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Summary A Large-EddySimulation(LES)is conductedo investigatehe characteristicef themean o w andtheturbulencestructure
of the boundarylayer along a compressiorcorner The compressiorcornerhasa de ection angle = 25°, andthe meanfree-
streamMach numberis M; = 2:95. The Reynoldsnumberbasedon the incomingboundarylayer thicknessis Re ¢ = 63560in
accordancevith referenceexperiments An analysisof the o w computatiorshavs a goodagreementvith the experimentin termsof
meanquantitiegshockposition,separatiorzonelength,skin friction andsurfacepressuralistributions)andturbulencecharacteristics.
A mechanisnof turbulenceampli cation in the external o w by travelling compressiowavesis proposed.The existenceof three-
dimensionalarge-scalestructuregGortlertypevortices)is shovn .

INTRODUCTION

Shock-vave / turbulent-boundary-layeinteractionfor compressiorcorner o w is a canonicaltest casefor turbulence
modelling. AlthoughnumerousRANS computationsvereperformedmostof themfailedto predictsomecrucialcharac-
teristics.Onthe otherhandDNS computationgretoo expensie to beapplicablefor practicalcon gurations.LES is the
mostappropriatenumericattool sinceit givesanaccuraténstantaneou w representationAlthoughdifferentsubgrid-
scalemodelshave beenextensiely testedthroughoutthe world, mostLES computationsare still limited to Reynolds
numberswvhich aresigni cantly lowerthentheir experimentakounterparts.
Thecurrentnumericainvestigations aimedatadirectcomparisorwith anavailableexperiment.For this purposeall o w
parameterandthe o w geometryare matchedwith the experiment[1]: the free-streanMach numberis M; = 2:95,
the Reynolds numberbasedon the incoming boundarylayer thicknessis Re o = 6356Q the ramp de ection angleis
= 25°. By matchingdirectly the experimentalparametershe predictionquality of the employed subgrid-scalenodel
canbeassessedithoutfurtherassumptionsGivenasuccessfuwalidation,thecomputationatesultsprovideanimportant
sourceto analysehe o w physicsin detail.

NUMERICAL TECHNIQ UE

For currentLES we employ the ApproximateDecorvolution
Model (ADM) [2] for modelling the sub-gridscales. The
consenration equationsfor the Itered density momentum
andtotal enegy aresolvedin curvilinearcoordinates.A 6-
th ordercompact nite-difference schemes usedfor spatial
discretizationand an explicit low-storage3-rd order Runge-
Kutta schemeis appliedfor time advancement. Boundary
conditionsare appliedasfollows: periodicconditionsin the
spanwiselirection,spongeechniqueatthe out ow [3], non-
reflectingconditionwith spongdayeratthe upperboundary
andisothermalconditionat the wall. The wall temperature
distribution alongthe streamwisalirectionin the interaction
region is taken from the experiment[1]. Thein o w condi-
tions have beengeneratedy a separateat-plate boundary-
layer simulationusingthe rescalingandrecycling procedure
describedn [4].
The computationaldomainhasa size of 266 ¢ 4.2 ¢ 4.1 o in streamwise spanwiseand wall normal direction
respectiely ( o is the boundarylayer thicknessatin ow) and701 132 201 points. The simulationwas running
over144 ,=U; characteristitime scales.For statisticalanalysisthe eld wassampled?65times. To furtherimprove
statisticaldatathe collectionof samplegs still in progress.

SIMULATION RESULTS

Figure 1. Densitygradientaveragedn spanwisekr k (com-
putedimitation of Schlierervisualization)

OnFig. 1 onecanclearlyidentify themain o w eld structuresn theconsidereaton guration: theundisturbedncoming
turbulentboundarylayer (1) interactswith the shockwave (2) resultingin the appearancef a separatiorzonenearthe
corner(3) andacontainingsheatayer(4). All theseo w featuresverealsofoundin theexperimenf1] andall calculated
scales(separatiorzonelength, shock position and slope) agreewell with the experimentaldata. Anotherinteresting
featureis the existenceof weakcompressionwaves(5) above thereattachedhearlayer Suchwaveswereobsenedalso
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Figure 2. Time-averagedskin friction coefcient distribution atthewall

in previous DNS [3]. Experimentsalso exhibit compressiorwavesin the describedarea. The compressiorwavesare
probablycausedy unsteadymotionof theshockwave. They emegefrom the shockfoot andtravel furtherdownstream.
It seemghatthesewavesareresponsibldor the ampli cation of turbulencelevelsin the external o w after passinghe
shock.The shocksystemunsteadinesitself is a crucialissuefor wall loads:dueto randomshockmotiontheroot mean
squareof the pressureuctuations atthewall canreach20%of meanpressurenearthe separatiorine, which agreeswvith
experimentallyobsenedvalues.

A detailedconsideratiorof the ow eld shaws indicationsof large three-dimensionastructures.In Figure2 a time-
averagedskinfriction coefcient distributionatthewall is shavn nearthecorner Thethin blackline indicatesC; = 0, the
thick verticalline indicateshe compressiorornerposition. Two divergenceandtwo convergencdinesafterreattachment
canbeclearly seen.Similar oil- o0 w patternsobsenedin experimentsareassociateavith Goértlertypevortices. In both
caseghe vortex width is about2 . Large-scalevortical structuresin uence mass,turbulenceand heattransferfrom
external o w towardsthewall. Eventually thesevorticesstronglyaffectthe skin friction distribution: in thereattachment
region skin friction canvary alongspanwiseirectionwith theamplitudeequalto the at-plate boundary-layewalue.

In Figure3theskin-friction-coefcient distributionin streamwiseli-
rectionis shavn, opendotsdenoteexperimentalalues, rst vertical
dottedline indicateghecompressiorcornermosition,thesecondrer-
tical dottedline that of the rarefactioncorner(not consideredn the 1533
presentsimulation). The skin friction coefcient averagedin time
andin spanwisedirection is denotedby solid line, minimum and
maximumvaluesoverthespanwiselirectionareindicatedasdashed 1 10°"
lines (only in the interactionregion). Unfortunately the spanwise
position of the experimentaldataprobeswith respectto the large-
scalestreamwisevorticesis unknawn.

Sofar, theturbulencestatisticshave beenanalyzednly qualitatively
andwill be presentednore comprehensiely durin the conference. . osb 1 T T T
Relatvegrowth of density momenturmandvelocity uctuationsafter A s 0yt e
interactionwerefoundto agreeexperimentalldata.
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Figure 3. Skinfriction coefcient atthewall
CONCLUSIONS

ThelLarge-EddySimulationwhich wasperformedfor o w parametersnatchingareferencesxperimentprovesthe possi-
bility of a correctnumericalpredictionof shock-vave/ turbulent-boundary-layeinteractionat compressiorcorners.|ts

analysisalsoimposesew requirementgor the experimentsvhich shouldtake into accounthree-dimensionaffects. A

studyof subsequerttoundary-layeaccelerationn a Prandtl-Meyer rarefactionis currentlyin progress.
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