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ABSTRACT

A parallel multi-block Navier-Stokes solver with the k-w
turbulencemodelis developedto simulatethe 3-dimensionalin-
steadyflow throughanannularturbine cascadeResultsat mid-
spanarecomparedvith theexperimentatesultsof Standardrest
Case4. Comparisonsare madebetween3-dimensionaland 2-
dimensionalandinviscidandviscoussimulations.Theinclusion
of aviscousflow modeldoesnotgreatlyaffectthestability of the
configuration.

NOMENCLATURE

b magnitudeof bladedisplacemenhon-dimensionalisedith
chord

Cp Surfacesteadypressureoeficient

Cpn) Nth modeof surfaceunsteadypressureoeficient

¢ bladechord

E totalenepgy perunit mass

e internalenegy perunit mass

H total enthalfy perunit mass

h enthaly perunit masse+ p/p

k turbulencemixing enegy

ke reducedrequengy

Pr_. laminarPrandtinumber

Prr turbulencePrandtinumber

p1 staticpressuratinlet

po1 totalpressureatinlet
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Py nth modeof unsteadypressure

p pressure

t time

u, v, w velocity componentsn thex, y andz directions
u,v,w relative velocity components

X, ¥,z spatialvelocity components

@) Phasenth modeof unsteadyressure
KU molecularviscosity

pr  turbulenceeddyviscosity

p density

w turbulencespecificdissipatiorrate

y ratio of specificheats

= dampingcoeficient

INTRODUCTION

With the developmentof computersjncreasinglycomple
models have beengeneratedto reproducethe aeroelasticre-
sponsen turbomachinery

Therehave beena large numberof 2-dimensionalkstudies
into the phenomenorof aeroelasticityin turbomachineryand
thesehave beenreferencedn a numberof review paperqimre-
gun,1998;Srinivasan1997;Marshall& Imregun,1996;Verdon,
1993).Howevertheimportanceof 3-dimensionahndviscousef-
fectsin thefluid bladecouplingandthe ability of 3-dimensional
viscoussimulationsto model unsteadyaerodynamiciasonly
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beeninvestigatedby a limited numberof researchersThe un-

steadyNavier-Stokesequationswith alinearisedk-w turbulence
model hasbeenappliedthe 2-dimensionalStandardTest Case
10thatinvolvesseparatedlow (Holmes& Lorence,1998). The

analysisof a bird-damagedan assemblyhasbeeninvestigated
usingthe Navier-Stokesequationswith a one-equatioBaldwin-

Barth turbulencemodeland a coupledapproach(Ferrariet al.,

1999). Thethin-layerNavier-StokesequationgdMarshall& Im-

regun, 1996)andviscouslossmodels(Saymaet al., 1998)have

beenusedto approximatethe unsteadwiscouseffectsin order
to reducecomputatiortime. Euler simulationsof turbomachin-
ery aeroelasticityhave also beenperformedfor 3-dimensional
configurationgGerolymos& Vallet, 1996; Chuang& Verdon,
1999). Themajority of theseinvestigation$iave concentratedn

the ability of the simulationto predictthe stability of a config-

urationratherthana direct comparisorof the unsteadyaerody-
namicswith experimentameasurements.

In generalcomputationaktudiesof unsteadyaerodynamics
requireresourceshatarewell beyond a single processarHow-
ever the developmentof multiple processosystemshasgreatly
increaseccomputationakpeedthroughthe calculationof prob-
lemsin parallel. The solution of field andfluid problemslend
themseleseasilyto solutionin parallel,asthecomputationatio-
main may be divided into blocksandthe field equationssolved
for onseparat@rocessorsA 3-dimensionaandunsteadyNavier
Stokescodehasbeendevelopedfrom a codethatcalculatecthe
steadystatesolutionfor singlebladepassagets turbinecascades
(Liu & Jameson]1993;Liu & Zheng,1994;Liu & Zheng,1996;
Liu etal., 1998). The naw implementatiorincludesan unsteady
solver, moving grid, multiple processocapabilityandstructural
model.

Few 3-dimensionakxperimentaimeasurementsxist in the
field of unsteadyaerodynamicé turbomachineryA largeeffort
hasbeenmadeto compilemeasurement®r oscillatingcascades
thataretypical of thosefoundin industrythroughthe Workshop
on Aeroelasticityin TurbomachinegBolcs & Fransson,1986),
however measurementis thesecasesaremadeat mid spanand
blade motion is symmetricin the radial planeto minimise the
3-dimensionakffectson results.

TheStandardrestCaset is describedsahighly loadecktur-
binerotor, involving typical sectionsof modernfreestandingur-
binebladegBolcs& Fransson1986). Theflow is high subsonic
andthebladenormally exhibits flutter in thefirst bendingmode.
To simulatethe unsteadyflow, the bladeis forcedto oscillatein
this bendingmodeby translationat an angleto the axial axisin
theradialplane.Viscouseffectsin two dimensionamodelshave
beensimulatednumericallyfor this caseby otherauthorsusing
the Navier-Stokesequationswith the algebraicBaldwin Lomax
Model (Gruebet& Carstens]1998)andthek-wturbulencemodel
(Ji & Liu, 1999).

Recently completeconditionsatthe cascadénlet andoutlet
planehave beenmadeavailablefor StandardlestCase4. This

allows the authorsto validatethe 3-dimensionalmplementation
andinvestigatehedifferencebetweera numberof differentcas-
cademodels. Blade stability will be calculatedby way of the
enegy method.

Cascade Model

Therearetwo differentgeometricconfigurationgonsidered.
Thefirstis a2-dimensionatascadenodelwherethedimensions
of the 2-dimensionasklice aretakento be at mid-spanof the ex-
periment. The secondnvolves3-dimensionahnnularpassages.
The inlet and outlet planelies one chord upstreamand down-
streamof the blades leadingandtrailing edgesrespectiely.

Lane’s (Lane,1956)travelling wave modelis usedwherea
singlevibrationalmodeshapas consideredwith aninter-blade-
phase-angl€IBPA) assumedetweenadjacentbladepassages.
Sincetherearea finite numberof possiblelBPA's for a rotor of
finiteradius,only alimited numberarerequired.In thenumerical
simulation theannularor linearcascadés truncatedatthelowest
numberof passagesequiredand periodicity is assumedat the
boundariesof the cascade.As mary passagesre requiredto
repeatheflow patternandvibrationmodeshape.

The frequeng of vibration is specifiedas a reducedfre-

queng,

cw

kc - 2Uref

whereUes is the magnitudeof the flow velocity at the outlet.
Steadyandunsteadysurfacepressureoeficientsarereferenced
to theinlet staticpressure,

Cp= P—P1 ,
Po1—P1
P(n)
Cym = }
P ™ be(por— p1)

Theenegy methodis appliedto determinehe stability of a
particularconfiguration.Theunsteadyaerodynamiaevork coefi-
cientis integratedover the entirebladefor a cycle of oscillation.
Thisquantityis transformedo thefrequeng domainusingafast
Fouriertransform. Sincethe signalis almostpurely sinusoidal,
thereis a single dominantmode. This modeis regardedas a
complex numberand the phaseof the forcing functionis zero,
thereforetheimaginarypartof thework function,alsoknown as
the dampingcoeficient, may be usedto indicatethe stability of
the configuration. A negative coeficient is stable— the forcing
functionleadstheforcing of thebladeandthe motionis damped.
If thecoeficientis positive, theforcing of thebladeleadsthedis-
placemenfunction andthus addsenegy to the systemandthe
systemis unstable.

Copyright 0 2002by ASME



For the 3-dimensionakimulationsthe radial distribution of
inlet quantitiesof total pressuretotal temperatureandflow an-
gle are prescribedwhile at the outlet the radial distribution of
pressuras prescribed At the periodicboundariesyelocitiesare
rotatedthroughthe appropriateanglefor theannularcase.

Governing Equations and Numerical Method

Thefluid field equationsolvedarethe 3-dimensionalfFavre
averaged\avier-Stokesequationsoupledwith theenegy equa-
tion andWilcox’s (Wilcox, 1988)k-w turbulencemodelfor clo-
sure. Thesearedescretizedn a structurechexahedralgrid us-
ing the finite volumerepresentation. Thartificial dissipationof
Jamesor(Jamesoret al., 1981)is implemented. The k-w tur-
bulencemodelis solved in a similar manneron the samefinite
volume meshwith someof the termstreatedimplicitly to aid
corvergenceand stability (Liu & Zheng,1994; Zheng& Liu,
1995; Liu & Zheng,1996). The turbulencemodelschemewvas
changedrom cell vertex to cell centredueto messageassing
and stability issues. Both setsof equationsare solved explic-

itly in a coupledmannerthrougha5 stageRungeKuttascheme.

Thetime accurataunsteadysolutionis foundthroughJamesors
fully implicit dualtime steppingschemd&Jameson]991;Alonso
& Jameson]994;Alonso,1997).

Thefluid governingequationganbewrittenin integralform
overafixedcontrolvolumeQ as

% /deQ+}1{de<+gdSy+hdSz
- §1u0Sc+gu0S + huds+ [ sdo (1)

wherew includetheconsenrativevariablefor massmomentum,
enenpy, turbulentkineticenegy andturbulentspecificdissipation
rate;f, g andh arethe corvective flux vectors;fy, g, andh,, are
thediffusive flux vectors;andS is a volumesourceterm. These
aregivenby
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In the above equationst is time, p density p pressurep

moleculawiscosity k turbulentmixing enegy, andwthespecific
dissipationrate. Subscriptd = 1,3 indicatethethreecoordinate
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directions. Quantitiesx;, or x, y and z, standfor the position
vectorsanduy;, or u, v andw, arethe flow velocity components
in the x, y and z directions. The total enegy andenthalfy are
definedE = e+ k+ ujuj/2 andH = h+ k+ uju; /2, respectiely,
with h= e+ p/p, ande is theinternalenegy. Otherquantities
aredefinedin thefollowing equations:

b=t 3)
Tij = 247 [Sj - %g—;";&j] —2/3pkd; (5)
) Zp[sj %3—)‘::6”] ) (®)

wherePr_ andPry arethe laminarandturbulent Prandtinum-
bers,respectiely. The molecularviscosity |, is calculatedby
Sutherlands law. (3, B*, a, a*, o, ando* areclosureparameters
for thek-w turbulencemodel.

A dualtime steppingschemd&Jameson]991)is usedto cal-
culatetheunsteadyflow problem.A secondrderaccuratefully
implicit schemds usedto evolve theunsteadyroblemin atime
accuratenanner

Parallel Implementation

Domaindecompositiors usedto sub-dvide eachbladepas-
sageinto a numberof blocks. The MessagePassinginterface
(MPI) is usedto implementthe parallelcode.Both flow andtur-
bulencemodelquantitiesarepassedt block boundariesWithin
the codeeachblock is considered single entity — only bound-
ary informationis required. The two equationturbulencemodel
requiresonly local knowledgeof the flowfield, unlike someal-
gebraicmodelsthat require global length scalecalculationsto
maintaincontinuity over block boundaries.

A high level of Fortran90is implementedand flowfield
guantitiesare consideredas high level objects. In the appli-
cationof boundaryconditions,a transformations usedfor the

coordinatesystemso that eachroutine is written for one set of

coordinate®nly. Theflow andgeometrioquantitiesfor themul-

tiple grids within the multigrid solver are alsoregardedas ob-

jects,with residualsandtheflow field interpolatebetweerthese
blocks.

Themoving grid is implementedhroughtransfiniteinterpo-
lation within eachcomputationablock. This methodis highly
efficientandrequiredesscomputationatvork thanregenerating
thegrid completelyat every time step.Moving facesattachedo
the bladeareassigned bladenumberandfrom this is assigned
aphasdor theprescribedscillation. Thesearecollectedon the
root processoandat every realtime stepthe grid is adaptedo
thenew positionof theblades.Themoving grid methodhasbeen
successfullyappliedto the modelling of aeroelasticityin wings
(Wong et al., 2000; Liu et al., 2000) andin two dimensional
analysisof turbineaeroelasticitfSadghi & Liu, 2000). Details
of the methodandits implementatiorhave beenpreviously pre-
sentedWongetal., 2000).

Results and Discussion

Inviscid and Navier-Stokes simulationswere performedfor
both 2-dimensionaland 3-dimensionalconfigurationsof Stan-
dard Test Case4. Within Test Case4 there are a numberof
measurementspesultsherearecomparedvith Test627. In this
case the passagélow wasin the high sub-sonicregime with a
reducedirequeny of k; = 0.1187andinvolving a bendingam-
plitude of b, = 3.8 x 1073, At theinlet Maj, = 0.18 andat the
outletMagy = 0.9. It wasfound thatusingthe presentmethod
about4 oscillationswererequiredfor a cornvergedunsteadyso-
lution asdescribedn previouswork (Ji & Liu, 1999).

The grid convergenceof the k-w simulationswasonly per
formed for 2-dimensionalconfigurations. It was found that a
meshof 160 x 64 was sufficient to provide grid corvergence
with ay* < 3 atmid-chordonthesuctionside.A finergrid with
ay"™ < 1 wasalsousedhoweverthis producedavariationin the
steadypressurecoeficient of lessthan 1 percent. The number
of cells was doubledin the axial direction but this madelittle
differenceto the steadysurface pressurecoeficient. With the
typicalmeshahalf anorderof magnitudechangen thesmallest
cell sizeattheboundaryresultedin lessthat 1 percentvariation
in the surfacepressurecoeficient. Basedon the 2-dimensional
grid corvergencestudies,a meshof 160 x 64 x 64 is usedfor
3-dimensionalNavier-Stokes simulations. The largestgrid in-
volved approximately2.6 million pointsspreadover 32 compu-
tationalblocks.A typical meshfor afour passage3-dimensional
Eulersimulationis showvnin Figurel.

The steadypressurecoeficient is shovn for both the 2-
dimensionaland 3-dimensionalcascadesn Figure 2. The 2-
dimensionaEuler and Navier-Stokesagreewell with otherau-
thors. However the 3-dimensionalresultsvary for both flow
models.Thek-w resultsunderpredictthe suctionover the back
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portion of the bladesuctionside,while theinviscid resultunder
predictsthe suctionin the mid-chordregion. Thereasorfor this
deviationis notobvious,althoughit shouldbe notedthatthegrid
resolutionstudywasonly performedfor the 2-dimensionatase.
A comparisonof the unsteadypressurecoeficient for an
inter-blade phaseangle of 180 degreesis shavn in Figure 3.
For the 3-dimensionatesults the pressureoeficientis takenat
mid-span.The Eulerresultsdiffer from the Navier-Stokescalcu-
lations;thisis probablydueto thelack of blockagedueto thevis-
cousboundarylayer. Thereis somedeviation amplitudeat quar
ter chord, however thesewere also obsened in 2-dimensional
simulationsby otherauthors(Grueber& Carstens1998)andas
yetis unexplained. Thereis alarge differencein the predictions
of the distribution of phaseanglefor the surfacepressureoefi-

Figure 1. Typical mesh for a four passage, 3-dimensional Euler simula-
tion.

O Experiment (Pressure Side)
X Experiment (Suction Side)
— 2d Euler

== 2dkw O
-=- 3d Euler

T R §

15+

-20
0

Chord

Figure 2. Steady surface pressure coefficient.

cient,in particularfor thesuctionsideregion betweermid-chord

andthetrailing edge. The experimentalmeasurementsf phase
for thisregionfor the configuratiorarevery differentfrom those
presente@arlier(Bolcs& Fransson1986)andthenumericalre-

sultsfor phasecomparewell with thosefor the slightly different

flow conditionsby other authors(Grueber& Carstens,1998).

On the suctionside, the phaseis closestto the experimentally
measuredralue wherethe magnitudeof the unsteadypressure
coeficientis highest.

Thereis goodagreemenbetweerthe 2-dimensionabnd 3-
dimensionamodels.Figure4 shavs similar resultsfor an IBPA
of 90 degrees;the inviscid resultdropsbelov the viscousone
at mid chord- it is assumedhat this is onceagaindueto the
blockageof theboundarylayer.

Theunsteadyesultswereinvestigatedilongthe spanof the
blade,asshavn in Figure5. Theeffectsof the passageortices
on theunsteadypressurecoeficientappeaminimal andthe co-
efficienton the suctionsidecollapseontoeachothertowardthe
trailing edge.However at 10 percentspanfor theinviscid result,
the suctionside pressuraleviatesfrom the viscousresults. Un-

80

O Experimeﬁt (Pressure Side)
% Experiment (Suction Side)
— Euler 2D
-- NS 2D
-=- Euler 3D

60

20

-270— =

360 ! ! ! !
Chord

Figure 3. Comparison of different models for first mode of unsteady
pressure coefficient for IBPA=180.
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steadypressurecoeficientsin this figure are referencedo the
staticpressuresatthe mid-spanof the passagénlet.

Blade surface pressuresvere integratedover the displace-
mentcycle to gaugethe stability of the configuration,usingthe
enegy method.Resultsareshowvn in Figure6. A positive damp-
ing coeficientindicatesa stableconfigurationand corverselya
negative coeficientis unstable.A descriptionof the calculation
of this quantityis alsoprovidedin BolcsandFranssor{1986).

It is interestingto notethatthe differentunsteadypressure
coeficientsof thevariousmodelsproducesimilardampingcoef-
ficients. Eventhoughthe experimentinvolved six pressurdaps
on eachbladesurface,it provided sufficient resolutionto com-
parewell with the simulations.

Uncertainty remainsregarding the condition of the inlet
boundarylayer, and the condition of the blade boundarylay-
ers. The presentsimulationhasassumedully turbulentwalls.
Howeverit is believedthatrefinementsvill notalterthe stability
predictionsto alargedegree.

60
O Experimeﬁt (Pressure Side)

% Experiment (Suction Side)
— Euler 2D

-+ NS 2D 1
— - Euler3D

-=- NS 3D

|Cp(1)|

-360

Chord

Figure 4. Comparison of different models for first mode of unsteady
pressure coefficient for IBPA=90.

Conclusions

A parallelunsteady3-dimensionaNavier-Stokescodewith
atwo-equatiorturbulencemodelhasbeendevelopedto simulate
unsteadyflows throughoscillating turbomachinerybladerows.
Althoughthe 3-dimensionakimulationstendto over-predictthe
amplitudeof the unsteadypressureoscillation, thereis reason-
ableagreementvith experimenton the overall behaiour in the
unsteadyressuralistributionsandaerodynamicslampingcoef-
ficients.

The purposeof the is paperis to documentunsteady
aeroelasticsimulation results, especially effects due to 3-
dimensionalityand viscosity by a multi-block 3-dimensional
Navier-Stokescodewith thek-w two equatiorturbulencemodel.
Computation®f the StandardlestCase4, however, shov only
small differencesdetweenresultsby the 3-dimensionakliscous
code and 2-dimensionalinviscid solutions,indicating that this
is essentially2-dimensionaknd viscouseffects are not impor-
tant on the flutter stability for this case. Furtherinvestigations
arerequiredto examinecasesvhereviscouseffectssuchastip
gapleakageandflow separationmay have a greaterinfluenceon

80
o | Experiment 50% sﬁan (Pressure Side)

X Experiment 50% span (Suction Side)
Euler 10% span 7

------- Euler 50% span

———- Euler 90% span —

————— NS 10% span

-=--= NS 50% span

NS 90% span

60

20

180 :

ool e -

-180

-270 — —

K |
360O 0.5 1

Chord

Figure 5. Comparison of unsteady pressure coefficient at different span-
wise locations for 3D model for IBPA=180.
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aeroelastitability.
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