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Abstract

The transition processon crossflow-dominatedswept
wingsundergoesthreedistinctstages:receptivity, distur-
bancegrowth,andbreakdown. Thedetailsof thephysical
mechanismsactive in eachrenderthecommonindustrial
tool for transitionprediction, the eN method,unableto
produceacceptableresults. An alternative methodthat
accountsfor thephysicalmechanismsof crossflow tran-
sition is requiredif betterresultsareto beobtained.Ex-
perimentsat theArizonaStateUniversityUnsteadyWind
Tunnel have beenperformedto investigateeachstage.
Resultsfrom receptivity andbreakdown experimentsare
presentedhere.Theexperimentsshow that themostim-
portant featureof the receptivity phaseis modeselec-
tion and that selectionof traveling- or stationary-wave-
dominatedtransitiondependson both turbulenceinten-
sity andsurfaceroughness.Thebreakdown experiments
elucidatetherole of thehigh-frequency secondaryinsta-
bility asthebreakdown mechanismandfind thatdestabi-
lization of thesecondaryinstability is a usefultransition
criterion.Theexperimentalresultsareusedto suggestan
alternativepredictionmethod.

1 Intr oduction

Theproblemof predictingtransitionin swept-wingcross-
flow boundarylayers is of significant importancebe-
causeof the prevalenceof swept-wingaircraft. Cur-
rently, theindustrialapproachto transitionprediction,the
eN method,doesnot accountfor many of the advances
madein theunderstandingcrossflow transitionin thepast
decade.And thebulk of theseadvancessuggeststhatthe
eN methodcannotbe successfullyapplied to crossflow
transition.
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The basicassumptionsof eN-basedtransitionpredic-
tion arethatthereis anessentiallyuniformdistributionof
disturbanceinputs to the boundarylayer, that thesedis-
turbancesgrow linearly, andthat transitionoccursonce
any disturbancemodereachesa thresholdamplitude.In
practice,onecomputesN factorsof all possibledistur-
bancemodesusinglinear theoryandusesanexperiment
to determinetheN factorthatcausestransition.Thevalue
of N incorporatesthe receptivity processand any non-
linear behavior prior to breakdown of the particularex-
perimentalsetup. The N factoris thenappliedto some-
what different situationsto predict the transition loca-
tion. This methodwas first proposed1,2 for situations
whereTollmien–Schlichting(T–S) wavesare the domi-
nantinstability mode.Themethodis somewhatsuccess-
ful in thosesituationsbecauseeachstageof the transi-
tion process,receptivity, disturbancegrowth, andbreak-
down doesnotdeviatetoosignificantlyfrom theassump-
tions madeby the eN method. However, the samecan-
not be saidfor crossflow transition. For crossflow, none
of the stagesarecorrectlycapturedby an N-factorcor-
relation. Successfultransitionpredictionfor crossflow-
dominatedboundarylayersdemandsacompletelydiffer-
ent approachthat reflectsthe physicaltransitionmecha-
nismsof crossflow.

A fundamentalfeatureof swept-wingboundarylay-
ers is that the combined influences of wing sweep
andpressuregradientproducecurved streamlinesat the
boundary-layeredge. The curvature producesa sec-
ondaryflow in the boundarylayer that is directedper-
pendicularto theexternalstreamline,towardthestream-
line’s centerof curvature. The secondaryflow is called
crossflow. Thecrossflow velocityprofilehasaninflection
pointandis thereforesubjectto aninviscidinstabilitythat
producesboth stationary( f = 0) and traveling waves of
nearlystreamwisevorticity. This meansthattheinstabil-
ity mechanismfor sweptwingsis fundamentallydifferent
from thatof unsweptwingsbecausetheunsweptconfigu-
rationissubjectto theviscousT–Sinstabilitymechanism.
Oneshouldnotexpectthatatransitionpredictionstrategy
designedfor T–Swaveswouldbeapplicableto crossflow.
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What is especiallyconfoundingto the eN approachis
that althoughaccordingto linear theory the most am-
plified mode is a traveling mode, in nearly all exper-
iments that approachflight conditions (i.e., with low
freestreamturbulence),a stationarymode,not the most
amplifiedtraveling mode,is observed to dominatetran-
sition. Thereare two reasonsfor this. First, receptiv-
ity theory shows that in low-disturbanceenvironments
theinitial amplitudesof stationarydisturbancesaremuch
larger thanthoseof traveling disturbances.Second,be-
causethe stationaryvorticesarenearlyalignedwith the
inviscid streamlines,the sameu� , v� disturbanceactson
a fluid elementalong its entire trajectory. The result is
a strongintegratedeffect thatresultsin significantmean-
flow modification,despitethe relative low amplitudeof
the stationarydisturbance.The fact thatmodificationof
the boundarylayer occursmeansthat its stability is not
well describedby linear theory when stationarywaves
dominate. Insteada nonlinearmodel is requiredto un-
derstandcrossflow boundary-layerstability for nearlythe
entireboundarylayer.

Work at ASU by Radeztsky et al.,3 Reibertet al.4 and
Saricet al.5 hasshown thatwhenstationarymodesdom-
inatethetransitionprocess,amplitudesaturationcanoc-
cur if sufficiently high-amplitudesurface roughnessis
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 fundamentalmodesaturatesdependsonly on
Reynolds numberand the mode’s wavelength; it is in-
dependentof the initial amplitude(provided the ampli-
tudeis sufficiently high). Radeztsky et al.3 workedwith
low-amplitudedistributedroughnessthatdid not leadto
saturation.Reibertet al.4 andSaricet al.5 worked with
roughnessarraysof higheramplitudethatdid leadto sat-
uration. This processis well understoodand hasbeen
successfullymodeledby nonlinearparabolizedstability
equation(NPSE)codesby bothMalik etal.6 andHaynes
andReed.7

If traveling wavesdominatetheboundarylayer, linear
theory can be successfulbecausethere is not a mean-
flow modification. This can be observed in situations
with high freestreamturbulencewherethereis a higher
amplitudeinput to traveling waves. Deyhle andBippes8

foundthattravelingwavesdominatebeyondTu= 0.0015.
Perhapssurprisingly, Deyhle andBippesalsodiscovered
that if traveling waves dominateand the turbulencein-
tensity is not too high, 0.0015� Tu � 0.0020, transition
is actuallydelayedrelative to stationary-wave transition.
For comprehensive reviews of the recentexperimental
work see,Bippes9 for theDLR effort andSaricetal.5 for
thatof ASU. Othermoregeneralreviewsareby Arnal,10

Crouch,11 Herbert,12,13 Kachanov,14 andReshotko.15

Thedifficultiesin applyingtheeN methodto boundary

layerswith crossflow aredemonstratedin a recentpaper
by Schraufet al.16 In that paper, the authorsattemptto
correlateflight test dataon swept-wingtransition to N
factorsobtainedfrom linearstabilitycodeswith andwith-
out curvatureandcompressibility. Althougha numberof
differentvariationson themethodareattempted,includ-
ing theenvelopeapproachanda two-N-factorapproach,
thereis nocasefor whichaclearresultis obtained.More-
over, the authorsstatethat therearea numberof patho-
logical casesthatmustberemovedprior to obtainingthe
correlationsthatarepresentedin thepaper. It seemsclear
that thephysicsof crossflow transitionarenot amenable
to eN-basedprediction.

To accountfor someof the difficulties in crossflow
transition prediction using an eN method, Crouch and
Ng17 recentlypresentedacompromiseapproachthatpro-
videsa variableN factor that incorporatesthe resultsof
the crossflow receptivity experimentsby Radeztsky et
al.18 at ASU andDeyhle andBippes8 at DLR Göttingen.
Theform of this relationshipis N=N0 	 ln 
 , where 
 is
a roughness,suction,or turbulenceparameterthat cap-
turesthe receptivity effects. CrouchandNg arguethat
thereshouldbeahierarchyof transitionpredictionmeth-
odsrangingfrom simpleapproachesthat provide crude
transitionestimatesto highly accurateestimatesthat re-
quire very intensive calculations.The variableN-factor
approachis intendedto provide an intermediatelevel of
sucha predictionhierarchy. The authorscorrectlywarn
that in practicalsituations,additionalcomputationalef-
fort is wastedif theinitial disturbanceconditionsarenot
known to a very good (perhapsunobtainable)level of
certainty.

Althougha generalhierarchicalapproachto transition
predictionis appropriate,andtheresultsCrouchandNg17

presentare quite good, the crossflow stability experi-
mentsat ASU sincethoseof Radeztsky et al.18 suggest
that otherapproachesto transitionpredictionthat better
reflect the physicalmechanismsof crossflow transition
maybemoreappropriatethanavariableN-factormethod.
Thepurposeof this paperis to presenttheresultsof sev-
eralsuchrecentexperimentsat theASU UnsteadyWind
Tunneland to usethoseresultsto arguefor an alterna-
tive transition prediction methodologybasedon more-
physicalcriteria than the eN method. The layout of the
paperis asfollows. The designof the ASU experiment
is describedin Section2. Sections3 and4 presentrecent
resultson thereceptivity andbreakdown stagesof cross-
flow transition.Thenonlineargrowth of theprimary in-
stability is not discussedin detail becausethoseresults
have beenmore widely disseminatedthan the receptiv-
ity andbreakdown results.Finally, in Section5, anout-
line of analternativetransitionpredictionmethodologyis
presentedthatreflectsthephysicaltransitionmechanisms
demonstratedby theresults.
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2 The ASU Swept-Wing
Experiment

In the courseof the ASU crossflow transition experi-
ments,two swept-wingmodelshave beenused. Both
sharea designphilosophythat has its origins with the
work of Dagenhart.19 Theobjective is to provide anex-
perimentalplatformthatcapturesall of theessentialfea-
turesof a sweptwing, undergoescrossflow-dominated
transition,andyet providesthesimplestpossibleexperi-
mentalandcomputationalproblem.If all of theimportant
physicsare includedin the experimentandgoodagree-
mentwith computationsis achieved, thenthe computa-
tions canbe usedwith confidenceto obtainresultswith
morerealisticoperatingconditions. This implies that a
sweptwing is preferableto a sweptflat plate because
the wing providessurfacecurvature,and the resultsof
HaynesandReed7 indicatethateventhoughthecurvature
is quitesmall,it is anessentialelementfor correctlypre-
dicting stationary-modegrowth rates. The model is not
tapered,soa spanwise-uniformbasicstatecanbe estab-
lished,greatlysimplifying both the experimentandsta-
bility calculations.

Whatis neededfor a successfulexperimentis amodel
with boundarylayersthat aresufficiently thick to allow
for relatively easyandwell-resolvedboundary-layerve-
locity measurementsandto simultaneouslyprovide suf-
ficient crossflow to causetransition.Theserequirements
conflictbecausethickboundarylayerscanbeachievedby
restrictingtheexperimentto low Reynoldsnumbers,but
at too low a Reynoldsnumberthe instability would not
be strongenoughto producetransition. Oneof the first
meansof improving theprospectfor strongcrossflow and
athick boundarylayeris to selectapressuregradientthat
locatesthepressureminimumasfarbackonthemodelas
possible.Thispermitstheboundarylayerto developover
the longestpossibledistancewithout becomingunstable
to T–Swavesandwithout thecrossflow directionchang-
ing at thepressureminimum. Thepressuregradientcan
alsobeusedto enhancethecrossflow by makingthepres-
suregradientasstrongaspossible.Althoughthis implies
thatstrongnegative lift is preferable,experienceat ASU
hasshown thatthewall linersusedto maintainspanwise-
uniformflow aredifficult to constructandmaintainwhen
there is strong lift. Therefore,a pressurecontour that
providesa strongpressuregradientwith a late pressure
minimum at zerolift is the optimumconfiguration.En-
hancedcrossflow canalsobeproducedby increasingthe
sweepangleof thewing. However, exceeding� =45� is
impracticalfor thehotwiretraversesystem.

The earlier ASU crossflow experimentsemployed a
swept-wingmodelwith anNLF(2)-0415profile,a1.83m
unsweptchord length, and 45� sweep. The profile lo-
catesthe suction-sidepressureminimum at 71% chord.

Transitionon this modelis alwaysobservedupstreamof
the pressureminimum, so the T–S instability doesnot
contribute to transition,nor doesthe Görtler instability,
becausethe concave region also occursdownstreamof
71% chord. The noseradiusand sweepare such that
leading-edgecontaminationis not present. Recentlya
new model,designatedtheASU(67)-0315,wasdesigned
by Reibertaroundthesameprincipleswith theadditional
featureof generatingsignificant crossflow at zero lift.
TheASU wing hasthesamechordlength,sweepangle,
andsuction-sidepressureminimumlocationastheNLF
wing. TheASU wing is operatedat 
 3� angleof attack,
the zero-lift angle. A comparisonof the measuredpres-
suregradienton theASU wing to thetheoreticalcontour
is shown in Figure1. Otherdetailsof the experimental
setupandproceduresis availablefrom White.20

3 Receptivity

The receptivity of crossflow vortices to surfacerough-
nessand acousticdisturbanceshasbeeninvestigatedat
ASU sincethework of Radeztsky et al.18 Receptivity to
freestreamturbulencehasbeeninvestigatedby Deyhle
andBippes8 whodeterminedthatturbulenceintensityis a
modeselectionmechanismthatcontrolswhetherstation-
ary or traveling waves dominatethe transitionprocess.
Recentwork at ASU hassuggestedthat themodeselec-
tion processmaydependon bothsurfaceroughnessand
turbulenceintensity and an experimentwas performed
to investigatethis possibility. The suggestionthat trav-
eling wavesresult from an interactionof roughnessand
freestreamfluctuationshasbeenmadeby bothCrouch21

andChoudhari.22 This is thefirst experimentthatexplic-
itly demonstratestheinteraction.

Theexperimentconsistsof placingaturbulencegener-
atorin thewind tunnelto raisetheturbulenceintensityto
Tu= 0.003,muchhigherthanthenominallevelof theUn-
steadyWind Tunnel,but typicalof many general-purpose
wind tunnelsthatdonottakethespecialflow-qualitypre-
cautionsnecessaryfor conductingstability experiments.
This level exceedsthe Deyhle and Bippes8 criterion of
Tu= 0.0015. For nominalsurfaceroughnessconditions,
polishedaluminumwith an rms surfaceroughnessless
that0.5µm andRec = 2.4� 106, transitionis observedin the
naphthaleneflow visualizationphotographshown in Fig-
ure2 to occurbetweenx � c= 0.40andx � c= 0.50for the
centerregionof themodel.Thetransitionfront in thefig-
ure displaysthe saw-tooth patterntypical of stationary-
wave dominatedtransition. The turbulent wedgesthat
extendasfar upstreamasx � c= 0.30result from surface
irregularitiesat theleadingedgeassociatedwith thevari-
able roughnessactuator. (SeeWhite and Saric23 for a
descriptionof theactuator.)
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Theroughnessactuatoris activatedin thesecondpart
of the experiment to producean array of 50-µm-high
roughnesselementson an 8-mm spacingat x � c=0.025.
TheseareconditionsthatSaricet al.5 showedcanlama-
narizethe wing to chord locationsbeyond the pressure
minimum at low turbulencelevels. Subsequentexper-
iments have shown that the techniquesis effective at
low turbulencelevelswith backgroundsurfaceroughness
as high as 10–30µm. In this casehowever, Figure 3
shows that transitionis moved forward from x � c= 0.50
to x � c= 0.35 and that the saw-tooth patternhasdisap-
peared. Thesetwo featuresindicatethat for thesecon-
ditions, the additionof “control roughness”hasactually
triggeredearliertransitionby forcingtravelingwavesthat
aremoreamplifiedthanthestationarywavesof all of the
previousASU transition-controlexperiments.

Two important conclusionsshould be drawn from
theseresults.The first is that althoughthe control tech-
niqueof Saricetal.5 appearsto bequiterobustto random
backgroundsurfaceroughness,it may not be as robust
to enhancedfreestreamturbulence.Therefore,additional
careis requiredin designingsuchasystemfor arealcon-
figuration. The secondis that selectionof traveling or
stationarymodesin crossflow boundarylayersdoesin-
deedinvolve an interactionof freestreamturbulenceand
surfaceroughness.Currently, additionalexperimentsare
underway thatwill establisha moredetaileddatabaseof
conditionsfor which oneor theothertypeof modedom-
inates. This modeselectionprocessclearly impactsthe
prospectsfor eN transitionpredictionfor crossflow. The
traveling andstationarywavesundergo different transi-
tion processes,soonemustusethereceptivity resultsto
establishwhich type of modewill dominateandchoose
anappropriatetransitionpredictionmethodon thatbasis.
The ultimateconclusionmay be that if traveling waves
dominate,amodifiedeN methodis acceptablebecausefor
thesesituations,lineargrowth is observed. However, for
themorecommoncasewherestationarywavesaremost
important,thereis a needfor analternativeapproach.

4 Breakdown

Sincework of Kohamaet al.24 at ASU on thesecondary
instability of crossflow vortices,it hasbeenknown that
high-amplitudecrossflow waves are subjectto a high-
frequency secondaryinstability precedingbreakdown to
turbulence.Recently, adetailedseriesof experimentshas
beencarriedout at ASU to investigatethis phenomenon
in moredetailandto verify that it is thesecondaryinsta-
bility, andnot anabsoluteinstability, that leadsto cross-
flow vortex breakdown. Somepreliminarysecondaryin-
stabilityresultsof theASUteamwerepresentedbyWhite
andSaric.23 Resultsof sweptflat plate experimentsof

other groupshave beenpresentedby Kohamaet al.,25

Lercheand Bippes,26 and Kawakami et al.27 The pri-
maryinstability wasshown to beaconvectiveandnot an
absoluteinstability in aseparateseriesof experimentsby
White.20

The secondary instability experiments consist of
hotwire velocity fluctuationmeasurementsthat are ob-
tainedfor a grid of points in the spanwise–wall-normal
planefor a singlestationarycrossflow vortex at various
chordstationsthroughoutthe transitionregion. The ve-
locity fluctuationsareanalyzedusingaFouriertransform
to identify individual modesof the secondaryinstability
andtravelingmodesof theprimaryinstability. Amplitude
growth of themodesis obtainedby integratingthefluctu-
ationsacrossonewavelengthof thestationarycrossflow
vortex in z and from the wall to the freestreambeyond
wherethefluctuationscannotbedetectedin Y.1

Fourcasesareconsidered.Thefirst is abaselinecaseat
Rec = 2.4� 106 with anarrayof 18-µm-high roughnessel-
ementson a 12-mmspacing(denoted� 18 � 12� roughness)
appliedat x � c= 0.025(nearthe branchI neutralpoint).
The secondcaseexaminesthe role of roughnessheight;
it is alsoatRec =2.4� 106 but with � 54 � 12� roughness.The
third andfourthcasesexaminetheroleof Reynoldsnum-
ber and feature � 54 � 12� roughnessat Rec =2.0� 106 and
Rec = 2.8� 106, respectively. The baselinecasewas pre-
sentedin detail by White andSaric.23 Herecasestwo,
three,and four will be discussedin moredetail as they
havenow beenmorethoroughlyinvestigatedandarebet-
ter understood.One importantcorrectionto the White
andSaricpaper23 is that the roughnessamplitudescited
thereareincorrect. That paperdiscussed6- and18-µm-
high roughness,while the actual roughnessheightsfor
boththatpaperandthepresentwork are18 and54µm.

To review the results for the baselineRec =2.4� 106,
� 18 � 12� case,measurementsbegin at x � c=0.30 where
themeanflow hasundergonemild distortionbut hasnot
yetdevelopedthecharacteristicroll-overcharacterof the
highly distortedstationaryvortices,nor doesit display
secondaryinstability behavior. By x � c=0.40, the sta-
tionaryvortex hassaturated,andat x � c=0.42, a 3.0-kHz
disturbancebegins to grow. The 3.0-kHz modegrows
very rapidly andby x � c=0.46 localizedbreakdown oc-
curs.Full-field breakdown occurswithin thenext several
percentchord. The amplitudegrowthsof the stationary,
200-Hz(most-amplified)traveling primary, 3.0-kHzsec-
ondary, and6.1-kHzsecondarymodesaregiven in Fig-
ure4. Contourplotsof themeanflow, the200-Hztravel-
ing crossflow mode,andthe3.0-kHzsecondarymodeat
x � c= 0.40aregivenin Figures5–7.The6.1-kHzmodeis

1The coordinatedirectionz is in the spandirection,parallel to the
leadingedge.Y is aglobalwind tunnelcoordinatethatis perpendicular
to z andnearlyalignedwith thesurfacenormaldirection.
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spatiallycoincidentwith the3.0-kHzmode,althoughthe
growth ratesindicatethat it is a distinct modeandnot a
harmonic.

The basicsof the stationaryvortex behavior for case
two, Rec =2.4� 106 with � 54 � 12� roughness,arenearlythe
sameas for the baselinecase. One would expect this
basedontheresultof Reibertetal.4 thatsaturationampli-
tudedoesnot dependon the roughness-arrayamplitude,
provided it is sufficiently large. Two itemssubstantially
differentiatethis casefrom the baseline,however. The
first is that the total disturbanceenergy containedin the
traveling modesof theprimary instability is muchlarger
thanbefore.This resultreenforcestheconclusionof the
previous sectionthat the determinationof whethersta-
tionary or traveling wavesneedsto include both turbu-
lenceintensityandsurfaceroughness.The othersignif-
icant differencepresentin casetwo is that in this case
anothersecondaryinstabilitymodecanbeextractedfrom
thedata.This modeis at 6.1kHz, asin thebaselinecase,
except now the modeis locatedin the wall-normal ve-
locity gradientregionon thetop of theoverturningstruc-
ture. Thestructureof the modeat x � c= 0.39 is given in
Figure8. (Thepositionof theunderlyingstationaryvor-
tex relative to the figure’s axes is equivalent to that in
Figure5.) The3.0-kHzmodeof thepreviouscaseis de-
notedatype-Ior zmodeandthe6.1-kHzmodeof thetype
shown in Figure8 is denoteda type-II or y mode,6 where
y or z indicatestheparticularmean-flow velocitygradient
that is mostimportantfor thedisturbancemode’s energy
production.

For the high-amplitude roughnesscase localized
breakdown occursfirst at x � c= 0.40. Breakdown in this
caseis 6% chordupstreamof the baselinecase,but the
differenceis within the variation of the breakdown lo-
cationof a single case,so the differenceshouldnot be
consideredsignificant.Thegrowth of thestationary, 200-
Hz, and3.0-kHzmodesareshown in Figure9. The6.1-
kHz modeis not includedin thefigurebecauseit did not
persistfor a long enoughchord length to be meaning-
fully included.What is particularlyinterestingaboutthe
velocity fluctuationsat breakdown for this caseis that
low-frequency fluctuationscontain most of the distur-
banceenergy, andyet it appearsasif the destabilization
of the secondaryinstability remainsthe breakdown trig-
ger. Contoursof the total fluctuationenergy areshown
in Figure10, andthe maximumis clearly locatedin the
traveling crossflow wave region. In thebaselinecasean
equivalentfigurewouldshow mostof theenergy concen-
tratedin thesameregionasthe3.0-kHz,type-Imode(see
Figure10 in WhiteandSaric23).

The results for the Rec =2.0� 106, � 54 � 12� roughness
caseare the most difficult to interpret,yet the dataare
someof the most interesting. The roughnessarray in
thiscaseproducessomewhatsubcriticalforcing,amech-

anismthat Saricet al.5 found could suppresstransition.
White andSaric23 reportedthat in thepreliminaryphase
of the breakdown investigationsat ASU, it appeared
as if the vortex was erodedby high-amplitudelaminar
fluctuationsbecausethe velocity fluctuationspectrare-
tained distinct mode structuresrather than broadening
andtherebyindicatinga breakdown to turbulence.White
and Saric surmisedthat this combinationof roughness
andReynoldsnumbermaybea marginal casefor which
transitionsuppressionvia subcriticalforcingis almostef-
fective. Someof the stationaryvortices,however, are
observed to undergo the samesort of rapid breakdown
observed for the othercases,andtheseproducespread-
ing turbulentwedgesthateventuallycontaminatetheen-
tire boundarylayer. Examinationof oneof the vortices
that doesundergo rapid breakdown reveals nearly the
samebehavior as the previous cases. Casethreeis an
examinationof oneof thesestructures.The fluctuation
growth curvesfor thiscase(Figure11)show thatthesec-
ondaryinstability doesnot triggerbreakdown asrapidly
in this case.The lowestfrequency secondaryinstability
at 2.4kHz exists for slightly morethan10%chordprior
to breakdown. The 4.9-kHz modeshown in the figure
is likely a harmonicof the 2.4-kHz modebasedon the
growth-raterelationship. In the last few percentchord
prior to breakdown, asmany asfive or six secondaryin-
stabilitymodescanbeobservedin thefluctuationspectra,
andall whosespatialdistributioncanbeextractedappear
to betype-I modes.At breakdown thefluctuationenergy
is nearlyevenly dividedbetweenthe traveling crossflow
regionandthemode-Iregionof thestationaryvortex.

Thefourth case,Rec = 2.8� 106 with � 54 � 18� roughness,
presentsa situationwheretheroughnessarrayforcing is
somewhat supercritical. The effect of this forcing ap-
pearsto be a reductionof the spanwisemean-flow ve-
locity gradientscloseto the wall. This is clearly visi-
ble in Figure12, wheretheflow is nearlyuniform in the
spandirection for Y � 0.75mm, especiallyon the left-
handsideof the figure wherethe mode-Isecondaryin-
stability is located.As a resultof thissomewhatdifferent
mean-flow distribution,themode-IIsecondaryinstability
is muchmorepronouncedrelative to thetype-I modesin
thiscasethanin theothers.Theamplitudegrowth curves
(Figure13) show that in this casethe type-II secondary-
instability modeat 6.5kHz undergoesgrowth equal to
or greaterthanthe 3.6-kHz type-I mode. Perhapsmore
important, the total fluctuation contoursat breakdown
shown in Figure 14 indicate that althoughmost of the
disturbanceenergy is in the traveling crossflow regions,
a significantportion is in themode-II location,andonly
aninsignificantportionis locatedin themode-Ilocation.

In additionto thesefour cases,several testswereper-
formed to determinewhetherthe secondaryinstability
could be forced directly via increasedhigh-frequency
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freestreamfluctuationsand whethersuchforcing could
lead to acceleratedbreakdown. A number of tests
wereconductedbothwith acousticforcing andenhanced
freestreamturbulence. Acoustic forcing at frequencies
between2 and4kHz ashigh as125dB for Rec = 2.0� 106

andRec = 2.4� 106 with � 54 � 18� roughness.No changein
either the secondary-instabilitybehavior or breakdown
wasobserved in any of thesetests. Testsusinga turbu-
lencegeneratorlocatedeitherin the settlingchamberor
in thecontractionconeof 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.8 But as before,no changein the sec-
ondaryinstability or breakdown behavior wasobserved.

Theconclusiondrawn from thisseriesof secondaryin-
stability experimentsis thatbreakdown of saturatedsta-
tionary crossflow vortices is always precededby rapid
growth or one of more secondary-instabilitymodes. It
alsoappearsthatalthoughlower-frequency disturbances
maycontainmoretotal disturbanceenergy thanthesec-
ondaryinstabilities,thosedisturbancesarenot thebreak-
down trigger. What is particularly encouragingabout
theseresultsis that thereis strongqualitative agreement
with the seondaryinstability calculationsof both Malik
et al.6 andKochet al.28 Bothgroupsuselinear, temporal
approachesto the secondary-instabilitycalculationsus-
ing the saturatedmeanflow asa basicstate.A rigorous
comparisonbetweentheexperimentalresultsandtheex-
isting computationsis not possiblebecausethey arefor
somewhat different conditions,but there is quite good
qualitative agreementespeciallyin termsof the appear-
anceof boththetype-I andtype-II modes.

5 Crossflow Transition Prediction

The behavior of crossflow boundary layers suggesta
wholly different approachto transition prediction than
the eN method. The physicalmechanismssuggestthat
one first determinefrom a combinationof Tu and sur-
faceroughnesswhethertravelingor stationarywaveswill
dominatethetransitionprocess.Then,if stationarywaves
dominate(asmay be expectedfor flight situations),use
an NPSEcodeto predict the saturationbehavior of the
most-amplifiedstationarymodes.Last,usingthe mean-
flow solutionprovidedby theNPSEcodeasabasicstate,
determinethe chord location where the secondaryin-
stability destabilizesandusethis location(or a location
basedon it) asthetransitionlocation.

While this morephysicalapproachwouldcertainlyre-
quiremorecomputationaleffort asCrouchandNg17 sug-
gest,thefactthatthestationarydisturbancessaturatepro-
vided the initial input is of sufficiently high amplitude

indicatesthat thoseefforts maynot be wastedon uncer-
tain initial conditions.Becausethe saturationamplitude
appearsto be independentof initial amplitudeand the
amplitudethresholdfor which saturationoccursis very
low, acceptableinitial conditionsmay simply be those
that producesaturation.Reibertet al.4 observedsatura-
tion of 12-mm-wavelengthdisturbancesat Rec = 2.4� 106

triggeredby an arrayof 6-µm-high roughnesselements,
andbecauseroughnessheightis relativeto theboundary-
layer thickness,this level is certainly lower than any
roughnessamplitudethatcouldbeachievedon anactual
aircraft. This maybe a casewherenonlineareffectsac-
tually simplify theanalysisbecauseawiderangeof input
conditionscanbereducedto thesameproblem.

Usingthedestabilizationof thesecondaryinstabilityto
determinethebreakdownlocationshouldbeaveryrobust
criterion. In all theexperimentalcasesof thebreakdown
experiment, where stationarywaves dominatedtransi-
tion, breakdown occurredwithin a few percentchordof
wherethesecondaryinstabilitycouldfirstbedetectedand
the casesexaminedhereshow that this lengthmayhave
a relatively simpledependenceon theReynoldsnumber.
Dependingon the level of accuracy required,onecould
eitherusean N-factorapproachbasedon the secondary
instability asMalik et al.6 do or simply make the more
conservativeestimatethatbreakdown occursat thepoint
of destabilizationasHögberg andHenningson29 suggest.
Thissortof choicebetweensimplicityandaccuracy is ex-
actly thesortdescribedby CrouchandNg’s hierarchical
approach17 appliedto a morephysicallyrealistic transi-
tion model. In eithercase,basedon Malik et al.’s find-
ings6 it appearsthat a linear, temporalsecondaryinsta-
bility codeis sufficient to determinethe locationof the
secondary-modedestabilization.

This sortof methodis not restrictedto analysisof ex-
isting configurationsof course,but canalsobeusedasa
designtool for laminar-flow wings. This is particularly
relevant sinceSaric et al.5 have demonstratedthat sub-
critical roughnessarrayscancompletelysuppresscross-
flow transition,but theresultspresentedhereindicatethat
somecaremustbetakento ensurethata roughnessinput
designedto suppresstransitiondoesnot do theopposite.
A suitabledesignmethodwouldcombinetheinformation
aboutthethreestagesto produceacontrolroughnesscon-
figurationthat would suppressthe destabilizationof the
secondaryinstability while maintainingthe importance
of stationarywaves.
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Figure1: Theoreticalandexperimentalpressurecontours
for theASU(67)-0315at Rec = 2.4� 106 and 
 3� angleof
attack.
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Figure4: Velocity-fluctuationrmsgrowth, Rec =2.4� 106,
� 18 � 12� roughness.
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Figure 5: Mean-flow velocity contours,Rec =2.4� 106,
� 18 � 12� roughness, x � c=0.40, contour lines at
U � Uedge= 0.1,0.2,. . . , 0.9.
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Figure 6: 200-Hz velocity-fluctuationrms distribution,
Rec = 2.4� 106, � 18 � 12� roughness,x � c= 0.40, 100–300Hz
bandpass.Lines are 10% contoursof the maximumin
this band.
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Figure 7: 3.0-kHz velocity-fluctuationrms distribution,
Rec = 2.4� 106, � 18 � 12� roughness,x � 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,
Rec = 2.4� 106, � 54 � 12� roughness,x � c= 0.39, 6.0–6.2kHz
bandpass.Lines are 10% contoursof the maximumin
this band.
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Figure2: Naphthaleneflow visualizationwithout � 50 � 8� roughnessat Rec =2.4� 106 andTu= 0.003.

Figure3: Naphthaleneflow visualizationwith � 50 � 8� roughnessdeployedat Rec = 2.4� 106 andTu= 0.003.
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Figure9: Velocity-fluctuationrmsgrowth, Rec =2.4� 106,
� 54 � 12� roughness.
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Figure 10: Total velocity-fluctuationrms distribution,
Rec = 2.4� 106, � 54 � 12� roughness, x � c= 0.40, 20Hz–
8.0kHz bandpass.Lines are10% contoursof the max-
imum rmsfluctuations.
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Figure 11: Velocity-fluctuation rms growth,
Rec = 2.0� 106, � 54 � 12� roughness.
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Figure 12: Mean-flow velocity contours,Rec =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,
Rec = 2.8� 106, � 54 � 12� roughness.
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Figure 14: Total velocity-fluctuationrms distribution,
Rec = 2.8� 106, � 54 � 12� roughness,x � c=0.385, 20Hz–
12.0kHz bandpass.Linesare10%contoursof themaxi-
mumrmsfluctuations.
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