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ABSTRACT

A CFD solwer is developedto solve a 3D, unsteadycom-
pressibleNavierStoles equationswith the Baldwin-Lomaxtur-
bulencemodelto studythe unsteadyseparatiorflow in a high
incidencecascade.The secondorderaccurag is obtainedwith
the dualtime steppingtechnique.The codeis first validatedfor
its unsteadysimulationcapabilityby calculatinga 2D transonic
inlet diffuserflow. Thena 3D steadystatecalculationis carried
outfor the cascadet anincidenceof 10°. The surfacepressure
distributionscomparereasonablyvell with the experimentmea-
surementFinally, the3D unsteadysimulationis carriedout with
3 inlet Mach numbersat the incidenceof 10°. The separation
bubbleoscillationandthe staticpressurescillationon the lead-
ing edgeof the blade suctionsurface exhibit clear periodicity
Thedetailsof theleadingedgevortex sheddings captured.The
inlet Mach numberis shavn to be the determinanfactorin the
characteristicef the separatiorflow. In the subsonidnlet flow
region, increasingheinlet Machnumberenlagesthe separation
region andthe pressurescillationintensity The separatiorilow
is wealenedwhentheinlet flow becomesupersonic.
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p density

Wk molecularturbulentviscoscity
T stress

y specificheatratio
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a localspeedf sound

e enepgy perunitmass

I mixing length

p staticpressure

u,v,w velocity components
X,y,z Cartesiarcoordinates
t time

C, staticpressureoeficient
E,F,G inviscidflux vector
Ma Machnumber

Pr Prandtinumber

Q consenrative variablevector
Re Reynoldsnumber

R ST viscidflux vector

Intr oduction

Flutter in axial turbomachiness a highly undesirableand
dangerouself-excited bladeoscillationmodethat canresultin
high cycle fatiguebladefailure. Modernturbineengineeemploy
transonicfan stageswith high aspectatio bladesthatare prone
to flutter. It is imperatve to understandhe origins of flutter for
reliableandsafeoperationof theseengines.

High subsonicand transonictorsional stall flutter occurs
nearthefanstall limit line at speedsip to about80% of the de-
sign speedand with high incidence. Two potentialfactorsare
assumedo trigger the flutter mode, the shockwave motionin
the transonicconditionsandthe large separatioron the suction
side of the bladesurfaceunderhigh incidenceangle[1]. Actu-
ally, theshockwave doesnot appeawuntil very high subsonidn-
let Machnumberis reached However, theflutter existsin much
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wider Mach numberregion (appearsn smallerMach number)
thanwherethe shockwave exists. The separatiorflow on the
leadingedgeof thebladesuctionsideis alik ely causefor flutter.

A seriesof experimentshave beencarriedout in NASA Glenn
ResearclCenterto studythetransonicseparatiorilow character
isticsof modernairfoils for transonidans.A low aspectatiofan
blade operatingnearthe stall flutter boundaryunderhigh inci-

denceis simulatedin the NASA Transonid-lutter CascadeThe
unsteadyressurés measureetselectegointsonthechordline

of the cascadesurfaceq2]. Theflow patternis visualizedusing
dyeoils andschilierenflow visualizationmethodd1].

The objectve of this paperis to numericallystudy the un-
steadycharacteristicef the NASA transoniccascadeseparation
flow with aincidenceangleof 10° in 3D condition.A CFDsolver
is developedto solve the 3D, unsteady compressibleNavier
Stolesequationswith the Baldwin-Lomaxurbulencemodel[3].
The dualtime steppingmethodis appliedto achiese the second
orderaccurag in time. The unsteadycomputingcapability of
the CFD solwer is validatedby a transonicinlet diffuser flow,
whereturbulent boundarylayer interactswith the shockwave
andcausesinsteadyflow separationFinally, the unsteadysepa-
rationflow simulationis carriedoutat3 inlet Machnumbers(.5,
0.8and1.18.Thevortex sheddingnechanisnis analyzedor the
caseof Machnumber0.5. The characteristicof the separation
flow undervaryinginlet Machnumberds demonstrated.

Numerical Algorithm

The governing equationsfor flow field simulationusedin
this paperarethe Reynoldsaveragediime-dependentompress-
ible NavierStoles equationsin generalizedcoordinatesystem.
The simulationis carriedout with finite volume method. The
equationsare discretizedusing the third order MUSCL differ-
encing[4]. Thelinearizedequationsystemsaresolvedusingthe
Gauss-Seiddine iteration. Upwind differencingis implemented
with the Roeschemd5] andthevanLeerschemd6]. The sec-
ond orderaccurag of time marchingis obtainedwith the dual
time steppingtechnique.

Governing Equations

For simplicity, thenon-dimensiondiorm of theequationsn
conserationlaw form areexpressedn Cartesiancoordinatess
thefollowings.
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Theshearstresgermsareexpresseds,
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Bx, By, andp, areexpresseds,
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In abore equationsp is thedensity u, v, w arethe Cartesian
velocity componentsén x, y, z directions,p is the staticpressure,
ande is the enegy perunit mass.a is the local speedof sound.
The overbar denotesa Reynoldsaverage,andthe tilde™is used
to denotethe Favre massaverage. The molecularviscosity p
is determinedoy the Sutherlandaw. The Reynoldsstressesre
relatedto meanflow variablesthrougha turbulent viscosity |4
basedon the Boussines@ssumptionandtheturbulentviscosity
L is determinedy the Baldwin-Lomaxmodel[3].

Bald win-Lomax Turbulence Model [3]
Theturbulentviscosityl; is computedseparatelyn two lay-

ers.For clarity, theoverbarandtilde areomittedin thefollowing.
At innerlayer,

L = pl? 0| 2
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where

Shw(f)] e

wis thelocal vorticity, y andy* arethe dimensionabnddimen-
sionlesdistanceo thewall.

At theouterlayer,

Mo = KCeppFwakeFkieb 4)

Fvake = min (ymameax; Cwakeymaxugiff/ Fmax)

-1

Faieb =

6
1+55 <Ck'eby> ]
Ymax

In theabove formulations k, A", Cyake, Cideb, Cep andK are
constants.

The quantitieUgits, Fmax andymax aredeterminedy theve-
locity profile following aline normalto thewall. Fyax andymax
arethe maximumvalueandthe correspondinglistanceof func-
tion Fy,

Ry =lol[1-ep (- X )| ©)

Ugiff = (\/ u2+v2+wz> o (\/ u2+v2+W2) (6)

min

In the 3D computationof this paper the wall is locatedat
the 4 sideof the computatiordomain. The valueof | is simply
computedaccordingto the closestwall surface.Fnax andymax is
searchedrom thewall to the centerof the passageln the wake
region, the exponentialpartis setto zeroin Eq. (3) andEq. (5).
Thesecondartof Eq. (6) is zerooutsideof thewake region. All
constantareassignedhe standardraluessuggestedh [3].

The turbulencemodelis appliedandvalidatedin [7] for a
subsonidurbulentflat plateboundarylayerflow.

Discretization Method
Thegoverningequationg1) arediscretizecandsolvedusing
finite volumemethod.The equationsarerewritten as,

aQ_ 0(E-R) 0(F-9 0(G-T) 7
ot ax 9oy oz 0

Usingfinite volumemethod,

o s

where,dV is thevolumeof cell, sis cell interfaceareavectorin
thenormaloutward pointingdirection,and,

Re = (E—R)i+(F—9j+(G-T)k

Discretizethis equationin implicit form with first orderdif-
ferencingin both time and space. The discretizedequationsat
cell (i, j, k) arewritten asthefollowing,

AQ+ATAQ_; +AAQ+A AQ
+B"AQj_1 +BAQ+B AQj
+C*AQ 1 +CAQ+C AQ 1 =R (8)

where,

R:%<_.£RF'ds>n

AQ — Qn+1 _ Qn

where,n, n+ 1 denotetwo sequentiatime steps.

Equation(8) is solved usingthe line Gauss-Seidédteration
method.Thecorvective fluxesk, F, G areevaluatedby the Roe
schemd5] or the van Leer schemewith MUSCL differencing.
Third orderdifferencingis usedfor corvectivetermsk, F, G and
secondrdercentraldifferencingis usedfor theviscoustermsR,
S T. Localtime stepis appliedto speedup thecorvergence.

Time Marching
The dualtime steppingtechniqueis usedto obtainthe sec-
ond order accurag in time. The methodis madepossibleby
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addin_ga pseudotemporalterm %—? to Eq. (1). The governing
equationbecomes,

0Q 00

ot Tt
 A(E-R (-9 0(G-T) .
- ax  ay oz ©)

wheret is the pseuddime andt is therealtime.

Therealtime stepAt is specifiedby the physicaltime inter-
val. The solutioniterationis operatedon the pseudatime step
At, which is limited by the CFL criterion. Whenthe implicit
solutionis corvergedon pseudaime At iteration,one physical
time stepAt is finished.Numericaltechniquessuchaslocaltime
step,Gauss-Seidehethod canstill beusedto speedup thecon-
vergencein theiterationon the pseuddime stepAr.

Write Eqg. (1) in integral form,

0Q_0Q _
3ttt R (10)

; ; At ]
Applying the secondrderdiscretizatiorfor a—?,

aQ B 3Qn+l _4Qn+Qn71

ot 20t

wheren is the physicaltime step. Thevalueattime stepn+ 1 is
unknovn andwill be solvedby the pseuddime iteration.

At the unknavn time stepn+ 1, using Euler discretization
for the pseudaemporalterm,let mandm+ 1 be consequential
pseuddime steps.

aQ Qn+1,m—|—1 _ Qn+1,m
ot AT

The governing equations with pseudo temporal term
Eq. (10) areimplicitly writtenas,

Qn+1.m->—17Qn+l.m 3Qn+174Qn+Qn 1
+ 2Nt

AT
— RM+1m+l (11)
Therefore,
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Eq. (12) s iteratively solved usingthe Gauss-Seiddine it-
erationmethods. Q"™ is assumedo be equalto Q" at the
baginning of theiterations.

Results and Discussion

In this section,the unsteadysimulationof the codeis first
validate by a transonicinlet-diffuer flow. Thenthe numerical
studyis carriedout for the casecadeseparatedlow with anin-
cidenceangleof 10° under3 inlet Mach numbers0.5, 0.8 and
1.18.The cascadexperimentmeasuremeris reportedn [2, 8].

Unstead y Transonic Inlet-diffuser Simulation

A 2D transonidnlet-diffuserinternalflow is first calculated
to validatethe unsteadysimulationability of the currentcode.
This caseis experimentallymeasuredn [9] to study the fre-
gueng characteristice®f shockwave oscillationresultingfrom
the interaction betweenthe turbulent boundarylayer and the
shockwave. The testsectionis designedto obtaina 2D flow
condition. Theflow enterstheinlet diffuserundersubsoniccon-
dition and accelerateso supersoniat the throat. By adjusting
the backpressurdevel at outlet, differentshockwave structures
areobtained.

Fig. 1 shavs thethe meshstructure. Theinlet diffuserhasa
heightof hy =4.4cmatthethroatandatotallengthof 12.6y. The
inlet heightis hj, = 1.4h;. The meshsizeis 130()x60(). The
grid is uniformly distributedin horizontaldirection beforeand
afterthethroatsection.In thethroatregion, thegrid is clustered
to catchtheshockwave sharply Themeshis alsoclusteredtlose
to the upperand bottom walls to make surethe maximumy*
is below 3. The Roeschemeis appliedto evaluatethe control
volumeinter surfaceflux.

Thetotal pressurey, total temperaturdl; andflow anglea
are specifiedat the inlet. The no-slip adiabaticboundarycon-
dition is appliedat top and bottom walls. The back pressure
level is setas pouler/ Pt =0.72 as the experiment. The throat
heightis usedasthe characteristidength. The Reynoldsnum-
beris 4.3896<1(°. Thestaticpressurés fixedatthe outlet. The
physicaltime stepis setas0.28272ms,whichis about7% of the
shockoscillationcycle. The Gauss-Seidedolutionis carriedout
betweentwo sequentiaphysical time stepswith a CFL of 5.0.
The corverged solutionfor eachphysical time stepis obtained
after 50 pseudotime stepiterations. The obtainedinlet Mach
numberis 0.458.

The instantMach contoursare shovn in Fig. 2. The shock
wave is clearly captured.The flow is separatedfter the shock,
which bringshigh unsteadinest the flowfield. Thelocationof
the shockwave movesbackandforth downstreamof the throat
region. Theflow field parametersincluding the shockwave lo-
cationandstaticpressureyary periodicallywith time in there-
gion afterthe shockwave. Fig. 3 shaws the pressurenscillation
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history on the upperwall at outlet. More clearfrequeng infor-
mationis revealedusingthe FastFourier Transform(FFT) tech-
nique. The staticpressurdrequeng spectrunis shavn in Fig. 4
ontheleft comparedvith experimentmeasuremeriiasednthe
shockwave motion [9] on the right. The computedfrequeny
spectrumpeakis at 250 Hz, which is closeto the experiment
measuremerftequeng, 200Hz. Thereasorfor thediscrepang
betweerthe computationabndexperimentalresultsmay be the
inadequayg of theturbulencemodel,whichwill affectthebound-
ary layerthicknessandhencethe shockmotion.

3D Cascade Geometry, Meshing and Boundar y Condi-
tions

The testsectionof the NASA transonicflutter cascadda-
cility is showvn in Fig. 5. Nine bladeswere locatedin the test
section.With areferenceo the axial direction,the settingangle
of theinlet ductis 20°, andthe blade-settingangleis 30°. This
resultsin 10° chordalincidencefor the airfoils. Fig. 6 shavsthe
mid-sparcrosssectionof thecascadeThetestsectionhasarect-
angularcrosssectionof 5.84cm wide (pitch s) by 9.59cm high
(heighth). Theaerodynamichordcis 8.89cmwith amaximum
thicknessof 0.048& at0.62% from theleadingedge.Thisresults
in a solidity c/s of 1.52. The experimentbladeshave constant
crosssectionin span-wisedirection, exceptnearthe endwalls,
wherethey have large, diamond-shapetillets to supportthe at-
tachmenshafts.Thebladesarenot exactly symmetricaboutthe
mid-sparplane.Thefillet onthedrive-sideis largerthantheone
on the free side (Fig. 9). This makesthe 3D calculationneces-
sary

The currentsimulationis carriedfor the pitch-wisecentral
passag®f the cascade.The cascadeshawvs good periodicity in
flowfield measuremenfl0]. The mid-spancomputationaldo-
mainis shavn in Fig. 7. In the plot, to make x axis pointing to
right horizontally the bladeis rotated90° counterclockwiserel-
ative to Fig. 5 and6. This s followed by the restfiguresin this
paper To minimize theinfluenceof boundaryconditionspecifi-
cation,thecomputatiordomainis stretchedutsidefor 1.2chord
lengthin stream-wisalirectionat inlet and outlet. Boundaries,
A—-B,C—-D, E—F andG— H aresetasperiodicboundaries.
No-slip adiabaticboundaryconditionis appliedat the wall sur
faceB—C andF — G. Total pressurd?, total temperaturd; and
flow anglesa, B aregiven at inlet boundaryA — H uniformly.
At the outletboundaryD — E, a constanstaticpressuras fixed.
The no-slip adiabaticboundaryconditionis alsoappliedon the
two endwalls atbottomandtop. Thegenerakoordinatess used
in the simulationwith & axis aligning with the stream-wisedi-
rection,n axisaligningwith the pitch-wisedirectionand{ axis
following the span-wisedirection.

The three dimensionalmeshstructureis shavn in Fig. 8.
The endwalls arelocatedat the bottomandthe top. The mesh
sizeis 100€) x60() x60(C). In & direction,thereare15,70and

15 meshpointsallocatedbefore,on andafter the bladesurface.
Fig. 9 shavsthethemeshstructureandthegeometryof theblade
atbottom,mid-spanandtop planes.The meshis clusteredn re-
gionscloseto thebladesurfaceon then directionandin regions
closeto the top andthe bottomendwalls in the { direction. In
& direction, the meshis clusteredin regions closeto the lead-
ing andtrailing edgesof the blade,wherethe flow structureis
complicated Themaximumy™ atall wall boundariess under3.
For clarity, every oneof two gridslinesareplottedin Fig. 8 and
Fig. 9.

Steady state results

Thoughthe flow is separatec&nd unsteadywhenthe inci-
denceis high, thetime averagedlow field is calculatedwith the
local time steppingenabledandthe dualtime steppingdisabled
in the code. The solutionis obtainedwhenthe calculatedflow-
field is unchangedThe steadystatesolutionis alsousedasthe
initial solutionfor the correspondinginsteadycalculation.

An incidenceof 10° is chosenfor the following numerical
study The van Leer schemeis usedto evaluatethe inviscid
flux. Thoughthe van Leer schemeis more diffusive than the
Roeschene, whenworking with the BaldwinLomaxturbulence
model,it givesbetteragreementvith the experimentin the cur-
rentcode.TheRoeschemepredictstheseparatiotargerthanthe
experiment.Theinlet Machnumberis obtainedby adjustingthe
backpressurdevel.

Theresultof the casewith inlet Ma=0.5is describedn this
sectionto demonstratedhe characteristicef the 3D separation
flow field. More resultsfor Ma=0.8 andMa=1.18canbe found
in [7]. In the caseof Ma=0.5,the correspondindre/noldsnum-
beris 9.6699< 10°. The CFL in the Gauss-Seidaterationis 5.0.
Thecalculationstartsfrom a flowfield atrest.

The flow streamlines on the mid-spanplaneis shavn in
Fig. 10. Theflow exhibits alarge separatedegion onthesuction
surfacethat startsimmediatelyat the leadingedgeand extends
down to 45% of the bladechord. Theflow patternonthesuction
surfaceis plotted on the left in Fig. 11. The separatiorregion
hasa parabolashape which is approximatelysymmetricabout
alongtheblademid-spanline andextendsto the bladeupstream
corners. Two counterrotating vortexes are formed dovnstream
of the bladeleadingedgecornerson the suctionsurfaceat its
two ends. The experimentvisualizationwith dye oil technique
is shavn in Fig. 11 on theright. The computatiorresultsagree
with the experimentfairly well, exceptthatthe numericalresults
shavs afuller separatiomegion in span-wisedirection.

Themid-sparstaticpressuralistributionis plottedandcom-
paredwith theexperimentmeasuremerit Fig. 12. A reasonable
agreemenis achieved. The pressures expresse@sthe pressure

Copyright (© 2004by ASME



coeficient,

P— Pin
Cp= P=Pn
T Lol

wherep is thelocal staticpressurepin, pin andUi, aretheaver-
agedstaticpressuredensityandvelocity attheinlet.

Ontheleadingedgeof the suctionside,the numericalpres-
sureresultsvariesmoresteeplythanthat given by the measure-
ment. Theseparationegion denotedoy the crossof the pressure
distributions on suctionand pressuresurfacesagreesvery well
with theexperiment.

Theseparatiommegion is enlagedwhenRoeschemds used
to calculatethe inviscid flux. A possiblereasonfor the differ-
enceis the applicationof turbulencemodelon the H-type mesh
in the currentcode. It is shavn thatthe implementatiordetails
the BaldwinLomaxmodelis vital to the resultedturbulent vis-
cosity accuray. Better agreemenis obtainedin [11] for the
samecasewherethe Roeschemas appliedon an O-typemesh.
The H-type meshin the currentcodeis generatedy an elliptic
methodas a whole, which meetsdifficulty in the meshorthog-
onality in the wall boundaryregion, which affectsthe accurag
in calculatingthe outerlayer eddyviscosity coeficient. A two-
layerH-typemeshis usedin [12], whereaninneralgebraianesh
is surroundedy an outerelliptic methodgeneratednesh. The
theinnermeshis designedo achieve betterorthogonality These
grid generatiorntechniqueswill be implementedn the codein
thenext stepresearchwork.

Unstead y separated flow simulation

The separations believed to bring high unsteadinest the
cascadd@ow pattern.Theinlet Machnumberis animportantfac-
tor which affectsthe separatiorcharacteristic§7]. To studythe
influenceof the inlet Mach numberon the unsteadycharacteris-
tics of the separatedlow, numericalsimulationis carriedout for
highincidenceanglecaseswith Machnumber0.5,0.8and1.18.
Eachunsteadycalculationis carriedout basednits correspond-
ing steadystateresult.

Duetothelimitation of thecomputatiorcapability the phys-
ical time interval is chosemaslarge as 10% of the characteristic
time of thecascadet; = ¢/Ui,. Ujyis theinlet velocity. Thistime
interval varieswith the inlet Mach number The CFL number
usedin the pseudatime Gauss-Seidéimplicit iterationis 20.0.
Twenty pseudatime stepsare usedfor eachphysical time step.
Two parametersirerecordedo analyzethe unsteadycharacter
istics of the separatiorflow. Thefirst is the mid-spanseparation
bubblelength), whichis markedby the streamwisezeroveloc-
ity pointatthefirstinnermeshpoint onthe suctionsurface.The
secondparameteis the unsteadystaticpressurd p) measuredt
thelocationof 13% downstreamnthe leadingedgeon the suction

surface,whichis the sameasthe experimentmeasuremeribca-
tion. Theunsteadypressurds referedas“checkpoint pressure”
in thefollowing.

Ma = 0.5 Inthecaseof Ma = 0.5,thephysicaltime inter-
val is setas0.052744ms.

Fig. 13 shavsthetime history of the separatiolengthoscil-
lation in atime segmentof 16 ms (30t;). The separatioriength
increasegapidly from 0.4% to 0.66c in the first 1.63 ms (3tc)
andthendecrease® 0.6 att =2 ms(3.8). Theseparatiome-
gionthengrows up again towarddownstreanto 0.7 att =3 ms
(5.7%;). With thetime progressingthe separatiomregion bound-
ary oscillatesbackandforth on the suctionsurface. Theaverage
lengthtendsto increasegraduallyuntil aperiodicstateis reached
after 4.4 ms (8.3¢). The oscillation of the separatiorlengthis
betweer0.73 and0.76c with afixed cycle. The periodicityin-
formationis clearly extractedusingthe FFT technique The sep-
arationregion oscillationspectrds calculatedrom the unsteady
dataafter 4.4 ms (8.3%;). The frequenyg spectrumis shavn in
Fig. 14,whichclearlyshons apeakat 770Hz. Thisindicateshe
separatiorlengthoscillateswith a periodof 1.25ms(2.3%;).

Comparedvith the steadystatesolution,the unsteadysepa-
ration calculationresultsin larger separatiorsize. The reasoris
notclear

The unsteadycheckpoint pressuredatashavs similar char
acteristicof the unsteadyseparatiorflow. Fig. 15 shavs a seg-
mentof 16 ms(3Qt;) pressurescillationdata. The pressurestart
at p =2.659from the steadystateresults. The oscillationis be-
tweenp =2.68andp =2.72aftert =4.4ms(8.3). Theoscilla-
tion amplitudeis aboutl.5%of the averagedpressurédevel. The
frequeng spectrumis shavn in Fig. 16 with apeakat 770Hz.

The mechanisnmbehindthe unsteadycharacteristicof the
separationis illustratedin Fig. 18, wherethe evolution of asepa-
rationoscillationcycleis plotted. Thestreaminesat 8 time steps
shav the leadingedgevortex sheddingdevelopment. Thereare
4 physicaltime stepg0.21ms,0.4t;) betweerR sequentiaplots.
Therelationshipbetweerthe oscillationof the pressureandthe
separatiortlengthis showvnin Fig. 17.

At thestartingtime level a (t =4.4305ms,8.4t), thesepara-
tion region hasjust passedhe maximumlengthlocation. There
are 2 vortexesin the separatiorbubble. They arerotatingin the
samedirection. The checkpoint pressuras going up. At time
level b (t =4.6415ms, 8.8¢), the two vortexes are pushedto-
ward downstream.The secondvortex diminishes.Thefirst vor-
tex grows quickly andbecomeghe only vortex in the separation
bubble. The separatiorregion becomesghicker in the span-wise
direction, but shorterin the stream-wisalirection. The surface
checkpointpressureeachedts maximumlevel atthistimelevel.
At time level ¢ (t =4.8524ms, 9.2), the separatiorbubble ap-
proachests shortestengthin stream-wiselirection,and maxi-
mumthicknessn the span-wisalirection. Thecheckpoint pres-
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sureis goingdown. At time level d (t = 5.0634ms9.6;), the
separatiorbubble haspassedhe minimum lengthlocation,and
beginsto extendtoward downstream.The checkpoint pressure
is still goingdown. At timelevel e (t =5.2744ms,10.Qc), anew
vortex is generatedt leadingedgeandbecomeghe first vortex.
The checkpoint pressurgeachests minimum value. The sep-
arationlengthis still increasing. At time level f (t=4854ms,
10.4;), thefirst vortex continuesto grow. The secondvortex is
pushedtioward downstream.Both the checkpoint pressureand
the separatiorlengtharegoingup. The latteris approachingts
maximumlocation. At time level g (t =5.6964ms, 10.8&;), the
two vortexeshave almostthesamesize theflow structurds close
to the startingtime level a. The separatiorboundaryhaspassed
its maximumlocationandbegin to shrinktoward upstreamThe
checkpointpressurads goingup. At time level h (t =5.9073ms,
11.2.), the secondvortex diminishes.A new cycle is startedat
thistime level.

The leadingedgevortex sheddingexhibits obvious periodi-
cal patternin its evolution processTheleadingedgekeepsgen-
eratingnew vortexes. The new vortex pushegheold vortex bub-
ble toward downstreamand the old vortex decreasef size at
the sametime. Whenthe two vortexesbecomeof the samesize,
the maximumseparatiorlengthis reachedwherethe separation
bubble hasthe thinnestsizein span-wisedirection. As the new
vortex grows further, the old vortex will diminish. The separa-
tion bubble will move upstreamand makes the bubble thicker.
The leadingedgesurfacecheckpoint pressurgeachests max-
imum level whenthe separatiorbubble shrinksand reachests
minimum level when the separatiorbubble boundaryextends.
The vortex generationpressurevariationand separatioriength
oscillationhave the samefrequeng characteristicsvith a phase
differenceasshownn in Fig. 17. Suchoscillationis maybeoneof
thereasongo causego flutter.

Ma = 0.8 The physicaltime interval usedin the calcula-
tion for the caseof Mach number0.8is 0.0342ms. A similar
flowfield unsteadycharacteristicgs exhibitedin the computation
results.

Fig. 19 and Fig. 21 shav the separationlength and the
checkpointstatic pressureoscillationhistory in a time periodof
21 ms. A clearperiodicity is shovn in thesetwo figures. It is
found in the time averagedsteadystatestudy in [7] that, the
increaseof the inlet Mach numberwill enlage the separation
bubblein size. Fig. 21 indicatesthatthe inlet Mach numberin-
creasealsoincreaseghe amplitudeof the pressureoscillation.
The oscillationamplitudeis increasedo about5% of the aver-
agedpressurdevel. The increasedinetic enegy in the inflow
bring higherunsteadinesmitensityto the separatedlow filed.

The correspondingFFT frequeng analysisis showvn in
Fig. 20andFig. 22 respectiely. Thefrequeng analysids based
ontheoscillationdataaftert=5 ms. Theunsteadyseparatiorflow

exhibits higheroscillationfrequeny becausef theincreasedn-
let Mach number A clear frequeng spectrumpeakis shavn
at 1400 Hz in both figures,twice the frequeng in the caseof
Ma=0.5.

Ma = 1.18 In the steadystatesimulationof the cascade
at Ma=1.18in [7], the separatiorflow characteristicare very
differentfrom thoseat subsonic. The further increasedinetic
enegy in theinflow makestheflow attachedo the bladesurface
in the leadingedge. A smallersizedseparatiorregion appears
aftertheshockwave becausef theinteractionof theshockwave
andtheturbulentboundarylayer The separatiorbubbleshrinks
in sizeandis locatedonly in a smallregion at the centerof the
suctionsurfaceregion.

Thephysicaltimeinterval in thecalculationis setas0.02483
ms. Thepressureheckpointis locatedoutsideof theseparation
region in the supersonicase.The pressurescillationhistoryis
shavn in Fig. 23. The oscillationamplitudeis very small com-
paredto the casesof Ma = 0.5 andMa = 0.8. The flow tends
to steadyatthe leadingedge.The pressurescillationfrequeny
spectrumis shavn in Fig. 24.

Thecomputedcharacteristicef theseparatiorilow above is
similar to the experimentmeasuremerin [2]. In [2], whenthe
bladeis fixed, the bladesurfacepressurdor low subsonidnlet
flow atMa=0.5andlow supersonidnlet flow atMa=1.1exhibits
very low unsteadinesandvery strongself-inducedoscillations
with a frequeng of 110Hzis obsered in high subsonicinlet
flow at Ma=0.8. However, the stronglow frequeng oscillation
is attributedto thetunnelresonanceharacteristicinsteadof the
flow unsteadinesdueto theflow separatiornn [8]. Eventhough,
the cascaddlow separatioris believed to have a directrelation
with the wall surfacepressurainsteadyoscillation,which is an
importantfactorto theflutter. Futherdetailednumericalresearch
is necessaryo discoserthe mechanism.

Conclusions

A 3D unsteadycompressibléNavierStolessolver is devel-
opedin this paperto numericallystudythe unsteadycharacteris-
tics of the separatiorflow in a transonicflutter cascadeindera
high incidenceangleof 10°. The dualtime steppingmethodis
appliedto achieve theseconcdrderaccurag time marching.The
linearizedgoverning equationsystemis solved by the Gauss-
Seidelline iterationmethod. The Baldwin-Lomaxmodelis used
to simulatetheturbulenceeffects. Thefollowing conclusionsare
drawn from this study

1. The high incidencecascadeseparatiorflow showvs a sinu-
soidalpatternon the oscillationof the surfacepressureand
the separatiorbubble size. A frequeny spectrumpeakis
obtainedat 770Hzfor the caseof Ma=0.5 and 1400Hzfor
the caseof Ma=0.8.
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2.

Theleadingedgevortex sheddings the mechanisnbehind
the unsteadycharacteristic®f the subsonichigh incidence
separatiorflow. New vortexes are continuouslygenerated
at the suctionsurfaceleadingedge. The new vortex grows
andpushegheold vortexesdownstream.Theinteractionbe-
tweenthevortexesresultsin the periodicaloscillationof the
separatiorbubblesizeandthe surfacepressure The vortex
generationpressurevariationandseparatiodengthoscilla-
tion have the samefrequeng characteristicsvith a phase
difference.

. The characteristicof the separatiorflow is determinedoy

theinlet Machnumber Whentheinlet flow goesfrom lower
subsonido highersubsonicthe sizeandthe oscillationin-
tensity of the separatiorbubble are enhanced. The flow-
field oscillationpeakfrequeny increasesWhenthe inflow
goesfurtherto supersonicthe flow is attachedn the lead-
ing edge.A smallsizeseparatiorbubbledueto theinterac-
tion of the shockwave andthe turbulent boundarylayeris
locatedright afterthe shockwave.
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Transonic inlet diffuser computation mesh

Figure 1.

Figure 2. Transonic inlet diffuser Mach contour
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Figure 3. Transonic inlet diffuser outlet wall pressure variation
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Figure 8. Cascade 3D Mesh

9 Copyright (© 2004by ASME



0.6 T T T T T T
Experimental Pressure Side O
Computational Pressure Side
Experimental Suction Side O
04 Computational Suction Side --------- J
0.2
o
o
0
-0.2 F
p O
O,,Q'O 00
-0.4 -

0 01 02 03 04 05 06 07 08 09 1
x/l
Figure 9. Cascade 2D Mesh at 3 Span-wise Planes

Figure 12. Mid-span Surface Pressure Distribution at Incidence Angle

10°
08
x
0 5 10 15 20 25 30
t (ms)
Figure 10. Mid-span Stream Lines at Incidence Angle 10°
Figure 13. Separation Zone Length Variation with Time
0.025
0.02 |
7
= 7 0.015 |
2
‘ 0.01 |
0.005 |
0
0 500 1000 1500 2000 2500 3000
Figure 11. Mid-span Suction Surface Streamlines at Incidence Angle frequency (Hz)

10°
Figure 14. Separation Zone Length Variation Frequency Spectrum

10 Copyright (© 2004by ASME



2.76

274 |
272 |
2.7 |
2.68 [
2.66 H
2.64
2.62
2.6
2.58
2.56

2.54

0 5 10 15 20 25 30
t (ms)

Figure 15. Suction Surface Check Point Pressure Variation with Time

0.045

0.04 f

0.035 f

0.03 f

0.025 |

psf

0.015 f

0.01 f

0.005 f

M M AN M M
0 500 1000 1500 2000 2500 3000
frequency (Hz)

Figure 16. Suction Surface Check Point Pressure Frequency Spectrum

2.73 r 0.76
SN
Y eeeeees
PRzl { 0.755
| /\ 0.75
271 f y 1
1 0.745
o 2.7 x
1 0.74
2.69 | v
Y 4 0.735
268 q 073
2.67 0.725
a b c d e f g h
time step

Figure 17. Check Point Pressure and Separation Locations Relation

11

separation
boundary
location, x

pressure check
point, p

a,t =4.4305ms, 8.4, b,t =4.6415ms,8.8¢
// //
c,t =4.8524ms, 9.2, d,t =5.0634ms, 9.6
//
e,t =5.2744ms,10.Q; f, t =5.4854ms,10.4.
//
g,t =5.6964ms,10.8; h,t =5.9073ms,11.2,

Figure 18. Separation Bubble Evolution
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