— ————— —- .. ..— —. ..——
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An exampleof a well-definedtip-leakagevortexis showninfigure
8(b). Formostconfigurationsthetip-leakagevortexwasweakandnot
well-defined,asinfigure8(a). However,visualindicationsof counter-
clockwiserotationseemedalwaystobe presentwhentherotorspeedwas
sufficientlylow.

Withtherotorstationaryandthebladetipintheboundarylayer,
increasesintipclearanceresultedinincreasesinboundsry-layerair
flow’throughtheclearancespaceandconsequentlya slightlyreduced r-
pressuredifferenceacrossthebladetipandacrossthechannelinthe mlF
boundarylayer.Theinfluenceofpressuredifferenceonbothcross- W

channelflowandtip-clesranceflowwasthereforeslightlyreduced.

wet boundary-layervelocityat thebladetipincreasedwithin-
creaseindistanceofthebladetipfromtheoutershroud.Therefore
therewasa similsrincreaseinthecomponentofboundary-layervelocity
inthedirectionoverthebladetipatthepointof observation.This

J

increasewasdirectedin sucha wayastoreinforcethetip-clesrance
flowanddiminishthecross-channelflow. Thepointwheretheseflows
metandrolledupwouldappeartohavebeena functionofthevelocities
involved.As a result,astipclearancewasincreased,thepointof
vortexformationdueto interactionbetweenthetwoflowsmovedfsrther
fromthesuctionsurface.Thiseffectcontinuedwithincreaseintip
clesranceuntilthetipclearancewasoftheorderofmagnitudeofthe
boundary-layerthiclmess.Beyondthisvalueoftipclesrancetheeffect
ofinletboundary-layervelocityonthelocationofthepointofvortex
formationremainedconstantwithtip-clearancechsnges.

As rotorspeedincreasedfromzero,theboundary-layerflowsrelative
tothebladeswerechanged.Blademotionreinforcedthecross-channel
flowanddiminishedthetip-clearanceflow.As a result,thepointof
interactionbetweenthetwoflowssndof vortexformationapproachedthe
suctionsurface(figs.9(a)and(b)).

Transition.- Foreachbladeconfigurationandflowconditiontested,
therewasa limitedrangeofrotorspeedsforwhichvortexformation
appesredtoreacha minimum.Aboveandbelowthisrotor-speedrange,
vortexformationswereobserved,althoughtheseformationsdifferedfrom
eachotherincharacter.Thisparticularrotor-speedregionappearedto
representa transitionbetweenrotor-speedregionsofdefinitevortex
formation.Figures10(a)and(b)illustratethesmokepatternsobserved
fortransition.It canbeseenthatthetip-clearanceflowturnedtoward
thehubasinfigure9 as M to starta counterclockwisevortex.However,
thepointofinteractionbetweencross-chsnnelandtip-clearanceflows
appearedtohaveapproachednearenoughtothesuctionsurfacetoprevent .

vortexformation.

Scraping.-Withincreaseinrotorspeedbeyondthetransitionre-
.

gion,anothervortexappearedas shownbyfiguresn(a) to (c). Its

.—— —————— .
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clockwiserotationaldirectionwasthesameasthatofthepassagevortex.
Sincethemotionof.therotorbladerelativetotheshroudboundarylayer
ratherthanthecross-channelpressuredifferencewasofprimeimportance
introducingthisvortex,ithasbeentermeda scrapingvort= (ref.1).
Thisisnotmesnttoimplya distinctionintheactualmechanicsoffor-
mationforthescrapimgvortexas opposedto thepassagevortex.A dis-
tinctionismadeonlyinthefactorsprimarilyresponsibleforproducing
boundary-layer-flowcomponentsnormalto thebladesuctionsurface.

A ecrapingvortexwasfoundtoformfromboundary-layerairwhether
thebladetipwasinsideoroutsidetheboundary-layerregion.Inthe
formercasethephysi&alpresenceofthebladeprobabl.yproducedthe
roll-up.l’helattercaseisillustratedby thephotographinfiguren(d),
wherethemotionofthepressurefieldinthevicinityofthebladetip
wasprobablyresponsibleforturningtheboundary-layer0 awayfromthe
shroudandrollingitup.

ShroudBoundary-LayerConsiderations

Thenatureandthicknessoftheboundarylayerontheout= shroud
wereofinterestbecauseofthebehavior.ofthesmokepatternastherotor
tipclearancewaschanged.Earlierwork(ref.2) showedthattheshroud
boundsrylayerlea- a nozzlebladerowwasnonuniform,varyingin
thicknessacrossthenozzlepassage.Therangeappesredtobe fromprac-
ticallyzeroto 1/10of aninchormore,dependingon air-flowconditions.
we low-thicknessvalueswereforairleavingthenozzlepasssgenearthe
pressuresurf=e. Thehighervalueswereforthelossregionleavingthe
nozzlepassagenearthesuctionsurface.Thisvariation,togetherwith
thedisturbancewhicha movingrotor-bladetipmayimparttotheboundary
layer,leavestheMormity oftheshroudboundarylayerinthevicinity
of a rotorsomewhatindoubt.

Ontheaversge,theouter-shroudloundarylayerattherotorinlet
wouldbe expectedtobe laminsrbecauseofthelowatispeedsusedinthis
investigation.A calculationof itsthicknesscanbemade,basedonan
equivalentflat-platelengthfromnozzletrailingedgetorotorleading
edge.Sucha calculationwasfoundto agreeinorderofmagnitudewith
indicationsofboundary-layerthicknessobtainedfromobservationsmade
whenchangingthetipclearance.

Underoperatingcotiitionsinanactualhigh-speedturbine,thecor-
respondingboundarylayerwouldbe turbulent.Theparameterssffecting
turbulentandlsmina.rboundsry-layerflow,however,arethesame.There-
fore,over-allqualitativesimilaritymightbe foundbetweenthesecond-
aryflowsduetothetwotypesofboundarylayer.

———. — .——-— -—— —— —.
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Thefollowingmannerofassigningresponsibilityforchangesin
transitionrotortipspeedwithchangesinconfigurationor inflowcon-
ditionswasfollowedinmostofthecasestobe discussedinthissection.

Resultsindicated,ingeneral,thata changeinconfigurationor in
flowconditionwhichcausedan increaseor decreaseincross-channelpres-
suredifferencedidnotby thismeansaffecttransitionrotortipspeed. F

N
Thisapparentlywasbecausethecross-channelpressuredifferenceinflu- F

m
encedbothcross-channelflowandtheoppositelydirectedtip-clearance
flowtoroughlythesameextent,andtherelativemagnitudesof these
twoflowsdeterminedtransitionrotortipspeed.

However,a changeinconfigurationor inflowconditionwhichcaused
an increaseor decreaseintheinletboundary-layervelocity(orrather
initscomponentnormaltothemeancamberlineat thepointofobserva-
tion)seemedtherebyto sffecttransitionrotortipspeed,possibly
becausethiscomponentactedina directiontoaidtip-clearanceflow
andopposecross-channelflowandthusupsetanypreviousbalancebetween
them. Therotorspeedthenhadtobe adjustedtorestorethebalance
requiredfortransition.

Effectofair-flowrate.- Theobservationsshowedthatthetransi-
tionrotortipspeed,,takenas theaveragebetweenthehighestrotortip
speedfortip-leakagevortexformationandthelowestrotortipspeedfor
scrapingvortexformation,increasedwithincreasingair-flowrate(as
measuredbymainstreamaxialairspeed)whenotherindependentvariables
werekeptconstant.Datascatterdidnotpermitaccuratedetermination
oftherateof increase.However,intheair:flowrangetested,forthe
largesttipclearancesthetransitionrotortipspeedUt increasedat
aboutthesamerateas themainstreamaxialairspeedVx or,possibly,
ata slightlygreaterrate. Inotherwords,theratioUt/Vx wasa con-

stantor increasedcmlyslightlywithincreasein Vx. An averagecon-

stantvalueof Ut/Vx forlsrgetipclearanceswasestimatedforeach

configurationtested.At thesmallertipclearancestested,theratio
Ut/Vx showeda pronouncedincreasewithincreasein Vx.

An increaseinaxialairspeedwouldincreaseboththecross-channel
pressuredifferenceandtheinletboundary-layervelocity.An increase
incross-channelpressuredifferencewouldbeexpectedto increaseboth
tip-clearanceflowandcross-channelflowandhavelittleifanyeffect
on transitionrotortipspeed,whichwasan indicationof therelative
magnitudesoftheseoppositelydirectedflows.However,an increasein
inletboundary-layervelocitywouldincreasetip-clearanceflowandde- “

creasecross-channelflow,becauseof theincreasedtangentialcomponent,
andthereforeprobablywasmainlyresponsiblefortheincreaseintran-
sitionrotortipspeedUt as Vx increased.

.

. . ..—— —— ——
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Effectoftipclearance.- Sinceatlargetipclearancestheratio
oftransitionrotortipspeedto mainstreamaxialairspeedUt/Vx was

a constantornearlya constantas airspeedwaschanged,thisratiowas
thoughttobe usefulin comparingdataat smallerrotor-bladetipclear-
ances.!lipclearances wasconsideredintermsoftheouter-shroud
boundary-layerthickness5 attherotorinlet.Datawereplottedwith
Ut/Vx asortite and s/5 asabscissaforallconfigurations,as shown

infigurelZ. Foreachvalue’oftipclearance,sixpointswereplotted,
representingsixboundary-layerthiclmesses(oneforeachmainstream
axial*speed used).

Thetransitionbandchangedgraduallyintothetip-leakagevortexon
onesideandthescrapingvortexontheother.As rotorspeedwaschanged
in eitherdirectionfromthetransitionregion,thevortexformationstook
shapeslowly,sothattheedgesofthetransitionbsmdwerefarfrom
sharp. Thesmokepatternsusedformeasurementoccurredatvaluesof
Ut/Vx differingfromthemeanordinatesplottedfifigureE by roughly

_&3.15at largetip-clearancevalues.

Thesecurves,takenas a whole,indicatethatthereweretwosignif-
icantregionsoftipclearance.Intheregionof smalltipclearance,
0.023and0.040inch,thereis a sharppositiveslopeindicatingthat
U.@x wasdefinitelyincreasingwiththetip-clearanceratio.This

wouldbe expectediftherotor-bladetipwasintheouter-shroudboundary
layer,sinceairspeedintheboundsrylayerflowingthroughtheclearance
spaceincreasedwithdistancefromthewsll. Intheregionoflargetip
clearance,a straightlineofzeroslopewasdrawnthroughthepoints.
ThisstraightMne seemedtorepresenttheeffectoftipclesranceon
U@x moderatelywelJinthistip-clearanceregion.Theuncertainty

withrespecttotheeffectofairspeedon U~Vx is indicated.bythe

tendencyofthesixpointsfora givenclearance,representingdifferent
mainstreamairspeeds,to showortiatesincreasingsomewhatwithairspeed.
Thistendency,however,didnotappearforallconfigurationsendmay
havebeendueto theuncertaintyinherentintheexperimentalmetiod.

Thekneeofthecurvewasthoughttogiveanabscissarougllyrep-
resentingtheeffectiveedgeoftheboundarylayer.On thisbasis,the
averageboundary-lsyerthiclmesswasapproximately0.07inchatthelowest
airspeedused.

TheortinatesofthehorizontalstraightlinesinfigureIZprovided
convenientvaluesforcomparingresultsobta+nedwithdifferentconfigu-
rationsandflowconditions.

Effectofrotorangleof incidencei. - Infigme 13 iS shownthe
changeinthevalueof forlargetipclearances(s/5>1,horizon-

tallinesinfig.l.Z)astheconfigurationwaschaagedtowardmorepositive-

_ -. -—. —_—— —— _—— —.
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anglesof incidence.Theconfigurationrepresentedby eachcircleis
indicatedby theletteringinthecircle,withthecorrespondingdata
beinggivenintableI. Theanglesof incidencewerecomputedforlarge
tipclearances,assumingthatinthisregionUt/vx didnotchangewith

airspeedsothatthisratiotogetherwith a and 0 determinedthein-
cidenceangle.Both a and 6’werechangedthroughwideranges,and
bothwerefoundtoaffectUt/Vxby theirinfluenceon theangleof
incidence. .

:
An increaseinangleof incidencefora givenaxialvelocitywould

meanan increaseinthecross-chafielcomponentof inletboundary-layer
M

velocity(towardthepressure-surfacesideoftheblade).Thiscomponent
tendsto increasetip-clearanceflow(towardpressuresurface)whilede-
creasingcross-channelflow(towardsuctionsurface).Thus,thepoint
of vortexformationwouldbemovedfartherfromtherotor-bladesuction
surface.An increaseinpositiveangleof incidencewouldtherefore d
requirea higherrotorspeedtoc~ensateforitinordertoreachthe
transitioncondition,as showninfigure13. A studyof datawheretip
clearanceislessthanboundary-layerthicknessindicatesthata similar
trendappears,asangleof incidenceischanged,as thatwhichappears
forlargetipclearance.Thetrendismuchlesspronounced,sothat
angleof incidencemayhavea muchsmallereffecton transitionrotor
tipspeedforsmalltipclearancesthanforlargetipclearances.

Alsoincludedinfigure13arepointsrepresentingthreeconfigura-
tions(A6,A7,andBl)whichhadcharacteristicsthatmightcausethem

torepresentexceptionstothecorrelationwithangleof incidence,alt-
houghone(A6)actuallywasnotan exception.Thesewillbe discussed

inthefollowingparagraphs.

Effectof solidityandsuction-surfaceseparation.- Configura-
tion A6 hada soliditytwicethatfor A2. Otherwisethetwowerethe

same.Thetwopointsrepresentingtheseconfigurationsinfigure13 are
adjacenttoeachother,indicatingthatdoublingthesolidityhadlittle
ifanyeffecton thetransitionrotortipspeed.Doublingthesolidity
decreasedtheexitdeviationangleconsiderablyandprobablyeliminated
orgreatlyreduceda regionof separationon thesuctionsurface.Thus
itappearsthatsuction-surfaceseparationwasnotanappreciablefactor
inproducingtheflowpatternsobserved,althoughitalmostcertainly
accompaniedthehighpositiveanglesof incidencewhichdidaffectthe
flowpatterns.

Effectofbladeprofile.- Thevalueof Ut/Vxplottedinfigure13

——

andrepresentinga largetipclearanceforconfigurationB1 wassomewhat “

lowerthanfortheunmodifiedcircular-arcsheet-metalblSdes.Thiscon-
figurationhadanairfoilshapewithroughlythesamesolidityas the
others(exceptA6),althoughthechordandpitchwereonlyabouthalfas

— k.
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great.Thesecharacteristicsmayhavebeenresponsiblefortheobserva-
tionthatsmokepatternsof vorticestendedtobe sharperandmorecon-
centratedforthisbladethanforthecircular-arcblades.Sinceany
changeinappearanceof thesmokepatternsincreasedthedifficultyof
maintaininga fixedreferencepattern,thismaybe atleastpartially
responsibleforthelowvaluefoundfor TJJVX.

Effectofflowfence.- ConfigurationA7 hada flowfenceconsist-

ingofa thinsheetofmetalextendingcircumferentially1/4inchout
fromtherotor-bladepressuresurfaceatthetip. Othertiseconfiguration
A7 wasthesameas Az. Theflowfencewasthoughttohaveno influence

on inletboundary-layervelocity.However,figure13 indicatesthatthe
flowfencecauseda reductionin Ut/Vx,sincetheordinateforconfigu-

rationA7 islowerthanthatforconfigurationA2.

Thepresenceofa flowfenceon thebladeisthoughttohavecaused
a distortionof thepressuredistributionacrossthebladetipandpas-
sagein theouter-shroudboundarylayer.By blockingthespillagefrom
nearthepressuresurface,theflowfencereducedtheamountofbladetip
unloading.Thereforethepressuredifferenceandprobablyalsothepres-
suregradientinthecross-channelflowregionwereincreased.However,
thepressuregradientgoverningtip-clearanceflowwasprobablydecreased
becauseof theincreasedpathlengthacrossthebladetip. Also,viscous
forcesopposingflowoverthetipmayhavebeenincreasedbecauseofthe
increasedpathlength.Theseeffectsarethoughttohavebeenresponsible
fora tip-clearanceflowwhichwasnotincreasedwithincreaseincross-
channelpressuredifferenceas itnormallywouldbe,andhenceforthe
lowvalueof transitionrotortipspeedindicatedforconfigurationA7
infigure13. .

Effectofrotor-bladecamber.- Dataforthreevaluesofrotor-blade
tipcauibercoveringa rangeof 780forthedesigncamberangleq are
in~ludedinfigure13. Bladetipchordswereaboutthesameforall
blades.ConfigurationsA3 and Cl,forexample,hadvaluesof g dif-
feringby 37°. Neverthelessthetransitionrotortipspeedswerenot
muchdifferentforthesetwoconfigurations,as indicatedby thetwo
pointsrepresentingtheminfigure13. Similarly,configurationsC3
and D1 hadvaluesof q differingby 410,buttheirtransitionrotor

tipspeedswerenotgreatlydifferent.Therefore,itappearsthatany
effectrotor-bladetipcambermayhavehadon transitionrotortipspeed
wastoosmalltobe observedinthisinvestigation.

Thisresultwouldbe expected,sinceanincreaseinbladecamber
wouldbe feltthroughan increaseinmainstreamflow-pathcurvature.This
wouldincreasethecross-channelpressuredifference.Thusbothcross-
channelflowandtip-clearanceflowwouldbe increasedwithnegligible
neteffecton transitionrotorspeed.Furthermore,sincefigure13refers
tolargetipclearances,flow-pathcurvatureintheneighborhoodofthe
shroudboundarylayerwasnotinfluencedgreatlyby changesinbladecam-
ber,so thatforlargetipclearancestheeffectsonboundary-layer-flow
components,duetochangesinbladecamber,weresmall.

-.-—.— —.— ——— ——-—. — ..—.-
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High-Speed-TurbineOperatingConditions

Inturbinenozzlesthesecondary-flowpatternsarequalitativelythe
ssmeatbothlowandhightispeeds(ref.2). Thesamemaybe trueof
secondaryflowsintherotortipregion.Thatis,passage,tip-leakage,
ad scrapingvorticesmsya~earathighaswellasat lowairspeeds.
If so,sincetipclearanceandangleofincidencewouldfall.inthessme
rsngesfora high-speedturbineasforthoseofthepresentinvestigation,
itisdifficultto seehowchangesinthesequantitiescouldhaveflow-
patterneffectsqualitativdymuchdiff-entathighthanatlowspeed. &~

Howevm,theeffectontransitionrotortipspeedofairspeed
itse~,particularlyina quantitativesense,isdifficultto estimate
sofarbeyondtheobservedrsnge.Thedatareportedherein,therefore,
arenotintendedfor&&ectapplicationtohigh-speed-rotordesign,but
shouldbe usefulas a guideinextendingtheinvestigationtohighspeeds
wherevisualizationtechniquescsmnotbe used.

Dataondesignoperatingconditionsforseveralcommercialaircraft
turbinesgivevaluesof U/Vx whichsreabove1.0. Thisismuchhigher
thanthetransitionregioninthelow-speedtmbineatzeroangleof
incidence(fig.X5). Thusitispossiblethatin investigationsathigh
speedsitwillbe foundthatconventionalrotorbladeshavetheirdesign
operatingpointsintheregionofoperationthatgivesa scrapingvortex

the

itsattendantlosses.

SUMMARYOFRESULTS

Theresultsof a visualizationstudyof secondary-flowphenomenain
rotor-bladetimreaionof a low-soeedturbinearenotintendedtohe

applieddirectlytobladedesignforhighspeeds.Theinterpretationof
thesecondary-flowphenomenaobservedat lowairspeedsshouldserveasa
guideIn extendingtheinvestigationto ah speedsencounteredinactual
turbineoperation.

Theinvestigationconsistedessentiallyinmeasuringtheeffectsof
changesinbladeandflowparameterswhichs.ffectedthecross-channel
pressuredifferenceandtheinletbwndary-layerrelatinvelocity.Both
oftheseaswellasrotortipspeedwereinfluentialincontrollingthe
boundary-layersecondaryflowsontheshroudovertherotorpassages.
Theresultsofthechsmgesweremeasuredintermsofthetipspeedre-
quiredfortransition,a flowpatternwhichappearstorepresentminimum
flowdisturlxance.

Thefollowingresultswereobtained:

.

_—.
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1.Secondsryflowswhichappearedintherotortipregionincluded
thecross-channelflowintheouter.-shroudboundsx’ylayerandthepassage
vortexwhichappearsin somestationaryshroudedbladerows.However,
theclearancespaceandrelativemotionbetweenbladetipandshroudre-
sulted,fortherotorpassage,inadditionalflowsandmo~icationsof
thecross-channelflow. Theclearancespacegaveriseto a tip-clearance
flowandresultingvortexatlowrotorspeeds.Whentherelativemotion-
wasof sufficientmagnitude,itproduceda scrapingeffectintheouter-
shroudboundarylayer.A regionofrotorspeedswithno definitevortex
patternexistedbetweenthetip-leaksgevortexregionandthescraping
vortexregion.Thisregionoftransitionmayrepresenta conditionof
minimumflowdisturbance.Detailsoftheseeffectsdependedonblade
configuration,angleof incidence,tipclearance,airspeed,androtor
speed.

2. Therotortipspeed
creasingmainstreamflow.

3.Therotortipspeed
creasingtipclearancewhen

reqtiedfortransitionincreasedwithin-

reqtiedfortransitionincreasedwithin-
therotor-bladetipwasintheouter-shroud

boundarylayer.Withtherotor-bladetipoutsidetheouter-shroudbound-
srylayer,increasingthetipclearancehadno observableeffecton
transitionrotorspeed.

4.Chsngesinbladeprofile,solidity,sndcsaiberhadnoobservable
effecton transitionrotortipspeed.

5. Changingtherotor-inletsngleof incidencetowardmorepositive
“ valuesincreasedthevslueofrotortipspeedrequiredforminimumflow
disturbanceatthebladetip.

6.Installationof a flowfenceontherotor-bladetiptoreducetip-
clearanceflowandtomaintainbladetiploadingresultedin a decrease
intransitionrotortipspeed.

7.Preliminarycomparisonofresultsatlowspeedwithturbine
operatingdataindicatedthatturbinesnormallyoperateina regionwhere
a scrapingeffectwouldbe expected.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,June17,1955
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iwmmx- SYMBOLS

symbolsareusedinthisreport:

symbolfor

symbolfor

s*1 for

symbolfor

sheet-metalblade,98°turning

airfoil-shapeblade,70°turning

sheet-metalblade,61°turning

sheet-metalblad~,20°turning

angleof incidence,deg

rotor-bladetipclearance(distancefrombladetipto outershroud),
in. -

rotor-blwietipspeed,ft~sec

axialairvelocity,ft[sec

nozzle-dischargeangle,deg

computedboundary-layerthickness,in.

inletanQe atrotor-bladetipmeasuredfromannulustangential.
direction,deg

rotor-bladedesigncamber,deg

Subscripts:

t transition

1. Herzig,Howard

REFERENCES
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HowardZ.: SecondaryFIowsandBoundary-LayerAccwmlationsin
TurbineNozzles.NACARep.11.68,1954. (SupersedesNA6ATN’s2871,
2909,and2989.) .

3.Kofskey,MiltonG.,andAllen,Hubertw;: SmokeStudyofNozzle
SecondaryFlowsina Low-SpeedTurbine.NACATN3260,1954. .
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TABLEI. - SUMMARYOFOPERATINGCONDITIONS*

ade Design Blade Blade Nozzle-
‘sig- cariber, type inlet dis-
tion 9) angle, charge

deg e, angle,
deg - a,

deg

‘1 98 Circlilararc 30 30.2

%

! 1

45

A3 60 /

‘4 50.5 37.2

‘5
45

‘6 Cticulararc,

I

\
dotiblesolidity 30.2

% Circulsrarc,
flowfence

‘1
70 Mrfoil 86

c1 61 circulararc 58.4

C2

/

73.4

C3 88.4

‘1 20 93

D2

I I

108

D3 123 T

D4 123 Nozzles
removed
~oo

aRotor-bladetipclearancess testedforeachvalue
of e are0.023,0.040,0.063,0.095,0.125,and
0.200in.;axialairspeedsVx usedforeachvalue
of s are2.50,3.75,4.50,5.50,7.50,and10.0ft~sec.
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(a)Configuration+.
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(b)Conf=tion

Figure4. - Cross-channelflowand
view;rotorstationaq.
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CD-4514
C-39162

Figure5.- Cross-channelflowandpassagevortex.Ikwnstreamview;
configurationA6;rotorstationary.

t

c

———-—



NACATN 3519 23

t

(a)Tipclearance,0.040inch.

&r flow C-39163
CD-4514

(b)Tipclearance,0.063inch.

\

/-—’
f

(c)Flow-pathcurvaturesinmainstream(solidline)andin
boundarylayer(dashedline). .

.

Figure6.- Effectoftipclearanceon cross-channelfluw.Radialview;
configurationA2;rotorstationary;smalltipclearance.
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Ah flow

(a)Tipclear= O.125tich.

W flow C-39164
- CD-4514

(b)Tipclearance,0.170inch.

\

(c)Flow-pathcurvaturesinmafnstr=madjacenttobounda~layer
(solidline)andinboundarylayer(dashedline).

Figure7.- Effectoftipclearanceoncross-channelflow.Radialview;
configurationA2;rotorstatiomry;largetipclearance.
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‘smoke’=!!5a-a
outerShroud

<

(a)Oppositerotationssideby side.Configuration

A2;U/Vxj0.10;tip clearance,0.023inch.

CD-4514
C-39165

(b)Tip-leakagevortex.ConfigurationD4;U/’v=,O.20;
tipclearance,0.095inch.

Figure8.- Downstreamviewsofpassagevortexandtip-leakagevortex.
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ml
Smokeinlet

& &:d

Outershroud

Rotation

(a)‘1’ipclearance,0.023inch;U/Vx,0.05.

FL3
.i;-*,. /’

*
J

1
) )

L/ CD-4514
i. C-39166

Rotation

(b)Tipclearance,0.023inch,U/Vx,0.15.

Figure9.- Effectofrotorspeedontip-leakageemokepattern.
~wnstreamview;configurational.
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Rotation

(a)Tipclearance,0.023inch;Ufix,0.30.

L-L .

1! ,f

\

CW4514
\ II -_-J-. C-39167

Rotation

(b)Tipclearance,0.023inch;U/Vx,0.45.

Figure10.- Transitionrotor-speedregion.Downstream

configurationA2.

view;
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Rotation

.

4
-7

(a)Tipclearance,0.023inch;U\V=,0.60.(b)Tipclearance,0.023inch;U/Vx,0.90.

(c)Tipclearance,0.023inch;U/Vx,1.25.

Figure11.-ltfectofrotorspeedand
-stream view;configurational.

A

Rotation CD-4514
C-39168

(d)Tipclearance,0.200inch;U/Vx,0.90.

tipclearanceonscrapingsmokepattern.

.
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i (a)ConfigurationAl.
c1 (b)Configuration+.

0 2 4 Fl
Ratioofrotortipclearancetoboundary-layerthickness,s 5‘/ -

(c)ConfigurationA3. (d)ConfigurationA4.

Figure12.- Effectoftipclearanceonrotortipspeedrequiredfortransition.
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