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Abstract

The transition processon crossflav-dominated swept
wingsundegoesthreedistinctstagesreceptvity, distur

bancegrowth, andbreakdevn. Thedetailsof thephysical
mechanismsactive in eachrenderthe commonindustrial
tool for transitionprediction, the eN method,unableto

produceacceptableesults. An alternatve methodthat
accountdor the physicalmechanism®f crossflav tran-
sitionis requiredif betterresultsareto be obtained.Ex-

perimentsatthe ArizonaStateUniversityUnsteadywind

Tunnel have beenperformedto investigateeachstage.
Resultsfrom receptvity andbreakdevn experimentsare
presentedhere. The experimentsshowv thatthe mostim-

portantfeatureof the receptvity phaseis mode selec-
tion andthat selectionof traveling- or stationary-vave-

dominatedtransitiondependson both turbulenceinten-

sity andsurfaceroughnessThe breakdevn experiments
elucidatetherole of the high-frequeng secondarynsta-
bility asthebreakdevn mechanisnmandfind thatdestabi-
lization of the secondarynstability is a usefultransition
criterion. Theexperimentakesultsareusedto suggesan

alternatve predictionmethod.

1 Intr oduction

Theproblemof predictingtransitionin swept-wingcross-
flow boundarylayersis of significantimportancebe-
causeof the prevalenceof swept-wingaircraft. Cur

rently, theindustrialapproacho transitionprediction the
eN method,doesnot accountfor mary of the advances
madein theunderstandingrossflav transitionin thepast
decade And the bulk of theseadvancessuggestshatthe
eN methodcannotbe successfullyappliedto crossflav

transition.
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The basicassumption®f eN-basedtransition predic-
tion arethatthereis anessentiallyuniformdistribution of
disturbancenputsto the boundarylayer, that thesedis-
turbancegrow linearly, andthat transitionoccursonce
ary disturbancemodereachesa thresholdamplitude. In
practice,one computesN factorsof all possibledistur
bancemodesusinglineartheoryandusesan experiment
to determingheN factorthatcausesgransition.Thevalue
of N incorporateghe receptvity processand ary non-
linear behaior prior to breakdevn of the particularex-
perimentalsetup. The N factoris thenappliedto some-
what different situationsto predict the transition loca-
tion. This methodwas first proposed? for situations
where Tollmien—Schlichting(T-S) waves are the domi-
nantinstability mode. The methodis somevhatsuccess-
ful in thosesituationsbecausesachstageof the transi-
tion processreceptvity, disturbancegrowth, andbreak-
down doesnot deviatetoo significantlyfrom theassump-
tions madeby the eN method. However, the samecan-
not be saidfor crossflav transition. For crossflav, none
of the stagesare correctly capturedby an N-factor cor-
relation. Successfutransitionpredictionfor crossflav-
dominatedboundarylayersdemands completelydiffer-
entapproachthatreflectsthe physicaltransitionmecha-
nismsof crossflav.

A fundamentaffeature of swept-wingboundarylay-
ers is that the combined influences of wing sweep
and pressureggradientproducecurved streamlinesat the
boundary-layeredge. The curvature producesa sec-
ondaryflow in the boundarylayer that is directedper
pendicularo the externalstreamline fowardthe stream-
line’s centerof curvature. The secondanyflow is called
crossflav. Thecrossflav velocity profile hasaninflection
pointandis thereforesubjecto aninviscidinstability that
producesboth stationary(f=0) and traveling waves of
nearlystreamwisevorticity. This meanghatthe instabil-
ity mechanisnior sweptwingsis fundamentallydifferent
from thatof unsweptvingsbecaus¢heunsweptonfigu-
rationis subjecto theviscousT-Sinstabilitymechanism.
Oneshouldnotexpectthatatransitionpredictionstratey
designedor T-Swaveswouldbeapplicableto crossflav.
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Whatis especiallyconfoundingto the €N approachs
that althoughaccordingto linear theory the most am-
plified modeis a traveling mode, in nearly all exper
iments that approachflight conditions (i.e., with low
freestreanturbulence),a stationarymode, not the most
amplifiedtraveling mode,is obsered to dominatetran-
sition. Thereare two reasondor this. First, receptv-
ity theory shows that in low-disturbanceervironments
theinitial amplitudesof stationarydisturbancearemuch
larger thanthoseof traveling disturbances.Second be-
causethe stationaryvorticesare nearlyalignedwith the
inviscid streamlinesthe sameu’, v’ disturbanceactson
a fluid elementalongits entiretrajectory The resultis
a strongintegratedeffectthatresultsin significantmean-
flow modification,despitethe relative low amplitudeof
the stationarydisturbance.The fact that modificationof
the boundarylayer occursmeansthat its stability is not
well describedby linear theory when stationarywaves
dominate. Insteada nonlinearmodelis requiredto un-
derstandrossflav boundary-layestability for nearlythe
entireboundarylayer.

Work at ASU by Radeztsk etal. Reibertetal.* and
Saricetal.® hasshovn thatwhenstationarymodesdom-
inatethetransitionprocessamplitudesaturationcanoc-
cur if sufficiently high-amplitudesurface roughnesss
present.In the casesexaminedwheresaturationdid oc-
cur, it did so well upstreamof the transition location,
where linear theory indicatesthat the stationarymode
should still be strongly amplified. The amplitude at
which the fundamentaimodesaturategsiependnly on
Reynolds numberand the modes wavelength;it is in-
dependenof the initial amplitude(provided the ampli-
tudeis suficiently high). Radeztsk et al.® worked with
low-amplitudedistributedroughnesghat did not leadto
saturation.Reibertet al.* and Saricet al.> worked with
roughnesarraysof higheramplitudethatdid leadto sat-
uration. This processis well understoodand hasbeen
successfullymodeledby nonlinearparabolizedstability
equation(NPSE)codesby bothMalik etal.® andHaynes
andReed’

If traveling wavesdominatethe boundarylayer, linear
theory can be successfubecausehereis not a mean-
flow modification. This can be obsered in situations
with high freestreamurbulencewherethereis a higher
amplitudeinput to traveling waves. Deyhle andBippes$
foundthattravelingwavesdominatebeyondTu=0.0015
Perhapsurprisingly Deyhle andBippesalsodiscovered
thatif traveling waves dominateand the turbulencein-
tensityis not too high, 0.0015< Tu < 0.002Q transition
is actuallydelayedrelative to stationary-vave transition.
For comprehensie reviews of the recentexperimental
work see Bippe$ for the DLR effort andSaricetal > for
thatof ASU. Othermoregenerakeviews areby Arnal1°
Crouch?! Herbert!?13 Kachana,* andReshotlk.1®

Thedifficultiesin applyingthe eN methodto boundary
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layerswith crossflav aredemonstrateéh arecentpaper
by Schraufet al.!® In thatpaper the authorsattemptto
correlateflight test dataon swept-wingtransitionto N
factorsobtainedrom linearstability codeswith andwith-
out curvatureandcompressibility Althougha numberof
differentvariationson the methodareattemptedjnclud-
ing the envelopeapproachanda two-N-factorapproach,
thereis no casefor whichaclearresultis obtained.More-
over, the authorsstatethat thereare a numberof patho-
logical caseghatmustbe removed prior to obtainingthe
correlationghatarepresentedh thepaper It seemslear
thatthe physicsof crossflav transitionarenot amenable
to eN-basedprediction.

To accountfor someof the difficulties in crossflav
transition prediction using an eN method, Crouch and
Ng'’ recentlypresentec compromiseapproactihatpro-
videsa variableN factorthatincorporateghe resultsof
the crossflav receptvity experimentsby Radeztsk et
all® at ASU andDeyhle andBippe$ atDLR Gottingen.
Theform of this relationshipis N=Ngy — In §, whereé is
a roughnesssuction, or turbulenceparametethat cap-
turesthe receptiity effects. Crouchand Ng arguethat
thereshouldbea hierarchyof transitionpredictionmeth-
odsrangingfrom simple approacheshat provide crude
transitionestimatego highly accurateestimateghatre-
quire very intensize calculations. The variableN-factor
approachs intendedto provide anintermediatdevel of
sucha predictionhierarchy The authorscorrectlywarn
thatin practicalsituations,additionalcomputationakef-
fort is wastedif theinitial disturbanceconditionsarenot
known to a very good (perhapsunobtainable)evel of
certainty

Although a generalhierarchicalapproacho transition
predictionis appropriateandtheresultsCrouchandNg*’
presentare quite good, the crossflav stability experi-
mentsat ASU sincethoseof Radeztsk et al.® suggest
that otherapproacheso transitionpredictionthat better
reflect the physicalmechanism®f crossflav transition
maybemoreappropriatehanavariableN-factormethod.
The purposeof this papetis to presenthe resultsof sev-
eralsuchrecentexperimentsat the ASU Unsteadywind
Tunnelandto usethoseresultsto arguefor an alterna-
tive transition prediction methodologybasedon more-
physicalcriteriathanthe N method. The layout of the
paperis asfollows. The designof the ASU experiment
is describedn Section2. Sections3 and4 presentecent
resultson thereceptvity andbreakdaevn stagesof cross-
flow transition. The nonlineargrowth of the primaryin-
stability is not discussedn detail becausdhoseresults
have beenmore widely disseminatedhanthe receptv-
ity andbreakdaevn results. Finally, in Section5, anout-
line of analternatve transitionpredictionmethodologyis
presentedhatreflectsthephysicaltransitionmechanisms
demonstrately theresults.
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2 The ASU Swept-Wing
Experiment

In the courseof the ASU crossflav transition experi-
ments, two swept-wingmodelshave beenused. Both
sharea designphilosophythat hasits origins with the
work of Dagenhart® The objective is to provide an ex-
perimentabplatformthatcapturesll of the essentiafea-
turesof a sweptwing, undegoescrossflav-dominated
transition,andyet providesthe simplestpossibleexperi-
mentalandcomputationaproblem.If all of theimportant
physicsareincludedin the experimentand good agree-
mentwith computationss achieved, thenthe computa-
tions canbe usedwith confidenceto obtainresultswith
more realistic operatingconditions. This implies thata
sweptwing is preferableto a sweptflat plate because
the wing provides surface curvature,and the resultsof
HaynesandReed indicatethateventhoughthecurvature
is quitesmall,it is anessentiaklementfor correctlypre-
dicting stationary-modegrowth rates. The modelis not
taperedso a spanwise-unifornbasicstatecanbe estab-
lished, greatly simplifying both the experimentand sta-
bility calculations.

Whatis neededor a successfuexperimentis amodel
with boundarylayersthat are sufficiently thick to allow
for relatively easyandwell-resoled boundary-layewe-
locity measurementandto simultaneoushyprovide suf-
ficient crossflav to causetransition. Theserequirements
conflictbecauséhick boundarylayerscanbeachiezedby
restrictingthe experimentto low Reynoldsnumbers put
at too low a Reynolds numberthe instability would not
be strongenoughto producetransition. One of the first
meanf improving theprospecfor strongcrossflav and
athick boundarylayeris to selecta pressurgyradienthat
locateghepressureninimumasfarbackonthemodelas
possible.This permitstheboundarylayerto developover
the longestpossibledistancewithout becomingunstable
to T-Swavesandwithout the crossflav directionchang-
ing at the pressuraminimum. The pressuregradientcan
alsobeusedio enhancéhecrossflav by makingthepres-
suregradientasstrongaspossible Althoughthisimplies
thatstrongnegatie lift is preferableexperienceat ASU
hasshavn thatthewall linersusedto maintainspanwise-
uniform flow aredifficult to constructandmaintainwhen
thereis stronglift. Therefore,a pressurecontourthat
provides a strongpressuregradientwith a late pressure
minimum at zerolift is the optimumconfiguration. En-
hanceccrossflav canalsobe producedby increasinghe
sweepangleof thewing. However, exceedingA =45° is
impracticalfor the hotwiretraversesystem.

The earlier ASU crossflav experimentsemployed a
swept-wingmodelwith anNLF(2)-0415profile,a1.83m
unsweptchord length, and 45° sweep. The profile lo-
catesthe suction-sidepressuraninimum at 71% chord.
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Transitionon this modelis alwaysobsenedupstreanof
the pressureminimum, so the T-S instability doesnot
contribute to transition, nor doesthe Gortler instability,
becausehe concave region also occursdownstreamof
71% chord. The noseradiusand sweepare suchthat
leading-edgecontaminationis not present. Recentlya
new model,designatedhe ASU(67)-0315wasdesigned
by Reibertaroundthe sameprincipleswith theadditional
feature of generatingsignificant crossflav at zero lift.
The ASU wing hasthe samechordlength, sweepangle,
andsuction-sidepressureninimum locationasthe NLF
wing. The ASU wing is operatecat —3° angleof attack,
the zero-lift angle. A comparisorof the measurecgres-
suregradienton the ASU wing to thetheoreticalcontour
is shawvn in Figure 1. Otherdetailsof the experimental
setupandproceduress availablefrom White 2°

3 Receptvity

The receptvity of crossflav vorticesto surface rough-
nessand acousticdisturbancefiasbeeninvestigatedat
ASU sincethework of Radeztsi et al.'® Receptvity to
freestreamturbulence has beeninvestigatedoy Deyhle
andBippe$ who determinedhatturbulenceintensityis a
modeselectionmechanisnthatcontrolswhetherstation-
ary or traveling waves dominatethe transition process.
Recentwork at ASU hassuggestedhatthe modeselec-
tion procesamay dependon both surfaceroughnessand
turbulenceintensity and an experimentwas performed
to investigatethis possibility The suggestiorthat trav-
eling wavesresultfrom aninteractionof roughnessand
freestreanfluctuationshasbeenmadeby both Crouctt?
andChoudhar?? This s thefirst experimentthatexplic-
itly demonstratetheinteraction.

The experimentconsistof placingaturbulencegener
atorin thewind tunnelto raisetheturbulenceintensityto
Tu=0.003,muchhigherthanthenominallevel of theUn-
steadywind Tunnel,but typical of mary general-purpose
wind tunnelsthatdo nottake the specialflow-quality pre-
cautionsnecessaryor conductingstability experiments.
This level exceedsthe Deyhle and Bippe$ criterion of
Tu=0.0015 For nominalsurfaceroughnesgonditions,
polishedaluminumwith an rms surfaceroughnesdess
that0.5pmandRe.=2.4-108, transitionis obsenedin the
naphthalendow visualizationphotograptshowvn in Fig-
ure 2 to occurbetweernx/c=0.40andx/c=0.50for the
centemregionof themodel. Thetransitionfront in thefig-
ure displaysthe sav-tooth patterntypical of stationary-
wave dominatedtransition. The turbulent wedgesthat
extendasfar upstreamasx/c=0.30resultfrom surface
irregularitiesattheleadingedgeassociateavith the vari-
able roughnessactuator (SeeWhite and Sari@® for a
descriptionof the actuator
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Theroughnessctuatoris activatedin the secondpart
of the experimentto producean array of 50um-high
roughnes®lementson an 8-mm spacingat x/c=0.025
Theseareconditionsthat Saricet al.> shaved canlama-
narizethe wing to chord locationsbeyond the pressure
minimum at low turbulencelevels. Subsequenéxper
iments have shavn that the techniquesis effective at
low turbulencelevelswith backgroundsurfaceroughness
as high as 10-30um. In this casehowever, Figure 3
shows that transitionis moved forward from x/c=0.50
to x/c=0.35 and that the sav-tooth patternhas disap-
peared. Thesetwo featuresindicatethat for thesecon-
ditions, the addition of “control roughness’hasactually
triggeredearliertransitionby forcingtravelingwavesthat
aremoreamplifiedthanthe stationarywavesof all of the
previous ASU transition-controexperiments.

Two important conclusionsshould be dravn from
theseresults. Thefirst is that althoughthe control tech-
niqueof Saricetal > appearso bequiterobustto random
backgroundsurfaceroughnessijt may not be asrobust
to enhancedreestreanturbulence.Therefore additional
careis requiredin designingsuchasystenfor arealcon-
figuration. The secondis that selectionof traveling or
stationarymodesin crossflav boundarylayersdoesin-
deedinvolve aninteractionof freestreanturbulenceand
surfaceroughnessCurrently additionalexperimentsare
undervay thatwill establisha moredetaileddatabasef
conditionsfor which oneor the othertype of modedom-
inates. This modeselectionprocessclearly impactsthe
prospectdor eN transitionpredictionfor crossflav. The
traveling and stationarywaves undego differenttransi-
tion processesso onemustusethe receptvity resultsto
establishwhich type of modewill dominateandchoose
anappropriataransitionpredictionmethodon thatbasis.
The ultimate conclusionmay be that if traveling waves
dominate amodifiedeN methods acceptabléecauséor
thesesituations Jineargrowth is obsered. However, for
the morecommoncasewherestationarywavesare most
important.thereis a needfor analternatve approach.

4 Breakdownn

Sincework of Kohamaet al.?* at ASU on the secondary
instability of crossflav vortices, it hasbeenknown that
high-amplitudecrossflav waves are subjectto a high-
frequeng secondanynstability precedingoreakdevn to
turbulence.Recentlyadetailedseriesof experimenthas
beencarriedout at ASU to investigatethis phenomenon
in moredetailandto verify thatit is the secondarynsta-
bility, andnot an absoluteinstability, thatleadsto cross-
flow vortex breakdevn. Somepreliminarysecondaryn-
stability resultsof the ASU teamwerepresentethy White
and Saric?® Resultsof sweptflat plate experimentsof
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other groupshave beenpresentedby Kohamaet al.?®
Lercheand Bippes?® and Kawakami et al.?” The pri-
maryinstability wasshown to be a corvective andnotan
absolutenstability in a separateeriesof experimentsy
White 20

The secondary instability experiments consist of
hotwire velocity fluctuation measurementthat are ob-
tainedfor a grid of pointsin the spanwise—all-normal
planefor a single stationarycrossflav vortex at various
chord stationsthroughoutthe transitionregion. The ve-
locity fluctuationsareanalyzedusinga Fouriertransform
to identify individual modesof the secondanjinstability
andtravelingmodesof the primaryinstability. Amplitude
growth of themodess obtainedby integratingthefluctu-
ationsacrossonewavelengthof the stationarycrossflav
vortex in z andfrom the wall to the freestreanbeyond
wherethefluctuationscannotoe detectedn Y.

FourcasesreconsideredThefirstis abaselinecaseat
Re,=2.410% with anarrayof 18um-high roughnes®l-
ementon a 12-mmspacing(denoted 18|12] roughness)
appliedat x/c=0.025(nearthe branchl neutralpoint).
The secondcaseexaminesthe role of roughnesseight;
it is alsoat Re,=2.4-105 but with [54]12] roughnessThe
third andfourth casesexaminetherole of Reynoldsnum-
ber and feature [54/12] roughnessat Re.=2.010% and
Re.=2.8106, respectiely. The baselinecasewas pre-
sentedin detail by White and Saric?® Here casestwo,
three,andfour will be discussedn more detail asthey
have now beenmorethoroughlyinvestigatecandarebet-
ter understood. One importantcorrectionto the White
and Saricpapef? is that the roughnesamplitudescited
thereareincorrect. That paperdiscussed- and18-m-
high roughnesswhile the actualroughnesseightsfor
boththatpaperandthe presentvork are18 and54um.

To review the resultsfor the baselineRe.=2.4106,
[18)12] case, measurementbegin at x/c=0.30 where
the meanflow hasundegonemild distortionbut hasnot
yetdevelopedthe characteristigoll-over characteof the
highly distortedstationaryvortices, nor doesit display
secondaryinstability behaior. By x/c=0.4Q the sta-
tionaryvortex hassaturatedandatx/c=0.42 a3.0-kHz
disturbancebegins to grow. The 3.0-kHz mode grows
very rapidly and by x/c=0.46 localizedbreakdavn oc-
curs.Full-field breakdavn occurswithin the next several
percentchord. The amplitudegrowths of the stationary
200-Hz(most-amplified}raveling primary, 3.0-kHzsec-
ondary and6.1-kHz secondarynodesare givenin Fig-
ure4. Contourplotsof themeanflow, the 200-Hztravel-
ing crossflav mode,andthe 3.0-kHz secondarynodeat
x/c=0.40aregivenin Figures5—7. The6.1-kHzmodeis

1The coordinatedirectionz is in the spandirection, parallelto the
leadingedge.Y is aglobalwind tunnelcoordinatethatis perpendicular
to zandnearlyalignedwith thesurfacenormaldirection.
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spatiallycoincidentwith the 3.0-kHzmode ,althoughthe
growth ratesindicatethatit is a distinct modeandnot a
harmonic.

The basicsof the stationaryvortex behaior for case
two, Re.=2.4-106 with [54]12] roughnessarenearlythe
sameas for the baselinecase. One would expect this
basedntheresultof Reibertetal * thatsaturatiorampli-
tudedoesnot dependon the roughness-arragmplitude,
providedit is sufficiently large. Two itemssubstantially
differentiatethis casefrom the baseline however. The
first is thatthe total disturbancesnegy containedn the
traveling modesof the primary instability is muchlarger
thanbefore. This resultreenforceghe conclusionof the
previous sectionthat the determinationof whethersta-
tionary or traveling waves needsto include both turbu-
lenceintensity and surfaceroughness.The othersignif-
icant differencepresentin casetwo is thatin this case
anothersecondarynstability modecanbeextractedfrom
thedata.This modeis at 6.1kHz, asin the baselinecase,
exceptnow the modeis locatedin the wall-normal ve-
locity gradientregion onthetop of the overturningstruc-
ture. The structureof the modeat x/c=0.39is givenin
Figure8. (The positionof the underlyingstationaryvor-
tex relative to the figure’'s axesis equivalentto thatin
Figure5.) The 3.0-kHzmodeof the previous caseis de-
notedatype-lorzmodeandthe6.1-kHzmodeof thetype
shawn in Figure8 is denotecatype-1l or y mode® where
y or zindicategheparticularmean-flav velocity gradient
thatis mostimportantfor the disturbancenodes enegy
production.

For the high-amplitude roughnesscase localized
breakdevn occursfirst at x/c=0.4Q Breakdavn in this
caseis 6% chordupstreamof the baselinecase,but the
differenceis within the variation of the breakdevn lo-
cation of a single case,so the differenceshouldnot be
consideredignificant. Thegrowth of the stationary200-
Hz, and3.0-kHzmodesareshowvn in Figure9. The6.1-
kHz modeis notincludedin the figure becauset did not
persistfor a long enoughchord lengthto be meaning-
fully included. Whatis particularlyinterestingaboutthe
velocity fluctuationsat breakdaevn for this caseis that
low-frequeng fluctuationscontain most of the distur
banceenepgy, andyet it appearsasif the destabilization
of the secondarynstability remainsthe breakdevn trig-
ger. Contoursof the total fluctuationenegy are shavn
in Figure 10, andthe maximumis clearly locatedin the
traveling crossflav wave region. In the baselinecasean
equialentfigurewould shov mostof theenegy concen-
tratedin thesameregionasthe3.0-kHz,type-Imode(see
Figure10in White andSaric).

The resultsfor the Re,=2.0-106, [54|12] roughness
caseare the mostdifficult to interpret,yet the dataare
someof the mostinteresting. The roughnessarray in
this caseproducesomevhatsubcriticalforcing, amech-
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anismthat Saricet al.> found could suppressransition.
White and Saric reportedthatin the preliminaryphase
of the breakdevn investigationsat ASU, it appeared
asif the vortex was erodedby high-amplitudelaminar
fluctuationsbecausehe velocity fluctuationspectrare-
tained distinct mode structuresrather than broadening
andtherebyindicatinga breakdavn to turbulence White
and Saric surmisedthat this combinationof roughness
andReynoldsnumbermay be a marginal casefor which
transitionsuppressionia subcriticalforcing is almostef-
fective. Someof the stationaryvortices, however, are
obsenred to undego the samesort of rapid breakdavn
obsenred for the other casesandtheseproducespread-
ing turbulentwedgeghat eventuallycontaminatehe en-
tire boundarylayer. Examinationof one of the vortices
that doesundego rapid breakdevn reveals nearly the
samebehaior asthe previous cases. Casethreeis an
examinationof one of thesestructures. The fluctuation
growth curvesfor this case(Figurell) show thatthesec-
ondaryinstability doesnot trigger breakdevn asrapidly
in this case. The lowestfrequeng secondaryinstability
at 2.4kHz existsfor slightly morethan10% chord prior
to breakdevn. The 4.9-kHz mode shawn in the figure
is likely a harmonicof the 2.4-kHz modebasedon the
growth-raterelationship. In the last few percentchord
prior to breakdevn, asmary asfive or six secondaryn-
stability modescanbeobsenedin thefluctuationspectra,
andall whosespatialdistribution canbe extractedappear
to betype-I modes.At breakdevn thefluctuationenegy
is nearlyevenly divided betweenthe traveling crossflav
region andthe mode-Iregion of the stationaryortex.

Thefourth case Re.=2.8-10° with [54]18] roughness,
presents situationwherethe roughnessrrayforcing is
someavhat supercritical. The effect of this forcing ap-
pearsto be a reductionof the spanwisemean-flav ve-
locity gradientscloseto the wall. This is clearly visi-
ble in Figure12, wheretheflow is nearlyuniformin the
spandirection for Y < 0.75mm, especiallyon the left-
handside of the figure wherethe mode-I secondaryin-
stability is located.As aresultof this somavhatdifferent
mean-flav distribution, the mode-llsecondarynstability
is muchmorepronouncedelative to thetype-l modesn
this casethanin theothers.Theamplitudegrowth curves
(Figure13) show thatin this casethe type-Il secondary-
instability mode at 6.5kHz undegoesgrowth equalto
or greaterthanthe 3.6-kHz type-l mode. Perhapsmore
important, the total fluctuation contoursat breakdevn
showvn in Figure 14 indicate that althoughmost of the
disturbancesneqgy is in the traveling crossflav regions,
a significantportionis in the mode-Illocation,andonly
aninsignificantportionis locatedin themode-Ilocation.

In additionto thesefour casesseveraltestswere per
formed to determinewhetherthe secondaryinstability
could be forced directly via increasedhigh-frequeng
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freestreanfluctuationsand whethersuchforcing could
lead to acceleratedbreakdovn. A number of tests
wereconductedothwith acoustidforcing andenhanced
freestreamturbulence. Acoustic forcing at frequencies
between2 and4kHz ashigh as125dB for Re.=2.0-10%
andRe =2.4-106 with [54|18] roughnessNo changein
either the secondary-instabilitpbehaior or breakdavn
wasobsenedin ary of thesetests. Testsusinga turbu-
lencegeneratotocatedeitherin the settlingchamberor
in the contractionconeof thewind tunnelwerealsocon-
ducted. The grid was capableof producingfreestream
rms fluctuation levels as high as u’/U., =0.0029 high
enoughthat traveling modesmight be expectedto dom-
inate transition® But as before, no changein the sec-
ondaryinstability or breakdevn behavior wasobsened.

Theconclusiordravn from this seriesof secondaryn-
stability experimentss that breakdaevn of saturatedsta-
tionary crossflav vorticesis always precededby rapid
growth or one of more secondary-instabilitynmodes. It
alsoappearghat althoughlower-frequeng disturbances
may containmoretotal disturbancesnegy thanthe sec-
ondaryinstabilities,thosedisturbancesrenot the break-
down trigger. What is particularly encouragingabout
theseresultsis thatthereis strongqualitatve agreement
with the seondaryinstability calculationsof both Malik
etal® andKochetal?® Both groupsuselinear, temporal
approacheso the secondary-instabiliticalculationsus-
ing the saturatedneanflow asa basicstate. A rigorous
comparisorbetweerthe experimentakesultsandthe ex-
isting computationdgs not possiblebecausehey arefor
someavhat different conditions, but thereis quite good
gualitatve agreemengespeciallyin termsof the appear
anceof boththetype-landtype-Il modes.

5 Crossflav Transition Prediction

The behaior of crossflev boundarylayers suggesta
wholly different approachto transition predictionthan
the eN method. The physicalmechanismsuggesthat
one first determinefrom a combinationof Tu and sur
faceroughnessvhethertraveling or stationarywaveswill
dominatethetransitionprocessThen,if stationarywaves
dominate(as may be expectedfor flight situations),use
an NPSEcodeto predictthe saturationbehaior of the
most-amplifiedstationarymodes. Last, usingthe mean-
flow solutionprovidedby the NPSEcodeasa basicstate,
determinethe chord location where the secondaryin-
stability destabilizesand usethis location (or a location
basednit) asthetransitionlocation.

While this morephysicalapproactwould certainlyre-
quiremorecomputationaéffort asCrouchandNg!’ sug-
gestthefactthatthestationarydisturbancesaturatero-
vided the initial input is of sufficiently high amplitude
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indicatesthat thoseefforts may not be wastedon uncer

tain initial conditions. Becausehe saturationamplitude
appeargo be independenbf initial amplitudeand the

amplitudethresholdfor which saturationoccursis very

low, acceptabldnitial conditionsmay simply be those
that producesaturation. Reibertet al.* obsered satura-
tion of 12-mm-wavelengthdisturbancest Re.=2.410°

triggeredby an array of 6-um-high roughnes®lements,
andbecauseoughnesseightis relative to theboundary-
layer thickness,this level is certainly lower than ary

roughnesamplitudethat could be achiezed on anactual
aircraft. This may be a casewherenonlineareffectsac-

tually simplify theanalysishecaus@wide rangeof input

conditionscanbereducedo the sameproblem.

Usingthedestabilizatiorof thesecondarynstability to
determinghebreakdaevnlocationshouldbeaveryrobust
criterion. In all the experimentalcasef the breakdavn
experiment, where stationarywaves dominatedtransi-
tion, breakdevn occurredwithin a few percentchord of
wherethesecondarynstability couldfirst bedetectednd
the casesxaminedhereshaw thatthis lengthmay have
arelatively simpledependencen the Reynoldsnumber
Dependingon the level of accurag required,one could
eitherusean N-factorapproachbasedon the secondary
instability as Malik et al.® do or simply make the more
conserative estimatethat breakdevn occursat the point
of destabilizatiorasHogbeg andHenningsof® suggest.
Thissortof choicebetweersimplicity andaccurag is ex-
actly the sortdescribecby CrouchandNg’s hierarchical
approach’ appliedto a more physically realistic transi-
tion model. In eithercase,basedon Malik et al.s find-
ings® it appearghat a linear, temporalsecondaryinsta-
bility codeis sufficient to determinethe location of the
secondary-moddestabilization.

This sortof methodis not restrictedto analysisof ex-
isting configurationf course but canalsobe usedasa
designtool for laminarflow wings. This is particularly
relevant since Saric et al.> have demonstratedhat sub-
critical roughnessrrayscancompletelysuppressross-
flow transition,but theresultspresentedhereindicatethat
somecaremustbetakento ensurehataroughnessnput
designedo suppresgransitiondoesnot do the opposite.
A suitabledesignmethodwould combinetheinformation
aboutthethreestagedo produceacontrolroughnesson-
figurationthat would suppresghe destabilizatiorof the
secondanyinstability while maintainingthe importance
of stationarywaves.
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Figurel: Theoreticabndexperimentapressureontours
for the ASU(67)-0315at Re.=2.4.10% and—3° angleof
attack.
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Figure4: Velocity-fluctuationrms growth, Re,=2.4-106,
[18/12] roughness.
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Figure 5: Mean-flav velocity contours,Re.=2.4106,
[18112] roughness, x/c=0.4Q contour lines at
U/Uedge=0.1,0.2,...,0.9.
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Figure 6: 200-Hz velocity-fluctuationrms distribution,
Re.=2.4106, [18|12] roughnessx/c=0.40 100-30CHz
bandpass.Lines are 10% contoursof the maximumin
this band.
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Figure 7: 3.0-kHz velocity-fluctuationrms distribution,

Re.=2.4106, [18/12] roughnessx/c=0.40 2.9-3.1kHz

bandpass.Lines are 10% contoursof the maximumin

this band.
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Figure 8: 6.1-kHz velocity-fluctuationrms distribution,
Re =2.4106, [54]12] roughnessx/c=0.39 6.0-6.%Hz
bandpass.Lines are 10% contoursof the maximumin
this band.
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Figure2: Naphthalendlow visualizationwithout[50|8] roughnesst Re.=2.4-106 andTu=0.003.

Figure3: Naphthalendlow visualizationwith [50|8] roughnessieployedat Re.=2.4106 andTu=0.003.
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Figure9: Velocity-fluctuationrms growth, Re,=2.4-106,
[54]12] roughness.
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Figure 10: Total velocity-fluctuationrms distribution,
Re.=2.4105 [54/12] roughness,x/c=0.4Q 20Hz-
8.0kHz bandpass.Lines are 10% contoursof the max-
imum rmsfluctuations.
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Figure 11: Velocity-fluctuation rms growth,
Re.=2.0.106, [54/12] roughness.
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Figure 12: Mean-flav velocity contours,Re.=2.8 106,

[54]12) roughness, x/c=0.37, contour lines at
U/Uedge=0.1,0.2,...,0.9.
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Figure 13: Velocity-fluctuation rms growth,

Re =2.8106, [54|12] roughness.
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Figure 14: Total velocity-fluctuationrms distribution,
Re=2.8105 [54/12] roughness,x/c=0.385 20Hz-
12.0kHz bandpassLinesare 10% contoursof the maxi-
mumrmsfluctuations.
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