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ABSTRACT
A CFD solver is developedto solve a 3D, unsteady, com-

pressibleNavier-Stokesequationswith the Baldwin-Lomaxtur-
bulencemodel to study the unsteadyseparationflow in a high
incidencecascade.The secondorderaccuracy is obtainedwith
thedual time steppingtechnique.Thecodeis first validatedfor
its unsteadysimulationcapabilityby calculatinga 2D transonic
inlet diffuserflow. Thena 3D steadystatecalculationis carried
out for thecascadeat an incidenceof 10

�
. Thesurfacepressure

distributionscomparereasonablywell with theexperimentmea-
surement.Finally, the3D unsteadysimulationis carriedoutwith
3 inlet Mach numbersat the incidenceof 10

�
. The separation

bubbleoscillationandthestaticpressureoscillationon thelead-
ing edgeof the bladesuctionsurfaceexhibit clear periodicity.
Thedetailsof theleadingedgevortex sheddingis captured.The
inlet Machnumberis shown to be thedeterminantfactorin the
characteristicsof theseparationflow. In thesubsonicinlet flow
region, increasingtheinlet Machnumberenlargestheseparation
regionandthepressureoscillationintensity. Theseparationflow
is weakenedwhentheinlet flow becomessupersonic.

NOMENCLATURE
ρ density
µ� µt molecular, turbulentviscoscity
τ stress
γ specificheatratio
ω vorticity

�
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a local speedof sound
e energy perunit mass
l mixing length
p staticpressure
u� v� w velocity components
x� y� z Cartesiancoordinates
t time
Cp staticpressurecoefficient
E � F� G inviscid flux vector
Ma Machnumber
Pr Prandtlnumber
Q conservative variablevector
Re Reynoldsnumber
R� S� T viscidflux vector

Intr oduction
Flutter in axial turbomachinesis a highly undesirableand

dangerousself-excited bladeoscillationmodethat canresult in
highcycle fatiguebladefailure.Modernturbineenginesemploy
transonicfanstageswith high aspectratio bladesthatareprone
to flutter. It is imperative to understandtheoriginsof flutter for
reliableandsafeoperationof theseengines.

High subsonicand transonictorsional stall flutter occurs
nearthefanstall limit line at speedsup to about80%of thede-
sign speedandwith high incidence. Two potentialfactorsare
assumedto trigger the flutter mode,the shockwave motion in
the transonicconditionsandthe large separationon the suction
sideof the bladesurfaceunderhigh incidenceangle[1]. Actu-
ally, theshockwavedoesnotappearuntil veryhighsubsonicin-
let Machnumberis reached.However, theflutter existsin much
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wider Mach numberregion (appearsin smallerMach number)
thanwherethe shockwave exists. The separationflow on the
leadingedgeof thebladesuctionsideis a likely causefor flutter.
A seriesof experimentshave beencarriedout in NASA Glenn
ResearchCenterto studythetransonicseparationflow character-
isticsof modernairfoils for transonicfans.A low aspectratiofan
bladeoperatingnearthe stall flutter boundaryunderhigh inci-
denceis simulatedin theNASA TransonicFlutterCascade.The
unsteadypressureis measuredatselectedpointsonthechordline
of thecascadesurfaces[2]. Theflow patternis visualizedusing
dyeoils andschilierenflow visualizationmethods[1].

The objective of this paperis to numericallystudythe un-
steadycharacteristicsof theNASA transoniccascadeseparation
flow with aincidenceangleof 10

�
in 3Dcondition.A CFDsolver

is developedto solve the 3D, unsteady, compressibleNavier-
Stokesequationswith theBaldwin-Lomaxturbulencemodel[3].
Thedual time steppingmethodis appliedto achieve thesecond
orderaccuracy in time. The unsteadycomputingcapabilityof
the CFD solver is validatedby a transonicinlet diffuser flow,
whereturbulent boundarylayer interactswith the shockwave
andcausesunsteadyflow separation.Finally, theunsteadysepa-
rationflow simulationis carriedoutat3 inlet Machnumbers,0.5,
0.8and1.18.Thevortex sheddingmechanismis analyzedfor the
caseof Machnumber0.5. Thecharacteristicsof theseparation
flow undervaryinginlet Machnumbersis demonstrated.

Numerical Algorithm
The governing equationsfor flow field simulationusedin

this paperaretheReynoldsaveragedtime-dependentcompress-
ible Navier-Stokes equationsin generalizedcoordinatesystem.
The simulationis carriedout with finite volume method. The
equationsare discretizedusing the third order MUSCL differ-
encing[4]. Thelinearizedequationsystemsaresolvedusingthe
Gauss-Seidelline iteration.Upwinddifferencingis implemented
with theRoescheme[5] andthevanLeerscheme[6]. Thesec-
ond orderaccuracy of time marchingis obtainedwith the dual
time steppingtechnique.

Governing Equations
For simplicity, thenon-dimensionalform of theequationsin

conservationlaw form areexpressedin Cartesiancoordinatesas
thefollowings.

∂Q
∂ t

� ∂E
∂x

� ∂F
∂y

� ∂G
∂z �

∂R
∂x

� ∂S
∂y

� ∂T
∂z

(1)

where

Q �
�
ρ̄ � ρ̄ũ� ρ̄ṽ� ρ̄w̃� ρ̄ẽ� T

E �
�
ρ̄ũ� p̃ � ρ̄ũ2 � ρ̄ũṽ� ρ̄ũw̃�
	 ρ̄ẽ

�
p̃ � ũ� T

F �
�
ρ̄ṽ� ρ̄ũṽ� p̃ � ρ̄ṽ2 � ρ̄ṽw̃�
	 ρ̄ẽ

�
p̃ � ṽ� T

G �
�
ρ̄w̃� ρ̄ũw̃� ρ̄ṽw̃� p̃ � ρ̄w̃2 ��	 ρ̄ẽ

�
p̃ � w̃� T

R �
1
Re

�
0� τ̄xx � τ̄xy � τ̄xz � βx� T

S �
1
Re

�
0� τ̄xy � τ̄yy � τ̄yz� βy� T

T �
1
Re

�
0� τ̄xz � τ̄yz� τ̄zz� βz� T

Theshearstresstermsareexpressedas,

τ̄i j ��

2
3
	 µ̃ � µt � ∂ ũk

∂xk
δi j
� 	 µ̃ � µt � ∂ ũi

∂x j

� ∂ ũ j

∂xi

βx � βy � andβz areexpressedas,

βi � 	 µ̃
�

µt � ũ jτi j
� 1

γ 
 1
µ̃
Pr
� µt

Prt

∂ ã2

∂xi

In aboveequations,ρ is thedensity, u� v� w aretheCartesian
velocity componentsin x� y� z directions,p is thestaticpressure,
ande is theenergy perunit mass,a is the local speedof sound.
The overbar̄ denotesa Reynoldsaverage,andthe tilde˜ is used
to denotethe Favre massaverage. The molecularviscosity µ
is determinedby theSutherlandlaw. TheReynoldsstressesare
relatedto meanflow variablesthrougha turbulent viscosityµt

basedon theBoussinesqassumption,andtheturbulentviscosity
µt is determinedby theBaldwin-Lomaxmodel[3].

Bald win-Lomax Turb ulence Model [3]
Theturbulentviscosityµt is computedseparatelyin two lay-

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

µti � ρl2 � ω � (2)
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where

l � ky 1 
 exp 

y�
A� (3)

ω is thelocal vorticity, y andy� arethedimensionalanddimen-
sionlessdistanceto thewall.

At theouterlayer,

µto � KCcpρFwakeFkleb (4)

Fwake � min ymaxFmax� Cwakeymaxu
2
diff � Fmax

Fkleb � 1
�

5� 5 Ckleby
ymax

6 � 1

In theabove formulations,k, A� , Cwake, Ckleb, Ccp andK are
constants.

Thequantitiesudiff , Fmax andymax aredeterminedby theve-
locity profile following a line normalto thewall. Fmax andymax

arethemaximumvalueandthecorrespondingdistanceof func-
tion Fy,

Fy � y � ω � 1 
 exp 

y�
A� (5)

udiff � u2 � v2 � w2
max 
 u2 � v2 � w2

min
(6)

In the 3D computationof this paper, the wall is locatedat
the4 sideof thecomputationdomain.Thevalueof µt is simply
computedaccordingto theclosestwall surface.Fmax andymax is
searchedfrom thewall to thecenterof thepassage.In thewake
region, theexponentialpart is setto zeroin Eq. (3) andEq. (5).
Thesecondpartof Eq.(6) is zerooutsideof thewakeregion. All
constantsareassignedthestandardvaluessuggestedin [3].

The turbulencemodel is appliedandvalidatedin [7] for a
subsonicturbulentflat plateboundarylayerflow.

Discretization Method
Thegoverningequations(1) arediscretizedandsolvedusing

finite volumemethod.Theequationsarerewrittenas,

∂Q
∂ t ��


∂ 	 E 
 R�
∂x 


∂ 	 F 
 S�
∂y 


∂ 	 G 
 T �
∂z

(7)

Usingfinite volumemethod,

∂Q
∂ t � dV ��
 s

RF � s

where,dV is thevolumeof cell, s is cell interfaceareavectorin
thenormaloutwardpointingdirection,and,

RF � 	 E 
 R� i � 	 F 
 S� j
� 	 G 
 T � k

Discretizethis equationin implicit form with first orderdif-
ferencingin both time andspace.The discretizedequationsat
cell (i � j � k) arewrittenasthefollowing,

∆Q
�

A� ∆Qi � 1
�

A∆Q
�

A� ∆Qi � 1�
B� ∆Q j � 1

�
B∆Q

�
B� ∆Q j � 1�

C� ∆Qk � 1
�

C∆Q
�

C � ∆Qk� 1 � R (8)

where,

R �
∆t
dV 
 s

RF � ds
n

∆Q � Qn� 1


 Qn

where,n, n
�

1 denotetwo sequentialtimesteps.
Equation(8) is solvedusingthe line Gauss-Seideliteration

method.Theconvective fluxesE, F , G areevaluatedby theRoe
scheme[5] or the van Leer schemewith MUSCLdifferencing.
Third orderdifferencingis usedfor convectivetermsE, F , G and
secondordercentraldifferencingis usedfor theviscoustermsR,
S, T. Local timestepis appliedto speedup theconvergence.

Time Marching
Thedual time steppingtechniqueis usedto obtainthesec-

ond order accuracy in time. The methodis madepossibleby
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addinga pseudotemporalterm ∂Q
∂τ to Eq. (1). The governing

equationbecomes,

∂Q
∂τ

� ∂Q
∂ t

��

∂ 	 E 
 R�

∂x 

∂ 	 F 
 S�

∂y 

∂ 	 G 
 T �

∂z
(9)

whereτ is thepseudotime andt is therealtime.
Therealtime step∆t is specifiedby thephysicaltime inter-

val. The solution iteration is operatedon the pseudotime step
∆τ, which is limited by the CFL criterion. When the implicit
solutionis convergedon pseudotime ∆τ iteration,onephysical
timestep∆t is finished.Numericaltechniques,suchaslocal time
step,Gauss-Seidelmethod,canstill beusedto speedup thecon-
vergencein theiterationon thepseudotimestep∆τ.

Write Eq.(1) in integral form,

∂Q
∂τ

� ∂Q
∂ t � R (10)

Applying thesecondorderdiscretizationfor ∂Q
∂ t ,

∂Q
∂ t �

3Qn� 1


 4Qn � Qn � 1

2∆t

wheren is thephysicaltime step.Thevalueat time stepn
�

1 is
unknown andwill besolvedby thepseudotime iteration.

At the unknown time stepn
�

1, usingEuler discretization
for thepseudotemporalterm, let m andm

�
1 beconsequential

pseudotimesteps.

∂Q
∂τ �

Qn� 1 �m� 1


 Qn� 1 �m
∆τ

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

Qn� 1 �m� 1 � Qn� 1 �m
∆τ

� 3Qn� 1 � 4Qn� Qn� 1

2∆t

� Rn� 1 �m� 1 (11)

Therefore,

1
∆τ
� 1 � 5

∆ t I 

∂R
∂Q

n� 1 �m
δQn� 1 �m� 1

� Rn� 1 �m



3Qn� 1 �m � 4Qn� Qn� 1

2∆ t (12)

Eq. (12) is iteratively solvedusingtheGauss-Seidelline it-
erationmethods. Qn� 1 �m is assumedto be equal to Qn at the
beginningof theiterations.

Results and Discussion
In this section,the unsteadysimulationof the codeis first

validateby a transonicinlet-diffuer flow. Then the numerical
studyis carriedout for the casecadeseparatedflow with an in-
cidenceangleof 10

�
under3 inlet Mach numbers,0.5, 0.8 and

1.18.Thecascadeexperimentmeasurementis reportedin [2,8].

Unstead y Transonic Inlet-diffuser Simulation
A 2D transonicinlet-diffuserinternalflow is first calculated

to validatethe unsteadysimulationability of the currentcode.
This caseis experimentallymeasuredin [9] to study the fre-
quency characteristicsof shockwave oscillationresultingfrom
the interactionbetweenthe turbulent boundarylayer and the
shockwave. The test sectionis designedto obtain a 2D flow
condition.Theflow enterstheinlet diffuserundersubsoniccon-
dition andacceleratesto supersonicat the throat. By adjusting
thebackpressurelevel at outlet,differentshockwave structures
areobtained.

Fig. 1 shows thethemeshstructure.Theinlet diffuserhasa
heightof ht � 4.4cmatthethroatandatotallengthof 12.6ht . The
inlet heightis hin � 1� 4ht . Themeshsizeis 130(x) � 60(y). The
grid is uniformly distributed in horizontaldirectionbeforeand
afterthethroatsection.In thethroatregion, thegrid is clustered
to catchtheshockwavesharply. Themeshis alsoclusteredclose
to the upperand bottom walls to make surethe maximumy�
is below 3. The Roeschemeis appliedto evaluatethe control
volumeinter surfaceflux.

Thetotal pressurept , total temperatureTt andflow angleα
arespecifiedat the inlet. The no-slip adiabaticboundarycon-
dition is appliedat top and bottom walls. The back pressure
level is set as poutlet � pt =0.72 as the experiment. The throat
height is usedasthe characteristiclength. The Reynoldsnum-
beris 4.3896� 105. Thestaticpressureis fixedat theoutlet.The
physicaltimestepis setas0.28272ms,which is about7%of the
shockoscillationcycle. TheGauss-Seidelsolutionis carriedout
betweentwo sequentialphysical time stepswith a CFL of 5.0.
The convergedsolutionfor eachphysical time stepis obtained
after 50 pseudotime stepiterations. The obtainedinlet Mach
numberis 0.458.

The instantMachcontoursareshown in Fig. 2. Theshock
wave is clearlycaptured.Theflow is separatedafter theshock,
which bringshigh unsteadinessto theflowfield. Thelocationof
theshockwave movesbackandforth downstreamof the throat
region. Theflow field parameters,including theshockwave lo-
cationandstaticpressure,vary periodicallywith time in the re-
gion after theshockwave. Fig. 3 shows thepressureoscillation
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historyon theupperwall at outlet. More clearfrequency infor-
mationis revealedusingtheFastFourierTransform(FFT) tech-
nique.Thestaticpressurefrequency spectrumis shown in Fig. 4
on theleft comparedwith experimentmeasurementbasedon the
shockwave motion [9] on the right. The computedfrequency
spectrumpeakis at 250 Hz, which is closeto the experiment
measurementfrequency, 200Hz. Thereasonfor thediscrepancy
betweenthecomputationalandexperimentalresultsmaybethe
inadequacy of theturbulencemodel,whichwill affectthebound-
ary layerthicknessandhencetheshockmotion.

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

The testsectionof the NASA transonicflutter cascadefa-
cility is shown in Fig. 5. Nine bladeswere locatedin the test
section.With a referenceto theaxial direction,thesettingangle
of the inlet duct is 20

�
, andtheblade-settingangleis 30

�
. This

resultsin 10
�

chordalincidencefor theairfoils. Fig. 6 shows the
mid-spancrosssectionof thecascade.Thetestsectionhasarect-
angularcrosssectionof 5.84cm wide (pitch s) by 9.59cm high
(heighth). Theaerodynamicchordc is 8.89cmwith amaximum
thicknessof 0.048c at0.625c from theleadingedge.This results
in a solidity c� s of 1.52. The experimentbladeshave constant
crosssectionin span-wisedirection,exceptnearthe endwalls,
wherethey have large,diamond-shapedfillets to supporttheat-
tachmentshafts.Thebladesarenot exactly symmetricaboutthe
mid-spanplane.Thefillet on thedrive-sideis largerthantheone
on the free side(Fig. 9). This makesthe 3D calculationneces-
sary.

The currentsimulationis carriedfor the pitch-wisecentral
passageof the cascade.The cascadeshows goodperiodicity in
flowfield measurement[10]. The mid-spancomputationaldo-
main is shown in Fig. 7. In theplot, to make x axispointing to
right horizontally, thebladeis rotated90

�
counter-clockwiserel-

ative to Fig. 5 and6. This is followedby therestfiguresin this
paper. To minimizetheinfluenceof boundaryconditionspecifi-
cation,thecomputationdomainis stretchedoutsidefor 1.2chord
lengthin stream-wisedirectionat inlet andoutlet. Boundaries,
A 
 B, C 
 D, E 
 F andG 
 H aresetasperiodicboundaries.
No-slip adiabaticboundaryconditionis appliedat the wall sur-
faceB 
 C andF 
 G. TotalpressurePt , total temperatureTt and
flow anglesα, β aregiven at inlet boundaryA 
 H uniformly.
At theoutletboundaryD 
 E, a constantstaticpressureis fixed.
The no-slip adiabaticboundaryconditionis alsoappliedon the
two endwallsatbottomandtop. Thegeneralcoordinatesis used
in the simulationwith ξ axis aligning with the stream-wisedi-
rection,η axisaligningwith thepitch-wisedirectionandζ axis
following thespan-wisedirection.

The threedimensionalmeshstructureis shown in Fig. 8.
The endwalls arelocatedat the bottomandthe top. The mesh
sizeis 100(ξ) � 60(η) � 60(ζ). In ξ direction,thereare15,70 and

15 meshpointsallocatedbefore,on andafter thebladesurface.
Fig.9 showsthethemeshstructureandthegeometryof theblade
at bottom,mid-spanandtop planes.Themeshis clusteredin re-
gionscloseto thebladesurfaceon theη directionandin regions
closeto the top andthe bottomendwalls in the ζ direction. In
ξ direction, the meshis clusteredin regions closeto the lead-
ing andtrailing edgesof the blade,wherethe flow structureis
complicated.Themaximumy� atall wall boundariesis under3.
For clarity, every oneof two gridslinesareplottedin Fig. 8 and
Fig. 9.

Steady state results

Thoughthe flow is separatedandunsteadywhen the inci-
denceis high, thetime averagedflow field is calculatedwith the
local time steppingenabledandthedual time steppingdisabled
in thecode. Thesolutionis obtainedwhenthecalculatedflow-
field is unchanged.Thesteadystatesolutionis alsousedasthe
initial solutionfor thecorrespondingunsteadycalculation.

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
Roescheme, whenworking with theBaldwin-Lomaxturbulence
model,it givesbetteragreementwith theexperimentin thecur-
rentcode.TheRoeschemepredictstheseparationlargerthanthe
experiment.Theinlet Machnumberis obtainedby adjustingthe
backpressurelevel.

Theresultof thecasewith inlet Ma=0.5is describedin this
sectionto demonstratedthecharacteristicsof the3D separation
flow field. More resultsfor Ma=0.8andMa=1.18canbefound
in [7]. In thecaseof Ma=0.5,thecorrespondingReynoldsnum-
beris 9.6699� 105. TheCFL in theGauss-Seideliterationis 5.0.
Thecalculationstartsfrom aflowfield at rest.

The flow streamlines on the mid-spanplaneis shown in
Fig. 10. Theflow exhibitsa largeseparatedregiononthesuction
surfacethat startsimmediatelyat the leadingedgeandextends
down to 45%of thebladechord.Theflow patternon thesuction
surfaceis plottedon the left in Fig. 11. The separationregion
hasa parabolashape,which is approximatelysymmetricabout
alongtheblademid-spanline andextendsto thebladeupstream
corners.Two counterrotatingvortexesareformeddownstream
of the bladeleadingedgecornerson the suctionsurfaceat its
two ends. The experimentvisualizationwith dye oil technique
is shown in Fig. 11 on the right. Thecomputationresultsagree
with theexperimentfairly well, exceptthatthenumericalresults
shows a fuller separationregion in span-wisedirection.

Themid-spanstaticpressuredistributionis plottedandcom-
paredwith theexperimentmeasurementin Fig. 12. A reasonable
agreementis achieved.Thepressureis expressedasthepressure
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coefficient,

Cp �
p 
 pin
1
2ρinU2

in

wherep is thelocal staticpressure.pin � ρin andUin aretheaver-
agedstaticpressure,densityandvelocityat theinlet.

On theleadingedgeof thesuctionside,thenumericalpres-
sureresultsvariesmoresteeplythanthatgivenby themeasure-
ment.Theseparationregiondenotedby thecrossof thepressure
distributionson suctionandpressuresurfacesagreesvery well
with theexperiment.

Theseparationregion is enlargedwhenRoeschemeis used
to calculatethe inviscid flux. A possiblereasonfor the differ-
enceis theapplicationof turbulencemodelon theH-typemesh
in the currentcode. It is shown that the implementationdetails
the Baldwin-Lomaxmodel is vital to the resultedturbulent vis-
cosity accuracy. Better agreementis obtainedin [11] for the
samecase,wheretheRoeschemeis appliedon anO-typemesh.
TheH-typemeshin thecurrentcodeis generatedby anelliptic
methodasa whole, which meetsdifficulty in the meshorthog-
onality in the wall boundaryregion, which affectsthe accuracy
in calculatingtheouterlayereddyviscositycoefficient. A two-
layerH-typemeshis usedin [12], whereaninneralgebraicmesh
is surroundedby an outerelliptic methodgeneratedmesh.The
theinnermeshis designedto achievebetterorthogonality. These
grid generationtechniqueswill be implementedin the codein
thenext stepresearchwork.

Unstead y separated flo w sim ulation
Theseparationis believedto bring high unsteadinessto the

cascadeflow pattern.Theinlet Machnumberis animportantfac-
tor which affectstheseparationcharacteristics[7]. To studythe
influenceof theinlet Machnumberon theunsteadycharacteris-
ticsof theseparatedflow, numericalsimulationis carriedout for
high incidenceanglecaseswith Machnumber0.5,0.8and1.18.
Eachunsteadycalculationis carriedoutbasedon its correspond-
ing steadystateresult.

Dueto thelimitationof thecomputationcapability, thephys-
ical time interval is chosenaslargeas10%of thecharacteristic
timeof thecascade,tc � c� Uin. Uinis theinlet velocity. This time
interval varieswith the inlet Mach number. The CFL number
usedin the pseudotime Gauss-Seidelimplicit iterationis 20.0.
Twenty pseudotime stepsareusedfor eachphysical time step.
Two parametersarerecordedto analyzetheunsteadycharacter-
isticsof theseparationflow. Thefirst is themid-spanseparation
bubblelength(x), which is markedby thestreamwisezeroveloc-
ity point at thefirst innermeshpoint on thesuctionsurface.The
secondparameteris theunsteadystaticpressure(p) measuredat
thelocationof 13%downstreamtheleadingedgeon thesuction

surface,which is thesameastheexperimentmeasurementloca-
tion. Theunsteadypressureis referedas“checkpoint pressure”
in thefollowing.

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

Fig.13showsthetimehistoryof theseparationlengthoscil-
lation in a time segmentof 16 ms(30tc). Theseparationlength
increasesrapidly from 0.45c to 0.66c in the first 1.63 ms (3tc)
andthendecreasesto 0.63c at t � 2 ms(3.8tc). Theseparationre-
gionthengrowsupagaintowarddownstreamto 0.73c att � 3 ms
(5.7tc). With thetime progressing,theseparationregion bound-
ary oscillatesbackandforth on thesuctionsurface.Theaverage
lengthtendsto increasegraduallyuntil aperiodicstateis reached
after 4.4 ms (8.3tc). The oscillationof the separationlength is
between0.73c and0.76c with a fixedcycle. Theperiodicity in-
formationis clearlyextractedusingtheFFT technique.Thesep-
arationregionoscillationspectrais calculatedfrom theunsteady
dataafter 4.4 ms (8.3tc). The frequency spectrumis shown in
Fig.14,whichclearlyshowsapeakat770Hz. This indicatesthe
separationlengthoscillateswith aperiodof 1.25ms(2.37tc).

Comparedwith thesteadystatesolution,theunsteadysepa-
rationcalculationresultsin largerseparationsize.Thereasonis
not clear.

Theunsteadycheckpoint pressuredatashows similar char-
acteristicsof theunsteadyseparationflow. Fig. 15 shows a seg-
mentof 16ms(30tc) pressureoscillationdata.Thepressurestart
at p � 2.659from thesteadystateresults.Theoscillationis be-
tweenp � 2.68andp � 2.72aftert � 4.4ms(8.3tc). Theoscilla-
tion amplitudeis about1.5%of theaveragedpressurelevel. The
frequency spectrumis shown in Fig. 16with apeakat770Hz.

The mechanismbehindthe unsteadycharacteristicsof the
separationis illustratedin Fig. 18,wheretheevolutionof asepa-
rationoscillationcycleis plotted.Thestreamlinesat8 timesteps
show the leadingedgevortex sheddingdevelopment.Thereare
4 physicaltimesteps(0.21ms,0.4tc) between2 sequentialplots.
The relationshipbetweentheoscillationof thepressureandthe
separationlengthis shown in Fig. 17.

At thestartingtimelevel a (t � 4.4305ms,8.4tc), thesepara-
tion region hasjust passedthemaximumlengthlocation. There
are2 vortexesin theseparationbubble. They arerotatingin the
samedirection. The checkpoint pressureis going up. At time
level b (t � 4.6415ms, 8.8tc), the two vortexes are pushedto-
warddownstream.Thesecondvortex diminishes.Thefirst vor-
tex grows quickly andbecomestheonly vortex in theseparation
bubble.Theseparationregion becomesthicker in thespan-wise
direction,but shorterin the stream-wisedirection. The surface
checkpointpressurereachesits maximumlevel atthistimelevel.
At time level c (t � 4.8524ms,9.2tc), theseparationbubbleap-
proachesits shortestlengthin stream-wisedirection,andmaxi-
mumthicknessin thespan-wisedirection.Thecheckpointpres-
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sureis going down. At time level d (t � 5.0634ms,9.6tc), the
separationbubblehaspassedtheminimumlengthlocation,and
begins to extendtowarddownstream.Thecheckpoint pressure
is still goingdown. At time level e (t � 5.2744ms,10.0tc), anew
vortex is generatedat leadingedgeandbecomesthefirst vortex.
The checkpoint pressurereachesits minimum value. The sep-
arationlength is still increasing. At time level f (t=4854ms,
10.4tc), thefirst vortex continuesto grow. Thesecondvortex is
pushedtoward downstream.Both the checkpoint pressureand
theseparationlengtharegoingup. The latter is approachingits
maximumlocation. At time level g (t � 5.6964ms,10.8tc), the
twovortexeshavealmostthesamesize,theflow structureisclose
to thestartingtime level a. Theseparationboundaryhaspassed
its maximumlocationandbegin to shrinktowardupstream.The
checkpointpressureis goingup. At time level h (t � 5.9073ms,
11.2tc), thesecondvortex diminishes.A new cycle is startedat
this time level.

Theleadingedgevortex sheddingexhibits obviousperiodi-
cal patternin its evolution process.Theleadingedgekeepsgen-
eratingnew vortexes.Thenew vortex pushestheold vortex bub-
ble toward downstreamand the old vortex decreasesin sizeat
thesametime. Whenthetwo vortexesbecomeof thesamesize,
themaximumseparationlengthis reached,wheretheseparation
bubblehasthe thinnestsizein span-wisedirection. As thenew
vortex grows further, the old vortex will diminish. The separa-
tion bubblewill move upstreamandmakes the bubble thicker.
The leadingedgesurfacecheckpoint pressurereachesits max-
imum level whenthe separationbubbleshrinksandreachesits
minimum level when the separationbubble boundaryextends.
The vortex generation,pressurevariationandseparationlength
oscillationhave thesamefrequency characteristicswith a phase
differenceasshown in Fig. 17. Suchoscillationis maybeoneof
thereasonsto causeto flutter.

Ma = 0.8 The physical time interval usedin the calcula-
tion for the caseof Mach number0.8 is 0.0342ms. A similar
flowfield unsteadycharacteristicsis exhibitedin thecomputation
results.

Fig. 19 and Fig. 21 show the separationlength and the
checkpointstaticpressureoscillationhistory in a time periodof
21 ms. A clearperiodicity is shown in thesetwo figures. It is
found in the time averagedsteadystatestudy in [7] that, the
increaseof the inlet Mach numberwill enlarge the separation
bubblein size. Fig. 21 indicatesthat the inlet Machnumberin-
creasealso increasesthe amplitudeof the pressureoscillation.
The oscillationamplitudeis increasedto about5% of the aver-
agedpressurelevel. The increasedkinetic energy in the inflow
bringhigherunsteadinessintensityto theseparatedflow filed.

The correspondingFFT frequency analysis is shown in
Fig. 20andFig. 22respectively. Thefrequency analysisis based
ontheoscillationdataaftert=5ms.Theunsteadyseparationflow

exhibitshigheroscillationfrequency becauseof theincreasedin-
let Mach number. A clear frequency spectrumpeakis shown
at 1400 Hz in both figures,twice the frequency in the caseof
Ma = 0.5.

Ma = 1.18 In the steadystatesimulationof the cascade
at Ma=1.18 in [7], the separationflow characteristicsare very
different from thoseat subsonic.The further increasedkinetic
energy in theinflow makestheflow attachedto thebladesurface
in the leadingedge. A smallersizedseparationregion appears
aftertheshockwavebecauseof theinteractionof theshockwave
andtheturbulentboundarylayer. Theseparationbubbleshrinks
in sizeandis locatedonly in a small region at thecenterof the
suctionsurfaceregion.

Thephysicaltimeinterval in thecalculationis setas0.02483
ms.Thepressurecheckpoint is locatedoutsideof theseparation
region in thesupersoniccase.Thepressureoscillationhistoryis
shown in Fig. 23. Theoscillationamplitudeis very small com-
paredto the casesof Ma = 0.5 andMa = 0.8. The flow tends
to steadyat theleadingedge.Thepressureoscillationfrequency
spectrumis shown in Fig. 24.

Thecomputedcharacteristicsof theseparationflow aboveis
similar to the experimentmeasurementin [2]. In [2], whenthe
bladeis fixed, the bladesurfacepressurefor low subsonicinlet
flow atMa=0.5andlow supersonicinlet flow atMa=1.1exhibits
very low unsteadinessandvery strongself-inducedoscillations
with a frequency of 110Hz is observed in high subsonicinlet
flow at Ma=0.8. However, the stronglow frequency oscillation
is attributedto thetunnelresonancecharacteristicsinsteadof the
flow unsteadinessdueto theflow separationin [8]. Eventhough,
the cascadeflow separationis believed to have a direct relation
with the wall surfacepressureunsteadyoscillation,which is an
importantfactorto theflutter. Futherdetailednumericalresearch
is necessaryto discover themechanism.

Conc lusions
A 3D unsteadycompressibleNavier-Stokessolver is devel-

opedin thispaperto numericallystudytheunsteadycharacteris-
tics of theseparationflow in a transonicflutter cascadeundera
high incidenceangleof 10

�
. The dual time steppingmethodis

appliedto achievethesecondorderaccuracy timemarching.The
linearizedgoverning equationsystemis solved by the Gauss-
Seidelline iterationmethod.TheBaldwin-Lomaxmodelis used
to simulatetheturbulenceeffects.Thefollowing conclusionsare
drawn from thisstudy.

1. The high incidencecascadeseparationflow shows a sinu-
soidalpatternon theoscillationof thesurfacepressureand
the separationbubblesize. A frequency spectrumpeakis
obtainedat 770Hzfor the caseof Ma=0.5 and1400Hzfor
thecaseof Ma=0.8.
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2. Theleadingedgevortex sheddingis themechanismbehind
the unsteadycharacteristicsof the subsonichigh incidence
separationflow. New vortexesarecontinuouslygenerated
at the suctionsurfaceleadingedge.The new vortex grows
andpushestheold vortexesdownstream.Theinteractionbe-
tweenthevortexesresultsin theperiodicaloscillationof the
separationbubblesizeandthesurfacepressure.Thevortex
generation,pressurevariationandseparationlengthoscilla-
tion have the samefrequency characteristicswith a phase
difference.

3. The characteristicsof the separationflow is determinedby
theinlet Machnumber. Whentheinlet flow goesfrom lower
subsonicto highersubsonic,thesizeandtheoscillationin-
tensity of the separationbubble are enhanced.The flow-
field oscillationpeakfrequency increases.Whentheinflow
goesfurther to supersonic,theflow is attachedon the lead-
ing edge.A smallsizeseparationbubbledueto theinterac-
tion of the shockwave andthe turbulent boundarylayer is
locatedright aftertheshockwave.
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Figure 1. Transonic inlet diffuser computation mesh

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 5. Test Section of the NASA Transonic Flutter Cascade [13]

c

ξ

sy

stagger lineinlet flow

pitchwise direction

x

a
xia

l d
ire

ctio
n

i θγ
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Figure 7. Cascade 2D Computation Domain

Figure 8. Cascade 3D Mesh
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Figure 9. Cascade 2D Mesh at 3 Span-wise Planes

Figure 10. Mid-span Stream Lines at Incidence Angle 10
�

Figure 11. Mid-span Suction Surface Streamlines at Incidence Angle
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Figure 12. Mid-span Surface Pressure Distribution at Incidence Angle
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Figure 13. Separation Zone Length Variation with Time
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Figure 14. Separation Zone Length Variation Frequency Spectrum
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Figure 15. Suction Surface Check Point Pressure Variation with Time
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Figure 16. Suction Surface Check Point Pressure Frequency Spectrum
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Figure 18. Separation Bubble Evolution
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Figure 19. Separation Zone Length Oscillation (Ma=0.8)
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Figure 20. Separation Zone Length Oscillation Frequency Spectrum

(Ma=0.8)
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Figure 21. Checkpoint Pressure Oscillation (Ma=0.8)
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Figure 22. Checkpoint Pressure Oscillation Frequency Spectrum

(Ma=0.8)
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Figure 23. Checkpoint Pressure Oscillation (Ma=1.18)
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Figure 24. Checkpoint Pressure Oscillation Frequency Spectrum

(Ma=1.18)
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