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

A parallelmultiblockfinite volumeCFD (ComputationaFluid Dynamics)codeCALC-PMB [3,
10,11] (ParallelMultiBlock) for computation®f turbulentflow in complex domainshasbeen
developedandusedfor the computation®f theflow througha Kaplanwaterturbine.Thecom-
putationsareincludingboththe guidevanesandtherunney wheretherunnercomputationget
theinlet boundaryconditionsfrom the circumferentiallyaveragedoropertiesof the guidevane
computations.Four differentoperatingconditionshave beencomputedand the resultsfrom
thecomputationg@recomparedThecomputationatesultsarein accordancevith obsenations
doneby thetheturbinemanugcturer Thiswork is focusedontip clearancdlow, whichreduces
theefficiengy of theturbineby about0.5%.

INTRODUCTION

Thiswork is focusedontip clearancéossesn Kaplanwaterturbineswhich reduceghe effici-
eng of theturbineby about0.5%. Thiswork is partof a Swedishwaterturbineprogramfinan-
cedby a collaboratiorbetweerthe Swedishpowerindustryvia ELFORSK(SwedishElectrical
Utilities Researcltand DevelopmentCompary), the SwedishNationalEnegy Administration
andGE Enegy (Sweden)AB. Thepurposeof the Swedishwaterturbineprogramis to increase
Swedishwaterpowercompetencen orderto meetthegrowing waterpowerdemandn Sweden
anddemand®n preserationof theenvironmentandefficiengy.

The mainfeaturesof the CALC-PMB CFD codearethe useof conformalblock structured
boundaryfitted coordinatesa pressurecorrectionschemgSIMPLEC [4]), cartesiarnvelocity
componentsas the principal unknovns, and collocatedgrid arrangementogetherwith Rhie
andChaow interpolation. The discretizationrschemesisedin this work area second-orde¥an
Leerschemdor corvectionanda secondordercentralschemeor the otherterms. The com-
putationalblocksaresolvedin parallelwith Dirichlet-Dirichlet couplingusingPVM (Parallel
Virtual Machine)or MPI (MessagéPassingnterface). The parallelefficiency is excellent,with
superscalarspeedugor loadbalancedpplicationd1, 10]. TheICEM CFD/CAEQgrid genera-
tor is usedfor grid generatiorandEnsightandMatlabareusedfor post-processing.

Theinvestigatedurbineis atestrig with arunnerdiameteof 0.5m. It hasfour runnerblades
and24 guidevanes.Thetip clearancébetweerthe runnerbladesandthe shroudis 0.25mm.
To resole the turbulent flow in the tip clearanceand the boundarylayers,a low Reynolds
numberturbulencemodelis used. Becauseof computationakestrictions,completeturbine
simulationsfoundin theliteratureusuallyusewall functionsinsteadof resolvingthe boundary
layers,which malkestip clearancanvestigationampossible. Sincepart of the computational
domainis rotating,Coriolisandcentripetakffectsareincludedin themomentunmequationsAt
this stagethe £ — w modelof Wilcox [13], which canbe integratedall the way to the wall, is
usedwithouttermsfor rotationaleffects. Thisis commonin turbomachinergomputationgor
reasonf numericalstability andthe smallimpactof suchtermsin thesekinds of industrial
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applicationsTo resohetheturbulentboundarylayersandthetip clearancatthesameimethat
thegrid sizeshouldbekeptaslow aspossibleandthecontrolvolumesasorthogonahspossible,
the computationadrid is createdn a multiblock topologyusinglCEM CFD/CAE.During the
computationsthe computationablocksareassignedo separatd®VM or MPI processesThe
level of parallelizationis thusdeterminedy the block sizedistribution andthe distribution of

theprocessesnthe availableprocessors.

Sincethe computationsnvolve bothrotatingandstationaryframesof referencesthe inte-
ractionbetweertheses numericallyvery complicated A simpleapproachs usedin thiswork
wherethecomputationsreperformedn two steps.Thestationaryguidevanesarefirst compu-
tedwithoutary interactionfrom therunnerblades.Therotatingrunneris thencomputedusing
thecircumferentiallyaveragedrelocitiesandturbulentquantitiedrom theguidevanecomputa-
tionsatthetrailing edgeof the guidevanes.The upstreaneffect from the runnerbladesonthe
flow atthe guidevaness ngglected. The computation®f boththe guidevanesandtherunner
areconfinedto a singleguidevaneor runnerblade.Thisincludesno extrarestrictionssincethe
boundaryconditionsare assumedo be stationaryaxisymmetricand the stationaryReynolds
averagedsolutionis thusperiodic.

Thepresentwork investigatesheflow structuref stationaryperiodicturbulentmeanflow
for differentguidevaneangles.Therunnerbladeangleis keptat a constantvaluesothatthe
samerunnergrid maybeusedfor all cases.

EQUATIONS

Theequationsusedfor the computationsrebriefly describedelow.
The stationaryReynoldstime-areragedcontinuity andNavier Stokesequationdor incom-
pressiblelow in arotatingframeof referenceead[2, 6]
2
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where—e;;kepms); iz, is the centripetatermand —2e;;,2; Uy, is the Coriolis term, owing to
therotatingcoordinatesystem Becaus®f the potentialnatureof the pressuregravitationaland
centripetaterms[6], they areputtogetherduringthe computationsin whatis oftenreferredto
asareduced pressurgradient
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Thus,arelationfor thereduced pressures
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When post-processinghe variation of the gravity termis assumedo be nggligible andthe
centripetatermis simply subtractedrom thereduced pressure.
The k — w modelof Wilcox [13] for the turbulentkinetic enegy, k£, andthe specificdissi-
pationrate,w, reads
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Case| Ny Qu v U
(¥2) | (5%%) | (guidevaneangle)| (efliciency)

k15 | 160.1 | 1.195 35.1 92.40
k138 | 150.0 | 1.136 33.3 92.62
k150 | 145.0 | 1.115 33.0 92.56
k123 | 140.0 | 1.084 31.9 92.26

Tablel: Theoperatingconditionsusedin this work.

wheretheturbulentviscosity 1, is definedas

k
He = p—
w

Theproductiontermreads
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andthe closurecoeficientsaredefinedfrom experimentsas
6*=0.09,c,1 = g, Cor = 43_0’ or =2 ando, =2

At the walls a no-slip conditionis appliedfor the velocities,k = 0 andat the first node
normalto thewall, aty™ < 2.5, w = 6v/(C,n?) wheren denoteghe normaldistanceto the
wall. Forthepressuretheimplicit inhomogeneousleumanrboundaryconditiond? P/on? = 0
is usedat all boundaries.

OPERATING CONDITIONS

The operatingconditionsusedastestcasesn this work aregivenin table1, where Ny, is the
unit speed():; is theunit flow, N is therotationalspeed(? is thevolumeflow, D is therunner
diametey H is thehead,y is theguidevaneangleandy is theturbineefficiengy. Thetestcase
namesareusedin presentinghe results. The reasonfor choosingtheseoperatingconditions
is thatthe bestway to increasethe bladetip loadis to decreaséhe unit speed.An increased
bladetip loadleadsto increasedip clearancdlow andtip vortex cavitation[8]. Theunit speed
of the operatingconditionsin table 1 decreaseffom casek15 to casek123. Eventhoughthe
efficiengy is notgreatestor casek15, it is decidedo bethebestpointof operation.Thereason
for thisis thatotherflow featuressuchastip clearancevortex cavitation, becomamportantfor
theothercases.

GUIDE VANE COMPUTATIONS

For the guide vanecomputationspne computationafrid hasbeencreatedor eachoperating
condition. Thegridsareequallysized(120,344controlvolumes)with similar multiblock topo-
logy to reducegrid point distribution dependenciesn figure 1(a), the computationagrid for
casek15 is shavn asa surfacegrid, duplicatedto four guidevanes. At the inlet, the flow is



alignedwith theguidevanesandfully developedurbulent1/7 profilesareassumedi3, 10]. The
inlet turbulentkinetic enegy is estimatedy

oU\’
kin — 0—0.512 il
’ m<%>

wherel,, is the Prandtls mixing lengthandis givenby
lm, = min(ky, A9J)

wherex = 0.41 is the von Karmanconstant\A = 0.09, y is the distancefrom thewall and§
is the inlet height. This relationstemfrom the assumptiorof turbulence-eneayy equilibrium,
l.e. productionof turbulent kinetic enegy is balancedby its dissipation. The inlet specific
dissipations setaccordingto

Wi = pkm
in 10“

The computationabomainincludesthe runnersectionbut no effectsof the runnerareinclu-
ded. At the outletfully developedNeumanrboundaryconditionsareused. The computations
areperformedfor a singleguidevaneusingaxisymmetridnlet boundaryconditionsandassu-
ming stationaryperiodicflow. The purposeof the guidevanecomputationss to generatenlet
boundaryconditionsfor therunnercomputations.

RUNNER COMPUTATIONS

For the operatingconditionsdescribedabove, the runnerbladeangleis kept constantso that
the samegrid may be usedin all cases.This savesa greatdealof work andallows the results
to be comparedwithout grid dependence.The grid consistsof 324,360control volumesof
which thetip clearancas resohedby 7,392controlvolumeswhere24 controlvolumesarein
the runnerbladetip to shrouddirection. The grid is showvn in figure 1(b), asa surfacegrid,
duplicatedo four runnerblades.The quality of the computationatesultsreliesa greatdealon
the quality of thegrid. Usinga complicatedO-grid topologylik e this, the controlvolumescan
bemadesufficiently orthogonabndtheresolutionof theboundaryjayersdoesnotunnecessarily
resole otherregions. The computationatlomainstartsat the trailing edgeof the guidevanes,
whereaxisymmetridanlet boundaryconditionsfrom the guidevanecomputationgareapplied.
Fully developedNeumannboundaryconditionsare usedat the outlet, at the end of the axi-
symmetricdiffusor before the draft tube bend. Sincethe computationsare performedin a
rotatingframeof referencethevelocity ontherotatingsurfacess setto zerowhile thevelocity
on the stationarysurfacesis given a countefrotatingvelocity component. The computations
areperformedfor a singlerunnerbladeassumingstationaryperiodicflow. The main purpose
of therunnercomputationss to investigatetip clearancdlow featuresandtheir variationwith
decreasinginit speed.

RESULTS

The main objectof the guide vanecomputationsn this work wasto producereasonablénlet
conditionsfor the runnercomputations. The circumferentiallyaveragedvelocity coeficient
profilesatthetrailing edgeof theguidevaneqR=0.287mfigure2) is shovnin figure3(a). The
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(a) Four (of 24) guidevanedor thek15 case. (b) TheKaplanrunnergrid.

Figurel: Multiblock gridsof therunnerandguidevanesof the Kaplanwaterturbine,investigatedn this
work. Only thegrid planesattachedo surfacesareshavn.

distribution of thevelocitiy coeficientsis notuniformalongthetraversdine and,becausef the
cunatureof the meridionalcontourof the turbine,the magnitudeof the velocity coeficients
generallyincreasatthelowerring anddecreasattheupperring exceptfor theradialvelocity
coeficientin theupperring boundaryayer. Thelowerring flow hasthusmoredynamicandless
staticenegy andvice versafor the upperring flow. Amongthethreevelocity componentsthe
tangentialvelocityis thelargest. Theeffectof deceleratioiin theboundaryjayersdueto friction
thusbecomedargestfor the tangentialvelocity, which is thereasonwhy the radial velocity is
accelerateth the boundarylayers,correspondingo areductionof centrifugalforce[5]. These
velocity coeficient profileswereusedasinlet boundaryconditionsfor therunnercomputations.

ThegeneraEulerequatiorfor turbomachineryelatingthe input shaftpower to thechange
in angulammomentuntor athin axisymmetricstreamtubecanbewritten [7]

—dPspapr = dm 2 (roCpa — r1Chp1)

wheredr is the massflow throughthe streamtube, 2 is the runnerrotation, r is the mean
radiusandC} is thevelocityin thetangentiatlirectionin astationarycoordinatesystem.ndex 1
denotedeforetherunnerandindex 2 denotesfter therunner whichshouldbelocatedfarfrom
therunnerbladessothatthe propertiescanbe assumedo be axisymmetricanduniform along
theheightof thethin streantube. This equationis valid for athin axisymmetriccontrolvolume
wherethereis no mass,momentumor enegy transferthroughthe control volume surfaces
exceptat1 and2, with theexceptionof inputshaftpowertransmittedo thebladesn thecontrol
volumeastorque.Thesurfaceforcesin thetangentiadirectionon the controlvolumesurfaces
arealsoassumedo be ngyligible. Usingthis relation,assuminghatthe streamtubesurfaces
follow the meridionalcontourof the turbineandthatthe massflow distribution is similar for
all the casesthe radial bladepower distribution canbe investigatedjualitatively. Figure3(b)
shaws the circumferentiallyaveragedradial distribution of »C, before (y=0.071m,figure 2)
andafter (y=-0.137m,figure 2) the runnerbladesfor the differentcases.The maindifference
betweerthesecasess thatthe shaftpower closeto therunnertip increasesvhentheunit speed



Figure 2: Circumferentialave-
raging. The solid lines are the
casingandrunnerbladeprofiles.
Thedashedine is theaxisof ro-
tation. The dottedlines arethe
positionsof the circumferential
averaging. The inlet boundary
for the runner computationsis
locatedat R=0.287m.
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(a) The runnerinlet velocities (normalizedby (b) The angularmomentumdistribution (norma-
Crey = §1R,.5), obtainedfrom the guidevane  lizedby R,c;Cr.; = RZ, Q) before(y=0.071m)
computations. andafter(y=-0.137m)therunner

Figure3: Circumferentiallyaveragedoropertieof the flow. The propertiesarenormalizedusing(?, the
runnerrotationandR,.. ¢, theturbineradius.

decreasesThisis in accordancevith thefactthatthe bladetip loadingfor thisrunnerincreases
whentheunit speeds decreased.

The pressuralifferencebetweerthe pressuresideandthe suctionsideof therunnerblades
drivesa flow throughthe tip clearancébetweenthe runnerbladetip andthe shroud.It canbe
seenin figure4(a)thatthe magnitudeof the axial absolutevelocity coeficientincreasesvhen
theunit speeddecreaseslhis effectis greatestloseto theleadingedgetip clearancewhichis
in accordancavith bothobsenationsmadeby theturbinemanufcturerandtheinreasingolade
tip loadingwith decreasinginit speed.

Thetip clearancdlow createsa jet thatseparatefrom therunnerbladesuctionsideandgi-
vesriseto alocal staticpressureeductioncloseto thetip onthesuctionsideof therunnerblade,
which is the centerof a tip vortex. If the staticpressuran this region falls belov the vapour
pressurdor the waterflowing throughthe turbine, cavitation bubbleswill form. Figure4(b)
shavs therunnerbladetip staticpressureistributionin a meridionalplanegoingthroughthe
centerof a runnerblade. Thetip clearancget impactson the shroudboundarylayer, wherea
local staticpressurencrementcanbe obsened. Thereis alsoa local staticpressurgeduction



somavhatradially insidethetip (twice thebladetip thickness)pnthesuctionsideof theblade.
A possiblecavitational scenarian this casecould be thata fluid particleis trappedinsidethe
tip vortex long enoughfor cavitational bubblesto be formed. Escapinghetip vortex, the ca-
vitationalbubblesmight follow the vortex rotationandimpacton the runnerbladesuctionside
betweerthelocal staticpressuraminima,implodeanddamagehe bladeor they might survive
into the secondocal staticpressuraninimum andbe transportedowardsthe trailing edgeof
theblade.

In figure 5(a), the vortex formedon the suctionside of the blade,by thetip clearancget,
is visualizedby a streamribbon closeto the vortex core. The streamribbonis coloredby the
magnitudeof therelative velocity, which shavs thatthe magnitudeof therelative velocityis re-
ducedcloseto thevortex coresincethevelocity increaseslownstreanwherethe streanribbon
escapegrom the vortex core. The reducedrelative velocity in combinationwith a low static
pressuranakesthis region a cavitation bubble productionregion, sincethefluid is exposedto
low staticpressurdor longerperiodsof time. In thesamefigure,a streanribbonemittedinside
the shroudboundarylayeris visualized.The shroudstreanribbonis countefrotating,relatve
to thetip vortex, andit is beingscrapedff theshroudboundarylayerby thetip clearanceet.

In figure 5(b), a static pressure3D iso-surfice visualizeswhere the suction side static
pressuras locally reducedfor the k123 case. This revealsthreemain regionswherethe sta-
tic pressuras locally reduced.The first region occursat the leadingedge. In this region, the
formationof sheetcavitation is ofteninitiated. The secondregion occurson the suctionside
of thebladesurface.Closeto this region, majorrunnerbladecavitation damages often obser
ved. The third region occursat the tip clearancevortex core,asdescribedabore. According
to the turbinemanufcturer the studiedKaplanrunneris not supposedo run at this operating
conditionowing to the erosionakffectsof cavitation.

VALIDATION

For the preseninvestigationthe only informationavailableis the geometrydefinitionsandthe
operatingconditionsin table 1. The validationof the computationghusrelieson validations
performedfor otherapplications[3, 9] and an ongoingproject, wherethe codeis validated
againsthe GAMM [12] Francisturbine.

The correctsolution is assumedo be reachedwhen the largest normalizedresidual of
the momentumequationsthe continuity equationandthe turbulenceequationss reducedto
1073 [10]. The momentumequationresidualsare normalizedby the sum of the massflow
throughthe turbineandthe massflow throughthe periodic surfacesmultiplied by the largest
valueof the velocity componenbf eachequation.The continuity equationresidualis norma-
lized by the sumof the massflow throughthe turbineandthe massflow throughthe periodic
surfaces.Theturbulenceequationgesidualsarenormalizedby the largestresidualduring the
iterations.

DISCUSSION

As mentionedthe reasonfor choosingthe operatingconditionsusedin this work is thatthe
bestway to increasethe bladetip load is to decreasehe unit speed. An increasedladetip

load leadsto increasedip clearancelow andtip vortex cavitation. The numericalanalysis
performedhasshownn that theseflow featureshave beencapturedoy the computations:The
bladetip loadingincreasesvhenthe unit speeddecreases.The magnitudeof the computed
tip clearancerelocity coeficientsincreasesvhenthe unit speeddecreasesrhisis particularly
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R,y is the turbineradius)of the tip clearance  ameridionalplanegoingthroughthecenterof the
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bladetip to shroud. areal casesinceit is the pressurgyradientshat
areimportantin thisfigure.

Figure4: Flow featuresatthetip clearancebetweertherunnerbladetip andthe shroud.
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Figure5: Runnemladesuctionsideeffects.



significantat the leadingedgeof the tip clearance.The tip vortex core hasa reducedstatic
pressura@ndreducedelative velocities. Threemainregionsof suctionsidelocal staticpressure
reductionareobsened. Theseflow featuresarein accordancevith obserationsmadeby the
turbinemanugcturer

In this work, the upstreaneffectsfrom the runneron the guidevaneflow andthe transient
effectsof non-axisymmetrigunnerinlet boundaryconditionsare excluded. In particular the
non-axisymmetricunnerinlet boundaryconditionsare expectedto affect the dynamicsof the
tip vortex becausef the varyinganglesof incidence.In thefuture,a moreadvancedcoupling
betweertherotatingandstationarypartstogethemith transientomputationsvill beusedo in-
cludethetransienteffectsof guidevanewakes,varyinganglesof incidenceandtheinstabilities
of thetip vortex.

The introductionof CFD in the areaof hydraulicmachineresearchs believedto increase
a detailedknowledgeof the flow inside the machinesandto speedup the designprocedure.
This requireshatthe experiencrom CFD in this areais increasedwhich cannotbe achieved
without detailedexperimentainvestigationgo be usedfor comparisonsWith suflicient expe-
rienceof CFD in theareaof hydraulicmachineresearchCFD will definitelybe usedin future
hydraulicmachinedevelopment.
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