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A Numerical Comparison of Four Operating Conditions in a Kaplan
Water Turbine, Focusing on Tip Clearance Flow
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ABSTRACT

A parallelmultiblockfinitevolumeCFD(ComputationalFluidDynamics)codeCALC-PMB[3,
10,11] (ParallelMultiBlock) for computationsof turbulentflow in complex domainshasbeen
developedandusedfor thecomputationsof theflow throughaKaplanwaterturbine.Thecom-
putationsareincludingboththeguidevanesandtherunner, wheretherunnercomputationsget
theinlet boundaryconditionsfrom thecircumferentiallyaveragedpropertiesof theguidevane
computations.Four differentoperatingconditionshave beencomputedandthe resultsfrom
thecomputationsarecompared.Thecomputationalresultsarein accordancewith observations
doneby thetheturbinemanufacturer. Thiswork is focusedontip clearanceflow, whichreduces
theefficiency of theturbineby about0.5%.

INTRODUCTION

Thiswork is focusedon tip clearancelossesin Kaplanwaterturbines,whichreducestheeffici-
ency of theturbineby about0.5%.Thiswork is partof aSwedishwaterturbineprogramfinan-
cedby acollaborationbetweentheSwedishpower industryvia ELFORSK(SwedishElectrical
Utilities ResearchandDevelopmentCompany), the SwedishNationalEnergy Administration
andGEEnergy (Sweden)AB. Thepurposeof theSwedishwaterturbineprogramis to increase
Swedishwaterpowercompetencein orderto meetthegrowing waterpowerdemandin Sweden
anddemandsonpreservationof theenvironmentandefficiency.

Themainfeaturesof theCALC-PMB CFD codearetheuseof conformalblock structured
boundaryfitted coordinates,a pressurecorrectionscheme(SIMPLEC [4]), cartesianvelocity
componentsas the principal unknowns, andcollocatedgrid arrangementtogetherwith Rhie
andChow interpolation.Thediscretizationschemesusedin this work area second-orderVan
Leerschemefor convectionanda secondordercentralschemefor theotherterms.Thecom-
putationalblocksaresolved in parallelwith Dirichlet-Dirichlet couplingusingPVM (Parallel
Virtual Machine)or MPI (MessagePassingInterface).Theparallelefficiency is excellent,with
superscalarspeedupfor loadbalancedapplications[1,10]. TheICEM CFD/CAEgrid genera-
tor is usedfor grid generationandEnsightandMatlabareusedfor post-processing.

Theinvestigatedturbineisatestrig with arunnerdiameterof
�������

. It hasfour runnerblades
and24 guidevanes.The tip clearancebetweenthe runnerbladesandthe shroudis

�����	���
�
.

To resolve the turbulent flow in the tip clearanceand the boundarylayers,a low Reynolds
numberturbulencemodel is used. Becauseof computationalrestrictions,completeturbine
simulationsfoundin theliteratureusuallyusewall functionsinsteadof resolvingtheboundary
layers,which makestip clearanceinvestigationsimpossible.Sincepart of the computational
domainis rotating,Coriolisandcentripetaleffectsareincludedin themomentumequations.At
this stage,the �
��� modelof Wilcox [13], which canbeintegratedall theway to thewall, is
usedwithout termsfor rotationaleffects.This is commonin turbomachinerycomputationsfor
reasonsof numericalstability andthe small impactof suchtermsin thesekinds of industrial
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applications.To resolvetheturbulentboundarylayersandthetip clearanceatthesametimethat
thegridsizeshouldbekeptaslow aspossibleandthecontrolvolumesasorthogonalaspossible,
thecomputationalgrid is createdin a multiblock topologyusingICEM CFD/CAE.During the
computations,thecomputationalblocksareassignedto separatePVM or MPI processes.The
level of parallelizationis thusdeterminedby theblock sizedistribution andthedistribution of
theprocesseson theavailableprocessors.

Sincethecomputationsinvolve bothrotatingandstationaryframesof references,the inte-
ractionbetweentheseis numericallyverycomplicated.A simpleapproachis usedin thiswork
wherethecomputationsareperformedin two steps.Thestationaryguidevanesarefirst compu-
tedwithoutany interactionfrom therunnerblades.Therotatingrunneris thencomputed,using
thecircumferentiallyaveragedvelocitiesandturbulentquantitiesfrom theguidevanecomputa-
tionsat thetrailing edgeof theguidevanes.Theupstreameffect from therunnerbladeson the
flow at theguidevanesis neglected.Thecomputationsof boththeguidevanesandtherunner
areconfinedto asingleguidevaneor runnerblade.This includesnoextra restrictionssincethe
boundaryconditionsareassumedto be stationaryaxisymmetricandthe stationaryReynolds
averagedsolutionis thusperiodic.

Thepresentwork investigatestheflow structuresof stationaryperiodicturbulentmeanflow
for differentguidevaneangles.The runnerbladeangleis keptat a constantvalueso that the
samerunnergrid maybeusedfor all cases.

EQUATIONS

Theequationsusedfor thecomputationsarebriefly describedbelow.
ThestationaryReynoldstime-averagedcontinuityandNavier Stokesequationsfor incom-

pressibleflow in a rotatingframeof referenceread[2,6]�������������� ����������������� � � �! �����#" ������ $�%'& " &)(�* �)��������,+-" �/.�� � �102�3�2450247698;:<�=:>6?��8 � � �102�@�A4B:<�5��4
where � 02�@�A450C4C698;:<�=:>6?��8 is thecentripetaltermand � � 0A�@�24B:<�D��4 is theCoriolis term,owing to
therotatingcoordinatesystem.Becauseof thepotentialnatureof thepressure,gravitationaland
centripetalterms[6], they areput togetherduringthecomputations,in whatis oftenreferredto
asa reduced pressuregradient� �� FE�����
� � �! ����� " �/.G� � �102�@�A450C476@8;:<�H:>6I��8
Thus,a relationfor thereduced pressureis E �  � �/.G�J��� " �10A�@�24B0C476@8K:<�=:>6I��8;���
Whenpost-processing,the variationof the gravity term is assumedto be negligible and the
centripetaltermis simplysubtractedfrom thereduced pressure.

The �L�M� modelof Wilcox [13] for theturbulentkinetic energy, � , andthespecificdissi-
pationrate,� , reads�����)� ������ � ������ONBP & " &)(Q 4,R � ������/S "  �4 � �UT�V �K�������� ������ � ������ NBP & " &)(Q�W R � ������ S " � � %YX W1Z  �4 � X W�[ � �1� *



Case \ Z]Z ^_Z]Z ` ab/cedf gih b jdlk f gmh (guidevaneangle) (efficiency)
k15 nDo �,� n n � nDp � qU�,� n p �,�9rU�
k138 n �	�,��� n � n q o q/q��sq p �,� o �
k150 n r1����� n � n/n 5 q/q��s� p �,��� o
k123 n rU�,��� n ���/t 4 q n � p p �,��� o

Table1: Theoperatingconditionsusedin this work.

wheretheturbulentviscosity,

&)(
, is definedas&)( � � ��

Theproductiontermreads  �4 � &)(e$ �)�������� " �)�������� + �)��������
andtheclosurecoefficientsaredefinedfrom experimentsasT V � ���s� p , X W1Z �vuw , X W�[ � xy{z , Q 4 � �

and Q�W � �
At the walls a no-slip conditionis appliedfor the velocities, � � �

andat the first node
normalto thewall, at |,}�~ �����

, � � oU��� %Y� W�[7� [ * where � denotesthenormaldistanceto the
wall. For thepressure,theimplicit inhomogeneousNeumannboundarycondition

� [  � � � [ � �
is usedatall boundaries.

OPERATING CONDITIONS

Theoperatingconditionsusedastestcasesin this work aregivenin table1, where \ Z]Z is the
unit speed,̂�Z]Z is theunit flow, \ is therotationalspeed,̂ is thevolumeflow, � is therunner
diameter, � is thehead,̀ is theguidevaneangleand a is theturbineefficiency. Thetestcase
namesareusedin presentingthe results.The reasonfor choosingtheseoperatingconditions
is that the bestway to increasethe bladetip load is to decreasethe unit speed.An increased
bladetip loadleadsto increasedtip clearanceflow andtip vortex cavitation [8]. Theunit speed
of theoperatingconditionsin table1 decreasesfrom casek15 to casek123. Eventhoughthe
efficiency is notgreatestfor casek15, it is decidedto bethebestpointof operation.Thereason
for this is thatotherflow features,suchastip clearancevortex cavitation,becomeimportantfor
theothercases.

GUIDE VANE COMPUTATIONS

For theguidevanecomputations,onecomputationalgrid hasbeencreatedfor eachoperating
condition.Thegridsareequallysized(120,344controlvolumes)with similarmultiblocktopo-
logy to reducegrid point distribution dependencies.In figure1(a), thecomputationalgrid for
casek15 is shown asa surfacegrid, duplicatedto four guidevanes.At the inlet, the flow is



alignedwith theguidevanesandfully developedturbulent1/7profilesareassumed[3,10]. The
inlet turbulentkineticenergy is estimatedby

� ��� � �_� zC� u� � [8 $ ���� | + [
where� 8 is thePrandtl’smixing lengthandis givenby� 8 ���L�J� %�� |����!� *
where

� � �,�sr n is thevon Karmanconstant,� � ���s� p , | is thedistancefrom thewall and �
is the inlet height. This relationstemfrom the assumptionof turbulence-energy equilibrium,
i.e. productionof turbulent kinetic energy is balancedby its dissipation. The inlet specific
dissipationis setaccordingto

� ��� � � � ���n � &
The computationaldomainincludesthe runnersectionbut no effectsof the runnerareinclu-
ded. At theoutlet fully developedNeumannboundaryconditionsareused.Thecomputations
areperformedfor a singleguidevaneusingaxisymmetricinlet boundaryconditionsandassu-
ming stationaryperiodicflow. Thepurposeof theguidevanecomputationsis to generateinlet
boundaryconditionsfor therunnercomputations.

RUNNER COMPUTATIONS

For the operatingconditionsdescribedabove, the runnerbladeangleis kept constantso that
thesamegrid maybeusedin all cases.This savesa greatdealof work andallows theresults
to be comparedwithout grid dependence.The grid consistsof 324,360control volumesof
which the tip clearanceis resolvedby 7,392controlvolumeswhere24 controlvolumesarein
the runnerbladetip to shrouddirection. The grid is shown in figure 1(b), asa surfacegrid,
duplicatedto four runnerblades.Thequality of thecomputationalresultsreliesa greatdealon
thequality of thegrid. Usinga complicatedO-grid topologylike this, thecontrolvolumescan
bemadesufficientlyorthogonalandtheresolutionof theboundarylayersdoesnotunnecessarily
resolve otherregions.Thecomputationaldomainstartsat thetrailing edgeof theguidevanes,
whereaxisymmetricinlet boundaryconditionsfrom theguidevanecomputationsareapplied.
Fully developedNeumannboundaryconditionsareusedat the outlet, at the endof the axi-
symmetricdiffusor before the draft tube bend. Sincethe computationsare performedin a
rotatingframeof reference,thevelocityontherotatingsurfacesis setto zerowhile thevelocity
on the stationarysurfacesis given a counter-rotatingvelocity component.The computations
areperformedfor a singlerunnerbladeassumingstationaryperiodicflow. Themainpurpose
of therunnercomputationsis to investigatetip clearanceflow featuresandtheir variationwith
decreasingunit speed.

RESULTS

Themainobjectof theguidevanecomputationsin this work wasto producereasonableinlet
conditionsfor the runnercomputations.The circumferentiallyaveragedvelocity coefficient
profilesat thetrailing edgeof theguidevanes(R=0.287m,figure2) is shown in figure3(a).The



(a)Four (of 24)guidevanesfor thek15case. (b) TheKaplanrunnergrid.

Figure1: Multiblock gridsof therunnerandguidevanesof theKaplanwaterturbine,investigatedin this
work. Only thegrid planesattachedto surfacesareshown.

distributionof thevelocitiy coefficientsis notuniformalongthetraverseline and,becauseof the
curvatureof themeridionalcontourof the turbine,themagnitudesof thevelocity coefficients
generallyincreaseat thelower ring anddecreaseat theupperring exceptfor theradialvelocity
coefficientin theupperring boundarylayer. Thelowerringflow hasthusmoredynamicandless
staticenergy andvice versafor theupperring flow. Amongthethreevelocitycomponents,the
tangentialvelocityis thelargest.Theeffectof decelerationin theboundarylayersdueto friction
thusbecomeslargestfor thetangentialvelocity, which is thereasonwhy theradialvelocity is
acceleratedin theboundarylayers,correspondingto a reductionof centrifugalforce[5]. These
velocitycoefficientprofileswereusedasinlet boundaryconditionsfor therunnercomputations.

ThegeneralEulerequationfor turbomachineryrelatingtheinputshaftpower to thechange
in angularmomentumfor a thin axisymmetricstreamtubecanbewritten [7]�m�  ������2� ( � ���� : %'� [ �>  [ � � Z �>  Z *
where �¡�� is the massflow throughthe streamtube,

:
is the runnerrotation,

�
is the mean

radiusand

�> 
is thevelocityin thetangentialdirectionin astationarycoordinatesystem.Index n

denotesbefore therunnerandindex
�

denotesafter therunner, whichshouldbelocatedfarfrom
therunnerbladessothat thepropertiescanbeassumedto beaxisymmetricanduniform along
theheightof thethin streamtube.Thisequationis valid for a thin axisymmetriccontrolvolume
wherethereis no mass,momentumor energy transferthroughthe control volume surfaces
exceptat n and

�
, with theexceptionof inputshaftpowertransmittedto thebladesin thecontrol

volumeastorque.Thesurfaceforcesin thetangentialdirectionon thecontrolvolumesurfaces
arealsoassumedto benegligible. Using this relation,assumingthat thestreamtubesurfaces
follow the meridionalcontourof the turbineandthat the massflow distribution is similar for
all thecases,the radialbladepower distribution canbe investigatedqualitatively. Figure3(b)
shows the circumferentiallyaveragedradial distribution of

���> 
before(y=0.071m,figure 2)

andafter (y=-0.137m,figure2) therunnerbladesfor thedifferentcases.Themaindifference
betweenthesecasesis thattheshaftpowercloseto therunnertip increaseswhentheunit speed
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Figure 2: Circumferentialave-
raging. The solid lines are the
casingandrunnerbladeprofiles.
Thedashedline is theaxisof ro-
tation. The dottedlines are the
positionsof the circumferential
averaging. The inlet boundary
for the runner computationsis
locatedat R=0.287m.
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Figure3: Circumferentiallyaveragedpropertiesof theflow. Thepropertiesarenormalizedusing ® , the
runnerrotationand ¯K°]± � , theturbineradius.

decreases.This is in accordancewith thefactthatthebladetip loadingfor this runnerincreases
whentheunit speedis decreased.

Thepressuredifferencebetweenthepressuresideandthesuctionsideof therunnerblades
drivesa flow throughthe tip clearancebetweenthe runnerbladetip andtheshroud.It canbe
seenin figure4(a)that themagnitudeof theaxial absolutevelocity coefficient increaseswhen
theunit speeddecreases.Thiseffect is greatestcloseto theleadingedgetip clearance,which is
in accordancewith bothobservationsmadeby theturbinemanufacturerandtheinreasingblade
tip loadingwith decreasingunit speed.

Thetip clearanceflow createsa jet thatseparatesfrom therunnerbladesuctionsideandgi-
vesriseto alocalstaticpressurereductioncloseto thetip onthesuctionsideof therunnerblade,
which is the centerof a tip vortex. If the staticpressurein this region falls below the vapour
pressurefor the waterflowing throughthe turbine,cavitation bubbleswill form. Figure4(b)
shows therunnerbladetip staticpressuredistribution in a meridionalplanegoingthroughthe
centerof a runnerblade.The tip clearancejet impactson theshroudboundarylayer, wherea
local staticpressureincrementcanbeobserved. Thereis alsoa local staticpressurereduction



somewhatradially insidethetip (twice thebladetip thickness),on thesuctionsideof theblade.
A possiblecavitationalscenarioin this casecouldbe thata fluid particleis trappedinsidethe
tip vortex long enoughfor cavitationalbubblesto be formed. Escapingthe tip vortex, theca-
vitationalbubblesmight follow thevortex rotationandimpacton therunnerbladesuctionside
betweenthelocal staticpressureminima,implodeanddamagethebladeor they mightsurvive
into thesecondlocal staticpressureminimumandbe transportedtowardsthe trailing edgeof
theblade.

In figure5(a), thevortex formedon thesuctionsideof theblade,by the tip clearancejet,
is visualizedby a streamribboncloseto thevortex core. Thestreamribbon is coloredby the
magnitudeof therelativevelocity, whichshowsthatthemagnitudeof therelativevelocity is re-
ducedcloseto thevortex coresincethevelocity increasesdownstreamwherethestreamribbon
escapesfrom the vortex core. The reducedrelative velocity in combinationwith a low static
pressuremakesthis region a cavitation bubbleproductionregion, sincethefluid is exposedto
low staticpressurefor longerperiodsof time. In thesamefigure,astreamribbonemittedinside
theshroudboundarylayeris visualized.Theshroudstreamribbonis counter-rotating,relative
to thetip vortex, andit is beingscrapedoff theshroudboundarylayerby thetip clearancejet.

In figure 5(b), a static pressure3D iso-surfacevisualizeswhere the suction side static
pressureis locally reducedfor the k123 case.This revealsthreemain regionswherethe sta-
tic pressureis locally reduced.Thefirst region occursat the leadingedge. In this region, the
formationof sheetcavitation is often initiated. The secondregion occurson the suctionside
of thebladesurface.Closeto this region,majorrunnerbladecavitationdamageis oftenobser-
ved. The third region occursat the tip clearancevortex core,asdescribedabove. According
to theturbinemanufacturer, thestudiedKaplanrunneris not supposedto run at this operating
conditionowing to theerosionaleffectsof cavitation.

VALIDATION

For thepresentinvestigation,theonly informationavailableis thegeometrydefinitionsandthe
operatingconditionsin table1. The validationof the computationsthusrelieson validations
performedfor other applications[3,9] and an ongoingproject, wherethe codeis validated
againsttheGAMM [12] Francisturbine.

The correctsolution is assumedto be reachedwhen the largest normalizedresidualof
the momentumequations,the continuity equationandthe turbulenceequationsis reducedton � � x [10]. The momentumequationresidualsare normalizedby the sum of the massflow
throughthe turbineandthe massflow throughthe periodicsurfacesmultiplied by the largest
valueof thevelocity componentof eachequation.Thecontinuityequationresidualis norma-
lized by thesumof themassflow throughthe turbineandthemassflow throughtheperiodic
surfaces.Theturbulenceequationsresidualsarenormalizedby the largestresidualduring the
iterations.

DISCUSSION

As mentioned,the reasonfor choosingthe operatingconditionsusedin this work is that the
bestway to increasethe bladetip load is to decreasethe unit speed.An increasedbladetip
load leadsto increasedtip clearanceflow and tip vortex cavitation. The numericalanalysis
performedhasshown that theseflow featureshave beencapturedby the computations:The
bladetip loading increaseswhen the unit speeddecreases.The magnitudeof the computed
tip clearancevelocitycoefficientsincreaseswhentheunit speeddecreases.This is particularly
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significantat the leadingedgeof the tip clearance.The tip vortex corehasa reducedstatic
pressureandreducedrelativevelocities.Threemainregionsof suctionsidelocalstaticpressure
reductionareobserved. Theseflow featuresarein accordancewith observationsmadeby the
turbinemanufacturer.

In this work, theupstreameffectsfrom therunneron theguidevaneflow andthetransient
effectsof non-axisymmetricrunnerinlet boundaryconditionsareexcluded. In particular, the
non-axisymmetricrunnerinlet boundaryconditionsareexpectedto affect thedynamicsof the
tip vortex becauseof thevaryinganglesof incidence.In thefuture,a moreadvancedcoupling
betweentherotatingandstationarypartstogetherwith transientcomputationswill beusedto in-
cludethetransienteffectsof guidevanewakes,varyinganglesof incidenceandtheinstabilities
of thetip vortex.

The introductionof CFD in theareaof hydraulicmachineresearchis believedto increase
a detailedknowledgeof the flow insidethe machinesandto speedup the designprocedure.
This requiresthattheexperiencefrom CFDin this areais increased,whichcannotbeachieved
without detailedexperimentalinvestigationsto beusedfor comparisons.With sufficient expe-
rienceof CFD in theareaof hydraulicmachineresearch,CFD will definitelybeusedin future
hydraulicmachinedevelopment.
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