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Abstract

Aircraft trailing vorticesconstitutebotha kaleidoscop®f instructive fluid dynamicgphe-
nomenaanda challengefor the sustainedlevelopmentof safetyandcapacityof the air-
transportatiorindustry The currentmanuscriptgives an overvien on the wake vortex
issuewhich commencest its historicalroots and concludeswith the currentstatusof
knowledgeregardingthe natureand characteristicsandthe modelingof aircraft wakes.
The incentive of today’s wake vortex researchstill restson the empirically motivated
separatiorstandard®etweerconsecutie aircraftintroducedn the 1970s.Theseaircraft
separation$ix the capacityof congesteairportsin arapidly growing aeronauticaérnvi-
ronment.Advancedsolutionsfor dynamicallyadjustedveatherdependenaircraftsepa-
rationshold significanteconomizationsvithout compromisingsafety Appropriatesepa-
rationdistancesrealsocrucialfor the successf thetwin-deckA380 airliner which will
enterservicein 2006.0n the searchor technicalanswersappliedwake vortex research
mustalwaysconsiderits complex operationalpolitical, andbusinessrnvironmentandit
mustbe awareof its seriousresponsabilityfor passengesafety The extensive introduc-
tory surwey concludeswith a delineationof scientificwindows on wake vortex physics,
connectecdhancesandlimitations,andalist of controversialissueghatmotivatethe au-
thor’s contributionsto the field. The secondpart of the manuscripiguidesthroughthese
contritutionswhich aredetailedin eightintegratedournalpublicationsFour of thesepa-
perstreattheanalysisof wake vortex evolution anddecayin thestablystratified,sheared,
turbulent, and convective atmospheridooundarylayer andleadto a theoreticalfounda-
tion for the physicsof vortex decay A subgrid-scalelosuremodificationfor large eddy
simulationwith strongstreamlinecurvatureis suggeste@ndthe accurag of lidar mea-
surementof wake vorticesis assessedrinally, the devised parametricreal-timewake
vortex predictionmodelis introduced Validationsagainsitobsenationdatafrom five dif-
ferentfield deploymentsindicatethatthe probabilisticmodelhasreacheda high degree
of maturitywhich suggestshatthe modelmayenteroperationalisein the nearfuture.



Zusammenfassung

Die zahlreichen Facetten des Themas Wirbelschleppe enstehen aus dem Spannungsfeld
einer beeinduckenden Vielfalt instruktiver und nur zum Teil verstandener fluiddynami-
scher Phdnomene und der grundlegenden Herausforderung, die Wirbelschleppen fiir die
nachhaltige Entwicklung der zivilen Luftfahrt darstellen. Das vorliegende Manuskript
gibt eine Ubersicht iiber verschiedene Aspekte des Themas, die bei den historischen
Wurzeln der Erforschung der Wirbelschleppe beginnt und mit dem aktuellen Wissens-
stand bezuglich ihrer Eigenschaften und Modellierung schliet. Nach wie vor leitet
sich die Motivation aktueller Wirbelschleppenforschung von der Einfiihrung empirischer
Sicherheitsabstdnde zwischen aufeinanderfolgenden Flugzeugen in den siebziger Jahren
ab. Diese Mindestabstidnde fixieren die Kapazitdt verkehrsreicher Flughdfen in einem
schnell wachsenden wirtschaftlichen Umfeld. Ein betréchtliches Potenzial zur Erhdhung
der Kapazitat groRRer Flughédfen, bei mindestens gleichbleibender Sicherheit, liegt in
der Entwicklung von Systemen fiir dynamische wetterabhangige Flugzeugstaffelungen.
Auch fiir den Markterfolg des doppelstockigen GroRraumflugzeugs A380, das im Jahr
2006 den kommerziellen Betrieb aufnehmen wird, sind angemessene Sicherheitsabstiande
von malgeblich Bedeutung. Jegliche Systeme zur Erhdhung der Flughafenkapazitét
miissen stets das vielschichtige operationelle, wirtschaftliche und politische Umfeld der
Wirbelschleppenproblematik berlicksichtigen; insbesonders aber muss die angewandte
Wirbelschleppenforschung ihrer grofRen Verantwortung fir die Sicherheit der Passagiere
gerecht werden. Eine Liste kontroverser Fragestellungen, die die Beitrage des Autors zum
Thema motivieren, leitet in den zweiten Teil des Manuskripts tiber. Dieser fiihrt durch
acht ausgewahlte und in das Manuskript eingebundene Zeitschriftenverdffentlichungen.
Vier dieser Veroffentlichungen behandeln das Verhalten der Wirbelschleppe und ihres
Zerfalls in der stabil geschichteten, gescherten, turbulenten und konvektiven atmo-
sphérischen Grenzschicht. Wesentliche Mechanismen der Wirbelschleppenentwicklung
werden herausgearbeitet und in verallgemeinerter Form dargestellt. Eine Korrektur fir
SchlieBungsansatze der Grobstruktursimulation mit starker Stromlinienkriimmung wird
entwickelt und Strategien zur Messung der Wirbelschleppe mittels Lidar Techniken
werden vorgestellt und bewertet. AbschlieBend wird ein parametrisches Modell zur
Echtzeitvorhersage von Wirbelschleppen présentiert. Die Validierung mittels Daten aus
funf Feldmesskampagnen verdeutlicht, dass das probabilistische Modell einen hohen
Reifegrad erreicht hat, der es ermdglicht, das Modell bereits in naher Zukunft zur Op-
timierung von Flugzeugstaffelungen einzusetzen.
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1 INTRODUCTION

1 Intr oduction

As anunavoidableconsequencef lift, aircraftgen-
eratea pair of counterrotatingvortices,the so-called
wing-tip vortices,aircrafttrailing vortices,or aircraft
wake vortices.Already one centuryago, the signifi-
canceof thesevorticeswasrecognizedy Lanchester
(1907)andPrandtl(1918,1919)duringtheir pioneer
ing searcHor atheoryof humarflight. Theconceved
Lifting-Line Theory recognizeghat the strengthof
the boundvortex*, expressedsits circulationl”, de-
crease$rom thewing’sroottowardsits tips (seeFig-
urel). As aconsequence&prticity detache$rom the
wing continuouslyandformsa trailing vortex sheet.
This vortex sheetrolls up at its endsdriven by self-
inductionandgeneratethetrailing vortices(seeFig-
ure 2). The theoryfurther elucidateshe generation
of induceddragwhich is zerofor an airfoil of infi-
nite span.For wings of finite span,the induceddrag
arisesfrom an effective reductionof the wing’s atti-
tudewhichis causedy thedowvnwashinducedahead
of thewing by thetrailing vortices. Theinduceddrag
roughly equalsthe kinetic enegy of the wake vor-
ticesand canbe understoodn analogyto the wave
dragexperiencedy aship.

Further descriptve explanationsfor wake vortex
formation are: (i) The pressuredifferencebetween
suctionside and pressureside of the wing acceler
atesfluid aroundthe wing tips and thus initiates a
pair of countefrotatingvorticestrailing behind.An-
otherdemonstratie approacH(ii) useshenotionthat
thefluid exertsanupwardlift forceonthewing, and,
therefore the aircraft wings deflectfreestreanflow
downwardsimpartingadownwardsdirectedmomen-
tum ontothefluid. At theedgesf thegeneratedini-
form downwash,a shearlayer developswhich rolls
up to the wake vortex pair. (iii) Finally, the first
Helmholtz vortex theoremstatesthat a vortex tube
cannotend within the fluid. It musteitherendat a
solidboundaryor form aclosedoop.For trailing vor-
tices,theclosedoop consistf the boundvortex

L. Prandtl,

Figurel: Prandtlssketchillustratingtheelliptical cir-
culationdistribution alongthelifting line (above)and
the detachmenbf differential vortex filaments(be-
low).

Figure 2. Lanchestes perceptionof vortex roll-up
anddecayaboutonecenturyago.

*Theboundvortex is ahypotheticalortex filamentlocatedon alifting line whichrepresenta straightwing. In auniformflow perpen-
dicularto its axis,theboundvortex experiences lift forceaccordingo the Kutta-Zhukheski lift theorem.
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Figure 3. Schematicof vertical velocity profiles of
two countefrotatingvortices(fine lines) separatethy
b andcorrespondingertical velocity envelope(bold
line).

alongthe wings, it is continuedby the trailing vor-
ticesandcompletedy the startingvortex.

The strengthof wake vorticesis usuallyexpressed
by their circulation,". Whentheforceswhich acton
theaircraftarein balancetheinitial circulationcor-
respondspproximatelyto

Mg

/4 pBV @

o =

Thus, the strengthof the vorticesis proportionalto
theweightof the aircraft, Mg, andinverselypropor
tional to the air density p, the wing span,B, and
the flight velocity, V. Interestingly the circulation
achievzes similar magnitudedor both a cruising air-
craft at high altitudeandan aircraftduringapproach
to anairportat low altitudebecausehe inversevari-
ation of flight velocity andair densityroughly com-
pensateachother respectiely.

Dueto the major difficulties connectedvith mea-
surementsn the vicinity of high-Re/nolds-number
wake vortex cores,thereis no commonagreement
ontheactuallyprevailing tangentialelocity profiles
in wake vortices.Severalvortex modelsareavailable
(Gerzetal. 2002)which are at leastconsistenvith
respecto theirlimits: They approachaforcedvortex

Figure4: Streamlineof the vortex pair in a coordi-
natesystemdescendingvith thevortices.

in the vortex centerand a potentialvortex on large

radii. Notable extremal valueshave beenmeasured
in the transitionzonebetweentheseregimes.Max-

imum peak tangential velocities of 99 m/s have

beendeterminedfor a B757 vortex on a 200-foot
tower equippedwith hot-film anemometerg§Garodz
and Clawson 1993). The correspondingminimum

wake vortex coreradii may be lessthan 1% of the

wingspansof aircraft with retractedflaps (Delisi et

al. 2003).

As depictedin Figure 3, the vorticesmutually in-
ducea descenspeedvhichamountdo

r
W_Z—T[b 5 (2

where b denotesthe vortex separation.nitial de-
scentspeedsof trailing vorticesof commercialair-
craft rangefrom 1 to 2 m/s and maximumdescent
distancesnayreachoutmorethan300m. Duringthe
descenthevortex pairtransportdluid within anoval-
shapedstreamline(seeFig. 4, Lamb 1879) which
connectdwo stagnatiorpointsabove andbelow the
vortices,respectiely. The motion at external points
correspondgo the inviscid flow aroundan equally-
shapedigid body. This quasiinviscid flow topology
explainsthelow dragof the descendingval andthe
sizeabladescentlistancesravelledby wake vortices.
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The impulse or momentumof the oval per unit
length

| = pbr (3)

consistsof contritutionsfrom translationaimomen-
tum of the descendingoval and from angularmo-
mentumof therotatingvortices(HolzapfelandGerz
1999).

Characteristicscalesused for normalization of
wake vortex parametergonsistof the initial vortex
separationbp, andthetime to = bg/wp thatthe vor-
tex pairinitially takesto descendnevortex spacing.

Dependingon meteorologicalconditions, wake
vorticesmay persistfor several minutesand, there-
fore, may posea potentialrisk to aircraft following
behind. Seriousproblemswith wake vortices were
first recognizedbackin the 1970swhenthe Boeing
747 cameinto service.To avoid wake-vortex encoun-
ters,the FederalAviation Administration(FAA) and
thelnternationalCivil Aviation Organization(ICAO)
establishedeparatiostandardbetweerconsecutie
aircraft. Theseseparatiordistancesvary between3
and 6 nauticalmiles for differentcombinationof a
3 x 3 weightclassmatrix for precedingandfollower
aircrafton approach.

No accidentunderadherencdo separatiorstan-
dardsis reportedo date,indicatingthatthe currently
effective separatiorstandardswhich arelargely em-
pirical andlack full rationale,are sufficient. On the
otherhand,flying throughwake vorticesturnedout
to bealmostdaily practise Flight datarecorderanal-
ysesperformedwithin the EuropearprojectS-Wake
indicate more than one wake vortex encounterev-
ery 200approacheto London-Heathra Airport (de
Bruin 2003), yet without seriousconsequencesn
explanationis that aircraft reactionsto wake vortex
encountersnake it extremly unlikely to hit the haz-
ardousvortex coreregion. Therefore pilots oftendo
notevenattributetheencounteredurbulenceto wake
vortices.

If, however, separatiorstandardsare not obeyed,
which is commonpracticeunderVisual Flight Rule

(VFR) conditions, severe encountersmay occur
Statistics state (Aviation Week 2002) that aircraft
wake turbulenceconstitutedthe most frequentrea-
sonfor lossof control (almost100incidents)of mul-
tiengineturbojetwithin a time periodfrom 1987to
1995.

Unfortunately the currently effective separation
standardsmay heavily degrade aviation efficiency
when traffic congestionlimits airport capacitydur-
ing landingandtake-off. A systemthatwould allow
to relax currentaircraft separationsinderfavorable
weatherconditions,whilst keepingsafetyat leastat
the samelevel, could provide significanteconomiza-
tions.Hemmetal. (1999)estimateannualsavings of
$15million peryearandairportasanaverageover 10
internationalUS airports. This estimationaccounts
only for costavoidancebasedon reductionsin ar
rival delays Savingsdueto reduceddeparturalelays,
value of passengetime, additionalairline revenue,
avoidanceof runway or airportconstructiorandair-
line relocationarenot considered.

With the Airbus A380 anaircraftwith largerspan
andlargerweightasthe currentlyoperatingransport
aircraftwill enterairline servicein 2006. The twin-
deck, four-aisle airliner will be lessattractie if its
adwantagen termsof arriving seatsperhourwill be
diminishedby increasedeparationdn orderto ver-
ify whethercurrentoperationaktandardsirestill ad-
equatefor the A380, existing knowledge and tools
have to be utilized for the assessmentf potential
risksexertedby A380wake vorticesonfollowing air-
craft (Holzapfeletal. 2004).

Thedevelopmenbf asustainablasystenthataims
to re-staggemircraft separationmecessitatean in-
terdisciplinaryeffort wheredisciplineslik e fluid dy-
namics flight dynamicsandflight guidancanustco-
operatdightly. Thefinal acceptancef sucha system
though,requiresearly cooperatiorbetweena much
largercommunityof interesigroups Researclgroups
mustcultivatethediscoursewith aircraftmanufctur
ers,air traffic control, andairport serviceproviders,
aviation authorities airlines,and pilots. But already
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simply the fluid dynamicspart comprisesa kaleido-
scopeof instructive andonly partly understoogphe-
nomenalor example,the impactof rotationon tur-
bulencewhich maygiveriseto stronganisotroy and
mayimpededissipationrepresentafundamentate-
searchtopicthatis notlikely to be solvedin nearfu-
ture.

A principal objective of wake vortex researchis
firstto understandndthenpredict,or evenaccelerate
vortex decay’ However, the longevity of wake vor-
ticesinhibits investigationsof vortex decayin wind
tunnelsand complicatesthem in unusualfacilities
like catapultsand large towing tanks.The only and
indispensabl@ccesgo realwake vortex behaior is
providedby lidar measuremeniechnique$thattrace
full-scalewake vorticesin thefreeatmosphere-ere,
ervironmental conditions that can neither be con-
trolled norreproducedhave astrongimpacton vortex
evolution. Furthermoreadwectionof thevorticesbe-
yondtheobsenationdomainandintrinsicdifficulties
connecteavith the interpretatiorof the complex ve-
locity fields of erodedwake vorticesimpededetailed
insightsinto vortex decaymechanisms.

As a consequencdyigh-resolutiomumericalsim-
ulation constitutesan essentiakesourcein orderto
elaborateomprehensie understandingf vortex de-
cay characteristicsThe great advantageis that all
desiredquantitiesare readily available for analysis.
Unfortunately numerical simulationsof wake vor-
ticesin the atmosphereinavoidably suffer from lim-
ited resolution,in particular in the vortex core re-
gion. Whereasdirect numerical simulation (DNS)
only reachesmallReynoldsnumbersit is thetypeof
subgrid-scalelosurethatcontrolsvortex coreevolu-
tion in largeeddysimulation(LES).Both approaches
donotmeetthecomplecinteractionof turbulenceand
rotationathigh Reynolds-numbeflowstogethemith
thepeculiaritiesof specificaircraftconfigurationsand
ervironmentalconditions.Suchlimitations will per
sist despitethe enormoudncreaseof computational

powerandthedevelopmenbf smartnumericalmeth-
ods. Full-scaleexperimentsemainboth challenging
and mandatoryto ensurethe validity of the conclu-
sionsdrawn from numericalsimulations.

A numberof suneys and reviews on wake vor-
tex researchhave beenpublishedover the years.In
1975the Annual Review by Widnall andthe exten-
sive monograplof DonaldsorandBilanin appeared,
the latter still beinga repositoryfor analyticalwake
vortex methodsTwenty-threeyearslater, Hallock et
al. provided a retrospectioron mainly the US wake
vortex actiities and Spalartpresentedhis discerning
and soberingreview on the understandingf wake
vortex physicsas relevant to safety and productv-
ity of aviation. Oneyearlaterin 1999,Rossov gave
a historical review with a focus on wake structure
and alleviation. In the year 2002, Gerz et al. pre-
senteda consolidatedEuropeanview on the sta-
tus of knowledge on aircraft wake characteristics,
technicaland operationalprocedure®f minimizing
and predicting vortex strength,and avoiding wake
encountersThroughouttheseyears,JamesHallock
maintainedan extensive and probably almostcom-
pleteon-linewake vortex bibiliographywith abstracts
(http://wwwvolpe.dot.ge/wv/).

More than30 yearsof wake vortex researctwere
characterizedby a numberof pressingquestionsand
fundamentatontroversieq Spalart1998).Below the
subsetof issuesis listed that is adressedy the au-
thor. Referenceghat are integratedinto the current
manuscriptereflaggedby numberdn braclets.

(i) Is the ageof wake vorticesbetterdescribedby
thedistanceo thegeneratingircraft,x, or by anon-
dimensionatime,t* =t/tg, wherethereferenceime,
to= 2Ttb§/ Io, consistf trailing vortex parameters?
Thisissueis discussedn Gerzetal. (2002).

(i) Which methodis bestsuitedto uniquely de-
rive circulationfrom both measuremerdndsimula-
tion dataand, at the sametime, to meetoperational

TThelatterissuewhichis notaddresseih this manuscriptjs mainly pursuedvia constructie measurest thewings.
*LIght DetectionAnd Ranging- Remotesensingechniqueto determingheline-of-sightvelocity componenby measuringhe Doppler

shift of alaserbeam.
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requirementsas e.g. the correlationwith effects of
potentialwake encounterss]

(iif) Thebehavior of wake vorticesin astablystrat-
ified atmospherénasbeendiscussedontroversially
for alongtime.ls thedescentleceleratedr acceler
ated,a sequencef bothor evenanoscillation?Does
stabletemperaturstratificationprolongateor shorten
vortex lifetimes?[1, 3]

(iv) Can ervironmentalconditionsprevent wake
vorticesfrom descendingr even causea potentially
hazardouseboundto flight level? Candidatemeteo-
rologicalconditionscomprisewind sheaystabletem-
peraturestratification,and the corvective boundary
layer [1, 2, 3], Meleshlo et al. (2001), Frechand
Holzapfel (2002),Holzapfel et al. (2002),Hofbauer
andHolzapfel (2003)

(v) Which aretherelevantdecaymechanisms®o
vorticesdecayfrom insidelike a laminarvortex® or
arethey erodedrom outside2, 6]

(vi) How doesvortex decayproceedn time?Fun-
damentallydifferentconceptsvere debatedpnamely
theconcepbf gradualndpredictablelecaythecon-
ceptof stochasticollapse andthe conceptof a two-
phasedecay|2, 6], Gerzetal. (2002)

(vii) How to designareliableparametriaeal-time
wake vortex predictionmodel?Shouldit bebasedn
impulsebalancesemploy discretevortex methodsor
aretheresuperioralternatves?4, 8]

(viii) Are deterministicwake vortex predictions
feasible or do appropriateapproacheshave to be
probabilistic74, 8]

(ix) How to modelpoorly resoledvortex coresin
a numericalsimulation?Doesan insufficient resolu-
tion adulterateheresultsq7]

Only thesynopsiof simulationmeasuremengnd
theoryallows to answerthesequestionsandto elab-
oratethe sustainablegroundwork of comprehensie
knowledgeof wake vortex behaior which is neces-

saryfor the designof a reliablewake vortex warning
andpredictionsystem.

In thefollowing sectionseightpeerreviewed pub-
licationsaredescribedvhich provide contributionsto
all of thenamedelements- simulation measurement,
andtheory The key methodappliedin all theinves-
tigations,though,is the large eddy simulation.The
descriptionsatherfocusonthelogic andstructureof
the completework thanto provide a summaryof all
individualfindingswhich aredescribedn therespec-
tive publications.

Section2 dealswith the analysisof wake vortex
evolution anddecayin the stably stratified,sheared,
and turbulent atmospheridoundarylayer which is
detailedin papers[1-3, 6]. It startswith the more
simple and clear two-dimensionalsimulationsand
analyses.Thesefindings are generalizedto three-
dimensionalturbulentflows which aremainly stud-
ied by LES. Theinvestigationdinally leadto a num-
berof postulateshatprovide atheoreticafoundation
for the physicsof vortex decay

Section3 introducegheintrinsic problemof insuf-
ficientresolutionof all relevantlengthscalesn LES
of wake vortex evolution in the atmospheridound-
ary layer [7]. A subgrid-scalemodificationis sug-
gestedhatallows for a morephysicalrepresentation
of poorly resolhedvortex cores.lt is shavn thateven
inadequatelyesolhed vortex coresdo not disqualify
thesimulationdbecauseavell-resohedsecondaryor-
ticity structuregontrolvortex decay

Section4 investigateghe accurayg of lidar mea-
surement®f wake vortices[5]. Knowledgeon lidar
datacharacteristic$s pre-requisitefor the validation
of numericalpredictions Systematiaceviationsfrom
nominalcirculationandthescatterof circulationdata
causedy thegenuinevariability of wake vorticesin
theatmospheriboundaryayerareassessed.

Section5 describeghe parametriaeal-timewake
vortex predictionmodel P2P[4] which wasdevised

SNotethatthehalf-life periodof theradii-averagectirculationl s_15 (se€[5]) of alaminarlydecayingrailing vortex would theoretically

amountto 26.6days.
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basedntheresultsof the previoussectionsThepri-

mary objective of sucha modelis to reliably predict
vortex positionsandstrengthsn real-timein orderto

re-adjustaircraftseparationslynamically Input data
for P2P prognosesre aircraft parameterand mea-
suredor forecastecervironmentalparameterslong
the glide path.P2Ppredictionsare comparedo ob-

senation datafrom five differentfield deployments.
The predictve skills of the modelaswell asthe air-

craftspacingeductionpotentialarequantitatvely as-
sessed8]. Finally, recentenhancementsf the P2P
modelarepresented.

2 Wake Vortex Evolution in the
Atmospheric Boundary Layer

This sectiondealswith the transportand decay of
wake vorticeswithin the threegenericcategoriesof
atmosphericervironments:the stably stratified and
the neutralervironment,and the corvective bound-
ary layer The mechanismghat control vortex de-
scentand decayare analysedirst by meansof two-
dimensionalsimulations,potentialflow theory and
integraldescriptionsn termsof impulse.Then three-
dimensionaland fully turbulent simulationsreveal
that two-dimensionaleffects are dampedby turbu-
lenceandthat, in general turbulent decayprevents
wake vorticesfrom a hazardouseboundo theflight
level. Finally, turbulentdecaymechanismsreanal-
ysedin detall,generalizedor ary sourcef distur
bancesandpinpointedin elevenpostulates.

2.1 Stably Stratified Atmosphere
2.1.1 Two-Dimensionallnvestigations[1]

The first publication [1] within the presentedse-
riesalreadydemonstratethatwake vortex physicsis
preferentiallyanalysedby consideratiorof vorticity
distributionsandtheir effectsontheirsurrounding$n
termsof inducedvelocities.Primaryvorticity, which

Figure5: Axial vorticity distribution of trailing vor-
ticesin strongly stably stratified ernvironment. Red
oval denotesadiabaticallywarmedfluid descending
with the vortices;dashedines mark negative vortic-

ity.

is associatedwith the wake vortex pair, interacts
with secondaryorticity, which may stemfrom tur-
bulence,wind sheay or is producedby baroclinity.
Both typesof vorticity arerearrangedy tilting, in-
tensifiedby stretching attenuatedy squeezingand
annihilatedby mutual compensatiorof vorticity of
oppositesigns.

In the stably stratified ervironment, the oval
aroundthe vortex pair descendsindwarmsadiabat-
ically. The evolving bouyang force doesnot simply
decelerat¢hesinkingmotionof theoval butit creates
counterrotating secondaryvorticity alongthe oval-
shapednterface betweenwarmedinternal flow and
colder ambientflow (seeFigure 5). The generated
baroclinicvorticity is left behindthe oval andconsti-
tutesasecondaryvake. Within theoval thesecondary
vorticity inducesan upwardsdirectedflow which re-



2 WAKE VORTEX EVOLUTION IN THE ATMOSPHERICBOUNDARY LAYER 7

duceghedescenspeedn consistencavith theeffect

of thebouyang force.But it alsoinducesthe mutual

approactof thevortex pairleadingto counterintuitve

effects: Approachingvorticeswith constantcircula-

tion and, neverthelessdecreasinglescensspeedare

in contradictiorto equation2). Dimensionabnalysis
andpotentialflow methodswhich excellentlyrepro-

ducetheflow topologyfoundwith thehigh-resolution
simulations glucidatethe functioningof the compet-
ing effectsof inducedacceleratiorand deceleration
andherevith resole theapparentontradiction.

Dimensionaknalysidurtherallows to derive alo-
calsheamumber Sh, whichtakesinto accounthein-
teractionof primary andsecondaryorticity andde-
scribesthe instantaneousendeng of wake vortices
to acceleratdor Sh < 1 or to deceleratdor Sh > 1.
Furthermore,it is shavn that a normalizedBrunt-
Vaisalafrequeng of N* = 1 (for definitionof N* see
equationg2), (3) in Ref.[1]) constituteshe thresh-
old for the degreeof temperaturestratificationwhich
separatesteadilydescendingrom reboundingvake
vortices.For N* = 1.4 the trailing vorticesonly de-
scendaboutonevortex spacingandsubsequentlye-
boundto flight level.

The potentialflow methodis extendedto theanal-
ysisof buoyang oscillationswhichdevelopfrom ary
massof buoyant fluid releasedn its ervironment.
Variousexamplesfor suchoscillationsmaybe found
in geophysicaflows suchas overshootingthunder
stormsor cloud turrets.By deviding the oscillation
into quarterperiods,four different regimescan be
identified,wherethe vortex pair eitheracceleratesr
decelerateandentrainsor detrainsambientflow, re-
spectvely.

Evaluationsof the impulse of the wake oval it-
self and the total wake, including primary and
secondaryproducedvorticity, demonstratehat the
Brunt-Vaisala oscillation assumedn theoryis exe-
cutedby thewholesystemandnot by the oval alone.
Thevortex oval performscomplex displacemenpat-
ternswhich, at a first glance,seemto contradictthe
laws of conseration.

2.1.2 Turbulent Investigations[3]

For the three-dimensionainvestigationsof trailing
vortex evolution in stably stratified ervironments,
two different approachegoncerningthe initialized
turbulencewerepursuedAs abaselinecasethewake
vorticesdevelopin quiescenatmosphereurbulence
then only stemsfrom the turbulent aircraft bound-
ary layer, the mixing of the separatedlows at the
trailing edges,and the turbulent exhaustjets. This
casels a conserative approactwhich exploresmax-
imum life spans.The respectie turbulenceinitiali-
sationis derived from in-situ five-hole-probeveloc-
ity measurementgerformedwith the DLR research
aircraft FALCON chasingB737,A340,A310,B727,
andVFW614 aircraftin smalldistancesup to 40 m.
In asecondcasejn additionto theaircraft-boundary
layerturbulence weakto moderateanisotropicand
decayingatmospheri¢urbulenceis superimposedn
thewholevelocityfield. Thisflow scenariaepresents
the typical atmospheristateat aircraft cruisingalti-
tudes.

The simulationsshaw thatinitially neitherstratifi-
cationnor turbulencealterthe behaior of the vortex
pair. Lateron, thelevel of stratificationcontrolsvor-
tex separatioranddescenttheintroductionof turbu-
lenceand changeof the type of turbulencemodify
thisbehaior only maminally. Thelateacceleratiomf
descentywhichis seenfor moderateo strongstratifi-
cationin 2D, is impededby turbulentdecay The au-
thorsconcludethatthe agreemenbetweerturbulent
andlaminarcasesegardingvortex descenandspac-
ing clearlyindicateghattheunderlyingphysicsof the
earlydevelopments intrinsically two-dimensional.

Further the simulationsindicate that circulation
decayprogressesn two phasedcf. figure 11). The
initial decay which is dueto internal diffusion and
stretchingof secondaryorticity (seesection2.3),is
similar for all casesThen,a phaseof rapid circula-
tion decayis initiatedat timesdependingn erviron-
mentalconditions.The higherthe turbulenceandthe
strongerthe stratification,the earlier startsthe final
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decayof circulation.In the neutralandquiescentt-
mospherethe vorticesmay last beyond times of 6
minutesanddescendo altitudesbelonv 470m for an
A340.Eitherweakstratificationor weakatmospheric
turbulenceis sufficient to approximatelyhalve the
lifetime to 3 minutes.

It is noteworthy thatat the time whenthe vortices
have reboundedo 10 m below the glide pathin the
very stablystratified(N* = 1.4) andquiescenatmo-
spherethe circulationhasreducedalreadyto 5% of
its initial value.Hence the vortex reboundexpected
at stronginversionlayers,which is suspectedo be
veryhazardou$rom anoperationapointof view, ap-
pearsharmlesbecausef advancederosionof vortex
coherencandstrength.

The structuraldevelopmentof the vorticesis gov-
ernedby theinteractionof short-wave andlong-wave
disturbancesand baroclinic vorticity dependingon
the type of initialized turbulenceand the degree of
stratificationFor theinitiation of rapidvortex decaya
sequencef eventsisidentified.Hereit is exemplified
for vortex evolution in the quiescenstablystratified
ervironment (see Figure 6). For different erviron-
mentalconditionghesequencé modifiedbut canbe
explainedby similar reasoningFirst, the baroclinic
torqueperturbedby aircraft-inducedsmall-scaleur-
bulence producesrip-like structuresof baroclinical
vorticity (cyan, blue). Secondtherip-like structures
above the vortex pair induce belonv a wavy veloc-
ity field (colorediso-lines). Third, the vorticity of
the wavy velocity field is strongly stretchedby the
acceleratinglownward motion midway betweerthe
main vortices,yielding intensevorticity-streaks(or-
ange,magenta)Fourth, the centralvertical streaks,
which act like countetrotatingrolls, exchangefluid
betweerthetwo vorticesoutmosteffectively. Theco-
herentlateralexchangeof fluid acrosghevortex pair
centerplanés prerequisitdor the rapidturbulentde-
cay of vortex pairsbecausenly this particularpro-
cessenableghe mutualannihilationof thewake vor-
tices’ opposite-signesorticity.
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Figure6: Turbulentwake vorticesin a weakly stably
stratifiedand quiescentatmospherat t* = 2.8. Iso-
surfacesof all threevorticity componentsn a per
spectve view andiso-linesfor lateralvelocity, v, in
ahorizontalplaneabovethevortices.

2.2 Convective Boundary Layer [2]

Wake vortex evolution in the corvectively driven
atmospherichoundarylayer (CBL) was controser-

sially disputedin the context of the further develop-
mentof thewake vortex warningsystemWVWS) of

Frankfurtairport (Frechet al. 2002). The WVWS is

supposedo predictstatisticallythe propagatiorand
lifespan of wake vorticesin a safetybox of 80 m

height above ground.Pilot associationsarguedthat
above that safety box, the updraftsin a CBL may
causewake vorticesto stall or evento rise up to the
glide slope.In the CBL, buoyang/ driven thermals
form highly enepgetic updraftsdue to the radiatve
heatingof the ground, where the updraftsare sur

roundedby lessturbulentdowndraftregions.

The simulation of wake vortex evolution within
a CBL posesdemandingequirement®n numerical
resolution.ldeally, the resoled lengthscalesshould
spana rangefrom the orderof approximately0.1 m
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in the vortex coresto the orderof 1000m in the at-
mospherewherethelatterlengthscaleroughlycorre-
spondgo theinversionheightof aCBL. An appropri-
ate equidistanhumericalmeshwould needO(10'?)
meshpoints, which is far beyond currentcomputa-
tional capabilities.The devised compromisewas to
simulatewake vortices with relatively large vortex
coresin an evolving CBL with an inversionheight
of 512m. The CBL simulationwasdrivenby a con-
stantvertical heatflux at the lower surfaceandthree
wake vortex pairsweresuperimposedntheturbulent
flowfield aftertheevolving CBL waswell established
(seefigure7).

The comparisorof velocity andtemperaturdluc-
tuation patternsand spectraof the turbulent kinetic
enegy obtainedalong instrumentedaircraft flight
path sgmentswith respectre simulationdataindi-
catesthattypical featuresof a CBL arewell metby
thesimulation.In particular the LES comprisegjuite
well the enegy levels of real atmosphericCBLS in
thewavelengthrangethatis relevantfor wake vortex
decay

TheLESresultsillustratethatthe primaryrectilin-
earvorticesarerapidly deformedon the scaleof the
alternatingupdraftand downdraft regionswhich re-
ducegheimpacttime of forcesandmomentsxerted
ontoencounteringircraft. Actually, vortex sggments
remainon or evenrise up to 20 m above the flight
level as arguedby pilot associationsut are, fortu-
nately quickly erodedby the enhancedurbulenceof
anupdraft.Thelongestiving sectionf thevortices
arefoundin regionsof relatively calmdowndraftflow
which augmentsheir descent.

The describednvestigationtreatsexactly the sit-
uation wherethe strengthof the updraftsjust com-
pensateshe self-induceddescenspeedof the wake
vortices. This allows to extend the conclusionsto
CBL caseswith strongerand wealer thermals:In
thewealer CBL case the commonsituationprevails
wherewake vorticesdescendbelow the glide path.
In a strongerCBL, piecesof thewake mayevenrise
considerablabove flight level but theturbulence

Figure 7: Iso-suriicesof the positive vertical veloc-
ity value,w = 2 m/s, of the evolving CBL with three
pairsof 10 second®ld wake vortices.

level is alsoincreasedn the updraftswhich further
augmentshedecayrateof thosevortex sggments.

The simulatedfiowfield wasemployedto estimate
theencounteprobabilityandsererity for aB737 air-
craft following a B747 by meansof strip theory It
is found that the deformationand decayof the vor-
tex pairscounteracanddominatethepotentiallyhaz-
ardouseffectsof risingwake vortices At avortex age
of 60 secondswhich correspondsoughly to mini-
mumradarseparatiorof 2.5 nauticalmiles, the prob-
ability to encountera potentially hazardousgolling
momenthasdecreasedo 0.009%.At this time, the
wake inducedrolling momentshave almostdecayed
to thebackgroundevel of atmospheri¢urbulence.
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2.3 Generalization of Decay Mecha-
nisms[6]

To provide outmostuniversalunderstandingf wake
vortex decaymechanismsfour differentcasessim-
ulated with different numerical codesby different
groups,were analysedn manuscripf6]. The cases
comprise(i) the nearfield interactionof a trailing
vortex with anexhaustiet, (i) theevolution of single
vorticesand counterrotating vortex pairsin homo-
geneoussotropicturbulence (iii) the decayof wake
vorticesin a turbulent stably stratified atmosphere,
and (iv) wake vortex evolution in a weakly turbu-
lent shearecervironment.Thedissimilarapproaches
andspecificsof thedescribedcaseon onehand,and
the, nonethelesssimilar topologiesof the resulting
vortex evolutionson the otherhand,indicatethe in-
dependeng of resultsfrom particularscenariosand
methodologicahspectsThis obsenationencourages
theauthorsto considerthe extractedaspectof wake
vortex decayasgenericanduniversallyvalid.

Case(i) demonstratethat disintegratedandinco-
herentexhaustjet vorticity regainscoherencéy tilt-
ing and stretchingwhich is exertedby the potential
vortex flow of the primary vortex. In general,this
meanghattheprimaryvortex mayaligne(tilting) and
reinforce(stretching)arny proximaterandomvorticity
suchthatspiral-shapedecondaryorticity structures
(SVS) are produced.The tilt-rates and stretch-rates
found in the direct numericalsimulationcan be re-
producedanalytically

Case(ii) addressethe similaritiesanddifferences
betweendecay mechanismsf single vortices and
counterfrotating vortex pairs. In both cases,single
vortices and vortex pairs, SVS are createdby tilt-
ing andstretchingmechanismsA primaryvortex that
stretchesSVS performeswork on the SVS. Simple
modelassumptionindicatethata doublingof length
of a SVS correspondsglirectly to a doubling of ro-
tationalenepgy of the flow in the vortex core of the
SVS. Hence,during the stretchingprocesshe SVS
gain rotationalenegy, whereasthe primary vortex,

in turn, losesrotationalenegy. It is shavn that this
transferof rotationalenegy togetherwith diffusion
processekadsto aninitial graduakirculationdecay

However, the generation of vertical vorticity
streakamidway betweerthe vortex pair andthe con-
sequentiamutual exchangeof primary vorticity be-
tweencounterrotatingvortex pairs (asdescribedn
section 2.1.2) does not apply for single vortices.
Therefore,rapid circulation decayis only obsened
for counterrotating vortex pairs, whereasthe de-
cay of singlevorticesis strongly reducedwhenthe
enepy transferfrom primary to secondaryortices
ceasedecausdhe secondaryorticesareno longer
stretchedsubstantiallywhenthey tendto be aligned
azimuthally

In highly turbulentervironmentsthe primaryvor-
ticesaretooweakandthetime scalef vortex decay
aretooshortto essentiallystretchatmospherieddies.
As a consequencehe singlevorticesandwake vor-
tices both are rapidly disrupteddirectly by ambient
turbulence.

Case(iii) follows up decaymechanismslescribed
in [3] anddemonstratethatstabletemperaturetrat-
ification amplifieseffectsof turbulenceby aninten-
sification of disturbancesnducedabove the vortex
pair. As a consequencehe resultingvertical vortic-
ity streakswhichinitiate rapidvortex decayarepro-
ducedearlierandbecomestronger

Case(iv) dealswith effectsof wind shearon trail-
ing vortex evolution. Shearflows exhibit vigorous
andvariforminfluencesnwake vortex transportnd
decay Wake vorticesthatinteractwith a sheardayer
may experiencevortex tilting, separatiorandsubse-
quentreboundwhereuporthe vortex with opposite-
signedvorticity comparedo thevorticity of theshear
layer shaws the strongertendeng to rebound(Hof-
bauer and Holzapfel 2003). It is again the vortex
with opposite-signedorticity that decaysdistinctly
fasterwhenthevortex pairimmeigesinto aturbulent
sheatlayer Also thespectaculareboundobseredat
London-Heathrer Airport canbe at leastin part at-
tributedto sheaslayereffects(Holzapfeletal. 2002).
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Figure 8: Perspectie view of wake vorticesin tur-
bulent shearedervironmentat two instantsof time.
Iso-surficesof lateral and vertical vorticity compo-
nentsplottedin colors;wake vorticesrepresentethy
grey tubular contours.

Figure 8 demonstrateghat the constantback-
groundsheaimposedn casg(iv) breakghesymme-
try of vortex evolution. For the vortex with opposite-
signedvorticity (right vortex in figure 8), the SVS
structurecover a distinctly smallerdistanceto com-
pletely encompasshe vortex and,consequentlythe
SVS experience much stronger accelerationand,
hencemuchstrongeistretchingn thevicinity of that
vortex. This leadsto unbalancediecayratesandpro-
longatedifetimesof oneof thevorticesin thesheared
ervironment.

Theinvestigatedcasesuggest rankingof the ef-
ficiengy of thedifferentervironmentaparameterse-
gardingvortex decayrates Basically thelife spanof
the vorticesis correlatedto the intensity of ambient
turbulence.Imposingadditionally a stabletempera-
ture stratificationwith N* = 1 mayreducewake vor-
tex lifetime by roughlytwo time units(tp = 15— 30s)

whereasnincreasef ambienturbulencefluctuation
velocitiesby a factorof four may shortenwake vor-
tex life by four time units. In contrast,it is found,
in agreementvith dimensionaknalysisthatthe life
spanof wake vorticesin a givenervironmentmaybe
halvedby areductionof vortex spacingoy afactorof

V2.

3 Adjustment of Subgrid-Scale
Parametrization [7]

Largeeddysimulation(LES) explicitly simulateghe
Navier-Stokes equationsand, thus, fully considers
the effectsof curvatureandrotationin the resohed
scales.Smallerscalefluctuationsare smoothedand
modeled by subgrid-scale(SGS) closures. If the
scalexf eddiesghatdominateturbulenttransportare
resohed,the subgridmodelprimarily hasto provide
anappropriateenegy sink thatpreventsatailbackof
smallscaleenengy. If, however, thelargerscaleturbu-
lenceis suppresseldy stabilizingbodyforces—asthe
buoyangy forcein a stably stratifiedervironmentor
centrifugalforcesin arotatingflow — or is dampedn
thevicinity of awall, theSGSmodelmaylocally con-
trol turbulenttransport.As a consequencehe flow
regionsthatarestronglyaffectedby bodyforcesmay
ratherrepresent solutionof the SGSmodelthanof
the Navier-Stokes equations An examplewherean
appropriateresolutionof all relevantlengthscaless
notfeasibleand,thereforethesolutionis locally con-
trolled by the SGSmodelis givenin section2.2 by
the LES of wake vortex evolution in the corvective
atmospheriboundaryayer

To come up againstthese dissatisfiableresolu-
tion requirements.an adjustmentof subgrid-scale
parametrizationgo strong streamlinecurvature ef-
fects is proposed.The devised correction termed
NaCooidentifiesthe local degreeof centrifugalsta-
bility via a rotational Richardsonnumberwhich is
determinedrom local streamlinecurvatureat every
grid point. TheRichardsomumberin turn,is used



12 4 LIDAR CIRCULATION EVALUATION CAPABILITIES [5]

8

cCorNWAOON

[
o

Figure9: Vorticity distribution of a singlevortex with initially superimposedandomperturbationst(a)t = 0s
with white streamlinesandatt = 20s applying(b) the standardSmagorinsk closureand(c) NaCoo.

to modify the SGSviscosity suchthat SGSmomen-
tum transportis increasedn instableand decreased
in stablesituations.

Figure 9 demonstratesnain benefitsof NaCoo:
(i) conseration of peakvorticity in the vortex cores
and (ii) allowance for appropriateturbulence lev-
els in the vicinity of the vortices. Further benefits
are(iii) reductionof vortex coreradiusgrowth rates,
(vi) an approachto propertiesof tangentialveloc-
ity profilesfound in experiments,and (v) non sup-
pressionof vortex core meanderingThesefeatures,
which arein line with experimentalktudiesof turbu-
lentvortices,denotea significantsteptowardsamore
physicalmodelingof inadequatelyesohed vortices
by LES.

Applicationsof NaCooto single vorticesand to
aircraftwake vorticesin aquiescenandturbulenten-
vironmentillustrate the performanceof the stream-
line curvature correction.In particular it is shavn
that streamlinecurvature constitutesa robust crite-
rion for coherenrotationevenin fully turbulentand
apparentlyincoherenflow topologies(cf. figure9a).
A relationis derivedthatallows the selectve adjust-
mentof vortex growth ratescausedy SGSviscosity
dependingon the numericalresolutionof the vortex
andits circulation.Therelation,which indicatesthat
vortex coresgrow accordingto t¥/# after a transient
constany, is corroboratedy differentapplications.

For wake vortices,the turbulencestructurewithin
the vortices becomesmore realistic and resembles
flow topologiesfoundin high-Re/noldsnumberab-
oratoryexperimentsVortex coregrowth ratescanbe
substantiallyreducedto growth ratesfound in vor-
tex coresof aircraft with retractedflaps. Neverthe-
less globalparameterik e wake vortex transportand
decayare little affected by the correctionbecause
the well-resohed secondaryorticity structuresdis-
cussedn section2.3 dominantlycontrol vortex evo-
lution.

4 Lidar Circulation Evaluation
Capabilities [5]

Both the complexity of wake vortex physicsandthe
limited experimentalaccesampedecomprehensie
analyse®f wake vortex physics.n particular in lab-
oratory experimentsthe farfield evolution of wake
vorticesis not accessiblendin both laboratoryex-
perimentsand numericalsimulationsthe achievable
Reynoldsnumbersarefar from reality. The only and
indispensable@ccesgo real wake vortex behaior is
provided by lidar measuremertechniqueghattrace
full-scalewake vorticesin thefreeatmospherd.idar
(LIght DetectionAnd Ranging)operatedy transmit-
ting alaserbeamandcoherentlydetectingheradia-
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Figure 10: View from belov on simulatednearfield wake evolution up to 5 spansbehindwing tips of an
aircraftin high-lift configuration.Vortex topology illustratedby iso-surfcesof vorticity (blue iso-surtces

indicatecountefrotatingvorticity).

tion back-scatteredby aerosols.The spectrumof
Dopplershiftsin thefrequeng of the back-scattered
radiationis analysedo give the line-of sight (LOS)
velocity componenbf theaerosolsandhenceheair
motion,alongthe beam.

From the LOS velocitiesvortex position and cir-
culationcan be deducedCirculation constituteghe
mostimportantparametefor wake vortex characteri-
zationsinceit describewvortex strengthin aform that
is correlatedwith effects of potentialwake encoun-
ters.

Unlike in the casefor single vortices,wherethe
circulationcorvergesto adefinitevalueatlargeradii,
the proximity of aneighboringvortex affectscircula-
tion valueswhereforethe circulationof vortex pairs
strongly dependson the method of its evaluation.
Threedifferentmethoddor circulationevaluationare
investigatedn manuscrip{5]. Thesurfaceintegral of
vorticity senesasbaselinecasethatis comparedo a
methodthat evaluateshe lidar line-of-sightvelocity
midway betweenthe vorticesandto anothemethod
that calculatesadii-averagesof circulationsderived
from tangentialelocities It is shavn thatfor anideal
vortex pairthe systematideviation of thecirculation
is a function of vortex spacing,vortex core radius,
vortex tilt angle,andlidar viewing angle.For reason-
ableparametesettingsthe systematiadeviationsare
belov somel0%.

Neverthelessinitial circulationoverestimation®f
typically 30— 70% are frequently obsened by li-
dar Thatoverestimations associateavith anosten-
sible stronginitial “decay” suchthatat a vortex age
of roughly onetime scalenormalizedcirculationat-
tains a value of one. For the developmentof para-
metricwake vortex modelstherealcirculationevolu-
tion is crucial. To resole the reasonfor the overes-
timations,virtual lidar measurementare performed
basedon high-resolutionnumericalsimulationdata
thatcoverthe generatiorandmergerof multiple vor-
tex pairsbehindanaircraftmodelin high-lift landing
configuration(seefigure 10). The obsened multiple
vortex topology clearly illustratesthat the assump-
tion thatthe sensednaximumline-of-sightvelocities
canbe attributedto the tangentialvelocitiesof a pair
of axisymmetricvorticesis heaily violatedaslong
asthe roll-up processto a single vortex pair is not
completedMore preciselythe LOS velocitiesstem-
ming from thesecondaryortices whichdetachfrom
theedgesf theflaps,areinterpretedashigh tangen-
tial velocitieson largeradii appendanto the primary
vortex, hencehighcirculation.Thevirtual lidar mea-
surementseproduceaxactly the rangeof initial cir-
culationoverestimation&nown from measurements.
The analysisof the phenomenomsuggestshatinitial
circulation overestimationshould be simply disre-
gardedfor theinterpretatiorof trailing vortex evolu-
tion and,in particular the developmentof wake vor-
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tex modelsandsystems.

Thesimulationdataof vortex evolutionin thecon-
vective boundarylayer (seesection2.2) are applied
to assestheeffectsof arealisticinhomogeneoutur-
bulentervironmenton lidar measurement§he vir-
tuallidar measuremen@recomparedo dataof three
10 pm continuous-vave lidars that were operatedo
trace the wake vortices generatecby DLR’s VFW
614aircraft ATTAS duringthe wake vortex forecast-
ing and measurementampaignWakeOP WakeOP
hasbeenaccomplishedht the airfield of Fairchild—
Dornier in Oberpaffenhofen, Germary, from 29
Marchto 4 May 2001.

In both simulation and experiment,the different
circulation evaluation methodsappliedto the same
vortex pairs yield deviations of almost+20% and
the standarddeviations of a seriesof measurements
are of the orderof 10 to 20%. Theseresultsindi-
catethatthe degreeof scatterof circulationdata,ob-
sened after the completionof roll-up, appeargo be
mostly dueto the variability causeddy the complex
responsef wake vorticesto turbulentenvironments.
We concludethat errorsoriginatingfrom lidar mea-
surementccurag appeato be negligible compared
to the genuinecirculationscatter For the late vortex
evolution findings are different. The LES dataindi-
catethat considerablyerodedvorticeswhich already
have lost the classicalsignatureand, therefore,can
scarcelybeidentifiedaswake vortices,nevertheless,
maystill possesgorethan50%of theirinitial circu-
lation. This resultemphasize¢he difficulties associ-
atedwith theinvestigatiorof final vortex decay

In summarythe radii-averagingcirculationevalu-
ationmethodappearsnostappropriatdor wake vor-
tex characterizationFor mediumsizeandheavy air-
craftanaveraginginterval of 5 m to 15 m is recom-
mended! s 15 restrictsevaluationsto the sub-range
of wake vortex inducedvelocitiesthatcanbereliably
sensedby lidar andthatwould alsobeexperiencedy
an encounteringuircraft. Furtheradvantagesare low

sensitvity to obsenationanglessmoothingof scatter
by averagingover severalradii, and automaticcom-
pensatiorof ambientwind andvortex motion.

5 Real-Time Wake Vortex Pre-
diction

The primary objectve of a parametricwake vor-
tex modelis to reliably predictvortex positionsand
strengthsin real-timein order to re-adjustaircraft
separationgdynamically Other applicationsof ap-
proximatewake vortex modelsincludeencountein-
vestigationawithin flight simulators safetyanalyses
thatestimatehe hazardprobabilityof new aircraftor
of new approacrandlandingproceduresstudieshat
simulatevariousaspectof reducedspacingsystems
as,for example thepredictabilityof wake vortex evo-
lution basedon virtual ervironmentalmeasurement
data,and,finally, cost-benefianalyses.

5.1 Probabilistic Two-PhaseWake Vor-
tex Decayand Transport Model [4]

Despitethesignificantnumberof availablewake vor-
tex models(listedin [4]) noneof thesemodelscon-
sidersall effectsof thefirst orderimpactparameters
thatareaircraft configurationwind, turbulence sta-
ble stratification,wind sheay and proximity of the
ground.In particular they areall deterministic.Not
specifiedaredeviationsfrom predictedvalueshatare
inherentlycausedy the comple responsef vortex
behaior onturbulencé.

Thecurrentversionof the ProbabilisticTwo-Phase
wake vortex decayandtransportmodeltermedP2P
considersll of theabovelistedparameter&for wind-
shearandaxial-wind effectsseesection5.3). P2Pis
designedo include as muchknowledgeas possible
gainedfrom both experimentaland numericalwake

TRecentlythe VFS (Ref. 13in [4]) hasadaptecharameterizationfr stratificationandprobabilisticbehaior andheravith completely

considersll mentionecdeffects.Not yet published.
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vortex researchwith a focuson operationalneeds.
For this purposehemodelconceptompriseghefol-
lowing elements.

First, in contrastto mostother models,P2P em-
ploys a well-definedand experimentallyaccessible
definition for vortex strength.Benefits of the em-

ployedradii-averagectirculationls_ 15 arediscussed
in sectiord.

Secondthe complex wake vortex behaior found
in LES (seesection?2) indicatesthat the develop-
mentof athorougtreal-timemodelbasednanLES-
independentpproachis hardly feasible.Therefore,
the basic conceptfor model developmentwas the
confermentof the detailedand complex wake vor-
tex behavior found in LES upona simple but well-
foundedequationfor vortex evolution. Since there
is no rigorous solution for the evolution of turbu-
lentvortex pairs,thehydrodynamicabasisof P2Pre-
liesontheequatiorthatdescribeshespatio-temporal
circulation evolution of the decayingpotential vor-
tex. In P2Pthis relation, which constitutesan ana-
Iytical solutionof the Navier-Stokes equationdor a
non-stationaryplane,rotating flow, is extendedand
adaptedo LESresultsof differentgroupsto describe
vortex decayanddescent.

For thepredictionof vortex strengththeconcepof
two-phasecirculationdecay(seefigure 11 and sec-
tions 2.1.2 and 2.3) is pursued.Decay parameters
are determinedas functionsof turbulenceand tem-
peraturestratification.An analysisof 525 wake vor-
tex measurementsf the Memphisdatabaséndicates
normalizededdydissipatiorrate,e*, asmostsuitable
parameterfor the characterizatiorof turbulenceef-
fects. This resultreflectsthat the length scalerange
of wake vortices,which is mostsusceptibléo ambi-
entdisturbancesysuallyresidesin the turbulentin-
ertial subrangeof the atmospheridboundarylayer~.
In contrastfurbulentkineticenegy is sensitve to the
choiceof the averagingtime frame;thatis thelonger
theaveraginginterval themoreenegy is contributed
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Figure 11: Temporalevolution of normalizedcircu-
lation from LES [3] (symbols)andrespectie fits of
P2Pfor differentturbulencescenariosand different
degreesof stratification.

from largerscaledhatareirrelevantfor vortex decay

Linearrelationsbetweendescenspeedandcircu-
lation hold only if the circulationvalueattributedto
thewake vorticeslik ewise representthe velocity in-
ducedat the neighbouringvortex. For radii-averaged
circulationsasl's_15 thisis not valid. Therefore the
parameterizedescentateobeys anon-lineardepen-
denceon circulationwhich confersP2Pthe follow-
ing capabilitiesIt allows for (i) areductionof circu-
lation without the reductionof the descentate dur-
ing the early vortex evolution, andfor (ii) stagnating
vorticeswith non-zerocirculationin strongly stably
stratified environments.In other modelscirculation
anddescenarecoupleddirectly suchthatbothquan-
tities becomezeroat identicaltimes. (iii) It enables
reboundingvorticesin very strongly stratifiedervi-
ronmentswhich is of high relevancefor the safety
of following aircraft. All thesefeaturesarein accor
dancewith LES andobsenationdata.

Third, P2P predictsprobabilisticwake vortex be-
havior. Precisedeterministiovake vortex predictions
arenot feasibleoperationallydueto severalreasons.

IIA substantiapartof the basisfor modeldevelopments describedn the precedingsections.
**Thespectralistribution of kinetic enegy in theinertial subrangés characterizethy the singleparametee.
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Primarily, it is the natureof turbulencethat deforms
and transportsthe vorticesin a stochasticway and
leadsto considerablespatio-temporalariations of
vortex position and strength.Moreover, aircraft pa-
rametersand especiallythe stateof the atmospheric
boundarylayer with its intrinsic variability canonly
be measurear predictedwith limited accurag. The
scatterresulting from all thesefactorsonly allows
to predict wake vortex behaior within uncertainty
boundsandarespectre probability. For this purpose,
P2P varies decay parameterdgn subsequenmodel
runs and it addsvariousstatic and dynamicuncer
tainty allowanceqcf. figures13,14)thatconsideithe
increasedscatterof vorticesin turbulentandsheared
ervironments.

5.2 Application and Assessmen(8]

P2Pis supposedo conseratively predictwake vor-
tex evolutionin orderto eventuallyguidethereadjust-
mentof aircraft separationsinderfavorableweather
conditions.To guaranteethe high degree of relia-
bility, which is indispensabldor the operationof
safety-relgant aviation systemsthe modelmustbe
validatedfor all weatherconditionsover which it
mustfinally operate.To date,P2Phasbeenapplied
to data accomplishedat five different field mea-
surementcampaigns.Thesecomprisethe two US-
campaignperformedat Internationaliirports Mem-
phis, TN (Decemberl994, August 1995) and Dal-
las Fort Worth, TX (September/Octobet997), the
WakeOPcampaigratthespeciakirfieldin Oberpaf-
fenhofenGermary (April/May 2001),andthe Wake-
TOUL (May/June 2002) and AWIATOR (August
2003) campaignshoth at TarbesAirport, Francé®.
A severecomplicationhowever, arisesfrom the fact
thatthequality of measuremenissedfor assessment
strongly affects the performanceof the model. For
validationof the modelitself, dedicatechigh-quality
measuremengrenecessaryor theoperationateal-
izationof a completewake vortex predictionsystem,

the accurag andthe spatialandtemporalresolution
of measure@nd/orpredictedervironmentalparame-
tersalongtheglide slopedeterminghecapacitygain.

For validationpurposesitherindividual casesare
analysedin detail or statisticsare derived from a
larger dataset. To evaluatethe basicperformanceof
a model, deterministicpredictionscan be averaged
to analysethe meanbehaior of the vortices[4] or
the deviationsof measuremerdandpredictionarees-
timatedwithin a scoring procedure[8]. Probabilis-
tic model performanceon the other hand, cannot
be evaluatedbasedon scoring approachedecause
increaseduncertaintyallowanceswould always im-
proveratings.Thereforethe probabilitythatthe vor-
ticesactuallyevolve within predictedconfidencen-
tenals is discussedvith regardto potentialrunway
capacitygains [8]. Alternatiely, the actual proba-
bility densitydistributions of wake vortex measure-
mentswithin the upperandlower boundsof the pre-
dicted uncertaintyallowancesare bestsuitedto es-
timate wake predictionskills comprehensiely (see
section5.3). Only the latter approachallows to ad-
just the probabilisticmodelto confidencdevels pre-
scribedby generallyacceptedrisk metrics for op-
erationaluse.Resultsof all of the above listed ap-
proachesiredescribedn thecurrentandthenext sec-
tion.

Data from the Memphis campaignwere exten-
sively usedfor thefirst assessmentsf P2Pdescribed
in Refs.[4] and[8]. Deterministicpredictionsof 144
casesof vortex evolution in the stably stratified at-
mosphereand 138 casesin a turbulent atmosphere
areaveragechndcomparedo measurementsespec-
tively. Neglectingthe initial circulation overestima-
tion by the lidar data(cf. section4), predictedand
measuredrortex decayagreesalientlywell. In con-
trast, the first approximatevortex modeldevised by
Greenein 1986 (Ref. 9 in [4]) underestimateson-
sistentlyandnon-conseratively the circulationmea-
surementsNotably, the two-phasedecayof P2Pis

WakeOPandWake TOUL campaignsverepartof DLR’s “Projekt Wirbelschleppe’andwereco-fundedby the EC projectC-Wake.
AWIATOR s amultilateraltechnologyplatformfundedby the EuropearCommission.
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maslkedcompletelyin themeanevolution, justasit is
hiddenin the scatterof the Memphislidar data.

Further 211 Memphiscasesareusedin a scoring
procedureto comparethe predictive capabilitiesof
the deterministicversionof P2P (termedD2P) and
Sarpkayas model(Ref. 9 in [8]). Sarpkayas model,
which is part of the currentNASA Aircraft Vortex
SpacingSystem ,AVOSS,was bestratedin a previ-
ous comparisorwith two further models.Although,
D2P was not designedto predictdeterministicvor-
tex behaior, thecomparisoris quitegood.However,
the calculatedrms deviations of all the investigated
modelsdiffer only slightly. This indicatesthat ma-
jor contrikutionsto the rms deviationsare causedyy
inconsistenciesf the databasisandby inherentde-
viationsof wake evolution from deterministicnodel
predictions.

The 211 Memphis casesindicate that the prob-
abilistic predictionsof P2P are conserative. Only
flawed crosswindinformation or pronouncedwind
sheamaycauseleficientpredictionsDetailedinves-
tigationsof individual casedrom several campaigns
reveal,in agreementvith resultsof numericalsim-
ulationsdescribedn section2.3, that constantwind
sheamayprolongvortex lifetime whereasheaiday-
ersmay modify verticalandlateraltransport.

Basedon the finding thatin the majority of cases
P2Pis capablef predictingupperounddor circula-
tion, the respectie aircraft spacingreductionpoten-
tial is assessedsing over four-hundredcasesfrom
Memphisand Dallas Fort Worth deployments.The
resultingcomparisonof the predictedaircraft sepa-
rationsto the currentlyeffective ICAO separationss
depictedn figure12. 1t clearlyindicateshat,atleast
for the two consideredlatasets,conserative decay
predictionsdo not allow for noticeablaeducedspac-
ings.In themajority of the casesdurationspredicted
by P2PexceedICAO standardsignificantly These
findingsclearlyindicatethatit is mainly the descent
and/oradwectionby crosswindhattransportshevor-
ticesaway from the glide pathwhich is responsible
for thehighlevel of safetyprovidedby thecurrently
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Figure 12: Cumulatve distributions of aircraft sep-
arationsbasedon consenrative decaypredictionsof
P2Passuminga thresholdof I = 100 m?/s for ac-
ceptablevortex strengths.

effective aircraftseparatiorstandardsConsequently
in mary casesonly wake vortex transportbearsthe
potentialto allow for reducedspacingoperationsvith
appreciableapacitybenefits.

However, predictionsof vortex transportareham-
peredby the substantiakpatiotemporavariability of
environmentalconditions.During the WakeOPcam-
paign, crosswindjumps of almost5 m/s alongless
than200m lengthof flight trackwereobsenedwhich
point up the importanceof probabilisticpredictions.
Clearly, vortex predictionquality dependson avail-
ablecrosswinddatasourcesPredictiondasednLi-
darcrosswindneasurementgeld theleastdispersed
results.Possibly the averagingtime of 80 s is most
appropriatdoecausd correspondsoughlyto thelife
spanof thevortices.Largerdeviationsreflectthesub-
optimalaveragingtimesof 10minand10semployed
by Sodarandaircraftcrosswinddata,respectiely.

Forty-onecase®f the WakeOPcampaigrareused
to evaluatethe potentialof P2Pto predictthe time
whenthe vorticeshave left a safetycorridor around
theflight track.Dependingpn crosswinddatasources
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aircraft separationgould have beensafely reduced
in 46% - 66% of the overflights. Almost surpris-
ingly, also crosswindprovided by dedicatedshort-
term weatherforecastswvould have allowed the safe
reductionof separation$o belov 50 sin 39% of the
cases.

5.3 Further Development

With the field experimentsWakeTOUL and AWIA-
TOR at Tarbesairfield the superiorsuitability of the
2— pm pulsedDopplerlidar for wake vortex charac-
terizationhasheendemonstrate@Koppetal. 2004).
Two decisve factors, the long-rangecapability of
morethanl km anda four-stagedataprocessingen-
able obsenationsover periodsfrom vortex genera-
tion to a progressedtateof vortex decay Figure13
demonstratethatthetwo-phasealecayanticipatedy
simulationsandtheory (sections2.1.2and 2.3) now
for the first time could be unambiguouslycorrob-
oratedby measurementdMore than 40 overflights
clearly supply evidence of the previously contro-
versly discussedwo-phasevortex evolution (Spalart
1998,Gerzetal. 2002)predictecby P2P

In the following, the further developmentsof P2P

regardingcirculationdecay effectsof axialwind and
glide slope angle, axial- and crosswindsheayr and
modelvalidationarebriefly introduced.

ThelongobsenationtimesachiezedduringWake-
TOUL andAWIATOR campaignsuggesto increase
the onsettime of rapid decay T, by a factor of
1.2. This delayeddecayapproximatelyalso covers
prolongatedifetimescausedy constanbackground
sheardescribedn section2.3and5.2.

Comparedto a calm situation, headwind (tail-
wind) adwectsyounger(older) vortex seggmentsinto
the fixed lidar obsenation plane which is usually
spannedperpendiculato the flight directionandin
which P2P predictsvortex evolution. The resulting
differencein age,At, dependsn axial wind veloc-
ity, u, andaircraftgroundvelocity, V, accordingo

u/Vv

At:l_u/vt . 4)

Equation(4) impliesthatthe younger(older) vortex
hascovereda smaller(larger) transportdistanceat a
givenobsenationtime.

Anothereffect arisesfrom axial wind for descend-
ing andclimbingaircraft. For instancefor descend-
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Figure 14: Measured (symbols) and predicted (lines) evolution of normalized vertical and lateral positions
of trailing vortices penetrating a pronounced shear layer (AWIATOR flight 1-04). Black dashed lines denote
deterministic behavior, green (blue) solid lines the probabilistic envelope with (without) the shear-layer model.
Right, vertical profiles of normalized environmental data which serve as input for P2P.

ing aircraft the vortex advected by headwind (tail-
wind) is generated at lower (higher) altitude com-
pared to the generation height within the control
plane. The respective height difference, Az, depends
on age difference, flight speed, and glide slope angle,
€, according to

Az = AtV tane . (5)

For example, for an aircraft facing a headwind of
—7 m/s at an approach speed of V = 70m/s on a
glide slope of 3 deg, the age difference amounts to
more than -9% with a corresponding altitude offset
of -33 m at a nominal vortex age of 100 s.

Simulation and experiment both indicate vigorous
influences of wind shear on wake vortex fate. Un-
fortunately, wake-vortex/shear-layer interaction is ex-
tremly sensitive to a number of shear layer param-
eters (Hofbauer and Holzdpfel 2003). Correspond-
ingly, Ref. [8] illustrates that sufficiently precise ob-
servations and, in particular, predictions of shear-
layer characteristics are hardly feasible. Even with
the dedicated wind measurement devices applied in
[8] it was not always possible to measure shear layers
with sufficient accuracy to fully explain the observed

vortex behavior. Therefore, deterministic predictions
that aim to directly emulate the interaction of wake
vortices and the vorticity in the shear layer do not
seem to have potential for operational applications.
At most, probabilistic approaches may cover shear-
layer effects.

A series of measurements from the WakeToul and
AWIATOR campaigns suggest that the interaction of
wake vortices with shear layers can be categorized by
a normalized shear rate according to

_av@

s _a_ZWO

(6)
Tilting and stalling or even rebounding vortices (see
figure 14) are only observed when wake vortices pen-
etrate shear layers with [sh*| > 1.

For the parameterization within P2P, the wind ve-
locity difference across a one vortex spacing height
difference, Av = dv/0z- by, normalized by the vor-
tex descent speed, wp, can be used as a superimposed
shear-induced propagation velocity, vg,. If wake vor-
tices encounter a shear layer with |sh*| > 1, the nor-
malized shear velocity widens the envelopes for vor-
tex transport (see figure 14) in analogy to the appro-
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Figure 15: Measurements (symbols) and deterministic predictions (lines) of wake vortex trajectories of four

overflights at different altitudes close to the ground.

ach proposed for turbulent spreading in [4]. Turbu-
lence velocity, g*, and shear velocity, vy,, are super-
imposed quadratically to consider the connatural ef-
fects of shear and turbulence. An example of this ap-
plied to the upper bound of lateral position is

%:W+/\/q*2+(0vg1)2 dt* (7

where C is a constant. Shear layer uncertainty al-
lowances are applied to both lateral bounds and the
upper vertical bound. Increased shear-layer-induced
descent speeds are covered by unmodified uncer-
tainty allowances.

Some AWIATOR cases provide evidence that also
axial wind shear, du/dz, may cause similar effects as
pure crosswind shear. This may be explained by the
fact that wake vortices in the atmospheric boundary
layer usually are deformed immediately, whereby the
vortices become susceptible to both components of
vertical shear. As consequence, vg, employs the mag-
nitude of both vertical wind shear components. Fur-
ther, it is assumed that shear-induced propagation ve-
locities may at maximum achieve the magnitude of
the current vortex descent speed, and a temporal re-

laxation of v, is adopted which considers that shear-
layer effects persist beyond the passage of the shear
layer.

When trailing vortices approach the ground, a vis-
cous response is provoked in the near-surface flow.
The vorticity created along the ground first causes the
wake vortices to diverge much like a pair of image
vortices would have been introduced below the sur-
face. Later, the surface vorticity may erupt abruptly
leading to the formation of secondary vortex struc-
tures that provoke a lurching rebound of the newly
created vortex pairs. In P2P this sequence is mod-
eled by the subsequent introduction of image vor-
tices, a first set, and a second set of secondary vor-
tices with images following the approach of Robins et
al. (Ref. 29 in [4]). Although effects of the ground are
yet neither assessed nor optimized, the performance
of the two-phase model appears excellent (see Figure
15) based on a few Memphis and Dallas Fort Worth
cases selected for a benchmark comparison of wake
vortex models**.

Comprehensive evaluation of wake prediction

+The benchmark exercise was performed on the occasion of the NASA Workshop on The Prediction of Wake Vortices In-Ground Effect

in an Operational Context, New Orleans, LA, April 27 - 29, 2004.
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skills is achieved by the compilationof probability
density distributions (PDD) which set wake vortex
measurementmto relationto the upperand lower
boundsof the predicteduncertaintyallowances(see
figure 16). For this purpose the value of every sin-
gle vortex measuremengexemplarily shavn for lat-
eralposition)is normalizedaccordingo

Y = (Ymeas—¥1)/(Yu—W) (8)

Equation(8) assignhsa value of oneto a vortex mea-
suremensituatedon the predictedupperbound(in-
dex u) andthe value zeroto measurementsn the
lowerbound(index 1).

Measurementsf thewholevortex evolution- from
generationto decay- areincludedin the statistics.
The shovn PDD employs dataof 49 overflightsout
of 2 campaigns6 days,and872vortex obsenations,
respectiely. Only overflightsare usedwherevortex
and meteorologicadatawere measureccompletely
and with high quality. Therefore,the PDDs should
mainly representthe intrinsic variability of vortex
evolution andto a lesserextent the uncertaintieof
theinputparametersf P2P

The data sampleincludes mary long-lived and
complex caseswith e.g. pronouncedsheareffects.
Note thatthe PDD for vortex descenis skeweddue
to afew caseswith retardeddescentausedy shear
layers.Also the PDD for circulationis not centered
aroundl” = 0.5 becausét is only optimizedregard-
ing the relevant upperboundaryf = 1. The lower
boundfor circulationis irrelevant. All other flanks
of the PDDs decline steeplywhen approachinghe
probabilistichounds0 and1 which indicateshatthe
applieduncertaintyallowancesare closeto an opti-
mum. Theprobabilistic2P modelcould predictwake
vortex behaior conseratively in 99.7%,99.7%,and
97.9%o0f theobsenationsfor lateralposition,vertical
position,andcirculation,respectiely.

Figure 16 indicatesfurther that normal distribu-
tions (dottedlines) fit reasonablywell to the PDDs.
The normaldistributionsare usefulfor predictionof
stochastideviationsfrom deterministiocvortex beha-

P,z 1) [

Figure 16: Probability densitydistributions of mea-
suredlateral position, vertical position,and circula-
tion of wake vorticesnormalizedwith respecto the
uncertaintyboundspredictedby P2P Valuesof zero
andonedenotdower andupperboundsrespectiely.
Fits of normaldistributionsdenotecdy dottedlines.

vior in a Monte-Carlo-simulatiorapproachasit is
employed in the WakeScenePackage(Holzapfel et
al. 2004).

Although the underlyingdatasampleis not very
largeit, nonethelesssomprisesa variety of complex
wake vortex casesPresumablythe shapeof the dis-
tributions will not be basically modified by an en-
largeddatasamplelt is evidentthatalreadynow the
performanceof P2Pdocumentsa high level of skill
and the uncertaintyallowancesappearappropriate.
Neverthelessfuture high-quality measuremendata
areneededo augmenthevalidity of thisassessment.

6 Outlook

To date,the predictive skills of the P2Pmodelhave
been successfullyassessedor operationsout of
ground effect basedon data of five different mea-
surementampaignsThougha few selectecbench-
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mark casesndicateexcellentperformancealsoclose
to the ground,the modelhasneitherbeenexplicitly

optimizednor validatedyet for vortex predictionin

groundproximity. Given the manifold of wake vor-

tex behaior and the high safety requirementsre-
gardingintendedoperationalwake vortex prediction
systems further comprehensie analysesbasedon
high-quality measurementsemain mandatory Fu-
ture measurementampaignsare expectedto con-
tribute qualifieddata.

In casehatthemodelperformancén groundprox-
imity will turn out not to be reliably enough,LES
may help to provide further insightsin the govern-
ing physicalmechanismsHigh-resolutiongrids and
appropriatesubgrid-scalanodelingof the boundary
layerflows,whicharecharacterizetly comple pres-
surefields andabrupteruptionsof surfacefluid, will
beindispensabl¢o yield credibleresults.Competing
effects of atmosphericturbulence,wind sheayr and
ground-inducedsecondaryvortices on wake vortex
decaymustbe evaluatedand parameterizedbr real-
time wake vortex prediction.

The integration of the P2P model into the
Wake Vortex Prediction and Monitoring System
(WVPMS), which is developed within the DLR
project Wirbelschleppe must be advanced.Direct
interfacespertainto quality controlledmeteorologi-
cal measurementlatawhich are mergedfrom vari-
oussensor@ndto numericalshort-termweatherfor-
castdataprovided by the model systemNOWVIV
(NowcastingWake-\ortex ImpactVariablessee[8]).
Moreover, the combinationwith the SHAPemodel
(SimplifiedHazardAreaPrediction,[8]), which pre-
dicts the dimensionsof potentially hazardousareas
aroundwake vortex coresfor a given following air-
craft, mustbe refined.Theresultingmodelchainfor
the prediction of ernvironmental conditions, vortex
behaior, andrespectre hazardareasmustbe com-
bined with lidar obseration systemsthat monitor
smoothoperationsThe challengewill beto mapthe
temporaland spatialresolution,availability, andac-
curagy of ervironmentalandaircraftdataon the un-

certainty allowancespertainingto probabilisticpre-
dictions of minimum separationsuch that the re-
quirementson capacityand safety gains ervisaged
by the WVPMS aremet. Finally, the WVPMS must
be integratedinto existing ATC environmentstaking
into accountappropriatdime horizonsfor planning,
adequatéhuman-machinénterfaces,and acceptable
controlerwork load. During three-monthrial opera-
tions,plannedor spring2006atFrankfurtairport,the
WVPMSwill haveto demonstratés qualificationto
safelyreduceaircraftseparations.

Furtheractiities will be devotedto enhancements
of the WakeScendPackagewhich is supposedo as-
sesgheprobabilityto encounteiA380 wake vortices
in different air traffic scenariosand the respectie
encounteseverity. The packagecomponentswhich
model air traffic mix, aircraft trajectories,meteoro-
logical conditions wake vortex evolution,andpoten-
tial hazardareamustbe broughtto anadequateand
consistentlegreeof realism.For wake vortex predic-
tion, sub-models$or vortex coregrowth, aswell asfor
theorientationanddeformatiorof vortex axeshaveto
be developedto enabledetailedencounteinvestiga-
tions.

Anotherfutureapplicationwill bewake vortex pre-
diction in cruise. With regard to the step by step
world-wide accomplishedReducedVertical Separa-
tion Minima (RVSM), which reducevertical sep-
arationsbetweenaircraft from 2000 ft to 1000 ft
aboveflight level 290,therisk to encountewake vor-
ticesin cruiseincreasesNew datalink technologies
like ADS-B (Automatic DependentSurneillance-
Broadcastsupplyinformationon nearbyaircraftand
ervironmentalconditions. This datacan be utilized
to avoid wake vortex incidentsby providing the pi-
lot with informationregardingan impendingpoten-
tial wake vortex encounterfor airbornewake vortex
warningsystemghelimited availability andaccurag
of ervironmentaldatawill requirethe determination
of new andrelatively largeuncertaintyallowances.
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Abstract

Zusammenfassung

Holzépfel F., Gerz T., Aerospace Science and Technology, 1999, no. 5, 261-270

The effects of stable stratification on aircraft wake vortices are investigated by means of high-resolution
two-dimensional simulations. The simulations elucidate that the vortices first decelerate and then accelerate
their descent, where they largely conserve their circulation. However, for very stable stratification the tip
vortices may rise again to the flight path. The underlying physical mechanisms are revealed by means of a
point vortex method and are examined complementarily by balancing the impulse of the wake vortices. It is
shown that the prominant effects, deceleration, detrainment and acceleration, are caused by the kinematic
interaction of the vorticity generated by baroclinity and the primary vorticity. Furthermore, it is found that
the impulse of the ‘whole” system, including the detrained secondary vorticity, is oscillating with the Brunt-
Viisild frequency which implies that the wingtip vortices themselves do not. Finally, a local shear-number
is proposed which takes into account the interaction of primary and secondary vorticity and can describe the
instantaneous tendency of wake vortices to accelerate or to decelerate. © Elsevier, Paris

wake vortex / stable stratification / numerical simulation

Zur Physik der Wirbelschleppe in der stabil geschichteten Atmosphére. Der EinfluB stabil geschich-
teter Atmosphire auf die Entwicklung von Flugzeug-Wirbelschleppen wird mittels hochauflsender, zweidi-
mensionaler Simulationen untersucht. Zunéchst sinken die Wirbel verzogert und in einer spiteren Phase be-
schleunigt ab. Dabei wird die Zirkulation der Wirbel weitgehend erhalten. Jedoch steigen die Wirbel in einer
sehr stabil geschichteten Umgebung wieder bis auf Flugniveau auf. Die zugrundeliegende Physik der be-
obachteten Effekte wird mit Hilfe einer Punktwirbelmethode und anhand von Impulsbilanzen untersucht. Es
wird gezeigt, daB die wichtigsten Phénomene, die Verzogerung, das Detrainment und die Beschleunigung der
Wirbel, durch die kinematische Wechselwirkung primérer und baroklin erzeugter Vorticity verursacht wer-
den. Weiterhin wird gezeigt, da8 der Impuls des gesamten Wirbelsystems, einschlieBlich der detrainten
Vorticity, mit der Brunt-Viisild Frequenz oszilliert, wihrend die eigentliche Wirbelschleppe dies nicht tut.
SchlieBlich wird eine lokale Scherzahl abgeleitet, die die momentane Neigung der Wirbelschleppe verzdgert
oder beschleunigt abzusinken beschreibt. © Elsevier, Paris

Wirbelschleppe / stabile Schichtung / numerische Simulation

* Correspondence and reprints.

Aerospace Science and Technology, 1270-9638, 99/05/ © Elsevier, Paris
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1. Imtroduction

Aircraft wake vortices may exert a serious danger on
following aircraft if the separation between leading and
following aircraft is not sufficient. In view of the expec-
ted growth of air traffic [29], increasing demands on the
capacity and safety of international airports have to be
faced. In order to increase airport capacities whilst at
least maintaining safety levels, the knowledge of wake
vortex behavior under varying meteorological conditions
merits considerable significance. In principle, wake vor-
tices descend below the glide path caused by mutual
velocity induction. But under certain meteorological
conditions, wake vortices may stall or rise again into the
glide path corridor [8, 16, 30]. We show that, at least in
the limits of 2D investigations, this hazardous situation
actually may occur in strongly stratified atmospheres.
Also, in the quite often prevailing moderately stratified
environments, wake vortex behavior is considerably
modified.

The climatology, based on nine years worth of data
from nine different aerological stations in Germany [9],
reports nocturnal inversions with potential temperature
gradients of more than 1 °C/100 m in the lower tropo-
sphere in 59 % of all cases. In Munich 70 % inversions
were found at midnight and at 9:00 LST 12 % were still
persisting.

The impact of stable stratification on wake vortices
has been a controversial discussion for years. Whereas
some studies indicate that the vortices decelerate and
stop their descent roughly after 1/4 of the oscillation per-
iod [7, 10, 11, 18, 21] or may even oscillate in a similar
way as a displaced buoyant parcel of fluid [20], other
analyses show that wake vortices may accelerate their
descent due to baroclinic effects [2, 26]. Some works [4,
15, 22, 27] demonstrate that both events may occur in
sequence. Consensus seems to emerge from recent 3D
simulations [19, 24]. These corroborate our recent 3D
simulation results which are part of ongoing work and
will be published later: All 3D simulations show that
during the early descent the wake vortices simultaneous-
ly decelerate and approach each other. This behavior is
almost identically observed in 2D investigations and,
furthermore, is also confirmed by experiments (see figu-
re 1). The subsequent acceleration seen in 2D is widely
damped in 3D by different instability mechanisms,
whereas the type of instability depends on the state of
turbulence in and around the vortex pairs.

The current work, although limited to two dimen-
sions, is to deepen and to reach a consensus on the basic
understanding of wake vortices in a stably stratified
atmosphere. Among others, the physics of basic effects
such as the deceleration and detrainment phenomena is
investigated in detail. Please note, that the authors assu-
me these early effects to be intrinsically two—dimensio-
nal. On the other hand, 3D studies are clearly needed to
understand the subsequent trailing vortex decay.

F. Holzipfel, T. Gerz

2. Numerical model, initial conditions and
normalized variables

The 2D code is based on a Boussinesq large-eddy
simulation code which uses the classical Smagorinsky
closure and was originally developed to simulate turbu-
lence, i.e. fluctuations of velocity and temperature, under
the influence of constant background shear and stratifi-
cation [12]. The LES code was then tuned to model the
dynamics of aircraft wakes and the associated exhaust
distribution under cruising conditions [5]. In this context
it proved its reliability, for it reproduced the typical wake
structure and quantitative exhaust properties as observed
in measurement campaigns [6].

For our purposes here, we chose a domain size of
Ly x Ly x L; = 6 x 384 x 600 m3 with a uniform
grid volume of Ax x Ay x Az=1x1x1m3. The
flight direction is denoted by —x, the span by y and the
height by z. Periodic boundary conditions are employed
in all three directions. The influence of neighbouring
wakes on the descent velocity, w, due to the boundary
conditions, was reduced by choosing appropriate dis-
tances between the vortices and the domain boundaries
and is proven to be less then 2.3 % for neutral stratifica-
tion (see figure 2).

The wake vortices were initialized as superposition of
two Lamb-Oseen vortices where the tangential velocity
profile of one vortex is given by

Iy —r? e
= 1— - = ’ 1
u(r) 27'rr< exp 2) 0= 0 @

with a core radius of r. =4 m. A root-circulation of
I'p = 565 m?/s and a vortex spacing of by = 47 m were
employed to represent the B-747 aircraft with an ellipti-
cal wing loading. The mean temperature gradient of the
atmosphere, d® /dz, was constant in each calculation
and the corresponding Brunt-Viiséld frequencies

12
N=(L499 @
®g dz

varied between 0 and 0.056/s (0 < d®/dz < 10 K/100

m), i.e. between neutral and very stable stratification.

All results are presented in non-dimensionalized
form. The characteristic scales are based on the initial
vortex separation, bg, and circulation, I'g, leading to the
time scale

l,_27tb02_b0
- To  wo’

3

For the normalized time and Brunt-Viisila frequency
it follows t* = /¢’ and N* = Nt', respectively. 1/N*
corresponds to the vortex Froude number.
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3. General characteristics and phenomena

Figure I depicts the temporal development of the nor-
malized descent height z/bg, which was determined by
searching the local pressure minima. For reference the
linear descent for neutral stratification is included. In the
most stable case, N* = 1.4, the vortex behavior differs
considerable from the other cases and, therefore, is dis-
cussed later in this section and partially omitted in the
following sections. In the stable cases with N* < 1.0 the
descent is first decelerated and then progresses with an
acceleration. The vortices reach their minimum descent
velocity roughly at t* =3 (see figure 2) and, for
N* =1, stall and even rise again a few meters to a
height of approximately one initial vortex separation
below flight level. Then they continue to descend and
accelerate up to three times their initial speed.

Figure 1. Normalized descent distance versus time for diffe-
rent stratifications. 2D-simulations (lines) and Sarpkaya’s
experimental data [21] (symbols).
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Figure 2. Simulated wake descent speed normalized by initial
speed; legend see figure 4.
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Please note that during the deceleration period the 2D
results agree well with Sarpkaya’s towing tank experi-
ments [21] which are delineated with symbols in figu-
re 1. The agreement clearly indicates that the physics of
the early deceleration is intrinsically 2D. For the further
evolution of the trailing vortices Sarpkaya states that the
vortices were primarily destroyed by different 3D insta-
bility mechanisms which are, of course, excluded in the
2D simulations.

Figures 3 and 4 indicate that the vortex separation
b/bg decreases drastically when * > 2 whereas the cir-
culation I is largely conserved. (Note that ' was inte-
grated along the oval-like streamline which separates the
fluid belonging to the wingtip vortices and the surroun-
ding fluid. The lower values of I" observed between
0.5 < t* < 3.5 result from the fact that at that time the
oval encloses also counter-rotating vorticity, see below.)
Our findings of a circulation remaining constant over a

Figure 3. Simulated vortex spacing normalized by initial spa-
cing; legend see figure 4.
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Figure 4. Simulated circulation normalized by initial circula-
tion.
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long period and dropping suddenly afterwards are in
good agreement with measurements [8] but are in
contrast to other work [7] which assumes a monotonous
decrease of I". We notify that the approach of the vor-
tices which de facto keep their initial circulation may
explain the late acceleration of the vortex pair by the
increased mutual velocity induction. It, however, leaves
the early deceleration unexplained which may have led
to some controversy in earlier works.

For N* = 1.4 the vortices descend only about one
vortex spacing, then rise again to remain, finally, on the
flight level with unaltered circulation. The increasing
vortex spacing, which reaches two times the initial spa-
cing at t* = 6, presumably, will impede rapid mutual
destruction mechanisms such as the Crow instability.
Here, the hazardous situation of two almost solitary and,
thus, persistent vortices in the flight path may occur. 3D
simulations will be needed to show whether this is like-
ly to happen in reality. Since N* =1 constitutes the
weakest stratification bearing slightly rising vortices it
may be considered as a conservative threshold for this
hazardous scenario.

4. Detailed analysis of phenomena

Basically, the oval around the vortex pair, which
contains the primary vorticity and is termed the primary
wake, descends and warms adiabatically in a stably stra-
tified environment owing to compression. The evolving
force does not simply decelerate the sinking motion of
the oval as is often assumed when considering the oval
as an ideal particle. But it creates secondary vorticity
which has the opposite sign to the primary vorticity [26]
in terms of the baroclinic torque according to

1
— ~— VpxVp. 4
Dr 2 P P “4)
This torque is effective when the gradients of density,
p, and pressure, p, have perpendicular components as it
is displayed schematically in a plot of isolines of the inte-
grated streamfunction in figure 5.

The temperature contour plots in figure 6 elucidate
that the largest horizontal density gradients are not
always found directly at the separating streamline as
anticipated in previous work [11, 26]. In early stages
(r* = 0.7) when stratification effects still play a minor
role, the vertical displacement of individual fluid par-
ticles is dominated by vortical advection resulting in the
largest horizontal density gradients and, thus, in stron-
gest baroclinical vorticity (BV) production ‘inside’ the
oval. (This explains the transient decay of I" as discus-
sed above, see figure 4). Later (r* = 3.1), the mean des-
cent altitude causes the dominant density deviation from
the ambient air.

Figure 7 displays contours of axial vorticity, wy, for
N*=1. At t* = 3.1 the vorticity of the primary vor-

F. Holzéipfel, T. Gerz

Figure 5. Sketch of vorticity production by the baroclinic
torque. Integrated streamfunction contours are shown for
N* =1 and ¢* = 3.1. bv marks the actual and u the analyti-
cally achieved separating streamline.

+
1\

z/b,

o

Figure 6. Temperature deviation for N* = 1. Contour incre-
ments: 0.5 K, dashed lines mark negative values. Separating
streamline is marked with s.
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Figure 7. Axial vorticity w, at different times; N* = 1.
Contour increments: 0.25/s, dashed lines mark negative values.
Separating streamline is marked with s.

tices still is isolated in the cores but almost entirely sur-
rounded by BV. At the upper stagnation point the BV is
completely left behind the oval and .constitutes the
secondary wake which extends from the primary wake to
a height above the flight level. The temperature plot at
t* = 3.1 (figure 6) shows that the moving oval ‘pushes’
(below the lower stagnation point) and ‘pulls’ (above the
upper stagnation point) ambient air downwards.
Therefore, the steepest temperature gradients and, conse-
quently, the maximum vorticity production occur just
outside the separating streamline. This implies that the
opposite vorticity is advected around the oval and is
completely left behind the wake vortices. Hence, at this
stage (£* = 3.1) the question whether opposite vorticity
can also be entrained into the oval is denied which is of
great interest for the formation of instabilities and the
decay of the vortices [26, 27].

The half rings of secondary vorticity surrounding the
primary wake lead to a disturbance of the velocity field.
Figure 8 shows swirl velocity distributions vg () at three
different times (these were derived by transforming the
respective velocity fields into the tangential components
of two axisymmetric vortices). The vortex at t* = 0.7 is
only little influenced by stratification which results in an
induced descent velocity close to one at r = by 7. At
t* = 2.3, the swirl velocity decreases steeply in the vici-
nity of the separating streamline and vg(by3) almost
vanishes. Hence, the primary wake stalls because the BV
induces an upward motion inside the oval which com-
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pensates the downward motion of the primary vortex
pair. However, such swirl velocity profiles are highly
unstable according to the stability criterion defined by
Rayleigh [17]. As a consequence, Taylor-Gortler instabi-
lities evolve which can clearly be observed in the vorti-
city distribution displayed in figure 7a. Presumably, in
the unstable region tiny roundoff errors in the initializa-
tion and discretization method are sufficient to raise the
asymmetries observed in figures 6 and 7. But they do not
generate a non-zero axial velocity component. At this
stage, the secondary vorticity, which is still produced by
the baroclinity, moves slowly upwards along the separa-
ting streamline. As we explain in the following section,
the oval begins to lose mass (detrainment) in the vicini-
ty of the upper stagnation point. To fulfil mass conserva-
tion constraints, the two main vortices have to strongly
approach each other which, in turn, increases the induced
descent speed (see figures 2 and 3) such that the vortices
can eventually escape from their ‘buoyancy trap’ by
quick downward motion (figure 7b). Note that the typi-
cal vortex profiles are established again during the fast
descent (figure 8, t* = 4.4). Hence, the main vortices
have recovered from the ‘buoyancy disease’ but only to
approach each other more and more which finally leads
to their destruction by direct interaction as indicated by
the sudden loss of their — so far conserved — circulation
(figure 4). We remark here that the late stages are of aca-
demic interest because in 3D instability mechanisms
would suppress the final acceleration.

6
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Figure 8. Swirl velocity profiles, vy (r), and respective vortex
spacings at three different times; N* = 1.

5. Kinematic description — deceleration and
detrainment

One simple and evident explanation for the decelera-
tion of the vortex pair is given by buoyancy. However,
the inconsistence of the approaching vortices with
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constant circulation and, nevertheless, decreasing de-
scent speed remains unresolved. A more comprehensive
view which also explains the detrainment phenomenon is
achieved by considering the mutual velocity induction of
primary and BV. Please note that this purely kinematic
arguments provide a full reasoning of all effects since in
the vorticity equations the influence of bouyancy exclu-
sively is expressed by the baroclinic term.

Assuming the density discontinuity along the separa-
ting streamline, the BV production can readily be calcu-
lated according to equation (4) [26]. In (4) only the
contributions of pressure gradients caused by the hydro-
static balance (dp/dz = —pg) have to be considered.
Contributions from centrifugal forces vanish, since cen-
trifugal pressure gradients and density gradients always
are perpendicular to streamlines and, thus, parallel. For
the axial vorticity component we obtain

Dw
X --£ % 5)
t o dy

The lateral density gradient over a layer of thickness
6 can be expressed in terms of the Brunt-Viisild fre-
quency

2

W _ 2 sing = —p" L siny (@)
8

= — si
dy on

where 1 is the angle made by gravity and the normal »
to the separating streamline. The equation resulting from

equations (5) and (6) can be non-dimensionalized using
the time scale (3) and

o = N2 ’ % %)
which yields

Dw* .

D = =sing . 8)

Note that equation (8) gives the BV production inde-
pendent from the individual parameters. The produced
BV accumulates during the advection of fluid particles
along the separating streamline being weighted with the
respective residence times. Hence, the strength of the
vortex sheet increases from zero at the lower stagnation
point to a maximum at the upper stagnation point, whe-
reas the production rate is maximum at the height of the
vortex cores and zero at the stagnation points.

Figure 9a depicts the velocity field which is induced
by 164 point vortices situated along the separating
streamline. The point vortices represent the BV for
N*=1.0 during the stall in a descent height of
z/bp = —1.4. Different descent heights and stratifica-
tions do not change the shape but only modify the magni-
tudes of the self—similar velocity field.

The upwards directed flowfield inside the oval toge-
ther with the downwards velocities around the oval in-
duce a reduction of the descent speed. The topology of
the flowfield inside the oval is illustrated in a simple
sketch (figure 10). Horizontally opposite point vor-
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tices 1, 2 induce vertical velocities which increase from
below to above (see stronger vortices 3, 4). Vertically
separated vortices 2, 3 induce upwards directed veloci-
ties with an additional horizontal component which
manifests the approach of the vortex pair.

The superposition of the primary and the BV induced
velocity fields is shown in figure 9b. Now, the calcula-
tion of the separating streamfunction bv leads to a basi-
cally modified shape: A part of the surrounding fluid is
entrained below whereas a bigger part which used to
belong to the oval is detrained above. The net fluxes
reflect the detrainment mechanism. See also the shapes
of the separating streamfunctions in the simulations
(figure 5) which agree saliently well with the kinematic
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Figure 9. Velocity vectors from point vortex model. a) expli-
citly BV induced, b) superposition of BV induced and prima-
ry velocity field. # undisturbed and bv modified separating
streamfunctions.

Figure 10. Sketch to illustrate the velocity field induced by
BV. Sk denotes the position where the local shear-number is
derived.
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model, and, thus, ‘prove’ that the major effects are well
demonstrated by the model.

The accelerated descent after 1* = 3 is also included
in the kinematic approximation. For acceleration the vor-
tex cores have to approach each other close enough to
dominate the BV induced velocities.

Furthermore, the point vortex model may also be used
to analyse buoyancy oscillations of spherical vortices
which develop from any mass of buoyant fluid released
in its environment [25, 28]. Various examples may be
found in geophysical flows such as overshooting thun-
derstorms [23] or cloud turrets [3]. By dividing the oscil-
lation into quarter periods, four different regimes can be
identified which are delineated in table I. The sign of the
temperature difference across the separating streamline
determines the sign of the BV and, thus, together with
the sign of the primary vorticity which changes during
the transition from ascent to descent and vice versa, the
ratio of the primary and BV. This leads, in turn, to
entrainment of mass for positive vorticity ratios and to
detrainment for negative vorticity ratios according to the
above presented mechanisms. During one oscillation the
regimes alternate such that after one oscillation the vor-
tex ring has recovered to its initial mass.

Table 1. Classification of the de- and entrainment behavior of
an oscillating spherical vortex as function of the temperature of
the vortex, Ty, its environment, T,m,, and the signs of the pri-
mary, wyer, and baroclinic vorticity, wp,.

Descent Ascent

Tvor < Tamb Tvor < Tamb

a)vor/wbv >0 a)vor/a)bv <0

entrainment detrainment

Tvor > Tamb Tvor > Tamb

wvor/whv <0 a)vor/whv >0

detrainment entrainment

6. Deceleration or acceleration — the local
shearnumber

By relating the BV produced shear Sp to the shear of
one primary vortex Sy a local shear-number
Sh = Sp/Sy can be deduced which describes the ins-
tantaneous tendency of wake vortices to accelerate or to
decelerate. The local shear—-number is derived at the ver-
tical flanks of the oval (see Sk in figure 10). This posi-
tion is considered to be representative for the whole oval,
because here the accumulated BV amounts to 50 % of its
maximum value.

The BV produced at the flanks in a layer of thickness
8 can be calculated numerically from equation (8) and
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amounts to w} = 0.6775. Using (7) and (3) we obtain

2mb? 2
wy = 0.6775 N2 —ﬂf—g . )
] 0
Wy = @ corresponds directly to Sp = dw/dy
dy 0oz

at the vertical flanks, because dv/dz = 0 for symmetry
reasons. For the primary vorticity the shear of a Rankine
vortex, at a radius corresponding to the distance of the
vortex core to the vertical flank of 0.545b, is used,

which amounts to Sy = 3.37T"/ (rb?). This leads to the

local shear number
S
Sh = S—B —3.977 N2b*/(I25). (10)
1%

Assuming one unit thickness for 8, figure 11 charac-
terizes well the regimes of deceleration for Sh > 1
(BV dominates) and acceleration for Sk < 1 (primary
induced velocities dominate).
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Figure 11. Local shear number, above, describing the state of
acceleration or deceleration, below. Legend see figure 4.

7. Integral description - the impulse

After the analysis of the impact of local effects upon
the wake flow behavior, this section deals with an inte-
gral description of the generic phenomena in terms of
impulse. Such approaches are needed as part of wake
vortex prediction algorithms [1, 7, 13, 26, 27] which are
designed to predict the lifespan of particular wake vor-
tices as a function of aircraft parameters and meteorolo-
gical conditions. Approaches based on impulse are
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thought to be more general because they do not rely on
assumptions of specific tangential velocity profiles, as
do approaches based on the kinetic energy. Nevertheless,
the contribution of the rotational motion to the develop-
ment of the impulse is not clear and will, therefore, be
addressed in this section.

Figure 12 displays various formulations of the im-
pulse per unit length normalized by its initial value,
Ip = pboI'y, as function of the oscillation period. Three
different approaches, according to equations (11), (14),
and (15) are employed, where the curves with symbols
denote evaluations of our simulations following equa-
tions (11) and (15). Please note that in spite of the diffe-
ring characteristics at varying stratification levels (see
figures 1 to 3), the respective graphs clearly coincide
with both methods.

Full symbols represent the impulse determined for the
oval. It is calculated using

Toval = pAw + 0.55 pbT". 11

Here, A denotes the area of the oval; the vertical
coordinate z and hence I are defined positive down-
wards for convenience in this subsection. The first term
represents the translational momentum of the descending
oval and the second term the contribution of the rotation
to the oval’s impulse (in a manner similar to the concepts
of the reduced mass of a rolling wheel, which is used to
calculate its resistance to acceleration). The factor 0.55
may be derived as follows: By considering the differen-
tial equation for the undamped oscillation of a vortex
pair confined in an oval with the area A [7]

d*z PA 2
) + 32 N“z=0 (12)
——
0.45

o / R
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Figure 12. Normalized impulses versus the oscillation period.
Impulses integrated over the oval of the primary wake
(Ioval/ Ip, full symbols; fit according to equation (13), solid
line), over the area of the total wake (/,ot/ Iy, open symbols),
and according to equation (14) (dashed line).
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a factor 0.45 arises in the linear term compared to the
equivalent term in the equations for a non-rotating equal-
area fluid particle. 1/0.45 represents the ratio of the redu-
ced mass to the oval’s mass. Hence, the contribution of
the rotational motion is determined as 1 — 0.45 = 0.55.

Figure 12 shows further that the impulse of the oval
may be fitted (solid line) by
Toval 1 2
I -3c0sNt+3. (13)
Please note the independence of N. Even the change
of sign of the descent speed and, thus, the translational
momentum for N* = 1 in the interval 0.38 < Nt/(27w)
< 0.51 does not cause deviations. Obviously, the im-
pulse is stored in the rotational motion. Likewise, the
subsequent acceleration does not result in an increase of
Ioval because it is compensated by the decrease of A.

In Greene’s well-known wake vortex prediction
approach [7], the influence of stable stratification is
modeled in terms of impulse per unit length which is
reduced by the buoyancy force

dl
—=h= —pAN?z . (14)

The wake is assumed to decay within a quarter of the
oscillation period when the impulse of the oval reaches
zero (see figure 12, dashed line). The oscillation period,
however, is augmented for a factor of 1/4/0.45 ~ 1.5 by
taking into account the contribution of the rotation to the
impulse in terms of reduced mass (see above).
Nevertheless, our calculations show that Iy, has mere-
ly reduced to 0.44 Iy at one quarter of the modified oscil-
lation period. We argue that the assumption of a constant
vortex spacing is responsable for the deviation.

In contrast to that, the development of the impulse for
the whole system, I, including both primary and
secondary wake, excellently confirms the Brunt-Viisila
theory, see open symbols in figure 12. This impulse is
integrated according to [14]

Itot:—//pwxydydz. (15)

To achieve this result the secondary wake must be
considered, i.e. the boundaries for integration must be
well defined.

A more refined interpretation of the underlying
mechanisms can be given by considering the bouyancy
force, Fp (equation 14), which acts on the oval.
Figure 13 depicts the temporal evolution of the integra-
ted Fp (open symbols) and the corresponding develop-
ment of the idealized buoyant particle (solid line). The
interesting fact that both coincide at least 0.25 periods
means that the product of the decreasing size of the oval,
A, and the increasing vertical displacement, z, of the
primary wake equals the corresponding product for a
constant A and the sinusoidal oscillation of z of an idea-

Aerospace Science and Technology



Two-dimensional wake vortex physics in the stably stratified atmosphere

Zur Physik der Wirbelschleppe in der stabil geschichteten Atmosphdire 269

3 The evaluations of the impulse of the wake oval itself

P and the total wake, including primary and secondary pro-

25 ¢ o o duced vorticity, demonstrate that the oscillation assumed

o Z in theory is executed by the whole system and not by the

:o 2r - 15 oval alone. The vortex oval performs complex displace-

© 151 y :A“ 1o ment patterns which, at a first glance, seem to contradict
. (P S N P the laws of conservation.

— 14 ael 0T '7; The similarity of the phenomena reported here (with a

=2 constant temperature gradient in the entire domain) and

0.5 1 by Pavlenko [15] suggest that the interpretations also can

’ ‘ hold for the immersion of wake vortices into stable

0 0 0.25 0.5 0.75 layers. We argue that a gradually increasing temperature

’ ) ' difference (as here) or a sudden jump in the temperature

N- t/(2m) difference (as observed during the penetration of the vor-

Figure 13. Integrated normalized bouyancy force of the oval
(open symbols) and an idealized particle (solid line), left ordi-
nate. Normalized difference between impulse and integrated
bouyancy force (full symbols), right ordinate.

lized particle. Therefore, a relation between the descent
height and the size of the oval - and, thus, implicitly of
the vortex spacing - can be deduced from

2(O)A@) = 2owo

sin Nt . (16)

According to equation (14), the difference between
the impulse and the time integral of F;, must be Iy. The
graphs (full symbols) in figure 13 show a growing
contribution to the impulse of the oval. This increase
again is caused by the neglect of the secondary wake.
Figure 5 elucidates that during the stagnation of the oval
the surrounding fluid is blown upwards. Hence, the pri-
mary and secondary vortices may be considered as a
two-mass system in which the primary wake balances its
impulse by accelerating the secondary wake upwards.

8. Conclusions

We have performed 2D simulations of wake vortices
in stable stratification evaluating the temporal develop-
ment of characteristic quantities such as descent height
and speed, vortex spacing and circulation. Together with
instantaneous flow pictures in terms of streamlines, tem-
perature and vorticity fields, these data give a survey and
detailed insight in 2D wake vortex physics. Considering
additionally the kinematic model presented and the deri-
ved local shear-number the results clearly suggest that
the sequential deceleration and acceleration as well as
the detrainment phenomenon are dominantly caused by
mutual velocity induction of the primary vorticity caused
by the aircraft and the secondary vorticity produced by
baroclinity.
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tices into an inversion layer) only result in second-order
differences but will lead to the same fate in principal for
an aircraft wake.

Our findings complement recent findings of the 3D
trailing vortex behavior in stable stratification by eluci-
dating intrinsically 2D elements of the complex wake
vortex physics. Thus, they may help to bring together
contrary results and assumptions in the analysis and
modeling of vortices in stably stratified environments.
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The decay of three wake vortex pairs of a B-747 aircraft in an evolving and convectively driven atmospheric
boundary layer is investigated by means of large-eddy simulations (LES). Convective boundary layers are consid-
ered hazardous because the updraft velocities of a thermal may compensate the induced descent speed of the vortex
pair such that the vortices stall in the flight path. The LES results illustrate that 1) the primary rectilinear vortices
are rapidly deformed on the scale of alternating updraft and downdraft regions; 2) parts of the vortices stay on
flight level but are quickly eroded by the turbulence of the updraft; 3) the longest living sections of the vortices are
found in regions of relatively calm downward flow, which augments their descent. Strip theory calculations are used
to illustrate the temporal and spatial development of lift and rolling moments experienced by a following medium
weight class B-737 aircraft. Characteristics of the respective distributions are analyzed. Initially, the maximum
rolling moments slightly exceed the available roll control of the B-737. After 60 s the probability of rolling moments
exceeding 50% of the roll control has decreased to 0.009 % in a safety corridor around the glide path.

Nomenclature
b = aircraft span
by = initial vortex spacing
c = section chord
C = section lift coefficient
dpP = probability difference
g = gravitational acceleration
k = wave number
L = lift
L., Ly, L., = domain size in different directions
Ly = neutral lift
M = rolling moment
M, = available roll control
m = aircraft mass
P = probability
r = radial coordinate
e = initial core radius
S = one-dimensional power density spectrum
T, = free convection temperature scale
t = time
u = axial velocity
Uco = flight speed
y = lateral velocity
vy = tangential velocity
w = vertical velocity
Wo = initial vortex descent speed
Wy = free convection velocity scale
X = axial coordinate in flight direction
y = spanwise coordinate
z = vertical coordinate
Z; = inversion height
a = angle of attack
g = mean angle of attack
Ty = root circulation
A = wavelength
Ay = measure for coherent vorticity
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P = density
= fluctuating quantity
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Introduction

S a response to lift, aircraft create counter-rotating vortices

at the wing tips and at the edges of the flaps, the so-called
wake vortices. The wake vortices may exert a serious danger on
following aircraft. Therefore, separation standards were established
that already limit the capacity of many airports.

Naturally, wake vortices descend below the glide path by mutual
induction. However, measurements’?> and simulations>* indicate
that under certain atmospheric conditions wake vortices stop their
descent or even rise again. This hazardous situation is of great con-
cern for reduced spacing operations. As a result, the probability
of encountering stalled vortices during approach increases consid-
erably. Therefore, the question of vortex aging achieves primary
significance.

The question of what type of meteorological phenomena are can-
didates to cause this hazardous situation was also raised in the con-
text of the further development of the wake vortex warning system
of the Frankfurt airport.> The system was established to run the
closely spaced parallel runways separately at appropriate meteoro-
logical conditions. It predicts the propagation and lifespan of wake
vortices in a safety box of 80 m height above ground, based on
statistical analyses. This particular height of 80 m was chosen be-
cause measurements at Frankfurt airport showed that wake vortices
in ground effect do not rebound to this level. Pilot associations re-
cently argued that above the safety box the updrafts in a convectively
driven atmospheric boundary layer (CBL) may cause wake vortices
to stall or even to rise up to the glide slope. In a CBL, the buoyancy-
driven thermals form highly energetic updrafts due to the radiative
heating of the ground. The updrafts are surrounded by less turbulent
downdraft regions.

In this study, large-eddy simulations (LES) of the evolving CBL
have been performed that indicate that wake vortices actually may
rise in the CBL when the velocity of the updraft exceeds the induced
descent speed of the wake vortices. However, at the same time they
are strongly deformed by the large-scale velocity field of the CBL
and decay quickly due to the large turbulence intensity prevailing
in the updrafts of the CBL.*

To quantify these qualitative results, lift and rolling moments
are assessed by means of strip theory. It is assumed that a B-737

#The animated simulation can be found at http://www.pa.op.dlr.de/
wirbelschleppe/conv.html [cited 10 October 2000].
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aircraft crosses the CBL along various paths and thereby encounters
the wake of B-747 aircraft. Lift and rolling moment distributions are
first analyzed as averages along the flight path. Averaging takes into
account that the large-scale deformation of the wake vortices reduces
the impact time of the encountering aircraft. Then, probabilities of
local rolling moments are evaluated in terms of probability density
distributions and time series of rolling moments based on various
selected threshold levels.

To the authors’ knowledge, only one previous example of a nu-
merical simulation of wake vortices in a CBL-similar environment
exists.® There, the prime interest was to study the effect of atmo-
spheric turbulence on vortex decay. Here, an attempt is made to
understand how the peculiarities of the CBL structure (alternating
thermals and downdrafts) alter the wake-vortex behavior. Further-
more, the resulting complex flowfield data are used for encounter
assessments. Rossow and Tinling’ give a still up-to-date survey of
techniques to compute forces and moments exerted by wake vortices
on encountering aircrafts. A more recent overview on numerical
and experimental research to characterize wake vortex encounters
is given in Ref. 8.

Methods

LES Code and Its Initialization

LES is used to simulate the CBL and the evolution of three super-
imposed vortex pairs. The numerical method is described in detail
by Schmidt and Schumann.® The numerical scheme integrates the
full primitive equations of motion in their nonhydrostatic form, to-
gether with the thermodynamic equation, in three dimensions and
as a function of time.”!° The subgrid-scale fluxes are determined
by means of a first-order closure as described by Dornbrack.!!

To achieve an appropriate resolution of both the characteris-
tic scales of the CBL and the wake vortices, a domain size of
L,=L,=L,=512 m with a grid volume of Ax XAy XAz =
8 X2 X2 m? is chosen. Periodic boundary conditions are employed
in the horizontal directions. At the top and bottom of the domain,
free-slip and no-slip conditions are prescribed, respectively.

The dry and quiescent atmospheric boundary layer is intitialized
with a uniform temperature and superimposed random perturba-
tions. The CBL is driven by a constant vertical heat flux at the lower
surface until the growing thermals reach the top of the domain.
Although the convective cells are still growing at this stage, the tur-
bulent variances agree well with empirical scaling relations of the
stationary CBL.'” The ongoing evolution of the CBL is neglectable
because the convective timescale is about six times larger than the
lifespan of the wake vortices. The mean value of the turbulent kinetic
energy (TKE) amounts to 0.9 m?/s.

After three convective timescales, three wake vortex pairs are
superimposed on the turbulent flowfield at three selected locations
of the domain (Fig. 1). The right part of vortex pair 1 is placed on the
shoulder of an updraft (y = 199 m and z = 404 m) to study the effect
of lateral gradients of the vertical wind. The left part is situated in
a quite homogeneous low-turbulence downdraft area to investigate
maximum lifespans. The second vortex pair is superimposed on a
region that covers a strong updraft, a moderate downdraft, and a
rather calm area (y = 386 m and z = 222 m) to examine the effects
of axially varying conditions. The third vortex pair, placed on a low
altitude (y = 132 m and z = 64 m) allows investigation of ground
effects. The three vortex pairs are sufficiently separated from each
other such that mutual influences can be neglected.

The wake vortices are initialized as the superposition of two
Lamb-Oseen vortices

FO .
- —(1- —_ 1
v(r) = (1= exp—3 (n)

representing a B-747 aircraft with arootcirculation of T’y = 565 m?/s
and a vortex spacing of by = 47 m. An unrealistically large vortex
core radius of . = 8 m has to be chosen to resolve the forced vortex
region with four grid points. It is known that the wavelength and
growth rates of wave instabilities are a function of r./b, (Refs. 13
and 14) and that the decay rate of wake vortices with larger core radii
may be increased.’® Therefore, another CBL run was performed

Fig. 1 Isosurfaces of the positive vertical velocity value, w = 2 m/s,
of the evolving CBL with 10-s-old wake vortices; numbers denote the
vortex pairs.

with vortex pair 2, which had an initial core radius of 4 m, resolved
by two gridpoints. That run yielded almost identical decay rates
compared to the case with r. = 8 m. Another simulation of wake
vortices in the CBL with relatively tight vortex cores (r./ by = 0.125)
was published!® that corroborates our current results. Vortex core
radii also influence the results of encounter analyses for span ratios
of follower to generator b f/ b, <0.5 (see Ref. 7). Reducing the core
radius in our study to r. = 4 m would increase the initial rolling
moment experienced by the following B-737 by a factor of 1.4. In
piloted simulator investigations'” of wake vortex encounters, it was
found that core radius effects are negligible.

Encounter Analysis

The hazard reduction for aircraft that encounter the deformed
and decaying vortex pairs is assessed by strip theory. In strip theory,
the load on each wing section is calculated from the local section
angle of attack and integrated to estimate the forces and moments
exerted on an aircraft for a given velocity field.'® This straightfor-
ward method is chosen because it provides an economic approach
to perform the calculations at every one of the more than 4 X 10°
grid points. A recent comparison of various simple wake vortex in-
teraction models elucidates the good predictive capabilities of strip
theory.!® A well-known limitation of strip theory is an unreliable
load distribution in the vicinity of the vortex cores.'® For our pur-
pose, the accuracy of strip theory achieved for the overall loading
is sufficient to give an insight into the prominent phenomena and
to give a realistic estimation of the time span in which the wake
vortices alleviate to harmless strengths. Sufficient accuracy is par-
ticularly expected for the most interesting final decay of the vortices
because then no more intact vortex core structures are observed.?

The rolling moment constitutes the most hazardous effect on air-
craft that encounter wake vortices coaxially or at small angles.’
Therefore, this study focuses on the evaluation of rolling moments
M, which are normalized by 50% of the available roll control,
M, = 2.8 X 10° Nm. The threshold |M/0.5M,| = 1represents an ac-
ceptable value for wake vortex encounters’ although piloted studies
state that the maximum bank angle provides the most appropriate
measure for a wake vortex hazard.!” However, evaluations of the
bank angle would have to include aircraft as well as pilot reactions,
which is beyond the scope of this study. The current approach re-
sembles, rather, the common arrangement used to study encounter
effects in wind-tunnel experiments. There, the following aircraft is
mounted fixedly on a traversing mechanism and is equipped with
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a force balance or pressure taps on the wings to evaluate loads. To
give a more comprehensive view of the forces experienced by the
aircraft, the effects of down- and upwashes are also presented in
terms of loss and gain of lift (L — L)/ Lo normalized by neutral lift
(weight), Ly =m - g.

As encountering aircraft, the common medium-weight-class
B-737 aircraft is chosen; this enables comparisons with flight-
test experiments of the NASA Langley Research Center B-737
(Ref. 8). Typical flight conditions prevailing during the early ap-
proach are prescribed for the whole domain: The B-737 with a span
of b =28.4 m and a weight of 450,000 N flies in clean configu-
ration at a speed of u. = 150 m/s in an atmosphere with density
p = 1kg/m?.

In the evaluation, the B-737 penetrates the domain in x direction
atevery (y, z) grid point. Lift L and rolling moment M are integrated
according to

bl2
L= gui/ cely, a(yldy )

b2

bl2
M = gui/ cely, a(mlydy @)

b2

The section lift coefficients ¢; are taken from pressure tapping mea-
surements of the DLR-F6 wing-body-engine configuration, which
were carried out in the S2MA wind tunnel of ONERA.?! Eight
spanwise ¢;[a(y)] sections are interpolated to the 2-m-spaced grid
points. The local spanwise section angle of attack is

a(y) = w(y)/ue + o 4)
where oy = 0.2 deg.

Discussion of Results

Convective Boundary Layer

For the purpose of this study, which is to describe the main fea-
tures of the interaction of the CBL with aircraft wake vortices, the
flowfield of the simulated CBL should be as realistic and represen-
tative as possible. Therefore, our simulated CBL is compared with
data obtained in field and laboratory experiments as well as from
other LES.

Figure 1 depicts an isosurface of the positive vertical velocity,
w = 2 m/s, of the evolving CBL and the three 10-s-old wake vor-
tex pairs in a perspective view. Three convective cells or updraft
regions can be identified that are partially merged with the tubular
isosurfaces of the upwashes of the trailing vortices. In between the
updrafts, a moderate downward flow prevails.

Figure 2 shows normalized velocity and temperature fluctuation
patterns along an instrumented aircraft flight path segment and re-
spective simulation data. The data have been collected in evolving
CBLs during the European Field Experiment in a Desertification-
Threatened Area (EFEDA )*? at a height of about 50% of the inver-
sion height z;. The scaling parameters w « and 7 are taken from free
convection scaling.!? Another data segment would obviously show
different curves. Nevertheless, some typical features of a CBL can
be well illustrated with this juxtaposition: The updraft velocities ex-
ceed the downdraft velocities and distinct small-scale fluctuations
are superimposed to the up- and downdraft regions. In the up- and
downdraft segments, w’ and T’ are correlated such that the heat flux
w'T’" > 0. Because of the turbulence, smaller-scale segments exist
where w' and T’ are anticorrelated (w'7T’ < 0). The area fraction
with a positive heat flux is larger than that of negative heat fluxes.!?

For the interaction of the CBL and the wake vortices, the TKE
of the CBL and its spectral distribution is of particular impor-
tance. Figure 3 depicts a one-dimensional TKE spectrum from
the LES at z;/2 after three convective timescales and before the
wake vortices have been inserted. The range covered by TKE spec-
tra from field measurements is included with crosshatches!?23; the
spectrum range found in wind tunnel, water tank, and other LES
studies?* is denoted with dots. [ The TKE spectra from the literature
are calculated according to k - Stgg(k)/w?2 = 0.5(k - S, (k) /w2 + k-

wiw., 0.5T/T.

U/Ws, VIW.

w/ws, 0.5T/T.

1.0

Fig. 2 Normalized velocity and temperature fluctuation patterns
along an arbitrary flight path at z;/2; measurement (top) and LES (bot-
tom).

2
-

0.1

k- Sie(k) / w

LES ——
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0.001 ; Lab. data & other LES
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Fig. 3 One-dimensional TKE spectra from the LES at z;/2; range cov-
ered by spectra found in field experiments!>23 indicated with cross
hatches; spectra from wind tunnel, water tank, and other LES studies?*
denoted by dots.

Sy (k)/ w2 + k- S, (k)/w?2. Values for the normalized dissipation
rate that are needed to transfer the spectra of field measurements?
into the current form are taken from Ref. 12, page 164.]

Current computer capabilities do not allow us to simulate suffi-
ciently high effective Reynolds numbers to achieve the wide spectra
as observed in field measurements. However, at its most energetic
part, the simulated spectrum lies in the range of the field-measured
data. Only the largest and smallest scales carry less energy than
observed. This reflects that the current CBL is still evolving (en-
ergy maximum at smaller scales) and that the LES suffers from too
strong effective (turbulent) viscosity at the smallest scales. How-
ever, in the wavelength range of 10-100 m of the CBL, which is
certainly most sensitive for the interaction with the wake vortices
and their turbulent decay,? the LES comprises quite well the energy
levels of real atmospheric CBLs. The underestimation of energy at
smallest scales (below 10 m) extenuates the direct impact of CBL
turbulence on the vortex cores; the underestimation of energy at
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the scales above 100 m reduces the excitation of Crow-unstable
modes.!? Hence, both effects provide conservative bounds for all
results discussed thereafter.

Wake Vortex Behavior

To illustrate the wake vortices graphically, the second eigenvalue
A, of the symmetric tensor S? + & is calculated, which is a mea-
sure of the coherent vortex structures.?> S and € are the symmetric
and antisymmetric components of the velocity gradient tensor Vu.
Figure 4 shows surfaces of A, = —0.5/s? at t = 10 and 40 s. The
(arbitrary) temperature isosurface elucidates the fine-scale structure
of the surface plumes. Already, at the early stage of # = 10 s, the
wake vortices are deformed according to their position relative to
the up- and downdrafts. At 40 s, the vortices are partially destroyed
due to turbulent erosion, especially in the updraft regions. Notica-
ble height differences can be observed for the vortices of pair 1,
which was placed on the shoulder of the thermals. The resulting sit-
uation of almost solitary vortices may be more dangerous because
a solitary vortex decays relative slowly?® because the mutually in-
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Fig. 4 Side view of A, = —0.5/s2 (for definition see text) of the three
vortex pairs and an arbitrary temperature isosurface at a) f = 10 s and
b)t=40s.
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Fig. 5 Evolution of vortex positions seen in flight direction; rectangles
surrounding the initial height of vortex pairs denote safety corridors.

duced destruction mechanisms (shortwave and longwave instability,
stretching of external turbulent eddies) are less effective.*!* The vor-
tex pair in ground effect is moving laterally (compare Fig. 5) and
thereby displaces the small-scale surface layer plumes. At f =
70 s, all coherent vortices are essentially destlroyed.§

Figure 5 depicts the evolution of the vortex positions as seen in
flight direction for the time span in which they can be uniquely de-
termined by searching local A4, minima. The initial vortex heights
are denoted by horizontal lines. Because of the different vertical ve-
locities in updrafts and downdrafts, the vortices out of ground effect
are mainly stretched in the vertical direction. Maximum height dif-
ferences of 150 m are estimated. The descent speed varies between
—0.4 and 1.8 times the initial descent speed wy = —1.9 m/s. Some
vortex segments of the pairs 1 and 2 actually remain on or even rise
up to 20 m above the flight level. In regions with moderate spanwise
gradients of w, vortex tilting leads to an increased lateral scatter
of vortex positions (pair 2). The vortex pair 3 in ground effect is
considerably stretched along typical trajectories of separation and
rebound. Some parts even return to their initial position after 50 s.

Encounter Analysis

In this section, lift deviations and rolling moments that are ex-
erted by the vortices and the CBL on a B-737 aircraft are discussed.
These are averaged along each flight path to condense the three-
dimensional data to two-dimensional plots. The averaging is per-
formed primarily because it takes into account that the large-scale
deformation of the vortices reduces the impact time of forces and
moments. On the other hand, averaging includes the drawback that
contributions of opposite sign may compensate for each other, which
will result in an underestimation of the disturbances. Therefore,
probabilities of local rolling moments will also be analyzed subse-
quently.

Figures 6a and 6b display the averaged and normalized lift devi-
ations (L — L¢)/ Lo att = 0 and 40 s, respectively. These lift devia-
tions can be interpreted as vertical accelerations of the following B-
737 aircraft normalized by the gravitational acceleration. At ¢ = 0,
the concentric areas with negative accelerations are significantly
larger and of about twice the intensity (almost —1 g) of the adjacent
areas with positive accelerations. Later, at r = 40 s, the areas with lift
deviations out of ground effect are mainly stretched in the vertical
direction in a similar way to the vortex positions (see Fig. 5). The
maximum negative accelerationatf =40sof L/Ly — 1= —0.52is
caused by the vortex pair 1 close to z = 300 m. This is due to several
effects: A large part of these vortices is situated in a homogeneous
downdraft of the CBL, where lower turbulence intensities leave the

8 A comprehensive view on the wake evolution can be gained from the
animated simulation results, which may be found at http://www.pa.op.dlr.de/
wirbelschleppe/conv.html [cited 20 October 2000].
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Fig. 6 Mean lift deviations, L — L, normalized by neutral lift, L) =

m -g, experienced by B-737 aircraft crossing the domain in x direction
at every (y,z) position ata)f =0sand b) =40 s.

vortices quite intact. Furthermore, the descent speed in this area of
the CBL augments the downwash experienced by the B-737. Finally,
the vortices have approached each other, which also intensifies the
downwash. At ¢t = 60 s only vortex pair 1 still causes accelerations
of up to —0.36, and att = 80 s, amaximum value of —0.26 is found.
However, these accelerations occur at vertical positions of 180 and
250 m below the glide path, respectively.

The rolling moments at ¢ = 0 (Fig. 7a) reach almost the full roll
control capability of the B-737, thatis, |M/0.5M,| = 2, in the vortex
centers. The rolling moment signature of one vortex pair consists of
two strong primary and four relatively weak counter-rotating sec-
ondary areas. Along a horizontal line through the vortex centers, the
rolling moments change their sign five times. These multiple sign
changes are also found in wind-tunnel experiments.>” The magni-
tude and sign of the resulting rolling moment that acts on the en-
countering aircraft depend on its wing span and its position relative
to the vortex pair: The outer secondary areas emerge when only one
wing is placed into the updraft of a vortex. The central alternating
moments act on the wings when the aircraft has a span smaller than
the vortex spacing and is flying in line with the preceding aircraft. It
is then solely exposed to the downwash region of the predecessor’s
wake.
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Fig. 7 Mean rolling moment distribution normalized by 50 % of avail-
able roll control M, ata)¢=0s and b) ¢ = 40 s; [M<0.5M_| =1 is used
as a threshold level for acceptable encounters.

Because of the large-scale deformation of the vortices, the sec-
ondary maxima of the moments have already disappeared ats = 20s.
As for the lift distribution, the areas of increased rolling moments are
stretched vertically, and the lower part of pair 1 maintains the high-
est moments, which are reduced to a maximum of 0.53 at# =40 s
(Fig. 7b). At 1 = 60 s, only the part of pair 1 that is situated in the
downdraft area of the CBL can still be identified in a small zone with
[M/0.5M_| < 0.34. This elucidates that wake vortices in the rather
calm downdraft areas are intact for longer time spans. However, far
below the glide path, they are a little hazardous.

The probability density distributions (PDD) of nonaveraged
rolling moments (M/0.5M,) are delineated in Fig. 8a for the CBL
with and without wake vortices. In this presentation, the shapes
of the PDDs are almost identical. The narrow-banded curves sug-
gest two interpretations: First, the probability of experiencing high
rolling moments is small because of the small volumes occupied by
wake vortices. Second, the thermals in the CBL itself exert enhanced
rolling moments. We found local maxima of about M = + 0.3M,
in our simulation, that define the background level to which the
wake-induced rolling moments will decay asymptotically. Indeed,
the forces and moments exerted by individual thermals can be
enormous. For example, vertical gust velocities of up to 11.4 m/s
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Fig. 9a Frequency of occurrence of normalized rolling moments
greater than 1, respectively, 0.5; results of simulations with initial core
radii of r. =8 and 4 m.
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Fig. 8b Difference of the probability density distributions of normal-
ized rolling moments with and without wake vortices; arrow indicates
the temporal sequence of the curves.

associated with a vertical acceleration of 1.42 g were reported by a
research aircraft flying at low altitudes over the boreal forest.?

To elaborate the rolling moment effects of the wake vortices com-
pared to the CBL, the differences of the respective PDDs are shown
in Fig. 8b. The central negative probability differences with values
of from —104 to —74% (not shown in Fig. 8b) indicate that the
superposition of wake vortices reduces the probability of very small
rolling moments. The most probable moments caused by the wake
vortices in the simulated CBL amount to 0.15M_/2. Maximum val-
ues of |M/0.5M.| with probabilities of the order of 107>% decrease
from 2.25 at = 0 s to 0.8 at r = 100 s. In the further simulation,
with core radii of 4 m instead of 8 m, |[M/0.5M.| <2.97 and 0.98
at the respective times are obtained.

Figure 9a depicts the probability of finding rolling moments ex-
ceeding threshold levels of |M/0.5M,| =1 and 0.5 in the entire
computational domain for initial wake-vortex radii of 8 and 4 m.
The threshold level of 0.5 is appropriate to separate wake-vortex
induced and CBL induced rolling moments. P(|M/0.5M_[) > 0.5
decreases slightly until 7 = 40 s from 1.6 to 1.2% (as long as the
vortex structures are intact) and reaches the probability of 0.06%
att = 100 s. Hazardous normalized rolling moments above one are
likely to occur with an initial probability of 0.6%. Then the prob-
abilities decrease almost linearly for about 30 s. After 60 s, the
probability of hazardous rolling moments has decreased to almost
1% of the initial probability. Note that the probabilities decrease
more than two orders of magnitude from 40 to 70 s. This implies
that the treatment of encounter by more sophisticated methods is ex-
pected to give minor differences in results compared to the simple
strip theory. Moreover, even different choices of acceptable thresh-
old levels or encounter probabilities lead to minor time shifts only.
Figure 9a further elucidates that the simulation of vortex pair 2 with
an initial core radius of 4 m yields almost identical results. (To en-
able the comparison of simulations with one and three vortex pairs

100 T ,
g -
- 10 ) ~m
(=}
o 1
A .
s 01 -——
w
S
= 107 P>1 —e—
T P>0.5 —-m--

10°® : : :
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Fig. 9b Frequency of occurrence of normalized rolling moments
greater than 1, respectively, 0.5 in the three saftey corridors, r. = 8§ m.

the probability of rolling moments in the single vortex-pair data had
to be multiplied by three.)

Flight-corridor specific probabilities of critical encounters are
achieved by evaluating the flight track of the follower aircraft in
a safety window around the glide path. The size of the window is
determined by the accuracy with which aircraft can follow the nom-
inal glide path of the instrument landing system (ILS). At Frankfurt
airport a study yielded approximate lateral and vertical standard de-
viations of 30 and 20 m, respectively, at a distance of 10 mile from
the threshold for over 36,000 aircraft approaches, (private commu-
nication with M. Maiss, DFS Deutsche Flugsicherung, Offenbach,
Germany, May 2000). The accuracy increases with decreasing dis-
tance to the runway. Given a safety corridor that extends over two
standard deviations in all four directions from the nominal glide
path (a window width of 120 X80 m?, see Fig. 5), Fig. 9b shows
that the initial probability of encountering a critical rolling moment
(IM/0.5M.| = 1) amounts to 5.4%. At t = 60 s, which corresponds
to minimum radar separation of 2.5 n mile when assuming a flight
velocity of 75 m/s, the probability has decreased to 0.009%.

At t = 60 s probabilities of rolling moments almost coincide in
the safety corridor and in the whole simulation domain. This reveals
and confirms our earlier finding that at about 1 min after the virtual
passage of the wake-vortex producing B-747, the simulated rolling
moments experienced by the wake encountering B-737 are mainly
due to the natural turbulence of the CBL to which the wake-induced
rolling moments have decayed in the meantime.

Conclusions

The accelerated decay of aircraft wake vortices in a convectively
driven and evolving atmospheric boundary layer was investigated
by means of LES. The main challenge was the appropriate repre-
sentation of the CBL on one side and the wake vortices on the other
because the respective characteristic length scales differ by a factor
of about 1000. A compromise between the two scale regimes was
found by choosing a relatively small domain size that allowed us
to study an evolving CBL where typical turbulence and velocity
distributions prevail at inversion heights below 500 m. On the other
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hand, the wake vortices were modeled with relatively large initial
core radii to account for their proper resolution. With an additional
simulation it could be shown that vortex cores with 50% smaller
radii do not change the rolling moments of an encountering aircraft
and the respective probabilities significantly.

The LES elucidate that the wake vortices are rapidly deformed at
scales of the alternating updraft and downdraft regions. It is shown
that segments of the wake vortices can stall at flight level but that
they are quickly eroded by the turbulent updrafts at the same time.
The longest living sections of the vortices are found in regions of
relatively calm downdraft flow that augments their descent.

The current investigation treats exactly the situation where the
strength of the updrafts just compensates the self-induced descent
speed of the wake vortices. This allows extension of the conclusions
to CBL cases with stronger and weaker thermals: In the weaker CBL
case, the common situation prevails where wake vortices descend
below the glide path. In a stronger CBL, pieces of the wake may
even rise considerably above flight level, but the turbulence level
is also increased in the updrafts, which further augments the decay
rate of those vortex pieces.

Encounter analyses by means of strip theory elucidate that the
deformation and decay of the vortex pairs counteract and domi-
nate the potentially hazardous effects of rising wake vortices. In the
LES results, the probability of encountering a potentially hazardous
rolling moment (|IM/0.5M.| = 1)ina saftey corridor has decreased
to 0.9% at t = 30 s and is reduced to 0.009% after 60 s. At this
time, the wake-induced rolling moments have almost decayed to
the background level that originates from turbulence in the CBL.

Main differences from the presented results are expected when
a following aircraft flies in high-lift configuration at half the speed
used in the current study. This would probably double the normal-
ized rolling moments. Furthermore, the large core radii imply an
underestimation of the rolling moments by a factor of 1.4 initially.
Although both effects are strong in early times after fly-by, they,
nevertheless, will modify the potentially hazardous timespan be-
hind the B-747 wake-generator aircraft only slightly because the
vortex decay is so rapid in a CBL.
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Abstract

Zusammenfassung

The decay of trailing vortex pairs in thermally stably stratified environments is investigated by means of
large eddy simulations. Results of in-situ measurements in the wakes of different aircraft are used to find
appropriate intitializations for the simulation of wake turbulence in the quiescent atmosphere. Furthermore,
cases with weak atmospheric turbulence are investigated. It is shown that the early development of the vortices
is not affected by turbulence and develops almost identically as in 2D simulations of wake vortices in stably
stratified environments. In a quiescent atmosphere the subsequent vortex decay is controlled by the interaction
of short-wave disturbances, owing to the aircraft induced turbulence, and baroclinic vorticity, owing to
stable stratification. As a consequence, vertical vorticity streaks between the vortices are induced which are
substantially intensified by vortex stretching and finally lead to rapid turbulent wake-vortex decay. When in
addition atmospheric turbulence is also present, the long-wave instability is dominantly promoted. For very
strong stratificationKr < 1) it is observed that wake vortices may rebound but lose most of their strength
before reaching the flight level. Finally, the simulation results are compared to the predictive capabilities of
Greene’s approximate model.2001 Editions scientifiques et médicales Elsevier SAS

wakevortices/ stablestratification / turbulence/ short-waveinstability / coherent structures/ numerical
simulation

Turbulent zerfallende Nachlaufwirbel in stabil geschichteter Umgebung. Der turbulente Zerfall von
Flugzeug-Wirbelschleppen in thermisch stabil geschichteter Umgebung wird mittels der Grobstruktursimu-
lation untersucht. Die Parametrisierung der Turbulenz in den Nachlaufwirbeln wird von in situ Messun-
gen abgeleitet, die im Nachlauf verschiedener Flugzeuge durchgefuhrt wurden. Weiterhin werden Félle mit
schwacher atmosphérischer Turbulenz untersucht. Zunachst bleiben die Wirbel von der Turbulenz unbeein-
fluBt; sie verhalten sich nahezu wie in 2D Simulationen von Wirbelschleppen in stabil geschichteter Umge-
bung. Der anschlielende Zerfallsprozess wird in nicht turbulenter Umgebung durch die Wechselwirkung
kurzwelliger Stérungen und baroklin erzeugter Wirbelstarke gepréagt. Zwischen den Nachlaufwirbeln wer-
den vertikale Wirbelréhren induziert, die zunachst durch Wirbelfadenstreckung maRgeblich verstarkt werden
und schliel3lich einen rapiden turbulenten Zerfall der Wirbelschleppe initiieren. In einer Umgebung mit atmo-
sphérischer Turbulenz dominiert die langwellige Instabilitat. In sehr stabiler Schicturgl) konnen die
Wirbel zwar bis auf Flugniveau wiederaufsteigen, jedoch verklingt ihre Intensitat gleichzeitig nahezu voll-
sténdig. Abschlieend wird das Vorhersagepotential von Greene’s parametrischem Wirbelschleppenmodell
mit den Ergebnissen der Simulationen verglichier2001 Editions scientifiques et médicales Elsevier SAS

Wirbelschleppe/ stabile Schichtung / Turbulenz / kur zwellige I nstabilitat / kohérente Strukturen / nu-
merische Simulation
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ambient turbulence on three different turbulence levels
and state that depending on the degree of stratification
The Continuous increase Of air trafﬁc Wthh increas_ and turbulence |0ng and/or Small-Scale instabilities domi'

ingly congests airports due to their relative stagnation of nate the decay. Robins and Delisi [21] and Delisi and
capacities [32], on the one hand, and intentions to build Robins [4]introduced turbulence by initializing their vor-
super-large civil aircraft, on the other hand, have rein- [€X pair as a superposition of many counter-rotating vor-
duced extensive wake vortex research in the last years. fices with axes perturbed sinousoidally at different wave-
In spite of comprehensive previous research efforts, ba- |€ngths and phases. They infer that the Crow instability
sic understanding of the influence of meteorological con- 1S promoted by stable stratification and decelerates the
ditions on wake vortex physics still is quite controver- descent compared to 2D simulations [21]. When pertur-
sial [29]. This may be due to the fact that wake vor- batlor)s are |n|t|aI|_z§d on sufficiently small Iength scales
tices need large domains and high resolution in both they find that stratification causes a more rapid growth of
simulation and experiment to be investigated properly. Short-wave instabilities at the expense of long-wave in-
In both approaches, the Reynolds numbers which can Stabilities [4]. _ . S .

be achieved are far from reality. On the other hand, in _In our large eddy simulations we distinguish explicitly
field experiments the meteorological conditions cannot different sources of turbulence. Turbulence may stem
be controlled or reproduced and are — as well as the wake from the aircraft or, additionally, from weak, anisotropic

vortices — difficult to measure in the required temporal and decaying atmospheric turbulence. We first compare
and spatial resolution. 2D and 3D results in terms of the temporal development

The impact of stable stratification on wake vortices of characteristic quantities such as descent height, vortex

has been discussed controversly for some years. WhereasSPacing and circulation. It is shown that the early devel-

some analyses show that wake vortices may accelerate ©Pment of the trailing vortices is not affected by the dif-
their descent due to baroclinic effects [3,26] or may os- ferent turbulence scenarios. The following decay mecha-

cillate in a similar way as a displaced buoyant parcel of NiSmS, however, depend strongly on both the prescribed
fluid [22] several investigations based on high-resolution Stratification and turbulence. The different mechanisms
2D simulations [5,13,19,24,28] demonstrate that an early '€ discussed. Finally, results (_)f Greene’s approximate
deceleration phase is followed by a subsequent acceler- Model [9] are compared to the simulated cases.

ation. Similar results were achieved much earlier with a
simple point vortex method [11]. Agreement with exper-
iments [4,23,31] which indicate that the vortices decel-
erate and stop their descent after roughiy df the os-
cillation period was obtained in early 2D simulations by Our code LESTUF is based on a Boussinesq large-
fortune because the subsequent acceleration period waseddy simulation code which uses the classical Smagorin-
supressed by an overestimated diffusion [10,20]. Consen- sky closure and was originally developed to simulate tur-
sus seems to emerge from recent 3D simulations [4,6,21, bulence under influence of constant background shear
25,30] which corroborate our current results: during the and stratification [16]. The code solves the discretized
early descent the wake vortices simultaneously deceler- equations on a staggered grid with finite differences
ate and approach each other. A subsequent accelerationof second order accuracy in space and time. The dis-

1. Introduction

2. Numerical approach and parameters

is not seen or is widely damped.

The recent 3D studies focus upon different aspects
of the evolution of the trailing vortices: Schowalter et
al. [25] performed a spatial large eddy simulation (LES)
and concentrated on the initialization and development
of the wake vortices as a function of time and space. In
contrast to the 2D studies they did not find an acceler-
ation phase, which they attribute to a modified distribu-
tion of the baroclinically produced vorticity [26]. Garten
et al. [6] investigated the single-wavelength excited evo-
lution of the Crow instability in ambient stratification,
putting much effort on the vortex reconnection. In both
works no turbulent fluctuations are initialized, and a sym-
metry boundary condition midway between the vortices
is prescribed which inhibits vortex decay by turbulent
vorticity transport across the boundary and the forma-
tion of asymmetric disturbances as the short-wave instab-
ility. Switzer and Proctor [30] initialized almost isotropic

cretization scheme is weakly diffusive and not dissipa-
tive. Meanwhile, LESTUF has proved its reliability in
several wake vortex studies [7,8,13] in turbulent and stra-
tified surroundings.

For most simulations we chose a domain size of
Ly x L, x L, =408 x 256 x 540 n? with a uniform
grid of Ay = Az =1 m in spanwisey, and vertical
direction, z. In flight direction, —x, a resolution of
Ax = 6.375 m was used. Periodic boundary conditions
are employed in all three directions. The influence of
neighbouring wakes results in the production of some
artificial vorticity along the boundaries which is due to
a small kink in the initial velocity distribution across
the boundaries. The resulting disturbances are negligible
since the boundaries are sufficiently far apart from the
primary vortices. An effective Reynolds number, based
on circulation and turbulent viscosity at core radius, of
7400 was achieved [8].
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Figure 1. Power density spectra established from in-situ measurements behind different cruising aircraft and in free atmosphere. Open
symbols denote near-field and closed symbols far-field data: (a) B737A308,43-57 m, jet; (b) B737-30QAx = 40-60 m, wake;

(c) A340, short distance, jet; (d) A340, short distance, wake; (e) A310-3@0= 100-150 m; (f) A310-300Ax = 450-600 m;

(g) A310-300,Ax = 800 m; (h) VFW614,Ax = 100 m, center; (i) VFW614Ax = 80 m, below; (j) VFW614,Ax = 1.6 km;

(k) B727, Ax = 15 km; (1) free atmosphere, VFW614 caser 8.2 km; (m) convective boundary layer= 1km= 0.55z;.

Two different approaches concerning the initialized Tablel. Root mean square velocities determined by integration
turbulence were pursued. In ca@® the wake vortices over spectra ifigure 1. Frequencies below 1 Hz are excluded in
develop in quiescent atmosphere; turbulence then only integration to avoid adulterations caused by aircraft movements
stems from the turbulent aircraft boundary layer, the mix- in the wake (cases (a)(k)).
ing of the separated flows at the trailing edges, and the u’ [m/s] v’ [m/s] w’ [m/s]
turbulent exhaust jets. Cafl® is a conservative approach

. : . - apoa (a) 54 11 1.0
which explores maximum life spans. From in-situ five-
hole-probe velocity measurements performed with the (b) 36 0.76 a7
DLR research aircraft FALCON chasing B737, A340, (c) 55 0.94 10
A310, B727, and VFW614 (ATTAS) aircraft in differ-

. : . (d) 15 0.35 051

ent distances, power density spectra were established (see
figure 1) which reveal that the intensity of the aircraft in- (e) 24 0.88 13
duced turbulence may vary with several orders in magni- ) 0.76 035 053
tude. MaX|ml_Jm rms va_alues of gbout45m/s (seaablel) © 052 035 033
were found in the axial velocity component when the
FALCON immerged into the exhaust jet region at small (h) 16 0.79 091
distances. Minimum rms values of0B6 m/s were mea- [0) 0.057 0036 0047
sured (curve (i)) at the lower edge of the downwash, in 0 0.35 012 028
an airmass which was probably displaced by the down- ‘ ]
wash and did not directly experience aircraft-induced tur- (k) 0.19 014 013
bulence. Two spectra obtained from measurements in the 0} 0.05 006 004
undisturbed atmosphere are also included for compari (m) i 81 o4

son. The spectra of undisturbed air at high altitude show
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significantly lower values than the data from the convec-
tive boundary layer [14]. It is noteworthy that the latter
spectra are situated well within the aircraft-induced spec-
tra. The distinct variations of the aircraft induced tur-
bulence were taken into account in the simulations by
adding initially a three-dimensional random pertubation
field to the swirling flow such that the perturbations reach
maximum rms values of.02 m/s, 02 m/s or 2 nys at the
core radiusr., and decay exponentially for smaller and
larger radii. The best guess of 2Zawas used as standard
case(b).

In case(a), in addition to the aircraft-boundary layer
turbulence, weak to moderate, anisotropic, and decay-
ing atmospheric turbulence is superimposed on the whole
velocity field. The atmospheric turbulence which is de-
scribed in detail in [8] obeys prescribed spectra with rms
velocities of 038 m/s in horizontal and @1 nys in ver-
tical direction. The length scales of the most energetic
eddies amount to 60-90 m and local maximum velocities
to approximatelyt-1.4 m/s. The resulting dissipation rate
ise =3.2-10°m?/s%.

The wake vortices were initialized as superposition of
two Lamb—Oseen vortices where the tangential velocity
profile of one vortex is given by

Te

1121

I 2
w(r) =5 <1— exp—2>, ro= (1)

21 ro

with a core radius of. = 4 m. A root-circulation of
Io = 565nf/s and a vortex spacing dfg = 47 m
were employed to represent the cruising B-747 aircraft
with an elliptical wing loading. In contrast to the sing-
le Lamb—Oseen vortex the superposition of two vortices
is not a particular solution of the Navier—-Stokes equa-
tions. A transient self-adaption phase to a dipole family
which is a quasi-steady solution of the Euler equations
may introduce additional perturbances to the flow [27].
However, Sipp et al. [27] show that for our small ratio
re0/bo = 0.085 the distortions are weak.

The mean potential temperature gradient of the at-
mosphere, & /dz, was constant in each calculation and
the corresponding Brunt—Vaisala frequency

g do\Y2
(@0 dz )
varied between 0 and@6/s (d® /dz = 0-10K/100 m).
Since our previous 2D investigations [13] showed that the
prominent phenomena are only intensified by increasing
the stratification fromV = 0.01/s to N = 0.04/s but do

not change in principle, we consider here two benchmark
cases withV = 0.014/s andN = 0.04/s. However, in 2D

the vortex behaviour is categorically modified for even
higher stratification such that the vortices rise to the flight
path. Therefore, the cagé= 0.056/s is also included in

(@)
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Figure 2. Normalized descent distance versus time for differ-
ent turbulence scenariofhy, (a)) and Brunt-Vaisala frequen-
cies,N* =0,0.35,1, 1.4. Grey dashed curves denote 2D simu-
lations [13]. Squares are Sarpkaya’s experimental data [23].

3. Resultsand discussion

Most results are presented in non-dimensionalized
form. The characteristic scales are based on the initial
vortex separatiorhg, and circulation,lp, leading to the
time scale

2nbo® b
ﬂ—iﬁ:ﬁ:mm

(3)

wherewy is the initial descent speed of the vortex pair.
For the normalized time and Brunt-Vaiséala frequency
it follows * = ¢ /¢' and N* = Nt', respectively. This
means that the Brunt—Vaisala frequencies investigated
are N* =0,0.35,1.0, and 1.4. The inverse of* cor-
responds to the vortex Froude number. The normalized
eddy dissipation rate in cage) is ¢* = (¢bo)Y/3/wg =
0.06.

3.1. Descent height and vortex spacing

Figure 2 depicts the temporal development of the nor-
malized descent heigﬁl z/bo. Results of 2D simula-
tions without any turbulence [13] (grey dashed lines) are
also included. We observe that for early times < 1)
neither stratification nor turbulence alter the descent of
the vortex pair. Later on, however, it is clearly seen that
the level of stratification controls the decelerated descent;
the introduction of turbulence and changes of the type

T The vortex centers were determined by searching the local minima
of the second eigenvalue of the symmetric tensa2 + 222 which is a

the current study to see whether this hazardous scenario measure for coherent vortex structures [15ands2 are the symmetric

is likely to occur in 3D.

and antisymmetric parts of the velocity gradient terigar
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Figure 3. Normalized vortex spacing versus time for different
turbulence scenariogn), (b), (a)) and Brunt-Vaisala frequen-
cies,N* =0,0.35, 1, 1.4. Cases: denote no turbulence.

of turbulence (b) or (a)) only alter this behaviour mar-
ginally. The late acceleration of descent, which is seen
for moderate to strong stratification in 2D, cannot be
identified in the turbulent cases. The trajectories cease
earlier with turbulence when they cannot be determined
uniquely because of advanced vortex destruction (see be-
low). In general the lifespan is shorter, the higher the
stratification for a given turbulence (and, vice versa, the
higher the degree of initial turbulence for a given stra-
tification). In the neutral and quiescent atmosphere (case
b with N* = 0), the descent continues beyond times of
t* = 12 and reaches altitudes belayby = —10 (not
shown). In contrast to thafjgure 2 demonstrates that
either weak stratification (cag®) with N* = 0.35) or
weak atmospheric turbulence (cgs¢ with N* = 0) is
sufficient to reduce the longevity of wake vortices con-
siderably. Folv* = 1.4, the 2D simulations show that the
vortices may rebound to the glide path. The same rebound
is observed if boundary-layer turbulence is superimposed
(case(b)). However, the vortices then lose identity af-
ter r* = 3; if also (even weak) atmospheric turbulence
is present, the process of erosion is fastér= 2) such
that no coherent piece of vortex is observed to rebound.
Note that the simulations also agree well with Sarpkaya'’s
towing tank experiments [23] fa¥* = 1.

The major trends of the temporal evolution of the
vortex spacingb/bg (seefigure 3), are also independent
of the prescribed turbulence for a given stratification. The
spacing remains constant for neutral stratification. For
stratifications increased up 16* = 1 the vortices start to
approach each other aftera 2. Minor deviations of the
vortex spacing at identical stratification levels indicate
spatial deformation of the vortex lines by turbulence. For
N* = 1.4, the vortex spacing increases with time.

We conclude that the agreement between turbulent
and laminar cases regarding vortex descent and vortex
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Figure 4. Normalized vertical offset between centroid of BV
and vortex core position for two different stratifications.

spacing clearly indicates that the underlying physics of
the early development is intrinsically two-dimensional.
The observations that the vortices approach each other
for N* < 1 and, at the same time, decelerate (which
is seemingly a contradiction regarding the concept of
mutual velocity induction) can be fully explained when
analyzing the flows induced by primary and counter-
rotating baroclinic vorticity (BV) (cf. Figs. 7, 9, 10
in [13]). The BV is produced along the border of
the adiabatically heated vortex oval by the baroclinic
torque [26] according to

Dw 1V v
—~ = X .
SRR

(4)

The BV, which grows and accumulates along the
separating streamline from bottom to top when the vortex
pair is descending through stably stratified air, induces
an upward and inward motion on the vortex oval. The
upward motion weakens the primary descent speed, the
approaching vortices decelerate. On the other hand, when
N* = 1.4, the BV-induced upward velocity dominates
the descent speed and the oval starts to rebouritl-at
1.6 (seefigure 2). Now BV accumulates from top to
bottom along the separating streamline. It still induces
an upward but now outward flow on the oval and, hence,
the vortices rise quicker and separate. This behaviour
can be better understood when analyzing the vertical
offset between the vortex center and the centroid of
the BV. Comparingfigures 3 and 4 we see that the
vortices separate (approach) when the centroid of BV is
situated below (above) the vortex cores. (A6t = 1.4
the effect of vortex separation is additionally intensified
by local BV production which is stronger at the lower
part of the oval due to the strong vertical temperature
gradient.) We explain the different time delays for the
onset of the deceleratiofigure 2) and for the onset of
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Figure 5. Case(a), N* = 0.35. Normalized circulation versus
time computed over circles with different radii 3 m to 23 m;
normalized circulation averaged over radii from 5m to 15 m.

the change of vortex spacing as follows: about’ is
necessary to produce BV sulfficient for the retardation of
the oval; additional 0.5 to 1 is required to establish the
vertical offset between BV centroid and vortex center by
advection.

3.2. Circulation

Figure 5 displays examplarily for cas@) with N*
0.35, the decay of circulation computed over different
radii. For times up ta* = 2.5 an exponential type decay
is observed on small and intermediate radii which is
due to internal diffusion (core radius growth). Maximum
circulation is found at = 15 m because at larger radii
the integration area also encloses some BV which reduces
I'/Iy. After t* = 2.5 — the beginning of the subsequent
rapid decay — the BV is in part detrained such that
maximum circulation values are found at= 23 m=~
bo/2. In the following we use a circulatiofs_15 which
is averaged over circles with radii from 5 m to 15¥m.

Figure 6 shows that the initial decay is identical for
all cases. Then, the individual curves detach from the
bunch of curves at different times to initiate a phase
of rapid decay. The higher the turbulence level and the
stronger the stratification the earlier the final decay of
circulation starts. Different turbulence scenarios only
play a significant role for the onset of rapid decay when
stratification is neutral to weakly stabl&/{ = 0, 0.35).
Generally we note that in all our scenarios, except for
the unlikely case of zero stratification and no ambient

* Such a definition is especially appropriate when numerical predic-

tions are to be compared to field measurements due to several reasons:

Only intermediate radii are reliably accessible by LIDAR; some averag-
ing of data is included which reduces its scatter; measurement errors due
to the neighbouring vortex are less sensitive to the viewing angle [1];
and I's_15 correlates well to effects of wake encounters [12].
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Figure 6. Normalized circulation averaged over circles with
radii from 5m to 15 m versus time.

turbulence, the circulation always drops to values below
20% of the initial strength within 6 which is less than
2.5 minutes.

It is noteworthy that at the time when the vortices
have rebounded to 10 m below the glide path (d#@3e
N* = 1.4), the circulation has reduced already to 5%
of its initial value. Hence, from this and from the
trajectory discussion above, we learn that the vortex
rebound expected at very strong stratification (strong
inversion layers), which is suspected to be very hazardous
from an operational point of view, is probably harmless
because of the advanced erosion of vortex coherence and
strength.

3.3. Variation of aircraft-induced turbulence

Two further simulations were performed for ca$?
with N* = 0.35 where the initialized maximum rms tur-
bulence values were reduced from 2s1io Q2 m/s and
0.02mys. These variations over two orders of magni-
tude were carried out to take into account the uncertainty
concerning realistic aircraft boundary-layer turbulence
levels, to check the sensitivity to the prescribed turbu-
lence, and, particularly, to conservatively explore maxi-
mum lifespans of wake vortices in stably stratified en-
vironments.Figure 7 indicates that, when changing the
aircraft-induced turbulence by two orders of magnitude,
the descent height remains unaffected uriti= 4.5 and
differs by one initial vortex spacing only &t = 6. From
figure 8 we learn that factor of 10 stronger aircraft turbu-
lence leads only to a time shift for onset of rapid decay of
less thanmAr* = 0.8. At t* = 6 the circulation of all vor-
tices is reduced to about 20% of the initial value. These
facts overall indicate a minor sensitivity of the underlying
decay mechanism on the strength of the boundary-layer
perturbations and show that the cafigscan be read as
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Figure 7. Descent height (left ordinate) and speed (right
ordinate) versus time for different initial levels of aircraft
induced turbulence and one case with increased axial resolution,
N* =0.35. t*=6.1

0.8 |
S 06
o
04t w=0.02mis —— X%
u'=0.2m/s —x— -5
U=2mis % x

0.2 u'=2m/s, Ax=2m =

0 1 2 3 4 5 6 Figure 9. Perspective view oi;-surfaces for casb, N* =0;
A5(t* =2.8) = —3000, othersa} = —1200.

Figure 8. I's_15/Ip versus time for different prescribed levels

of aircraft turbulence and one case with increased axial resolu- . . . .
tion, N* = 0.35. in normalizediz-surfaces (see footnote in section 3.1) for

several instants of time. At' = 2.8 pertubations can be

) ) ) ] . identified which resemble the early stages of the develop-
conservative estimates of the lifespan of wake vortices in  ent of the short-wave instability [33]. Indeed, the phase
a stably stratified atmosphere. relation (in-phase in horizontal view and out-of-phase in

Moreover, infigure 7 the descent speed;/wo, once side view) and the wave length af~ 4r. correspond

again elucidates the sequence of the 2D/3D behaviour. yqughly to the characteristics observed in the short-wave
All wakes follow, at least to a certain extent, the de- o 5o-called cooperative elliptic instability [17,18]. Since
accelerated descent of the 2D simulation until the phase the axial resolution of the simulations was not sufficient
of 3D vortex destruction (sefegure 8) commences. The 4 hroperly resolve the short-wave instability, the ampli-
acceleration occurs when the induced descent speed, y,qde of the instability is somewhat modulated along the
which is increased due to the vortex approach, dominates \,qrtex axes. With advancing time the short-wave ampli-

the deceleration caused by BV. To our knowledge only ,qdes are growing. Finally, at = 7.7 the formation of
one experimental work [31] reports weak acceleration.  ihe Crow instability [2] becomes evident.

With weak stratificationN* = 0.35, the structural de-
3.4. Structural development velopment shown irfigure 10 is distinctly modified. Al-
though att* = 2.8 the wake vortices still look almost
The development of the vortex structure during decay identical for weak and neutral stratification, the subse-
is depicted infigure 9 for case(b) without stratification guent growth rates of the short-wave and the long-wave
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Figure 10. Perspective view ok}-surfaces for cask, N*

0.35; )L;(t* =2.8) = —3000, othersxg = —-1200.

amplitudes are substantially larger for the stratified case
(compare stages at = 4.5). This is possibly due to the
reduction of the vortex spacing fof > 2 (seefigure 3)
which sustains amplification of short-wave instabilities.
Furthermore, at* = 3.7 vertical1}-streaks between the
vortices (also seen in [4]) become visible which play —
as we will show below — a crucial role regarding the
accelerated decay. The vertical streaks, ultimately, pro-
duce turbulence which explains the less clear formation
of the short-wave structures. For simulations with re-
duced levels of aircraft turbulence we find that
surfaces are smoother such that the short-wave instability
is seen somewhat more clearly. The overall decay is de-
layed and the long-wave (Crow) instability is less obvious
(not shown).

Case(b), N* = 0.35 was repeated with an increased
axial resolution ofAx =2 m in an axially reduced do-
main of L, = 96 m to ensure that our investigations are
meaningful in spite of the insufficient resolution of the
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Figure 11. As figure 10 with increased axial resolutiom =
2 m) in an axially shortened domain.

short-wave disturbancesigures 7 and8 indicate that the
most important parameters, descent height and circula-
tion decay, are almost identically reproduced. The some-
what delayed decay far* > 4 may be due to the exclu-
sion of the Crow instability in the short domain. The com-
parison of the structural developmenfiigures 10 and11
underlines the similarity of the evolution untit = 3.7.
With finer resolution, sure enough, the short-wave os-
cillation is better resolved but the vertical structures at
t* = 3.7 occur likewise. Considering the deformation of
the vortices later, a distinct similarity still persists. How-
ever, the noticeable azimuthal structures are obviously
less coherent in the coarser grid. Regarding the similar-
ity of the statistical results ifigures 7 and8, such co-
herence does not seem to play a major role in the decay
process.

For strong stratification N* = 1), short-wave per-
turbations develop even faster (compégere 12(a) at
t* = 2.4 withfigure10 at+* = 2.8 and 3.7), and the shape
is even more disturbedrigure 12(b), showing a higher
A3-value at the same time, indicates that the production of
the azimuthal BV structures (‘ribs’) is modulated already
by small short-wave pertubations. This induces strong
vortical structures along the mid plane between the vor-
tices which in turn trigger the rapid decay. Crow insta-
bility is not evident in casefb) for strong stratification,

N* > 1. The promotion of short-wave instabilities at the

expense of long-wave instabilities for strong stratifica-
tions is also reported in an experimental and numerical
study [4].

In the casega) (with weak and decaying atmospheric
turbulencefigures 13, 14), we find phenomenologically
very similar developments for all investigated stratifi-
cations. However, with atmospheric turbulence as well
as stronger stratification the vortices decay quicker. As
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Figure 12. Perspective view ot3-surfaces for casip), N* = 1
atr* = 2.4: (a)A5 = —3000, (b)A5 = —600.

- b
Ly &

Figure 13. Perspective view oi}-surfaces for cas@), N* =
0.35, 15 = —3000.

Robins and Delisi [21], and, later in a more refined con-
sideration, Garten et al. [6] pointed out, the approach of
the vortices caused by BV and the perturbation growth
due to the Crow instability combine to accelerate the
coming together of portions of the vortices. This can be
seen by comparinfigures 13 and14 for +* = 1.6. Later,

Figure 14. Perspective view of;-surfaces for cas@), N* =
1, x5 = —3000.

the final destruction originates from the portions were
the vortices link first. Short-wave disturbances show up
where separation is minimurfigure 13 for t* = 2.4) and

then spread out rapidly along the vortices. This is in con-
trast to other results [6,21] where the formation of longer
living descending vortex rings is observed. We thus ar-
gue that the interference of BV structures with short-
wave disturbances leads to the rapid destruction as known
from casgDb). The short-wave disturbances are forced by
small-scale turbulence from the aircraft-boundary layer
and are absent in the other studies. The accelerated decay
as a result of interaction of short-wave and long-wave in-
stabilities was demonstrated experimentally ([18], their
section 5).

3.5. Decay mechanism

In order to explain the decay mechanisms observed in
our simulations we shoviigures 15, 16 and 17 which
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Figure 15. Iso-surfaces of all three vorticity components in a perspective view and iso-lines for lateral velotayhorizontal plane
above the vortices. Cagh), N* = 0.35,r* = 2.8, high axial resolution.

display iso-surfaces of all three vorticity components at stationarity, vortex stretching changes vorticity according
t* = 2.8 in perspective, top, and front view, respectively, to

for casgb), N* = 0.35, and high axial resolution (ség- Dw, dw, Jw

ure 11 for the corresponding;-surfaces). Above the vor- Dr wa_z =@y ®)
tices a horizontal plane with iso-lines for the lateral velo-
city componenty, is included (v-plane’). The top-view
elucidates that the rib-like structures of baroclinically
producedw, induce below lateral velocities;, which
are directed towards the symmetry plane between the vor- 1 1
tices. The induced wavy velocity field exhibits steep axial 9 | dr — 9 | d 6
gradients of the lateral velocit§p/dx, and, equivalently, Bz( o) dz = az(nw) < ©)
vertical vorticity, w, ~ dv/dx. In detail, each ‘BV-rib’ 0 0

induces a tongue-like structure which is flanked by the
origin of a pair of counter-rotating vorticity streaks,.

The integration from a position 0 midway between the
vortices in the v-plane’ to a vertical position 1 between
the vortex centers gives

which leads to

This vorticity is then strongly stretched by the accelerat- @1 _ W1 )
ing downward motion between the main vortices yield- w0  Wo
ing very intensew,-streaks (note that the iso-surface of From vertical positions 0 to 1 the downwards directed

w, has a five times higher magnitude thay). Assuming velocity increases fronwg ~ —0.3m/s tow1 ~ —6m/s
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Figure 16. Top view offigure 15. The black streamline indicates transport across the symmetry plane.

which yields an intensification of», by a factor of
w;1/w;0 = w1/wo = 20. Below the main vortex centers,
w; is reduced by vortex broadening which is caused by
the deceleration experienced during advection towards
the lower stagnation poinffiure 17). Then, the vor-
ticity is tilted, and becomes visible again after another
acceleration first in the laterady,, and then again in
the vertical vorticity componenty,. The central verti-

cal streaks acting like counter-rotating rolls are outmost
effective in exchanging fluid between the two vortices.
This is demonstrated by a streamline which crosses the
symmetry plane twicefigures 16, 17). Aside from a
general strong turbulence production caused by counter-
rotating vortices in the whole oval, the coherent lateral
exchange of fluid across the centerline enables the rapid
turbulent diffusion of primary vorticity from one side to
the other. This effect is prerequisite for the rapid turbu-
lent decay of vortex pairs. We found that similar mecha-
nisms which comprise the steepeningefdx and vor-

tex stretching are also responsable for the rapid decay ob-

served in weak to moderate atmospheric turbulence (not
shown).

3.6. Parameterized model

Here, we apply Greene’s approximate model [9] (GM)
to the simulated cases. In GM the impulse of the aircraft
wake,Ip = pobolp, is reduced by the sum of three forces
comprising a viscous force, a turbulence force, and the
buoyancy force. The constants in the viscous term and
the turbulence term are set t©p = 0.2 and to 0.41,
respectively.

Figure 18 shows that in caséa) satisfactory agree-
ment is achieved regarding the descent. Similar devia-
tions — underestimation of the descent for weak stratifi-
cation and overestimation for very strong stratification —
are also found in casdb). However, for strong stratifi-
cation (sedigure 19) GM predicts zero circulation when
I's_15/Tpis merely reduced to 0.5. The agreement of GM
with the development of the circulation integrated over
the halfplane indicates that GM assumes implicitly that
the primary vorticity and the BV cancel each other im-
mediately. However, the LES predicts well the separated
vorticity for time spans during which the hazard of the
vortices is underestimated by the simple model.
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to normalized circulation of Greene’s model. Furthermore,
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casen.

Figure 18. Comparison of normalized descent distance versus
time between predictions of LES and Greene’s model for
atmospheric turbulence.
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4. Conclusions

We have performed LES of wake vortices in a stably
stratified atmosphere with which we aim at more realistic
conditions compared to previous 3D work [4,6,21,25,30]:
we used a relatively high effective Reynolds number, ini-
tialized the vortices with relatively tight vortex cores, su-
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perimposed aircraft induced turbulence, and considered References

weak atmospheric turbulence.

The simulations elucidate that the early development
of the wake vortices is only affected by the degree of
stratification, and not by different turbulence scenarios as
prescribed in our study. Descent speed, vortex spacing,
and circulation develop almost identically for constant
stratification — and can be described in a two-dimensional
framework — until different destruction mechanisms ini-
tiate a phase of final decay.

Aircraft induced turbulence triggers short-wave insta-
bility modes. Owing to those disturbances, the baroclinic-
ally produced vorticity rearranges in rib-like structures
which induce counter-rotating vertical vorticity-streaks
between the primary vortices. These vorticity-streaks are
substantially intensified by vortex stretching, and wrap
around the main vortices. This results in rapid turbulence
production inside the oval, and, in particular, represents
an efficient exchange mechanism of primary vorticity
across the center plane which leads to rapid circulation
decay. Hence, in a calm atmosphere, it is the interaction
of primarily independent processes (short-wave instabil-
ity and baroclinic vorticity production) which initiates the
quick dissolution of coherence and decay of circulation
of the main vortices. In some cases at later stages also
the long-wave (Crow) instability is established. Further-
more, the variation of the intensity of aircraft induced tur-
bulence in a quiescent atmosphere allowed for the con-
servative estimation that stable stratification reduces the
longevity of wake vortices considerably.

When in addition also weak and decaying atmospheric
turbulence is prescribed, the sequence of dominant insta- [11]
bility processes is reversed: first the Crow instability de-
velops and short-wave disturbances accelerate the decay
when the vortices link and thus suppress the formation [12]
of descending vortex rings. When atmospheric turbulence
is present, the vortices decay sooner for a given level of
stratification.

In a very strongly stratified and quiescent atmosphere,
wake vortices may rebound to the flight level. This very
hazardous scenario from an operational point of view
is probably harmless because the vortices quickly lose
almost all of their intensity during ascent.

Finally, it is shown that Greene’s approximate model
successfully predicts the vortex descent. However, the
model overestimates the decay of circulation because it
assumes intrinsically that main and baroclinically pro-
duced vorticity of opposite sign cancel each other imme-
diately which, according to our LES, is only partially the
case at late times.
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A new parametric wake vortex transport and decay model is proposed that predicts probabilistic wake vortex
behavior as a function of aircraft and environmental parameters in real time. The probabilistic two-phase wake
vortex decay model (P2P) accounts for the effects of wind, turbulence, stable stratification, and ground proximity.
The model equations are derived from the analytical solution of the spatiotemporal circulation evolution of the
decaying potential vortex and are adapted to wake vortex behavior as observed in large-eddy simulations. Vortex
decay progresses in two phases, a diffusion phase followed by rapid decay. Vortex descent is a nonlinear function
of vortex strength. Probabilistic components account for deviations from deterministic vortex behavior inherently
caused by the stochastic nature of turbulence, vortex instabilities, and deformations, as well as uncertainties and
fluctuations that arise from environmental and aircraft parameters. The output of P2P consists of confidence
intervals for vortex position and strength. To assign a defined degree of probability to the predictions reliably, the
model design allows for the continuous adjustment of decay parameters and uncertainty allowances, based on a
growing amount of data. The application of a deterministic version of P2P to the Memphis wake vortex database

yields favorable agreement with measurements.

Nomenclature

constant

vortex spacing
gravitational acceleration
Brunt-Viisilé frequency
rms turbulence velocity
mean radius

Richardson number
radial coordinate

core radius

parameter for vortex age
time

axial velocity

lateral velocity

descent speed

spanwise coordinate
vertical coordinate
circulation

time step

eddy dissipationrate
potential temperature

= (effective) kinematic viscosity
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Subscripts

[ = lower limit

u = upper limit

0 = initial value

1 = first decay phase

2 = second decay phase

5-15 = average over circles with radii from 5 to 15 m
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Superscripts

normalized quantity
= = mean quantity

Introduction

S a consequence of lift, aircraft generate a pair of long-lived
counter-rotating wake vortices that bear a potential risk for
following aircraft. Current wake-vortex separation standards be-
tween consecutive aircraft contribute significantly to the capacity
constraints of congested airports. From experience and research re-
sults gained during the past 30 years, it has become evident that
the separation standards may be overly conservative for a variety
of meteorological situations.!'?> A parametric model capable of re-
liably predicting vortex positions and strengths in real time in a
measured or forecasted atmospheric environment along the glide
path might, therefore, permit air-traffic controllers to ease some
of the regulations without loss of safety. Several reduced spacing
systems’~> thatemploy vortex decay and transport models of differ-
ent complexity have been developed. However, none of the systems
is operational today. Other applications of parametric wake vortex
modelsincludeencounterinvestigationswithin flight simulationen-
vironments, for example, Ref. 6, safety analyses that estimate the
hazard probability of new approach and landing procedures,” and
studies that simulate different aspects of reduced spacing systems,
for example, the predictability of wake vortices based on virtual en-
vironmental measurementdatain a convectivelydriven atmospheric
boundary layer.®
The first wake vortex model presented in 1986 by Greene® as-
sumes that the impulse per unit length of a wake is reduced by the
sum of viscous drag, buoyancy force, and turbulent decay. From
a single equation, circulation, velocity, and vertical position of the
wake can be determined. Greene’s model was extended by Corjon
and Poinsot!® by adding ground and crosswind effects 10 years
later. Sarpkaya!! eliminated the viscous drag in Greene’s’ model
and proposed an empirical model for turbulent decay that relies on
the eddy dissipation rate instead of turbulent kinetic energy. More
recently, Sarpkaya et al. adapted the descentrate to observationsby
introducing variable vortex spacing.> The Canadian vortex fore-
cast system'> models the evolution of multiple discrete vortices in a
two-dimensionalcrossplane starting from a near wake database that
acounts for the aircraft geometry. Effects of the ground and nonuni-
form wind shear are included; decay due to ambient turbulence is
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adapted from approaches from either Ref. 9 or 11. Another model
that accounts for effects of ambient turbulence,crosswind shear, and
ground proximity was proposed by Kantha.'* Recently, Mokry!
presented a two-dimensional continuous vortex sheet method that
captures vortex sheet rollup, interaction with ambient shear layers
and the ground.

Note that despite the significant number of available wake vortex
models none of these models considers all effects of the first-order
impact parameters, which are aircraftconfiguration, turbulence, sta-
ble stratification, shear, and proximity of the ground. In particular,
they are all deterministic. Not specified are deviations from pre-
dicted values that are inherently caused by the stochastic nature of
turbulence, complex vortex instabilities and deformations, uncer-
tainty of aircraft parameters, and uncertainties and fluctuations of
environmental parameters. The probabilistic two-phase wake vor-
tex decay model (P2P) proposed here is designed to predict wake
vortex behavior within defined confidence intervals. For this pur-
pose, the model concept allows for the continuous adjustment of
decay parameters and uncertainty allowances, based on a growing
amount of observations and simulations. Currently, the decay pa-
rameters are “calibrated” based on different large-eddy simulation
(LES) data.!®!” The LES data suggest that vortex decay progresses
in two phases, a diffusion phase followed by rapid decay,'!® and that
vortex descentis not a linear function of vortex strength. The model
accounts for the effects of wind, turbulence, stable stratification,
and ground proximity. Wake shear-layer interaction is not parame-
terized. It is believed that the associated complex vortex behavior'
cannot be predicted reliably in an operational environment. Situ-
ations where shear layer effects are not covered by uncertainty al-
lowanceshaveto be diagnosed,and reducedspacingoperationsmust
be ruled out.

After an introduction of the model concept, the equations that
describe circulation decay and descentrate are derived and adapted
to the LES data. Then the probabilisticcomponents of P2P are dis-
cussed. The paper concludes with applications of P2P to the Mem-
phis wake vortex database.?’ A comprehensive comparison to dif-
ferent measurements’®3*3 is in preparation.

Model Concept

P2P is designed to include as much knowledge as possible gained
from both experimental and numerical wake vortex research with
a focus on operational needs. For this purpose the model concept
comprises the following elements.

First, in contrast to most other models, P2P employs a well-
defined and experimentally accessibledefinition for vortex strength.
Unlike single vortices where the circulation reaches a definite con-
stant value at large radii, the circulation of vortex pairs strongly
depends on the method of its evaluation. P2P uses a circulation
['s—;s that is averaged over circles with radii from 5 to 15 m or,
alternatively, from 3 to 10 m, for several reasons. 1) The estimation
of the root circulationmay be extremly difficult for a vortex pair that
evolvesin the atmosphere. This is the case in measurementand sim-
ulation. At radii where I"(r) should run into saturation,influences of
the neighbouringvortex, secondary vortices, ambient turbulence, or
baroclinic vorticity may drastically modify the circulation values.
The upper integration limit of » = 15 m avoids these difficulties for
larger aircraft. 2) The averaging of I' over a radius interval reduces
the scatter in turbulent vortices and enables estimations of disinte-
grating vortices. 3) Small radii that are not reliably accessible by
lidarareexcluded.4) Becausethe final aim of P2P is to predictvortex
behaviorto allow for dynamic spacing between consecutiveaircraft,
an operationally useful circulation definition is employed that cor-
relates well with effects of potential wake encounters>! Note that
['s—s is only calculated from the velocity components that are per-
pendicularto the flight directionor from the correspondingvorticity,
regardless of the actual orientation of the vortex axis. This implies
that large-scale deformations or the formation of the Crow instabil-
ity may considerably reduce I's—;5, whereas circulation in a local
plane perpendicular to the vortex axis is not necessarily mitigated.

Second, P2P is based on a well-founded equation for vortex evo-
lution. Because there is no rigorous solution for the evolution of

turbulent vortex pairs, the hydrodynamic basis of P2P relies on the
equation that describes the spatiotemporal circulation evolution of
the decaying potential vortex

L, t)/To=1-— exp(—r2/4vt) (D)

Equation (1) constitutes an analytical solution of the Navier—Stokes
equations for a non-stationary,plane, rotating flow.?? In P2P, this re-
lationis extended and adapted to LES results of different groups'®!”
to describe vortex decay and descent.

Third, P2P contains probabilistic components to meet the vari-
ability of wake vortex behaviorthatis caused by manifold governing
physical mechanisms,?® turbulence, and uncertaintiesregarding en-
vironmental conditions. The output of P2P consists of lower and
upper bounds for vortex position and circulation. The final goal is
to determine reliably the probability with which the actual vortex
evolution is met by predictions. For this purpose, P2P has to be
applied to as much available data as possible to give it an outmost
broad phenomenological and statistical basis. The design of P2P
allows an ongoing adaption to observations and an adjustment to a
desired confidence level.

The model is formulated in normalized form where the charac-
teristic scales are based on initial vortex separation and circulation
leading to the timescale

1" = 2mby*/ T = bo/wy )

Circulation

It is assumed that the evolution of I'_ 5 can be described by two
consecutive decay phases as observed in LES'®!7 (Figs. 1 and 2).
In the first phase, termed diffusion phase, the normalized, radii-
averaged circulation can be formally calculated as

15m 2

—r
* Y A— —
FS?IS(I‘ ) 1 r:zs;n exp4vik (l‘)k - Tl*)

3)
Because the vortices are not decaying potential vortices but are
generated by the rollup of a vorticity sheet, an adaption of vortex
parameters is introduced by the constants A and 7|" where —T*
corresponds to the age of the vortices at t* =0 and reflects the
vortex structure at that time. A is a constantto adjust I'}_ . (#* =0).
Figure 3 shows a comparisonof Eq. (3) with A =1.09, T = —2.22,
and an effective viscosity v; =1.78 x 107* (v; =0.16 m?/s) to the
LES baseline case'® of a vortex evolution in a quiescent, neutrally
stratified atmosphere.

For the sake of simplicity, the averaging over different radii as
performed in Eq. (3) is omitted, which leads to

5t = A —exp[—R? [vi(t* — T})] )

The meanradius R* correspondsapproximatelyto the mean value of
10 m within the averaging interval 5-15 m. R*2, which includes the

T5.45Tp

t*

Fig. 1 Circulation from LES'® and respective fits of P2P for different
turbulence scenarios and different degrees of stratification.
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Fig. 2 Circulation from LES'? and respective fits of P2P for different
degrees of turbulence and stratification.
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Fig. 3 Circulation evolution in the diffusion phase for LES!® in quies-
cent atmosphere and respective fits with Eqgs. (3) and (4).

factor one-quarter of Eq. (3), is determined as 0.0121. (In the LES,
by =47 m.) The parameters A =1.1 and 7" = —3.48 are slightly
modified, whereas the viscosity remains unchanged. This simplifi-
cation still gives a very good representation of the diffusion phase
(Fig. 3).

The second phase is called the rapid decay phase. Differentinsta-
bility and decay mechanisms,'>?* as well as large-scale deforma-
tions (deviation of local vortex axis from flight direction),lead to an
acceleratedreduction of I';_ 5. The original cause for the release of
the rapid decay phase (turbulence, stable stratification, shear) may
be diverse, and also many details of the respective mechanisms may
vary considerablyfrom case to case. Nevertheless, it is assumed that
in all cases a two-phase evolution of I';_,; prevails as observed in
numerical investigations'®!7-23 and lidar measurements 26 The rapid
decay phase is described by

e ¢ =A- exp[—R*z/vi‘ (t* = Tl*)]

— exp[—R?/vi(r* - T7)] )

where the onset time of rapid decay at 7, and the respective decay
rate thatis adjusted by the effective viscosity v; depend on meteoro-
logical parameters.Figures 1 and 2 show circulationevolutionsfrom
our LES!'® and from the LES of Proctor and Switzer!” together with
the respective fits of P2P for differentturbulencelevels and different
degrees of stable temperature stratification. Stratification is charac-
terized with a normalized Brunt—Viisilé frequency [discussed later
in Eq. (16)]. Our LES distinguish between two cases case b, where
only aircraft-induced turbulence is superimposed on the vortices,
and case a, where the turbulent vortices evolve in an anisotropic
atmospheric turbulence with rms velocities of 0.38 m/s in the hori-

zontal and 0.21 m/s in the vertical directions, respectively. Proctor
and Switzer characterize turbulence with the normalized eddy dis-
sipation rate, £* = (sby)'/* /w,. The LES of both Refs. 16 and 17
show that the initial decay rate is very similar for the differentcases.
The reduced decay rate observed in the diffusion phase of Proctor
and Switzer’s!” LES is mainly caused by their Richardson number
correction for rotational effects (see Ref. 27), which reduces the dif-
fusion in the vortex core region. The higher the turbulence and the
stronger the stratification, the earlier the individual curves detach
from their common evolution in the diffusion phase to initiate the
rapid decay phase. The effectof aircraft-inducedturbulence (case b)
seems to correspondroughly to the effect of ambient turbulence with
an eddy dissipation rate of ¢* =0.01. The good agreement of the
fits of P2P according to Eqs. (4) and (5) with the LES substantiates
the appropriatenessof the approach.

Decay Parameters

The values of T} and v; have to be determined as functions of
meteorological parameters. Basically, the impact of turbulence can
be parameterized based on turbulent kinetic energy (TKE) or, al-
ternatively, eddy dissipationrate. An analysis?® of 525 wake vortex
measurements of the Memphis database evaluates the potential of
the respective quantities. Figure 4 shows cumulativedistributionsof
the instant in time of the last circulation measurement by lidar for
three different turbulence regimes. It is assumed that this instantin
time is correlated to the longevity of the vortices. The TKE* criterion
shown in Fig. 4a separates vortex longevity in the low- and inter-
mediate turbulence regimes insufficiently, whereas the correlation
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Fig. 4 Cumulative distribution of the time of last lidar measurement
of 525 cases for three different classes of turbulence characterized by
a) normalized TKE and b) normalized eddy dissipation rate.
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N*

Fig. 5 Decay parameter, 75, as a function of stratification and turbu-
lence determined for LES (symbols) and corresponding fits to Eq. (6).

of longevity and ¢* shown in Fig. 4b is much more distinct. This re-
sult corroborates the assumption!! that the intensity of atmospheric
fluctuations in the length-scale range that affects vortex decay may
be well characterizedby ¢, that s, the crucial length-scalerange of
wake vortices resides in the inertial subrange of turbulence spectra
of atmosphericboundarylayers. In contrast, TKE* data are sensitive
to the choice of the averagingtime frame, thatis, the longer the aver-
aginginterval, the more energy is contributed from larger scales that
are irrelevant for vortex decay. Therefore, in P2P, the parameteriza-
tion of the impact of turbulenceis based on £*, althoughit is difficult
to deduce ¢* from measurements in an operational environment.

Figure 5 shows the dependency of 7, [determined by fitting
Eq. (5) to the LES data] on N* for different turbulence levels. In-
creased values of turbulence and stratification both reduce 75". As
soon as turbulence or stratification is strong, the impact of the other
respective parameter becomes minor. Note that the onset time of
rapid decay, 75", coincides well with visually determined inflexion
points of the I';_ ; curves (Figs. 1 and 2) and, remarkably, also with
the point in time at which axial cross sections of vorticity show a
transition'” from a quasi-laminar state (turbulence on length scales
L K r.) to a fully turbulent state [L = O(r.)]. Both transition and
inflexion point concurrently indicate that the flow state enters the
rapid decay phase. The family of curvesin Fig. 5 that correspondto
specific turbulence levels can be fitted by

Ty = Ty exp (—0.185T5N*) (6)

where the turbulence level is characterized by the time con-
stant for rapid decay in the neutrally stratified atmosphere, T, =
T (N*=0).

The dependency of T}, on &* for the LES data is shown in
Fig. 6 by symbols. Furthermore, the model of Sarpkaya'! that re-
lates the time at which a “catastrophic demise event” takes place
in nonstratified environments to &* is displayed. The Sarpkaya!!
approximationis based on various analyses, observations,and sim-
ulations and covers a wide range of turbulenceintensities. Subtract-
ing one timescale from the Sarpkaya'! curve (modified Sarpkaya)
yields very good agreement with the data derived from Proctor and
Switzer’s!” LES. P2P takes advantage of the extrapolationof Proctor
and Switzer’s data to higher turbulence levels by the Sarpkaya!!
model for ¢* > 0.0235,

T* = 0.804¢*1, g > 0.2535

T*%exp(—0.7OT*) =g, &* > 0.0235 7
and adapts it according to 7y =T* — 1 (Fig. 6, solid line). For
&* <0.0235, our conservativebaseline LES case in which wake vor-
tices are initialized with superimposed aircraft-induced turbulence

10 . . .
fitto LES' +
8 fitto LES'® X
Sarpkaya --------

"\ modified Sarpkaya

T5*(N*=0)

0 01 02 03 04 05 06 07

Fig. 6 Decay parameter 7, for neutral stratification as a function
of c* for different LES, the Sarpkaya!! model and a modification of
Sarpkaya’s model.
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Fig. 7 Decay parameter v as function of stratification for different

turbulence levels as fitted to LES'®!7 and corresponding limiting curves
(=) according to Eqs. (9) and (10).

in a quiescent, neutrally stratified atmosphere provides the upper
threshold

T;, =5, &* <0.0235 ®)
The T, values that are calculated from Eqs. (6-8) are varied by
+20% in two subsequent runs of P2P to account for uncertainties
of T;.

Figure 7 shows that the correlation of v} values with turbulence
and stratification is less distinct than for 7. The LES of Proctorand
Switzer'” and our LES even give contrary tendencies: In our LES,
the strongestimpact of turbulenceis found for neutral stratification,
whereas Proctor and Switzer’s nonstratified data are insensitive to
turbulence.Moreover, in a stably stratified atmosphere, the two LES
approachesyield opposite trends regarding the dependency of v; on
turbulence. Therefore, v} is parameterizedonly as a function of N*,
and the uncertainty of the impact of turbulenceis taken into account
by performing two consecutive P2P-runs that employ the upper and
lower bounds of v for a given value of N*. The upper boundary
follows

vy, = 0.025[1 — exp(—=N"* — 0.52)] 9)
and the lower boundary is given by
vy, =0.0018 +0.013N"* (10)

Furthermore, a threshold of v}, =0.0037 is introduced when
&* > 0.01 to avoid extensively long-lived vortices in a weakly tur-
bulent environment. Values below that threshold are only applied
for essentially quiescent ambient flows.
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There is no height variation of meteorologicalimpact parameters
in the LES data used for calibration.If measurements or predictions
of vertical profiles of ¢*(z*) and N*(z*) are available, P2P employs
a running average. The running average allows a weighting of the
impact of the environmental conditions according to the respective
residencetime of the vorticesata particularvertical position. For ex-
ample, the running average of the eddy dissipationrate is calculated
according to

() = [(t* — A)E*(t* — At*) + At*e*(t*)]/t* (11)

where the running average is updated every time step. If local wind
data are available, the vortices are transported by all available wind
components including vertical wind.

Descent Speed

The simple relation w* =I"* holds only if I'* represents the cir-
culation at the neighboring vortex. For radii-averaged circulations
such as I']_,, it is not valid. LES and observations indicate that
I';_| 5 may decrease substantially without considerableinfluence on
the descent speed.'® This can readily be understood by considering
the simple decaying potential vortex whose tangential velocities de-
crease less at radii that induce the descent speed for larger aircraft
(b > 15 m) than in the radii interval 5 <r <15 m that is used for
determination of I';_, ;. However, wake vortices do not evolve like
single laminar vortices. Nevertheless, the strategy to develop arela-
tion between w* and I'}_, ; again is to employ the laminar decaying
potential vortex as a basis that is adapted to the behavior observed
in LES.

Given the assumption that the vortices decay in accordance with
the self-similar velocity profiles of the potential vortex, the descent
speed can be calculated as a function of vortex spacing and core
radius according to

w* =1—exp( —1.2570*/r2) (12)

The relation between descent speed and I';_,5 is then implicitly
given via the core radius by

S —1.257r2
> l—exp——— (13)
r

c

1
11

* —
l—‘5715 -

r=5m

Figure 8 illustrates Eq. (13) graphically. Figure 9 shows the relation
of I';_, 5 and descent speed for different vortex separations given by
Egs. (12) and (13). Note that this relation is an implicit function of
core radius. For aircraft that already have small vortex separations,
a slight decrease of I';_,; (caused by an increase of core radius)
would decrease the descent speed, whereas for large vortex separa-
tions, the descent speed would be affected only when I';_ 5 reaches
small values, that is, when the core radius is of the order of vor-
tex separation. Comparison with the descent speed observed in the
LES baseline case (Fig. 9) indicates that Eqs. (12) and (13) yield a
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Fig. 8 Relation of r, and I';_, . for decaying potential vortex.
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rations and LES baseline case,'® by =47 m.

for different vortex sepa-

useful approximation with an effective vortex spacing of b = 0.4b,.
To avoid an iterative solution of Eq. (13) during model predictions,
the effective core radii r. are interpolated as a function of I'_,,
using a look-up table.

In stably stratified cases, the buoyancy force additionallyreduces
the descent speed. This effect is not contained in the kinematic
approximation given by Eqgs. (12) and (13). Therefore, Greene’s
slightly modified concept of impulse reduction by the buoyancy
force? is calculated in parallel to the earlier described algorithm to

yield a descent speed wy,,, =TIy, where Iy, results from
dry
2= 0.4525N*Y?2 Az* (14)

The resulting descent speed is then obtained by weighting w* [from
Eq. (12)] with the relative decrease of the descent speed due to
buoyancy, wy,, /wg = wy,,, , according to

wjes = w*w;:uoy (15)
Model results with LES'® show that the descent speed is underes-
timated for N* < 1 and overestimated for N* > 1. This is due to a
decrease of vortex separation for N* < 1 and an increase of vortex
separation for N* > 1. The superscript V2 used in Eq. (14) for N*
yields a good correction for the vortex-spacing modified descent
speed. The normalized local Brunt-Viisild frequency is defined as

N* = [2/©y(AB/AD]P Y (16)

The nonlinear dependency of descent rate on circulation gives
P2P the following capabilities. 1) It allows for a reduction of cir-
culation without the reduction of the descent rate during the early
vortex evolution. Robins et al.” show in their case studies that the
early trajectories, until the vortices leave a predefined corridor, are
best predicted when the descentrate is not reduced by turbulentcir-
culation decay, that is, the descentrate almost retains its theoretical
value. 2) It allows for stagnating vortices with nonzero circulation
in strongly stably stratified environments. In other models,!? cir-
culation and descent are coupled directly such that both quantities
become zero at identical times. 3) It enables rebounding vortices in
very strongly stratified environments. Rebound of vortices that is
of high relevance for the safety of following aircraft occurs when
Whyoy/ Wy becomes negative. All of these features are in accordance
with LES data (Fig 10).

The effect of the ground on vortex trajectoriesis modeled follow-
ing the approach of Robins et al.”. Image vortices are introduced
when the primary vortices have reached a height of 1.5b, above
ground. At a height of 0.6b,, counter-rotating ground effect vor-
tices and their respective image vortices are introduced at an angle
of 45 deg inboard below the primary vortices at a distance of 0.4b,.
Another pair of secondary vortices with images is introduced when
the first pair has rotated 180 deg around the primary vortices. The
strength of the secondary vorticesis a function of the rotation angle
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and reaches a maximum of I'’ =0.4w* after traveling 90 deg. The
decay rate is not modified in ground effect because a comparison
of different decay models yields only negligible impact on vortex
trajectories.

Probabilistic Approach

Precise deterministic wake vortex predictions are not feasible
operationally for several reasons. Primarily, it is the nature of tur-
bulence that deforms and transports the vortices in a stochastic way
and leads to considerable spatiotemporal variations of vortex po-
sition and strength. Moreover, aircraft parameters, and especially
the state of the atmospheric boundary layer with its intrinsic vari-
ability, can only be measured or predicted with limited accuracy.
Finally, uncertainties with respect to the accuracy of circulation and

2/b,

t*
Fig. 10 Comparison of descent between LES'® (symbols) and P2P
(lines) in quiescent atmosphere with different degrees of stratification.

positionderived from lidar measurements add up in a comparisonof
measurement and prediction. The scatter resulting from all of these
factors only allows the prediction of wake vortex behavior within
uncertainty bounds and a respective probability.

P2P uses several components that take into account these uncer-
tainties. Figure 11 shows exemplarily the output of P2P that con-
sists of upper and lower bounds for vertical and lateral position,
as well as circulation. Two runs, each with a combination of de-
cay parameters for the upper bound (7', = 1.2 T}, v} ) and lower
bound (7', = 0.8 7", v ), vary the onset time of rapid decay and
the respectivedecay rate. For the diffusion phase, no parameter vari-
ations are performed because the early wake vortex evolution has
no impact on aircraft separations. A constantuncertainty allowance
of 0.2T'] is added to (subtracted from) the upper (lower) curve of
circulationevolution. Obviously, only the upper limit of the circula-
tion predictionis of practical significance because operational wake
vortex predictions have to be conservative. For vertical and lateral
position, an uncertainty allowance of one initial vortex spacing is
employed. Additionally, the increased scatter of vortices in turbu-
lent environments is modeled by the assumption that the rms value
of ambient turbulence serve as superimposed propagation velocity.
When started from the upper (lower) curves for descentrate and lat-
eral displacement that result from decay parameter variations, the
final upper (lower) bounding curves for vortex positions are calcu-
lated according to

Ve Zoay =y*,z*+<—)(1+ f q*(z*)dr*) (17

The validity of this approach was recently demonstrated for a con-
vective boundary-layer situation® In Fig. 11, the limiting curves
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Fig. 11 Comparison of P2P predictions with lidar observations with error bars, for Memphis?® case 1282 (B727 aircraft): ——, bounds of expected
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enclose almost all measured data. Only some operationallyinsignif-
icantearly circulation values are underestimated. Possibly the early
circulation values that considerably exceed the theoretical circu-
lation can be attributed to the rollup process of multiple vortices
because the evaluation of lidar spectra, based on the assumption of
axisymmetric vortices, employs the product of maximum velocity
and distance to the vortex center. As a result, secondary vortices are
interpreted as high tangential velocities on large radii, hence, high
circulation.

Application

P2P essentially is designed to predict the bounds of wake vor-
tex behavior in a probabilistic sense. The respective capabilities of
P2P will be discussed in detail in another publication. Here, a de-
terministic version of P2P, where the uncertainty allowances are
neglected, is applied to a larger number of Memphis wake vortex
measurements 2

Obviously, the scatter of individual Memphis circulation data is
too large to infer the typical decay characteristicsof wake vortices.
In particular,lidar measurements often cease at a level of circulation
at which the rapid decay would set in, according to LES. A possible
explanation is that the associated large-scale deformation and the
transition to fully turbulent vortices complicate the evaluation of
circulation. Moreover, highly precise lidar measurements in the late
(second) phase of complex vortex evolution would render only a
little representative data because they represent just a single plane.
Only the averagingalong many planes would yield meaningfull's_
values.

Therefore, in this section, a statistical approach is followed in
which a large number of cases that meet specific criteria® are
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Fig. 12 Comparison of measured and predicted mean evolution of

I‘;‘_l s in a) stable class (144 cases) and b) turbulent class (138 cases).

averaged.The resultingmean behavioris discussedto evaluate basic
capabilities and properties of the model formulation, in particular,
with respectto the two-phase circulationdecay. Environmental con-
ditions are classified according to wake vortex behavior classes*®
that are based on a bulk Richardson number®!

rip = (20 o (2 (18)
b= Az Az

where the vertical gradients of the mean horizontal wind compo-
nentsare consideredin aheightinterval thatranges from40 to 200 m.
There are 144 cases assigned to the class stable stratification defined
by Ri > 1 and 138 cases to the class turbulence with Ri < 0.25. The
eddy dissipationrate is calculated from spectra that are established
from 30-min averages of ultrasonic anemometer measurements on
a 40-m-high tower. An average Brunt-Viisild frequency is deter-
mined from measurements of potential temperatureby soundingsof
aradio acoustic sounding system and radio sondes. To avoid ground
effects, only data of aircraft with a flight altitude above 5b is used.
The initial height of the vortices is taken from beacon altitude.
The deterministic versionof P2P applies two sets of decay param-
eters, ;" and v;, for a given environmental situation. To achieve an
appropriate statistical weighting of the resulting predictions, these
are variedin 11 consecutiverunsin incrementsof 10% between their
upperand lower bounds. The statisticsof measurements,on the other
hand, are susceptibleto the duration of individualmeasurementsand
the resulting data mix. To ensure the comparability of measurement
and prediction, the predictionsare teminated when the magnitude of
the last circulation measurementis reached or when the last vertical
position is measured, respectively. Without this procedure, which
provides an identical data mix in measurement and prediction, the
resulting curves deviate substantially. Furthermore, the results are
compared to Greene’s” model that employs measurements of TKE
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Fig. 13 Comparison of measured and predicted mean descent in
a) stable class and b) turbulent class.
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on the 40-m tower. The constant for turbulent decay is set to 0.41,
according to Ref. 32.

Figure 12a demonstates very good agreement between measure-
ments and P2P in the stable class when the initial overestimation of
circulation by lidar is neglected. In the turbulentclass (Fig. 12b) the
overestimation of circulation is even more pronounced and persists
longer so that agreement is achieved later. Note that the two-phase
decay of P2P is masked completely in the mean evolutionof I'Z_ .
This implies that the two-phase decay may well be hidden in the
scatter of the lidar data (cf. Fig. 11). Greene’s” model underesti-
mates consistently and nonconservatively the circulation measure-
ments. The measured vertical position shown in Fig. 13a indicates
a delayed onset of descent that might reflect the rollup phase of the
vortices. Such a delay could easily be implemented in P2P. Later,
the descent rate is well predicted by P2P and slightly underesti-
mated by Greene’s model. In the turbulentcase, the initial height is
strongly overestimated for unknown reasons (z* = 0 correspondsto
beacon altitude), which makes it difficult to compare descent rates.
Currently, P2P is applied to further data sets.2%33:34

Conclusions

A probabilisticreal-time wake vortex transportand decay model
termed P2P is proposed. Circulation decay and descentrate are pa-
rameterized in analogy to the decaying potential vortex. Detailed
wake vortex characteristics achieved by high-resolution numerical
simulations are transferred to the real-time model by the adjustment
of parameters. The deviations between different LES determine the
variability of the decay parameters. Circulation decay precedes in
two phases, a gradual and a subsequentrapid decay. The respective
decay rates are adjusted by an effective viscosity. The introduc-
tion of an effective vortex spacing and effective core radii allow the
derivationof equationsthatdescribethe nonlineardependenceof de-
scentrate and radii-averagedcirculationand that reproduce descent
characteristicsfoundin LES and measurements. The favorable com-
parison of a deterministic version of P2P to measurement data has
demonstrated the suitability of the two-phase approach. In particu-
lar, it is shown that the two-phase decay characteristics are hidden
in the mean evolution of averaged measurementdata. P2P accounts
for all relevantenvironmental parameters, such as wind, turbulence,
stable stratification, and ground proximity, with the exception of
shear. It is assumed that the effects of constant background shear
are well covered by the probabilisticapproach. Because of the high
sensitivity of wake vortex behavior on shear layer characteristics, it
is believed that the associated complex vortex behavior cannot be
predicted reliably in an operational environment. Situations where
shear layer effects are not covered by uncertainty allowances have
to be diagnosed, and reduced spacing operations must be ruled out.

Although goodresultshave already been achieved without further
adjustmentof the model, the benefits of P2P will fully appear when
a fine-tuning process has been accomplishedbased on a sufficiently
large amount of data. Currently, P2P is applied to different data
sets accomplished at Memphis International Airport,”® Dallas-Fort
Worth International Airport, the Aircraft Wake Vortex Prediction
and Measurement Campaigns WakeOP at Fairchild-Dornier Air-
port, Oberpfaffenhofen, Germany, and WakeTOUL at Tarbes Air-
port, France. However, the quality of measurementsused for tuning
will affect the magnitude of uncertainty allowances. For example,
the distance of the wind measurement site to the considered section
of the glide path and the degree of homogeneity of the wind field
will have a strong impact on the allowances for vortex dispersion.
To achieve maximum accuracy and, consequently,maximum safety
and efficiency of a reduced spacing system, a refined tuning process
should be conducted for every individual site with its individual pe-
culiarities. Another criterion for maximum operating efficiency is
that the probabilities of the predicted confidence intervals should
ideally be identical for all operationally relevant phases of vortex
evolution. Therefore, a variable formulation of the currently static
uncertainty allowances may be useful. Further refinements of P2P
couldbe achievedby applyingboundary-layerscalinglaws to derive
an anisotropic, height-dependent parameterization of turbulence-

driven spreading of the confidence intervals. The scaling laws could
be based on the diagnosed type of atmospheric boundary layer.
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ABSTRACT

An assessment of different methods for circulation evaluation from lidar measurement data of aircraft wake
vortices is performed. The surface integral of vorticity serves as baseline case that is compared to a method
that evaluates the lidar line-of-sight velocity midway between the vortices and to another method that calculates
radii averages of circulations derived from tangential velocities. Systematic deviations from nominal circulation
are discussed based on analytical vortices. High-resolution numerical simulation data are applied to perform
virtual lidar measurements that reproduce, explain, and quantify (i) the frequently observed initial overestimation
of circulation and (ii) the scatter of circulation data caused by the genuine variability of wake vortices in the
atmospheric boundary layer. The theoretically derived characteristics of the different evaluation methods are
verified against lidar data recorded by several lidar teams during the Wake Vortex Forecasting and Measuring
Campaign at Oberpfaffenhofen (WakeOP), performed in spring 2001 at Fairchild Dornier Airport in Oberpfaf-

fenhofen, Germany.

1. Introduction

As an unavoidable consequence of lift, aircraft gen-
erate counterrotating pairs of trailing vortices (cf. Fig.
1), which constitute a potential hazard to following air-
craft. The resulting separation distances between con-
secutive aircraft contribute substantially to capacity
shortages of congested airports. Both the complexity of
wake vortex physics and the limited experimental access
impede comprehensive analyses of wake vortex physics
that would allow the mitigation of wake vortex restric-
tions under appropriate conditions (Gerz et al. 2002).
In particular, in laboratory experimentsthe far-field evo-
lution of wake vortices is not accessible, and in both
laboratory experiments and numerical simulations the
achievable Reynolds numbers are far from reality.

The only and indispensable accessto real wake vortex
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behavior is provided by lidar measurement techniques
that trace full-scale wake vortices in the free atmo-
sphere. Light detection and ranging (lidar) operates by
transmitting a laser beam and coherently detecting the
radiation backscattered by aerosols. The spectrum of
Doppler shifts in the frequency of the backscattered ra-
diation is analyzed to give the line-of-sight (LOS) ve-
locity component of the aerosols and, hence, the air
motion, along the beam. From the LOS velocities the
circulation of the vortices can be deduced. Details of
lidar technology can be found elsewhere (e.g., Constant
et al. 1994; Harris et al. 2000).

Circulation constitutes the most important parameter
for wake vortex characterization since it describes vor-
tex strength in a form that is correlated with effects of
potential wake encounters (Hinton and Tatnall 1997).
However, the evaluation of circulation from lidar data
involves considerable complications. First, environmen-
tal conditions that can neither be controlled nor repro-
duced have a strong impact on vortex evolution (Spalart
1998; Holzépfel et al. 2003). Favorable neutral envi-
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Fic. 1. View from below on simulated near-field wake evolution up to 5 spans behind wing tips of an aircraft in high-lift configuration.
Vortex topology illustrated by isosurfaces of vorticity (w, = =200 s*, gray isosurfaces indicate counterrotating vorticity).

ronmental conditions with minor influences on vortex
evolution, that is, weak winds, low turbulence, and neu-
tral temperature stratification, prevail rarely. As a con-
sequence, one also needs to document environmental
conditions with considerable extra measurement effort
and is forced to investigate trailing vortex behavior
within the full complexity of environmental effects. Sec-
ond, unlike in the case for single vortices where the
circulation converges to a definite value at large radii,
the proximity of a neighboring vortex affectscirculation
values wherefore the circulation of vortex pairs strongly
depends on the method of its evaluation (Campbell et
al. 1997; Harris et al. 2000).

Theinvestigationsin the current manuscript are most-
ly restricted to kinematic effects of wake vortex char-
acteristics on circulation evolution; aspects of lidar tech-
nology are neglected. Three different methods to derive
circulation are applied to apair of Lamb—Oseen vortices,
to large eddy simulation (LES) results of wake vortices
that evolve in aconvectively driven atmospheric bound-
ary layer (Holzapfel et a. 2000), and to simulation re-
sults dealing with the roll-up of multiple vortices behind
an aircraft in high-lift configuration (Stumpf 2002). The
aim of theinvestigation isto understand theimplications
of the respective evaluation methods and to serve as a
guideline for the proper choice of an evaluation method
for circulation based on lidar data. For this purpose (i)
the systematic deviation of the circulation derived with
the different methods from the root circulation is dis-
cussed, (ii) the cause of the frequently observed initial
overestimation of circulation is revealed, and (iii) the
degree of scatter of circulation data is considered that
is due to the genuine variability of wake vorticesin the
atmospheric boundary layer. Finally, the theoretically
derived characteristics of the different evaluation meth-
ods are verified against lidar data recorded during the
Wake Vortex Forecasting and M easuring Campaign at Ob-
erpfaffenhofen (WakeOP) performed in spring 2001 at
Fairchild Dornier Airport in Oberpfaffenhofen, Germany.

2. Methods to evaluate circulation

The circulation I around a plane closed contour C is
defined as the line integral of the tangential velocity
component, v,:

FE%vldS=J‘wdA. D

Employing the Stokes theorem, circulation can equally
be expressed by the integral of vorticity » over the
surface A. For circular integration areas, Eq. (1) can be
expressed by

I'r) = f ’ fr o(r, @)r dr de, 2

where r denotes the radius and ¢ is the azimuthal angle
in a cylindrical polar coordinate system. Equations (1)
and (2) can only be applied if two-dimensional velocity
data are available. For a single, axisymmetric vortex,
circulation on a given radius can be simply obtained
from the tangential velocity at that radius according to

I'(r) = 27rv(r). (©))

One appropriate method to calculate circulation of
wake vortices is to average circulation over n, radii in
aradii interval, r, = r, = r,, with alower bound r, and
an upper bound r,, according to

Lo =2 2T @

where the increment of subsequent radii typically is set
to 1 m. For lidar data evaluation it is assumed that the
maximum LOS velocity corresponds to the tangential
velocity v, of the respective vortex, and Eq. (3) is used
to determinethe circulationsthat are averaged according
to Eq. (4). It is advantageous to perform the averaging
for both flanks of the vortex (cf. Fig. 2), that is, for
opposite directions of the tangential velocity, because
then the influence of ambient wind and self-induced
descent speed are compensated automatically. This ap-
proach is termed method v,.

Radii-averaged circulation according to Eq. (4) can
equally be determined from two-dimensional velocity
data employing Eq. (2). Thisis called method w. Since,
however, the vorticity in Eq. (2) cannot be derived from
lidar data, method  is only used as a reference for
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Fic. 2. Sketch of the vertical velocity profiles of two Lamb—Oseen
vortices separated by b, (fine lines) and corresponding vertical ve-
locity envelope of the trailing vortex pair (bold line). Radii interval,
r,=r =r, used for averaging of circulation in method v, indicated
for left vortex in gray.

circulations evaluated from virtual lidar measurements
in sections 4 and 5.

For methods v, and w, the effect of the neighboring
vortex should be restricted by limiting r, at most to half
of the vortex spacing, b,/2. This limitation also reduces
disturbing effects of secondary vortices, ambient tur-
bulence, and baroclinic vorticity. The lower limit r,
should be set well above the core radius. Including radii
of the order of the core radius and below would decrease
the resulting circulation unnecessarily. Furthermore, ve-
locities at small radii are difficult to measure by lidar
dueto the smaller volume of scatterers. The basic benefit
of methods v, and w is that the averaging of I" over a
radii interval reduces the scatter in turbulent vortices
and, thus, also enables estimations of disintegrating vor-
tices. The radii-averaged circulation definition has a
good potential as a measure for vortex strength in re-
duced spacing operations because it correlates well with
hazardous effects induced from potential wake encoun-
ters (Hinton and Tatnall 1997).

The downdraft method w, proposed by Harris et al.
(2000) calculates circulation from the downdraft veloc-
ity midway between the vortices, w,, according to

T, = mw,b,/2. (5)

For a pair of undisturbed Lamb—Oseen vortices, I, dif-
fers negligibly from the root circulation. An advantage
of this method is the high lidar signal-to-noise ratio that
results from the great volume of air moving near the
downdraft velocity midway between the vortices. The
effects of crosswind v, vertical wind w, lidar scan angle
0, and vortex tilt angle ¢ on the measured downdraft
velocity w,, can be compensated according to

W, + vcog(f) — wsin(h)
Wa = sn( — ¢)

(6)
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Fic. 3. Sketch to illustrate the definition of lidar scan angle 6,
vortex tilt angle ¢, effective observation angle vy, and the coordinate
system used in the current article. The axial direction x points against
the flight direction.

Figure 3 illustrates that the lidar scan angle and vortex
tilt angle can be combined to define an effective lidar
observation angle, v = 6 — ¢, which denotes the angle
between the line that connects the vortex centers and
the lidar scan direction. Figure 3 also describes the co-
ordinate system used in this article.

3. Analytical considerations

This section aims at illustrating the effects of evalu-
ation methods v, and w,, averaging interval, and obser-
vation angle on the obtained results in circulation. For
this purpose it is assumed that an ideal continuous-wave
lidar records exact maximum LOS velocities of analyt-
icaly given wake vortices. These consist of the super-
position of two Lamb-Oseen vortices where the tangen-
tial velocity profile of one vortex, v,(r), is given by

(")

r —1.26r2
v(r) = 2_77('JI’<1 — €X )

re

with a core radius of r. = 4 m, a vortex separation b,
= 23.5 m, and a root circulation I'j) = 283 m? s1.
Figure 2 sketches the respective profiles of the vertical
velocity component. It is assumed that the trends ob-
served in our study would also occur for different vortex
models. The observation angle of the lidar is kept con-
stant during measurements—an approximation that cor-
responds to ‘‘frozen” vortex pairs drifting through the
lidar beam. We refer to Campbell et a. (1997) for a
similar discussion of the effects of averaging interval
and observation angle pertaining to method v,.

For the following considerations the absolute value
of I'y is irrelevant (we employ circulations normalized
by I', where the normalization is indicated by an as-
terisk). As abaseline case the radii-averaged circulation
uses a lower bound of 5 m and an upper bound of 11
m. To demonstrate the effects of the chosen averaging
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Fic. 4. Here I}, determined according to method v, for a pair of

Lamb—Oseen vortices as a function of vortex spacing b,, and for
three different averaging intervals. The values of the corresponding
single vortices are denoted by horizontal lines. Hatched linesindicate
applicable lower boundaries for b,.

interval, further results with 3-8- and 5-15-m intervals
are included.

a. Vertically viewing lidar

We now restrict the analysis to vertical observation
angles; hence, only vertical velocities are measured. Fig-
ure 4 depicts the influence of the vortex spacing on
normalized circulation obtained by method v, for three
different radii averages. For a singular vortex, I'%,
I't ,,, and I't_, amount to 0.833, 0.967, and 0.979, re-
spectively (horizontal lines). Thisunderestimation of the
root circulation is caused by the decreasing circulations
on radii smaller than 2r [at about 2r, the Lamb—Oseen
vortex attains the potential flow withI'(r) = I';]. How-
ever, when we apply the analysis to a vortex pair, we
find that 't ,, and I'%_, are overestimated. Figure 2 in-
dicates that the neighboring vortex induces superim-
posed downward-directed velocitiesin the averaging in-
terval. In the downwash region the superimposed ve-
locities cause an overestimation of circulation that dom-
inates the weaker underestimation induced in the
upward-directed vortex flow. An average over radii be-
tween 3 and 8 m, on the other hand, nevertheless un-
derestimates the circulation for b, > 16 m, since I'(r)
in this case is aways below T,.

It becomes evident that for a given vortex spacing the
obtained circulation values increase with the upper limit
of the averaging interval. That upper limit further dictates
the lower limit for vortex spacing (which istwicer ) for
which I't, can be applied without inclusion of velocities
beyond the midpoint. (Therefore, the parts of the curves
that fall below those minimum vortex spacings are not
discussed.) As an exemplary result we find a maximum
overestimation of I't ;, = 1.138 at the respective lower
limit of b, = 22 m. At b, = 47 m both effects, the
underestimation of the circulation for a singular vortex
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FiG. 5. Circulation determined according to method w, for a pair

of Lamb—Oseen vortices as afunction of vortex spacing and averaging
length along downdraft velocities.

and the overestimation caused by the neighboring vortex,
compensate each other such that T's ,, = 1.

Circulations determined by the downdraft method w,
as a function of vortex spacing are shown in Fig. 5.
M easuring exactly at the midpoint between both vortices
(curve b,/2), the normalized circulation attains a value
of 1 at b, = 20 m (b,/r. = 5). Since the velocities in
the downdraft region usually are not smooth, the cir-
culation scatter may be reduced by calculating w,,, as an
average over laterally adjacent velocities. However, this
averaging also overestimates circulation (when b, > 16
m), since method w, employs the local minimum ve-
locity and averaging and, thus, includes higher neigh-
boring w, values (cf. Fig. 2). (When b, drops below 16
m the overestimation turns into an underestimation be-
cause for by/r. < 4 lower velocities from the vortex
core region are affecting the evaluation.) For vortex
spacings of b,/r, > 4, which in general prevail, welearn
that averaging causes an overestimation of circulation
that increases with the averaging length and decreases
with increasing b,/r.. For example, averaging along a
2-m (4 m) section causes a maximum overestimation of
0.6% (1.9%) of circulation.

b. Oblique viewing lidar

We now generalize our analysis and allow our ideal
lidar to view at angles y between 90° and 45° (again
with fixed beam, no scanning). Figure 6 depicts the
actual positions where the continuous-wave lidar detects
the maximum velocity values along itsLOS in atrailing
vortex pair. For a single vortex, measurements at an
oblique view will not deviate from that at a vertical
view as long as the vortex is axisymmetric.

For vertical observation directions (y = 90°) the fig-
ure corroborates that the LOS velocity maxima are sit-
uated on a horizontal line. For observation angles below
90° the actual positions of the measured maximum LOS
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Fic. 6. Actua positions of LOS velocity maxima for different observation angles y. Wake vortex
topology is illustrated by isolines of the streamfunction. Enlarged asterisks indicate exemplarily the
deviation of the actual position of the LOS velocity maximum (small asterisk) and the respective nominal
position that would be situated tangent to an isoline of the streamfunction (large asterisk) for y = 55°.
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velocities deviate from their nominal locations: now the
lines of maximum LOS velocity position are curved.
The curvature increases with increasing distance to the
vortex centers and becomes strongest in the downdraft
region where the influence of the neighboring vortex is
most prominent.

In the regions around the vortex cores, where the
rotational velocities approach zero, even the ideal lidar
applied to analytical vortices finds positions with higher
LOS velocities far behind or in front of the vortex cen-
ters. However, these outliers, which are found for all
observation angles, are of no relevance for the evalu-
ation of circulation, because the core region is excluded
by the choice of r,.
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Fic. 7. Here I'f,  determined as a function of observation angle y

for method v, and three different averaging intervals, r—r,, with b,
=235mandr, =4 m.

Figure 7 shows circulations determined with method
v, for different observation angles and radii intervals.
The overestimation of I't ,, at y = 90° decreases grad-
ually from 1.118 to a minimum of 1.029 at y = 55°,
then it rises again to a maximum at y = 35°, followed
by a sharp decline. The overestimation declines gen-
erally for angles that deviate from 90° because the con-
tribution of the velocities that are induced by the neigh-
boring vortex decreases with decreasing observation an-
gle: to first order, only the induced vertical velocity
component contributes to the overestimation, whereas
the induced horizontal velocity component has different
signs on the different sides of the vortex core and there-
fore is compensated in the integration.

It is worthwhile to note that for geometrical reasons
the LOS velocities of the adjacent vortex are included
in the circulation computation when y < v, = arcsin
(2r,/b,). Then the detected maximum LOS velocity po-
sition “‘jumps,” for example, from the left to the right
vortex (cf. Fig. 6). For the current parameters (r, = 11
m, b, = 23.5m), vy, is 70°. However, the overestimation
of I't ,, grows from its minimum only again when y <
55° (instead of 70°) because then the contribution of
LOS velocities beyond the separating symmetry line'y
= 0 dominates the decreasing overestimation caused by
the decreasing observation angles. For observation an-
gles below 35°, the integration domain also includesthe
decreasing rotational velocities in the adjacent vortex
core region and, hence, I't ,, decreases again. Figure 7
finally shows that the discussed characteristics of the
curvefor I't ,, are also found but shifted to higher (Ilow-
er) observation angles when r, isincreased (decreased).

Figure 6 indicates that the actual position of the LOS
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Fic. 8. Relative deviation of LOS velocity maxima (for arbitrary
observation angles y) from vertical velocities (y = 90°) in the down-
draft region. LOS velocities are already translated into vertical ve-
locities according to Eq. (6).

velocity maximum that is attributed to the midpoint
downdraft velocity (for method w,) is situated consid-
erably apart from the midpoint position for y < 60°
(the asterisk is the first symbol that does not appear at
the midpoint position). As a consequence, the corre-
sponding velocities are adulterated. In Fig. 8 therelative
deviations of the downdraft velocities w, are plotted for
the different observation angles where the LOS veloc-
ities w,, are already translated into downdraft velocities
wy according to Eqg. (6). Figure 8 reveals a considerable
excess of w, at y = 0 and, consequently, an overesti-
mation in circulation when y < 60°. A closer inspection
yields the minor relative error of 0.8% at vy,,, = 57°.
If the downdraft velocity is calculated as an average of
neighboring positions in order to smooth circulation
scatter, overestimations of downdraft velocities occur
already for v > vy,,,. These deviations again are caused
by the offset between nominal and actual positions of
the maximum LOS velocities (see Fig. 6).

4. Turbulent environment

In this section we investigate how the vortex evo-
[ution in an inhomogeneous turbulent environment af -
fects circulation measurements by lidar. For this purpose
an LES of wake vortices in an evolving convectively
driven atmospheric boundary layer (Holzapfel et al.
2000) is analyzed. The LES was performed in adomain
with auniform grid of sizeL, = L, =L, = 512m. The
convective boundary layer simulation was driven by a
constant vertical heat flux at the lower surface and three
wake vortex pairs were superimposed on the turbulent
flow field after the evolving convective boundary layer
was well established. Figure 9 illustrates the interaction
of convective cells and 5-s-old wake vortices in a per-
spective view of an isosurface of the upward-directed
velocity w = 2 m s 1. The LES data are rescaled such
that the dimensions of the vortices correspond to the
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FiG. 9. Isosurfaces of the positive vertical velocity value, w = 2
m s—1, of the evolving convective boundary layer with three pairs of
5-s-old wake vortices. Plane x = 192 m analyzed in Figs. 10 and 11
indicated by gray rectangle.

vortices in sections 3 and 6. The rms value of the fluc-
tuation velocities of the modeled boundary layer isq =
1 m s, which corresponds to a normalized value of
g* = g/w, = 0.54, where w, denotes the initial descent
speed of the vortices.

The LES data are used to simulate observations of
the upper-left vortex pair by anideal, vertically viewing
lidar. It is assumed that the maximum and minimum
velocities of the LES datafield in aheight interval rang-
ing from 200 to 500 m above ground correspond to the
maximum and minimum velocities derived from the
spectra of a continuous-wave heterodyne lidar. Thisim-
plies the following assumptions and simplifications. The
angle variation of the scanning lidar and the resulting
trigonometrics are neglected for the sake of simplicity.
The range resolution always includes the complete vor-
tices with an equal weighting of measured velocities.
The velocity maxima and minima do not include the
possible biasing effect that can be caused in practice by
spectral spreading due to time series windowing (Harris
et a. 2000; Campbell et al. 1997). A single lidar scan
detects instantaneous velocity data; that is, there is no
development of the velocity field during one scan.

The resulting profiles of vertical velocitiesin aplane
at x = 192 m (denoted by the rectangle in Fig. 9) are
plotted in Fig. 10 in increments of 5 s. This section of
the vortices is placed on the shoulder of an updraft and
thus is exposed to strong lateral gradients of vertical
wind that cause pronounced vortex tilting. The effect
of the updraft causes a clearly visible variation of the
velocity maxima already at t = 0 s. With ongoing time
the vortex signatures are progressively eroded such that
at t = 30 s the vortices can hardly be identified. Note
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FiG. 10. Profiles of maximum and minimum vertical velocities at x = 192 m and different instants
of time.

that at t = 30 s the vortices, nevertheless, still possess
more than 50% of their initial circulation (cf. Fig. 11).
This example demonstrates that the evaluation of a-
ready strongly deformed vortex signatures still may be
worthwhile.

The respective circulation evolutions determined ac-
cording to methods v,, w,, and w are displayed in Fig.
11 where method w, is shown with and without the
correction for vortex tilting. For method w, no lateral
averaging along the downdraft velocities is performed.
In the synthetic flow field the vortex positions are de-
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Fic. 11. Circulation evolution for methods v,, w,, and w at x =
192 m.

termined by searching the local minima of A,* with a
resolution of 1 m. For real lidar measurements it is
assumed that the triangulation method (Kopp et al. 2003,
hereafter K03), which is described in more detail in
section 6, would yield a similar accuracy for vortex
positions and, consequently, vortex spacing and tilt an-
gle.

The different methods yield initial deviations of al-
most +20% and converge with progressing time, except
method w, with tilt correction. In this situation of ex-
treme vortex tilting [ (30 s) = 59°] the correction for
vortex tilting causes an overestimation of circulation
values. As it is shown in the previous section, this is
due to the fact that for larger tilt angles the maximum
LOS velocities prevail in front of or behind the line
connecting the vortex centers, that is, closer to one of
the vortices. In the current example the limiting obser-
vation angle y,., = 57° (¢ = 33°) is reached aready
att = 11 s. After that time method w, with tilt correction
yields too high values. In reality the variable lidar scan
angle and the threshold angle for the tilting correction
should always be combined to calculate the effective
observation angle that can be used to rule out flawed
tilting corrections.

1 The second eigenvalue A, of the symmetric tensor & + Q2isa
measure for coherent vortex structures according to Jeong and Hus-
sain (1995). Here Sand () are the symmetric and antisymmetric parts
of the velocity gradient tensor Vu.
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Fic. 12. Circulation evolution for methods v,, w,, and « with an
axial wind of u = 1.6 m s7; initial plane at x = 192 m.

Figure 12 shows circulation evolution where the vor-
tices are advected with an axial wind of u = 1.6 ms*
along the flight direction. The initial plane corresponds
to the plane evaluated in Fig. 11. The comparison of
Figs. 11 and 12 indicates that axial wind may have
considerable impact on estimated circulation. In partic-
ular, axial wind may cause an ostensible constancy or
even increase of circulation with time when less-de-
cayed vortex segments are advected into the measure-
ment plane. Basically, axial wind may increase scatter
provided that the spatial vortex evolution features axial
gradients.

To reveal a more representative characterization of
the three methods, the respective circulations are av-
eraged over all simulation planes along the flight di-
rection (see Fig. 13). Table 1 indicates that the mean
initial circulation values correspond well to the theo-
retical values. In particular, method w reproduces almost
the theoretical value for I't ,, of asingle vortex; that is,
method w is not sensitive to the influence of the neigh-
boring vortex.

Remarkably, the radii-averaging methods  and v,
and also method w, without tilt correction, show similar
decay characteristics [I™ (t) slope], where the systematic
initial offset between the different methods is main-
tained during vortex evolution. Only the downdraft
method w, yields no initial decay until t = 5 s. Addi-
tionally, circulation is determined by integration of vor-
ticity on circles with a radius of b,/2 as an indication
of the real midpoint circulation evolution (termed meth-
od w, ). The reference method w, . suggests a slower
initial decay because the diffusion process that reduces
circulation on smaller radii is not present at y = b,/2.
Until t = 15 s, method wy,, which is not affected by
tilting effects, follows the curve with tilt correction.
Later on, when in some sections tilt angles of 30° are
exceeded, method w, . approaches the curve without
tilt correction.

Another remarkable observation is the similar mag-
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Fic. 13. Evolution of circulation determined by methods v,, wy,
and o as an average over al simulation planes along the flight di-
rection and respective standard deviations below.

nitude of the standard deviation of the circulation, I'*’,
of methods v, and w. Obviously the main benefit of
averaging is achieved by the radii average, whereas the
additional averaging of the vorticity over theintegration
area in method w is of minor importance. The scatter
of method wy, is increased compared to methods v,
and w because the integration over the larger area en-
closes more ambient turbulence. The standard deviation
of method w, indicates larger scatter where the titlting
correction reduces the scatter until t = 20 s. Later on
the scatter is even increased with the correction. This
again indicates that the tilt correction may improve es-
timated circulation for moderate tilt angles but for larger
tilting may adulterate results.

5. Multiple vortex pairs

Initial overestimations of the root circulation of typ-
ically 30%—-60% are frequently observed by lidar es-
pecially when method v, is applied (Campbell et al.
1997; Robins et al. 2001; Holzapfel 2003). That over-
estimation is associated with an ostensible strong initial
‘““decay’’ such that at a vortex age of roughly one time-
scale (t, = 2#b3T",) normalized circulation attains a
value of one. Recent analyses of numerous experimental
data indicate that the completion of roll-up for ap-
proaching aircraft equally may last about one timescale
(A. Elsenaar 2001, personal communication). The cor-
relation between circulation overestimation and roll-up
process is substantiated in this section.

TABLE 1. Theoretical initia circulation and mean initial circulation
of LES determined according to the three methods.

Method IS heor IGies
) 0.967 0.957
v, 1.113 1.124
Wy 1.0 1.018
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FiG. 14. Latera profiles of maximum and minimum vertica LOS
velocities at different downstream positions of near-field wake flow.

To reveal the mechanisms that cause the initial cir-
culation overestimation we perform virtual lidar mea-
surements based on high-resolution numerical simula-
tion data that cover the generation and merger of mul-
tiple vortex pairs behind an aircraft model in high-lift
landing configuration. The simulation treats the flow
around the Deutsches Zentrum fur Luft und Raumfahrt
(DLR)—Aerodynamische L ei stungsverbesserung an sub-
sonischen Transportflugzeugen (ALVAST) model,
which is similar to the Airbus A320, by solving the
Euler equations up to a half-span downstream of the
wing tip. The subsequent vortex evolution is modeled
by a direct numerical simulation. Details of the near-
field simulation approach are described in Stumpf
(2002). Figure 1 illustrates the resulting topology of
multiple vortex pairs. The contours of axial vorticity
indicate the vortex sheet that forms immediately down-
stream of the trailing edge of the wing and then becomes
organized in two corotating vortices from outer flap
edge and wing tip. The counterrotating vortices on
smaller lateral positions stem from the inner edge of the
outer and inner flaps, respectively, whereas their centric
corotating counterpart detaches from the outer edge of
the inner flap.

Figure 14 shows the lateral profiles of maximum and
minimum LOS velocities that are measured by the ideal
vertically viewing lidar at different downstream posi-
tions. With increasing downstream distance the sepa-
ration of the primary vortices decreases driven by the
mutual velocity induction of the multiple vortex system.
At a downstream position of one span (B = 1) the
two closely spaced velocity minimaat y/B = 0.8 indicate
the merger process of the corotating outer flap edge
vortex and the wing tip vortex. The velocity extrema
on smaller lateral positions represent the vortices stem-
ming from the inner edge of the outer flap and from the
edges of the inner flap. The observed multiple vortex
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Fic. 15. Circulation at different downstream positions of near-field
wake flow determined by methods v,, w,, and w. Symbol o (i) denotes
circulation evaluation for the outer (inner) vortex center at x/B = 1.
The radii interval applied for method v, is scaled to correspond to
I'% ,, as used in the previous sections.

topology clearly illustrates that the assumption of axi-
symmetric primary vortices that is applied in method v,
[Eq. (3)] is heavily violated as long as the roll-up pro-
cess to a single vortex pair is not completed. If method
v, is applied nevertheless, the velocity minima corre-
sponding to the secondary vortices are interpreted as
high tangential velocities on large radii appendant to the
primary vortex, hence, high circulation. Figure 15
shows that the resulting overestimation, which varies
between 67% and 29%, is of the order of overestima-
tions found in field measurements. The reduction of the
overestimation with increasing distance x/B is caused
less by the gradually proceeding roll-up but rather can
be explained as follows. Since the triplet of secondary
vortices is rotated below the primary vortex outward,
the vertical projection of the distance to the primary
vortex decreases (see Fig. 14), which, in turn, reduces
circulation. This example demonstrates that the mani-
fold of vortex topologies that evolve during roll-up may
cause a considerable variability of the initial overesti-
mation of circulation. In contrast, the ambiguity of the
actual vortex center location of the merging wing tip
and outer flap edge vortex at X/B = 1 (see Fig. 14) leads
to a comparatively small circulation variation (see Fig.
15).

Method w, is less sensitive to remaining secondary
vortices as long as these are sufficiently separated from
the midpoint position. At X/B = 1 we state an overes-
timation of up to 28% and an increased sensitivity to
the determination of vortex core position. From x/B =
3 onward the small decay rate is caused by the slowly
approaching primary vortices. Method » obtains an al-
most constant circulation of 0.9 because 10% of the
circulation was dissipated in the preceding simulation
of the flow around the aircraft.
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FiG. 16. Lidar spectra of several intersections with the wake vortices measured by the QinetiQ
lidar team during WakeOP (flight 1-13). Aircraft hit at t = 0 s. White lines indicate maximum
LOS velocities; the shading represents the signal contribution in each velocity bin.

6. Field measurements

The Wake Vortex Forecasting and M easuring Campaign
at Oberpfaffenhofen (WakeOP) was performed at the air-
field of Fairchild Dornier in Oberpfaffenhofen, Germany,
from 29 March to 4 May 2001. An outline of the campaign
is given in Gerz (2001). Besides a large variety of me-
teorological measurement systems, three 10-um continu-
ous-wave lidars were operated to trace the wake vortices
generated by DLR’s VFW 614 aircraft ATTAS. The cir-
culation of the ATTAS varied between 113 and 168 m?
st with a mean value of I'y = 142 m? s, and the ref-
erence timescale was t, = 12.6 s on average.

It was successfully demonstrated that vortex spacing
and trajectories can be obtained with significantly higher
accuracy when triangulating the vortex core intersec-
tions of two or three simultaneously measuring lidars
(K03). For this purpose the lidars were placed at alateral
offset of approximately 80 m and were scanned in a
vertical plane, aligned perpendicular to the aircraft’s
flight direction. Vortex core intersections of alidar give
accurate angular information but poor range informa-
tion. The triangulation method combines two series of
accurate angular measurements with an extended Kal-
man filter to produce the horizontal and vertical posi-
tions of the vorticeswith high accuracy. Here we employ
WakeOP lidar data to verify our theoretical consider-
ations concerning the evaluation strategies of circula-
tion. For this purpose vortex positions determined with
the triangulation method are applied.

Figure 16 illustrates several interesting features of the

lidar spectra that are already translated into LOS ve-
locities. The aircraft passed almost directly above the
lidar at an atitude of 146 m. The lidar scan range was
from 60° to 95° with a scan rate of 8° s~1. The mean
crosswind was approximately 2.5 m s, measured by
a separate wind-profiling lidar, and this was consistent
with the observed horizontal vortex drift velocity. For
full details of the measurement geometry see K03.

The background wind field with its fluctuations is
evidenced in Fig. 16 by the width and the noisy ap-
pearance of the oscillating trace. The tiny solid bar at
t = O sthat lastsfor asmall fraction of asecond indicates
that the lidar beam strikes the aircraft. The flow ob-
served immediately afterward shows high velocitiesand
complex structure, which represents the multiple vor-
tices that form during roll-up. Clearly, the evaluation of
circulation of such structures is not feasable. The sub-
sequent vortex pairs display the classic vortex pattern.
Eventually the vortices drift out of the scanning region.
The drift leads to an apparent stretching of the profiles
when scanning with the wind, and a contraction when
scanning against the wind.

Figure 17 shows lidar spectra of five intersections
with the decaying vortex pair. The lidar settings were
analogical to that in Fig. 16. The comparison of sim-
ulation and measurement (Figs. 10, 17) clearly points
out similar characteristics of the LOS velocity evolution
during vortex decay. At earlier times the vortex sig-
natures are distinct albeit not perfectly symmetric,
whereas at later times the vortex signatures are pro-
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Fic. 17. Lidar spectra of five intersections with the decaying wake vortex pair measured by the
QinetiQ lidar team during the campaign WakeOP (flight 8-01).

gressively eroded such that, for example, the two down-
draft peaks vanish in favor of an unstructured downwash
region.

Figure 18 depicts the evolution of mean normalized
circulation determined from data of the threelidar teams
with methods v, and w, together with the respective
standard deviations. The circulations are normalized by
theoretical circulations that are calculated individually
from aircraft weight and flight speed of every overflight
(OF). The different curves denote averages of the cir-
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Fic. 18. (top) Mean normalized circulation evolution and (bottom)
respective standard deviation, vs time determined from lidar mea-
surements during WakeOPR. Circulation values are averages over 3-s
intervals. Evaluation method, number of OFs, and lidar teams are
indicated in the legend.

culations of all evaluated OFs that are combined re-
gardless of the prevailing weather conditions and ad-
justed aircraft configurations. In spite of the unspecific
combination of the respective samples, the statisticscor-
roborate the previously described characteristics of the
different evaluation methods.

1) Initial overestimation (cf. section 5). Method v, ap-
plied to QinetiQ and the Office National d’ Etudes et
de Recherches Aérospatiales (ONERA) data clearly
exhibits an initial overestimation of nominal circu-
lation by roughly 40%. At about one timescale (12
s) the curves reach a circulation of one. For indi-
vidual measurements maximum overestimations of
90% are found.

2) Scatter. The standard deviations of the lidar field
measurements (Fig. 18) are of the same order of
magnitude as found in the LES (Fig. 13). Since in
the LES the roll-up is not considered, standard de-
viations start from a lower level and increase with
time driven by atmospheric turbulence. The higher
initial standard deviationsand, in particular, the max-
imum of ONERA's standard deviation at 3 s reflect
the enhanced variability of the initial overestimation
that can be caused by the complex topology of mul-
tiple vortex pairs during roll-up. Method w, applied
to QinetiQ data yields, indeed, increased standard
deviations compared to method v, for data of the
same lidar team.

Since in the field data the average environmental
turbulence intensity is even higher than in the sim-
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ulations (0., = 0.88, gfzs = 0.54)—in which mea-
surement uncertainties are excluded—we conclude
that errors originating from lidar measurement ac-
curacy appear to be negligible compared to the gen-
uine circulation scatter caused by the complex re-
sponse of wake vortices to turbulent environments.

Circulations evaluated by DLR show less system-
atic overestimation and reduced scatter. However,
such circulation data are only achieved in an inter-
active and iterative evaluation procedure where an
experienced scientist is in the loop and introduces
adequate threshold levels for the signal intensity at-
tributed to the LOS velocity and rejects spurious
data. Nevertheless, these data follow the expected
trends discussed below.

3) The effect of neighbor vortex and internal diffusion.
Method v, initially yields slightly higher circulation
values compared to method w, caused by the su-
perimposed velocities of the neighbor vortex. These
are followed by aslightly steeper circulation decline,
which originates from diffusion processesin the vor-
tex. The final decay phase is not observed because
in most cases the vortices were already advected out
of the observation area covered simultaneously by
both lidar systems before the final decay.

7. Summary

The evolution and decay of circulation of aircraft
trailing vortices constitutes an essential issue of wake
vortex research. For full-scale vortices this key param-
eter can, to date, only be derived from lidar measure-
ments. The current manuscript investigates the impact
of different effects that inherently modify circulation
values during the different phases of vortex evolution
in the atmospheric boundary layer. To understand the
nature of the circulation, assessment is a vital interest
for al those who aim at safely reducing aircraft sepa-
rations.

For this purpose, different circulation evaluation
methods are applied to (i) analytically given Lamb—
Oseen vortices and to virtual lidar velocity data estab-
lished from (ii) a numerical simulation of the flow
around an aircraft in high-lift configuration, which pro-
vides the peculiarities of a near-field multiple vortex
topology; and to (iii) LES of wake vortices in a con-
vectively driven atmospheric boundary layer, which rep-
resents vortex evolution in an inhomogeneous turbul ent
environment. The investigations reveal specific char-
acteristics of the different evaluation methods and ex-
plain and quantify systematic deviations from root cir-
culation.

Averaging over a radii interval of a single vortex
leads to a small underestimation of the root circulation
due to reduced circulation values at small radii. This
underestimation is reproduced well also for vortex pairs
when circulation is determined by the integration of
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vorticity. The degree of the underestimation depends on
the averaging interval, the core radius, and the vortex
spacing. On the other hand, the evaluation of radii-av-
eraged circulation from vertical maximum LOS veloc-
ities according to method v, leads to an overestimation
of the root circulation due to the impact of the neigh-
boring vortex. The degree of the overestimation again
is a function of the last named parameters and the ob-
servation angle y. The overestimation decreasesslightly
when the angle of observation deviates from 90°. In the
quite large angle domain 90° = y = 40° it varies be-
tween 2.9% and 11.8%.

The downdraft method w, evaluates circulation from
the tangential velocity midway between the vortices.
This position corresponds to the radius where the de-
termined circulation comes most close to root circula-
tion. For sufficiently tight vortex cores, method w, caus-
es a slight overestimation of the root circulation only
when the downdraft velocities are smoothed by aver-
aging. However, the correction for vortex tilting may
significantly adulterate circulation values when the (ob-
servation) angle between the line connecting the vortex
centers and the scan direction falls short below 57°. In
areal turbulent vortex already smaller tilt angles may
cause ambiguous tilt corrections.

During the roll-up of the complex near-field wake
topology generated by a high-lift wing the assumption
that the sensed maximum line-of-sight velocities can be
attributed to the tangential velocities of a pair of axi-
symmetric vortices does not hold. As a result the cir-
culation evaluation from lidar data can be flawed. For-
tunately, the roll-up phase typically is accomplished af-
ter one timescale and therefore is irrelevant for sepa-
rations to following aircraft. As long as the roll-up to
asinglevortex pair is not completed, theradii-averaging
method v, interprets vorticity stemming, for example,
from the edges of aflap as high tangential velocitieson
large radii, hence, high circulation. Initial overestima-
tions of the root circulation of 30%—70% are found in
measurements and simulation. Method w, is less sen-
sitive to remaining secondary vortices as long as these
are sufficiently separated from the midpoint position.

LES data indicate that considerably eroded vortices,
which already have lost the classic signature and there-
fore can scarcely be identified as wake vortices, nev-
ertheless may still possess more than 50% of their initial
circulation. This result emphasizes the difficulties as-
sociated with the investigation of final vortex decay.
Since, on the other hand, vortex decay is of primary
interest for wake vortex separations, we recommend to
push the evaluation of already strongly deformed vortex
signatures as far as possible.

A comparison of measurements accomplished during
the WakeOP campaign and the LES data corroborates
our theoretical findings. In particular, we show that the
degree of scatter of circulation data observed after the
completion of roll-up appears to be mostly due to the
genuine variability of wake vortices in the atmospheric
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boundary layer. This scatter, consequently, neither can
be avoided nor should be artificially smoothed. The only
way to further reduce this intrinsic scatter is to average
over several nominally identical measurements with re-
spect to aircraft configuration and atmospheric condi-
tions where the measurements can be based on multiple
overflights and/or multiple lidars.

We have shown that the two investigated circulation
evaluation methods are of complementary character and
therefore should both be applied if possible. It was fur-
ther shown that the circulation of the primary vortices
may be best approximated when an experienced scientist
evaluates data in an interactive and iterative evaluation
procedure. However, for circulation evaluation in an op-
erational reduced spacing system, time-consuming in-
teractive procedures are inapplicable. Here the radii-
averaged approach v, seems most appropriate. Sure
enough, the method suffers from a systematic overes-
timation of the root circulation but there is no overes-
timation in terms of encounter metrics for follower air-
craft. The velocities that apparently increase circulation
would also be sensed by a following aircraft in an en-
counter. Further advantages are that no ambient wind
data are needed to evaluate circulation, the radii aver-
aging reduces scatter, and the observation angle domain
is less restricted.
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Abstract

Results of high-resolution numerical simulations of aircraft wake vortex evolution and decay in different regimes and atmospheric
conditions are presented. The different cases comprise (i) the near field interaction of a trailing vortex with an exhaust jet, (ii) the evolution of
single vortices and counter-rotating vortex pairs in homogeneous isotropic turbulence, as well as (iii) the decay of wake vortices in a turbulent
stably stratified atmosphere, and (iv) in a weakly turbulent sheared environment. The different cases are used to analyse common aspects
vortex dynamics and decay mechanisms. In all scenarios the formation of coherent secondary vorticity structures that enclose the primary
vortices is observed. These secondary vorticity structures deform and weaken the primary vortices and in some cases lead to rapid vorte;
decay. It is shown that the mean swirling flow effectively rearranges and intensifies any secondary vorticity by tilting and stretching. The
secondary vorticity may either originate from the turbine jet, ambient turbulence or may be produced baroclinically. Based on the observed
phenomena, eleven postulates are established that pinpoint fundamental aspects of the observed decay mechanisms.

0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Zusammenfassung

Mittels hochauflésender numerischer Simulationen wird die Entwicklung und der Zerfall von Flugzeug-Wirbelschleppen unter ver-
schiedenen atmosphérischen Bedingungen untersucht. Die betrachteten Szenarien umfassen (i) die Wechselwirkung eines Triebwerksstrat
mit einem Nachlaufwirbel, (ii) die Entwicklung von Einzelwirbeln und gegensinnig rotierenden Wirbelpaaren in homogener isotroper
Turbulenz, (iii) den Wirbelschleppenzerfall in einer turbulenten stabil geschichteten Atmosphéare und (iv) in einer schwach turbulen-
ten Umgebung mit Uberlagerter Windscherung. Die Untersuchungen konzentrieren sich auf den verschiedenen Fallen gemeinsame As
pekte der Wirbeldynamik und des Zerfalls. Stets werden koh&rente Sekund&rwirbelstrukturen beobachtet, die die Primarwirbel um-
schlieRen. Die Sekundéarwirbel deformieren und schwéchen die Wirbelschleppe und kénnen ihren schnellen Zerfall auslésen. Es wird
gezeigt, dass die mittlere Wirbelstromung die zunachst inkoharente sekundare Wirbelstarke in effektiver Weise durch Kippen umor-
ganisiert und mittels Streckung verstérkt. Die sekundare Wirbelstarke kann durch den Triebwerksstrahl, die Umgebungsturbulenz oder
barokline Produktion eingebracht werden. Es werden elf Postulate aufgestellt, die wesentliche Aspekte der beobachteten Zerfallsmecha
nismen beschreiben.

0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction aircraft-induced wake turbulence compared to other sources
like boundary layer separation [14]. So the turbine jet
The lift exerted on aircraft wings produces long-lived constitutes a top candidate to affect wake evolution by
trailing vortices. Especially during an aircraft’s critical land-  aircraft design. Turbulence, stratification and shear, on the
ing phase these can endanger following aircraft. To avoid other hand, are the primary influences on vortex evolution
wake vortex encounters, follower aircraft must maintain a in the atmosphere. All the mentioned scenarios are tackled
safe distance to a landing aircraft up ahead of them. In or- in this manuscript. Merely, the effect of ground proximity is
der to increase airport capacities whilst at least maintain- not considered.
ing safety levels, the knowledge of wake vortex behaviour  |n the current article, a condensed survey is given on
under varying meteorological conditions achieves consider- four wake vortex calculations that were in part already
able significance. Also, the influence of aircraft design on described in previous publications. In each of the four cases
the strength of the shed vortices and the related potentially different numerical approaches and parameters are applied
more rapid decay is of crucial importance. (cf. Table 1). A detailed description of the approaches
The mostly prevailing decay mechanism in cruise alti- would go beyond the scope of this paper and is given
tude, the so-called Crow instability [2], can frequently be ob- elsewhere [6,11,14,24]. However, the dissimilar pecularities
served being visualized by contrails. Minor atmospheric tur- of the described approaches on one hand, and the similar
bulence is sufficient to trigger sinusoidal oscillations of the topologies of the resulting vortex evolutions on the other
vortices that lead to vortex reconnection and, finally, the for- hand, indicate a relative independency of results from
mation of descending vortex rings. Although the Crow insta- specific methodological aspects. This finding encourages
bility is well understood in principle, the longevity of vortex us to consider the extracted common aspects of wake
rings and their effects on encountering aircraft are discussedvortex decay as generic and universally valid results. The
controversly. analysed phenomena are related to the formation of coherent
Another controversy applies to the temporal evolution of secondary vorticity structures and their impact on vortex
vortex intensity and decay. Two radically different concepts decay. We argue that the observed effects, though extremely
are debated, namely the concept of gradual and predictablejifficult to verify experimentally, generally occur in wake
decay and the concept of stochastic collapse [30]. In the lat-yortex evolution and play a crucial role for vortex decay.
ter concept a phase of minor gradual decay is followed by Based on the current results, eleven postulates are derived
a rapid decay phase [9] which coincides with a transition that characterize prominent mechanisms of wake vortex
to fully turbulent vortices [15,26]. The controversy can in  decay. The interrelation of azimuthal vorticity structures
part be resolved by the insight that the observed circulation gnd wake vortex decay was first pointed out by Risso

evolution largely depends on its definition. On small radii et al. [27] and is typical for three-dimensional turbulence
a gradual decay is observed which reflects diffusion in the jnjtialization [19].

vortex core region, whereas larger radii are not affected by
this diffusion and rapid circulation decay sets only in when
instability mechanisms have developed. On the other hand.2. vortex jet interaction
rapid decay could well be masked in lidaneasurements
due to several reasons: (i) gradual spatial deformation of vor- | the near field of the aircraft wake the exhaust jets of the
tices will apparently decrease gradually swirl velocities in trhines are entrained into the two counter-rotating wingtip
the measurement plane, (i) the advection of deformed vor- yortices which at the same time roll up from the sheet of
tices through the measurement plane will cause substantialorticity induced by the wings [7]. To investigate the highly
scatter. If that scatter shall be reduced by averaging of cir- complex entrainment and mixing process of the turbulent
culation data from several flights, characteristic features of jet into a trailing vortex it is convenient to identify two
circulation evolution are smeared out, (iii) the late phase of gyerlapping regimes [5,22]: the jet regime and the deflection
potentially rapid circulation decay is not accessible by lidar regime. In the current numerical approach these two regimes
probably because vortices decay turbulently [15] or can not gre modeled sequentially. First the turbulent jet evolves
be distinguished from their turbulent environment. So NU- temporarily and uninfluenced by the wake flow. Then in
merical approaches have to be employed to contribute o ae deflection regime the interaction of jet and wake flow
comprehensive understanding of vortex decay characteris-g modeled. The characteristic dimensions of the numerical
tics. The above mentioneq and further in_1p|ication§ of cir-. set-up are provided by a wind tunnel experiment [1] and are
_culation evaluation from lidar data are discussed in detail hased on similarity parameters of a large transport aircraft
In [16]-_ ) ) . with two engine jets. The experimental results show that the
In-situ measurements in the wakes of various aircraft \qrtex flow does not affect the engine jet behaviour until
have shown that the exhaust jets contribute dominantly to 5 qownstream distance of 0.5-1 wing spans. For modern
large transport aircraft, the characteristic size of the jet
1 Light Detection And Ranging, remote sensing technique to measure fegime is of the order of 1-50 diameters of the nozzle exit,
the line-of-sight velocity along a Laser beam that scans wake vortices. while the deflection regime, scaled to the wingspan, extends
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Table 1

Survey of cases, numerical codes, methods, vortex Reynolds nurReets]"/v, boundary conditions in flight directiom,, lateral direction,y,
and vertical directionz (per. stands for periodic and nr. for non-reflecting), ratio of domain dizéy vortex core radius;., and number of grid
points across core radius

Case Jet (Section 2) HIT (Section 3) Strat (Section 4) Shear (Section 5)
Code PEGASE [6] NTMIX3D [31] LESTUF [18] MESOSCOP [28]
Method DNS LES LES DNS
Re 5000 (jet: 1000) 100108 ) 2200
Boundary conditions pex nr. x nr. periodic periodic perx per. x free slip
Ly/re x Ly/re x L /re 12 x 66.9x 66.9 2823; 28.2 x 56.44(SV5 5) 102 x 64 x 135 68.8x 128 x 85.3
re/AX Xre/Ay X re/Az 7.5x 10x 10 233 0.63x 4 x 4 0.93x3x 3

[=]
T
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Fig. 1. Normalized axial vorticity contours in a vertical lateral cross-sectiory Bt= 0.5 (left) andx/B = 1 (right). Dashed lines denote negative vorticity;
contour range from-1 to 4 in steps of &.

downstream of the airplane to a distance of about 1-10 simulation when the jet has reached an age*ct 9. The
wingspans. conversion of time to downstream distance is established
The simulations are performed with a temporal DNS of employing the Taylor assumption with the experimental free
the three-dimensional Navier—Stokes equations. Key para-stream velocity ofig/vo = 2.2.
meters of all simulations are listed in Table 1. For details of  Fig. 1 depicts cross-sections of axial vorticityxgtB =
the numerical method we refer to [6]. The axial length of 0.5 and x/B = 1. The undisturbed concentric vorticity
the domain of 6 nozzle radii corresponds to twice the wave- contours represent the trailing vortex whereas the two
length of the maximum growth rate of the first azimuthal opposite-signed regions of vorticity &f B = 0.5 reflect the
instability of a spatially evolving jet [23]. An unstable noz- most unstable mode of the jet instability. These unstable
zle outlet velocity profile [23] is prescribed which is super- structures burst subsequently and the jet reaches a fully
imposed by three-dimensional Gaussian shape random perturbulent state at/B = 1. Fig. 2 shows axial and azimuthal
turbations. When the jet simulation has reached an age thaworticity contours in a perspective view at different instants
corresponds to a downstream distance of 0.5 wing spansof time. At t* = 90 the fully turbulent jet is deflected and
(x/B = 0.5), the cross-section of the domain is enlarged and entrained by the vortex-induced velocity field and starts
a Lamb-Oseen vortex is superimposed on the flow field at ato wrap around the primary vortex. During that process
distance of 14 vortex core radii from the jet center (Fig. 1). the jet’s vorticity is progressively stretched and rearranges
The tangential velocity profiley (), of the Lamb—Oseen  to coherent — but now spiral-shaped — secondary vorticity

vortex is given by structures (SVS) of opposite signg & 110).
1.4vor 12562 Fig. 3 sketches how a passive tracer that initially extends
ve(r) == ¢ <1 — exp'iz), (1) radially between 4 and 6 is stretched in a Rankine vortex.
re At 321 the tracer completely encloses the vortex center and

where vg denotes the maximum tangential velocity at the is stretched by a factor ofr& In the long-term limit the
core radius.. The ratio of the jet radius at the nozzle exit passive tracer would be evenly distributed betweenahd

and the initial vortex core radius amountsAg;/r. = 1.3 6r.. A similar stretch-rate of approximately one revolution
and the ratio of the maximum jet and tangential velocities in 30rg takes place from* = 90 to 120 (see Fig. 2).
atx/B = 0.5 t0 ujet/vo = 2.72. In all cases dimensionless Fig. 2 shows, furthermore, that the counter-rotating sec-

time, t* = t/1p, is normalized by the vortex time scale, ondary vortex rings approach each other driven by a self-
to = 2r./vo. Here it is set zero at the beginning of the second induced propagation velocity. At the same time they increase
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Fig. 2. Subset of the computational domain showing vorticity contours in a perspective view: 80, 110, 120, 130, 150, and 210 (from left to right). Black
surface denotes axial componenf; (= 3), azimuthal component&f = 1 (—1)) are plotted dark grey (light grey).
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Fig. 4. Tangential velocity profiles of wake vortex at different instants in
time. Velocity profiles are averaged over axial and azimuthal directions.

Fig. 3. Schematic of a passive tracer that initially extends betwegn 4

and 6, and 2|szstretched in a Rankine 'vortex. Different instants in time, cates that maximum tangential velocities are progressively
t =nll82x<rZ/I", are plotted at which the tracer encloses ith

part of the vortex where: — 1/8,1/4,1/2, and 1. Axisymmetric and reduce_d but circulation is essentially unmodified at 4r,
instantaneous local Cartesian coordinate systems as well as representatiofS€€ Fig. 5).
of tangential velocity,Vy, in both coordinate systems are illustrated for
usage in Section 7.
3. Vortex evolution in homogeneousisotropic
in radius due to mutual induction which again stretches the turbulence
SVS. Finally, the counter-rotating SVS connect £ 150)
and decay by direct turbulent interactiai & 210). The effects of ambient turbulence on vortex dynamics
During that process the primary vortex has been stretchedare studied using the numerical code NTMIX3D [31] that
and deformed in turn by SVS driven induction. Fig. 4 indi- solves the Navier—Stokes equations for a three-dimensional
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Fig. 5. Temporal evolution of axially averaged normalized circulation for all the cases. Circulations are integrated over locally centereitttiratisof
4rc. For vortex pair with small vortex separatioiR},, . —4) circulation is determined on= bg/2 = 2r.

Fig. 6. Sequence of perspective views of iso-surfaces ébr vortices withl, = 5.5% at:* = 25, 50, 75, 100. (a) Single vortex, (b) vortex pair withy/r. = 8.

unsteady flow. The code is applied in its LES version to form quasi-steady dipoles in a two-dimensional viscous

where the subgrid-scale fluxes are modeled according topre-simulation. For further details regarding the numerical

the Boussinesq gradient approach and the subgrid-scaleapproach and turbulence initialization see Table 1 and [24].

viscosity is estimated from the kinetic energy at cut-offthat ~ Figs. 6, 9 display the temporal evolution of a single

is assessed by the filtered structure function [4]. vortex (SV) and two vortex pairs (VP) with different vortex
A field of homogeneous isotropic turbulence (HIT) is Separationsho/r, for the turbulence intensity, = 5.5%

generated from a given spectrum with random phases for!n @ sequence of perspective views of iso-surfaces;of
each mode which is subsequently allowed to adjust in a Different values forio are chosen to visualize the primary

. . .__vortices and the SVS. In Fig. 6 eddies of the ambient
preparatory run. The resulting turbulence is characterized . - ; o
: ) turbulence field become visible when they are intensified
with respect to wake vortex parameters by the ratio of root-

mean-square velocity and maximum tangential velocity of

the vortex,l, = u’/vo, and the ratio of integral length scale 2 The second eigenvalug, of the symmetric tensos? + 22 is a

to vortex core radiugl /r. = 5.8. Since the linear superposi- measure for coherent vortex structures [17], wh&rand 2 denote the

. . . . symmetric and antisymmetric parts of the velocity gradient tensor. For
tion of two Lamb—Oseen vortices may introduce additional conerent vortex structures, the resultingiso-surfaces largely correspond
perturbances to the flow [29], the wake vortices are allowed to iso-surfaces of the vorticity norm.
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Fig. 7. Iso-lines of vorticity and streamfunction in a reference frame
that descends with the vortices. Additionally, the baroclinical vorticity
production in a stably stratified atmosphere is illustrated.

Fig. 8. Temporal evolution of the extrema of each vorticity component of the
single vortex and vortex pair cases with= 5.5% andbq/r. = 8. Vorticity
extrema are averaged over the axial directiorend are normalized by the
initial maximum of axial vorticity,w, o.

by vortex stretching which is induced by the primary
vortices. The amount, length and intensity of the SVS
increase with time. The numerous coherent SVS deform the
primary vortices and lead initially to a similar decay rate
in the single vortex case and the case with large vortex
separation (see Fig. 5). At* = 60 the decay rates of

Fig. 8 depicts the evolution of the extrema of each
vorticity component normalized by the initial maximum of
axial vorticity, wy o for the cases shown in Fig. 6. This
representation allows to quantitatively assess the efficiency
vortex pair and single vortex start to deviate from each ©Of vortexstretching mechanisms. Due to diffusion processes
other and, eventually, at' = 100 the decay of the single the axial vortlcn_y maxima decregse with time. Howe\{er, the
vortex levels off. It should be noted that for the single lateraland vertical vorticity maximayy, max ®z,max, Which
vortex case a domain of transversally doubled size was @t " = O represent eddies of the background turbulence,
used to assure the independence of results from the sheal"Créase with time, driven by vortex stretching, and roughly
produced in between the single vortex and its periodic triplicate initial values around” = 125.y max and; max
counterparts. For vortex pairs this shear is much weakeraré of similar magnitude throughout the whole evolution,
because neighbouring vortices induce velocities of the samebecause the SVS appear alternately in both components.
direction and magnitude in the vicinity of the periodic Since the vortex pair exerts stretching both across (cf. Fig. 3)
boundaries. and along (cf. Fig. 7) streamlines, its vorticity maxima grow

Additionally to the mechanisms that produce SVS around faster and maintain higher values than in the single vortex
a single vortex, the topology of vortex pairs provides a fur- case. Finally, all vorticity components of the vortex pair have
ther mechanism that can be explained by considering streamdecayed to a similar level at = 200, when circulation is
lines in a framework that descends with the vortices (see reduced to 20%. The vorticity extrema of the case SV start
Fig. 7). Along the streamlines that connect the two distinct to deviate from those of case VP at approximatély= 60,
hyperbolic stagnation points, the flow is accelerated and de-a time that correlates well to the deviation of the respective
scelerated which exerts both stretching and squeezing of em<circulation evolutions (see Fig. 5). At = 100, when the
bedded eddies. Fig. 6 illustrates that while for the single vor- circulation of case SV remains almost constant, the decay
tex all SVS tend to be aligned azimuthally, the vortex pair of w. is reduced and the SVS are not further stretched,
produces also vertical vorticity streaks midway between the i.€. vorticity valuesw, max, @, max merely fluctuate around
vortices (stretching by vertical gradients of the vertical ve- constant values.
locity dw/dz in the vicinity of the upper stagnation point) When vortex separation is reduced, the evolution of the
and oval-shaped streaks (stretching by lateral gradients ofcirculation shows a very different decay behaviour. After a
the lateral velocitydv/dy in the vicinity of the lower stag-  short phase of gradual decay governed by turbulent diffu-
nation point). These additional SVS contribute to decay by sion, the elliptic/short-wave instability [20,21] is developing
turbulent diffusion and, in particular, by exchange of vortic- weakly (linear phase) (see Fig. 9). Subsequently;*or 15
ity in between the counter-rotating vortices. The comparison the Crow/long-wave instability is largely amplified and the
of decay rates for SV and VP in Fig. 5 indicates that the latter circulation starts to decay rapidly (which in part is due to
mechanisms advance decay effectively. the fact that circulation is only determined from the vorticity
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Fig. 10. Sequence of perspective views of iso-surfaces é6r (a) a single vortex and (b) a vortex pair with = 24% andbg/r. = 8 at* = 0, 30, 60.

component aligned with the flight direction). After recon- is superimposed on the vortices by adding initially three-
nection of the two primary vortices at = 25 a vortex ring dimensional random perturbations with a maximum tur-
is formed at* = 50. This ring remains coherent for a certain bulence intensity ofl, = 12% at the core radius. The
time but deforms under its own induction and loses strength. prescribed mean potential temperature gradient of the at-

In the highly turbulent caself{ = 24%) depicted in mosphered® /dz, is constant in each calculation and the
Fig. 10 the primary vortices are too weak to essentially corresponding normalized Brunt-Vaisala frequendiés=
stretch the turbulent eddies. Here it is the strong ambient (g/@q - d©/dz)Y/?(2rb3/ o) are set to 0, 0.35, and 1.
turbulence that directly deforms and destroys the vortices The pair of superimposed Lamb—Oseen vortices is initial-
rapidly. No differences between the decay of the vortex pair ized with a ratio ofbg/r. = 12 for which a self-adaption
and the single vortex are seen (see also Fig. 5). This indicategphase is not necessary because the resulting distortions are
that interactions between the vortices of the vortex pair do weak [29]. For further details regarding the numerical set-up
not contribute to decay in strong turbulence. we refer to [14] and Table 1.

Fig. 11 depicts iso-contours of the lateral and vertical
vorticity components that are induced by the wake vortices
4. Vortex decay in aturbulent stably stratified (represented by tubulars-contours) in a stably stratified
atmosphere turbulent atmosphere for two degrees of stratification. In
the caseN* = 0.35, the iso-lines of the lateral velocity,

The large-eddy simulation code LESTUF which solves illustrate the converging flow that is induced by the wake
the Boussinesqg-approximated Navier—Stokes equations andortices. This converging flow is deformed by turbulence
uses the classical Smagorinsky closure is employed to sim-such that the iso-lines = 0 (bold) meanders along the
ulate wake vortex evolution in a thermally stably strati- symmetry plane between the vortices. As described in
fied atmosphere with superimposed moderate, anisotropic,quantitative detail in [14], such a superposition of turbulent
and decaying turbulence. The turbulence, which is de- and wake vortex induced velocities produces axial gradients
scribed in detail in [8], obeys prescribed spectra with= of the lateral velocity,dv/dx, and, equivalently, vertical
3.6%, andA/r. = 12. Turbulence induced by the aircraft vorticity, w, ~ dv/dx in a volume above and midway
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Fig. 11. Wake vortex evolutions in a turbulent and weakly stratifigd £ 0.35) and in a turbulent and strongly stratifiel{ = 1) atmosphere af* = 120.
Iso-surfaces of lateral and vertical vorticity componem§ £ 0} =0.125 (-0.125) plotted dark grey (light grey)) in a perspective view. Wake vortices are
represented by black tubulap-contours. Fotv* = 0.35, iso-lines for lateral velocity, are plotted in a horizontal plane above the vortices.

between the vortices. The resulting vertical vorticity streaks, with the vortices [13]. This baroclinical vorticity addition-

w;, are amplified by vortex stretching due to the acceleration ally induces lateral velocities above the vortices that are di-

of the downwards directed flow between the main vortices. rected towards the symmetry plane. Herewith it intensifies

Then, the vorticity is tilted, and wraps around the primary the axial gradients of the lateral velocity which finally cause

vortices. the vertical and azimuthal vorticity structures and the related
The intense SVS in Fig. 11 below demonstrate that strong decay. Fig. 5 quantifies the impact of a stably stratified at-

stable stratification/{* = 1) intensifies these effects consid- mosphere on the longevity of wake vortices.

erably. The source of this intensification is the baroclinical

vorticity, w,, which is produced by the baroclinic torque ac-

cording to 5. Wake vorticesin a turbulent environment with
D 1

wx Y x Vp ) constant shear

Dt p?

along the oval-shaped interface (see Fig. 7) between the am- Shear flows exhibit vigorous and variform influences on
bient flow and the adiabatically heated flow that descendswake vortex transport and decay. Wake vortices that interact
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Fig. 12. Axial view of wake vortices in a turbulent environment with
constant positive background shear rdt= 47. Iso-surfaces of lateral
and vertical vorticity componentsof, = o} = 0.63 (—0.63) plotted dark

grey (light grey)); wake vortices represented by black tubigacontours.
Streamlines in a reference system that moves with the vortices in the plane
x=1Ly/2.

with a shear layer may experience vortex tilting, separation Fig. 13. Wake vortices in turbulent sheared environment in a perspective
and subsequent rebound of vortices, whereupon the vortexview. Iso-surfaces as in Fig. 12.
with opposite signed vorticity to the shear layer shows the
stronger tendency to rebound [25]. It is again the vortex with composed of opposite signed vorticity compared to the
opposite-signed vorticity that decays distinctly faster when background vorticity of the shear, is closely encompassed by
the vortex pair immerges into a turbulent shear-layer [12]. the SVS. A vertical streak evolves above the vortex pair that
Also the spectacular rebound observed at London-Heathrowlags progressively behind the descending vortices because
Int'l Airport [10] can be at least in part attributed to shear- it develops partially outside the oval that descends with
layer effects [15]. However, these effects are not observed inthe vortices. This structure is similar as in unsheared cases
laminar flows with constant shear [11]. (cf. Fig. 11) but here it is deflected to the right due to the
Here, we reporta DNS of vortex evolution in a constantly advection by the background shear flow.
sheared and turbulent environment. For this purpose the code The perspective view for two different instants, depicted
MESOSCOP [28] is employed which solves the Boussinesg- in Fig. 13, gives a spatial impression of the evolution of
approximated Navier—Stokes equations. The pair of Lamb—the flow structures. At* = 47 the SVS indicate that vortex
Oseen vortices with a vortex spacing 6f/r. = 8 is stretching of ambient turbulence is most effective near the
perturbed sinusoidally with an amplitude ofOQbg at right vortex at the axial position where the vortices are
the wavelength of ®bg to trigger the Crow instability  closest. At this particular position the area around the right
which allows to study the influence of vortex spacing on vortex which is enclosed by the bold separating streamline
decay. The weak homogenous and initially isotropic ambient achieves the smallest size (cf. Fig. 12). Consequently, the
turbulence is characterized by = 0.7%, andA/r. ~ 8. SVS structures that extend from the stagnation points (i)
The prescribed constant background strain just compensatesave to cover a small distance to completely encompass the
the strain that the left vortex would induce on the right vortex vortex and (ii) the SVS experience strong acceleration and,
center. Employing the common normalization for vortex hence, strong stretching in the vicinity of the right vortex.
pairs the shear corresponds(fh)/az)(ang/l“o) =1. Fluid, almost at rest at the stagnation point, follows the
Fig. 12 shows the wake vortices represented by black streamlines to locations of high circumferential velocity in
tubular Ap-contours in an axial view. The corresponding close proximity to the right vortex core, resulting in strong
streamlines indicate an intrinsic asymmetry of the vortex acceleration. Contrary to non-sheared cases, the distance
flow, as known from analytical investigations of wake between left vortex (same signed vorticity as the background
vortices subjected to background shear [3] (compare Fig. 7 shear) and vortex oval boundary is increased, which gives
for the unsheared case). The formation of SVS (grey iso- an explanation for unbalanced decay rates and prolongated
surfaces of lateral and vertical vorticity) is in striking lifetimes of the vortices [11].
correlation with the streamline that separates the fluid in At #* = 87 SVS have formed all along the right vortex
and outside the vortex oval. The right vortex, which is and have initiated a rapid decay phase (see Fig. 5). As a
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result of the initial perturbation the vortices link at about ditionally a stable temperature stratification wiNt* = 1

t* = 100 which initiates rapid decay also for the left vortex. may reduce wake vortex lifetime by roughly two time units

This is combined with tilting of the closely spaced vortex whereas an increase of ambient turbulence figra 5.5%

segments caused by mutual induction of the unequally by a factor of four may shorten wake vortex life by four time

strong vortices. units. In contrast, dimensional analysis tells us that the life
span of wake vortices in a given environment may be halved
by a reduction of vortex spacing by a factor®.

6. Comparison of decay characteristics

So far we employed normalized time based on the vortex 7. Formation of secondary vorticity and decay
time scalefg = 2r./vo, to allow for the comparison of decay = mechanisms
characteristics of both single vortex and vortex pair cases
(see Fig. 5). We found in Section 3 that a reduction of  As shown in the previous sections the formation of
normalized vortex spacing by a factor of two may accelerate coherent secondary vorticity around the primary vortices
decay by a factor of four. Alternatively, we now employ is a prominent feature of wake vortex evolution in the
the normalization of time that is commonly used for vortex atmosphere. In the following we list common aspects of the
pairs and is based on the time scale- an(z)/l“o. Fig. 14 related mechanisms.
indicates that now the decay rates of the two cases HIT, (i) Incoherentvorticity of background turbulence achieves
1, = 5.5% with a variation of vortex separation by a factor of coherence by tilting and stretching. It is the primary vortex
two almost coincide. This means that the time normalization that alignes (tilting) and reinforces (stretching) random vor-
for vortex pairs considers the effects of vortex separation ticity such that SVS are produced.
correctly even when the underlying decay mechanisms may (i) However, a single vortex filament that is stretched
differ considerably (cf. Figs. 6, 9). Another consequence is will conserve its circulation (Helmholtz theorem). Hence,
that increasing vortex core radii for a given vortex separation the vorticity of the vortex filament may be increased con-
reduces lifetime only slightly, whereas a reductiob@fmay siderably by stretching, but its far field effect in terms of
be very beneficial for an accelerated vortex decay. velocity induction is not modified.

A comparison of all cases in Fig. 14 indicates that the life (iif) Although the merger of several coherent vorticity
span of the vortices is basically correlated to the intensity flaments of equal sign may generate larger SVS, this
of ambient turbulence. However, the specific pecularities of mechanism likewise does not amplify far field effects.
the different cases, like additional superposition of aircraft-  (iv) Far field velocity induction (circulation) is generated
induced turbulence in the stratified cases or initial perturba- and increased when vorticity of arbitrary orientation which
tion of the vortex spacing in the sheared case, modify the has no far field effect is aligned to coherent structures by the
ranking according to background turbulence. Imposing ad- tilting process.
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Fig. 14. Temporal evolution of normalized circulation where the common normalization of time for vortex pairs is employed. Circulations de#srmined
in Fig. 5.
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(v) The tilting mechanism is effective for any vorticity T

structure that at least contains some radial vorticity compo-

nent and (vi) tilting provokes simultaneous stretching. This 4

can be illustrated by considering vortex tilting and stretch- V21 oo

ing in a background flow given by a single plane potential ol Vor [---F-+-

vortex, Vy (r) = I' /(2 r). Viscous and baroclinic effects are !

neglected.

For convenience, the secondary vorticity,, is given !

in an instantaneous local Cartesian coordinate system with N2 1 r

directions along the spiral-shaped vortex line, amGway .

from the center of curvature (cf. Fig. 3). The tilting and g N2

stretching terms read

Dw, U, Dw U, Fig. ;5. Sketch to illustrate the increase of rotational energy of a stretched
= Wy ) = wy , €)) Rankine vortex.

Dt as Dt as

where the velocity gradients along the vortex lide;, /os, across the symmetry line. This effect is prerequisite for

aU,/ds, are prescribed by the background fl&(r). For direct cancelation of primary vorticity [3,14].

the tilting term it follows (x) A primary vortex that stretches SVS as depicted in

Dw, AU, or a(Vy sing) ar Fig. 3 performes work on the SVS. During the stretching

Dr % 5y T a5 s process the SVS gain rotational energy, whereas the primary
r vortex, in turn, loses rotational energy. This can be delin-

= w;y Wsinz ®, (4) eated phenomenologically by considering a vortex tube with

a Rankine tangential velocity distribution that is stretched
by a factor of 2 (see Fig. 15). The increase in length corre-
sponds to a contraction by a factor ofJ2 (mass conser-

whereg denotes the angle betwe&n and U;. In analogy
the stretching term yields

Dw; aUs or 9(Vp cosp) ar vation). During stretching angular momentum is conserved
D % as YT ar as (rve = const), which means that the potential vortex re-
i gion is not affected by stretching. But the angular veloc-

= w5 COSp7 5 SINg. () ity of the contracted vortex core is doubled according to

_ 2,2 _
Egs. (4) and (5) specify the limits of the processes: Tilting 22 = 71/72521 because —_rl/\/z- The work performed
is strongest for radially oriented vorticity filaments because ON the vortex corelvy >, which corresponds to its gain of
dr/ds = sing = 1 and tilting ceases for azimuthally oriented  "otational energyA £, amounts to

structures because in azimuthal directiornygsia 0. Radially 1/ r2 r2
i i Wi = Eo—E1==(m2Q2 —m2Q?
aligned filaments are not yet stretched because ce9, 12 = £2 1=5 m 272 m 241
whereas azimuthally oriented structures can not be further 2 2
stretched (sip = 0). In summary, radially oriented vorticity _ }(mr_14912 _ mr_l_QlZ) — E1. (6)
is first tilted and then tilted and stretched simultaneously 2\ 4 2
until both processes decay when in the long-term limit the Hence, a doubling of length corresponds directly to a
SVS tend to be aligned azimuthally. doubling of rotational energy of the flow in the vortex core

(vii) SVS can deform primary vortices. In particular, of the SVS. The described mechanism is in direct analogy
counter-rotating SVS can stretch (squeeze) the primaryto the energy transfer from large eddies to small eddies in
vortices when approaching (departing from) each other (seeturbulent flows [32]. In our cases it is most obvious in the
Fig. 2,r* = 210). jet vortex interaction where rotational energy of the primary

(viii) In a reference frame that descends with the vortex vortex decreases only on smaller radii (Fig. 4) and in the low-
pair the vortices are engulved by a oval-shaped streamlineturbulence cases of Section 3 (Figs. 5, 6, 8). In particular, in
with stagnation points below and above the vortices (seethe single vortex case HIT S\ circulation decay ends at
Fig. 7). Due to the low velocities at the stagnation points a time ofs* = 100 when the SVS are not further stretched.
already minor disturbances are sufficient to displace the (xi) The formation of SVS may trigger the formation of
stagnation points which enables entrainment of ambient cooperative instabilities as the short-wave instability [21]
vorticity into the oval (see Fig. 11). Entrained vorticity is and the Crow [2] instability.
subsequently intensified according to the right equation in  With the exception of cooperative instabilities the de-
(3) by vortex stretching along streamlines in the accelerated scribed mechanisms are independent from the ratio of vor-
flow midway between the vortices or along the half moon tex core radius and vortex separation. We therefore assume
shaped streamlines around the vortices. that the relatively large vortex cores that we used here and

(ix) Counter-rotating vorticity streaks produced midway that are commonly employed in humerical simulations do
between the vortices can be effective in exchanging fluid not derogate the current results.
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Adjustment of Subgrid-Scale Parametrizations
to Strong Streamline Curvature

Frank Holzépfel*
DLR, German Aerospace Research Center, Oberpfaffenhofen, 82234 Wef3ling Germany

A subgrid-scale model correction for large eddy simulations that address flowfields with embedded areas of poorly
resolved strong streamline curvature effects is proposed. The devised modification is termed NaCoo and provides
an isotropic correction of the subgrid-scale viscosity based on local centrifugal stability. The degree of stability
is identified via a rotational Richardson number that is determined based on non-Galilean-invariant streamline
curvature at every grid point. NaCoo allows for a more realistic representation of inadequately resolved coherent
turbulent vortices. Its main benefits are 1) conservation of the peak vorticity in the vortex cores, 2) reduction of
vortex core radius growth rates, 3) an approach to properties of tangential velocity profiles found in experiments
4) allowance for appropriate turbulence levels in the vicinity of the vortices, and 5) non suppression of vortex
core meandering. The derivation of NaCoo, its properties, and sensitivity to numerical and vortex parameters are
described in detail. Applications of the correction to single vortices and aircraft wake vortices in a quiescent and
turbulent environment demonstrate the capabilities of the pragmatic correction.
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vortex spacing

= constant
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magnitude of deformation tensor, D;; = 2.;;
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Superscripts

* normalized quantity, based on by, I'y
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" SGS fluctuation

I. Introduction

SEEMINGLY endless number of efforts have been geared
toward the achievement of approaches for adequate numer-

ical treatment of turbulent flows with pronounced streamline curva-
ture and rotation effects. An impressive amount of semi-empirical
modifications for curvature effects were developed for the class of
Reynolds-Averaged Navier—Stokes approaches, in particular, for the
widespread, cost-efficient, and robust k—e turbulence model.! Until
today, numerous corrections had been suggested for eddy-viscosity
models,? during which time it was generally recognized that the
more costly second-moment turbulence closures have a fundamen-
tal advantage over eddy-viscosity models due to the explicit appear-
ance of rotation and curvature terms in the transport equations.>*
The even more costly large-eddy simulation (LES) explicitly sim-
ulates the Navier—Stokes equations and, thus, fully considers the
effects of curvature and rotation in the resolved scales. Therefore,
LES have been applied to improve the fundamental understanding of
the effects of rotating flows.” Driven by the ever-growing computa-
tional power, LES is also increasingly used for applied problems.5’
However, such applications often demand an unpleasant tradeoft be-
tween the complexity of the tackled problem and an adequate numer-
ical representation such that the impact of the subgrid-scale (SGS)
closure may become more dominant. Another more specific way
to circumvent resolution requirements is the vorticity confinement
method,® which preserves tight vortices even in coarse numerical
meshes. Recent developments of this method try to counterbalance
vorticity confinement and numerical diffusion.” This could allow
researchers to address problems where vortex decay is of relevance.
LES explicitly simulate turbulent eddies that are resolved
on a computational grid, whereas smaller-scale fluctuations are
smoothed and modeled by SGS closures. If the scales of eddies
that dominate turbulent transport are resolved, the subgrid model
primarily has to provide an appropriate energy sink that prevents a
tailback of small-scale energy. If, however, the larger-scale turbu-
lence is suppressed by stabilizing body forces, such as the buoyancy
force in a stably stratified environment or centrifugal forces in a ro-
tating flow, or is damped in the vicinity of a wall, the SGS model
may locally control turbulent transport. As a consequence, the flow
regions that are strongly affected by body forces may represent a
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solution of the SGS model rather than of the Navier—Stokes equa-
tions. Even without strong damping of the resolved turbulence, the
velocity gradients of poorly resolved embedded areas of strong co-
herent rotation may dominate turbulent fluctuations. As a conse-
quence, simulation results may be adulterated because, in general,
the effects of centrifugal and Coriolis forces are not represented by
the SGS closure.

These effects become most objectionable when an appropriate
resolution of all involved length scales is not feasible. An exam-
ple is given by simulations that investigate the interaction of air-
craft wake vortices with environmental conditions, which basically
suffer from limited resolution. This becomes immediatly clear for
an LES of wake vortex evolution in a convectively driven atmo-
spheric boundary layer.!® Ideally, the LES should resolve length
scales spanning the order of approximately 0.1 m in the strongly ro-
tating vortex cores to the order of 1000 m in the atmosphere, where
the latter length scale roughly corresponds to the inversion height of
a convective boundary layer. An appropriate equidistant numerical
mesh would need O(10'?) mesh points, whereas current grids are
limited to about 107—10° meshes. There are many other applications
where it is desirable to model flows with strong streamline curva-
ture with a modest number of grid points and without the need to
resolve all details of the flow. An example for a geophysical flow is
the simulation of tornadoes, technical applications that comprise the
flow around aircraft wings in high-lift configuration, fighter aircraft
under high angles of attack, or swirl combuster-type flows. In the
latter example, the simulation of chemical reactions may dominate
the numerical effort and an adequate representation of the swirling
flowfield must be realized based on a relatively coarse grid.

The dynamic SGS model,'! which is widespread for lower
Reynolds number applications, suppresses successfully the SGS
viscosity in a poorly resolved rectilinear vortex, provided that the
direction employed for the averaging of SGS model coefficients co-
incides with the axis of rotation. However, in a test of the dynamic
model, we already found that for small angles of less than 5 deg be-
tween the axis of rotation and the averaging direction, spurious SGS
viscosity patches develop in the vortex core region that distort the
vortex and cause numerical instability. The complex deformations
that wake vortex pairs experience during their evolution prevent the
determination of directions of statistical homogeneity that would al-
low for adequate averaging. A possible alternative is the Lagrangian
dynamic model,'? which accumulates averages along streamlines,
a procedure that, however, is not Galilean-invariant.

The suggested SGS model modification termed NaCoo provides
an isotropic correction of the SGS viscosity based on the degree of
local centrifugal stability. The stability is identified via a rotational
Richardson number that is determined based on streamline curva-
ture at every grid point. The name NaCoo refers to the procedure that
determines the curvature radius in natural coordinates. NaCoo was
already partially introduced in Ref. 13. The title of this paper em-
ploys the objective “Strong” to characterize the degree of streamline
curvature that increases when the center of a vortex is approached
where the curvature eventually tends to infinity, whereas the cur-
vature radius inversely goes to zero. Because of its low additional
computational expense, NaCoo is suitable for LES approaches that
follow the efficient philosophy of investment of as much as possible
of the available computational resources in an outmost resolution of
the grid scale flow and to consume as little as possible for sophis-
ticated SGS closures and numerical schemes. The approach can, in
principle, be adapted to any eddy-viscosity closure model. In con-
trast to the dynamic SGS model, which requires averaging of SGS
model coefficients to stabilize the solution, the current approach is
calculated locally at every grid point and, thus, may resolve even
the smallest embedded vortices.

Because the correction is sensitive to streamline curvature, it is
not Galilean-invariant. However, for many practical applications,
including aircraft wake vortices, this is not a severe shortcoming
because streamline curvature is determined naturally in an inertial
frame of reference. A Galilean-invariant criterion for curvature and
rotation can be defined when the direction of the principal axes
of the strain rate tensor'# is tracked. The higher complexity and

increased numerical effort (20% plus vs our approach with a 5%
penalty) of this alternative to streamline curvature!* may counter-
balance the advantage of Galilei invariance, at least for the large
number of cases where Galilei invariance is of no relevance. Fur-
ther SGS model modifications for streamline curvature effects are
described in Refs. 15 and 16.

After a brief introduction of the applied basic equations and nu-
merical methods appears in Sec. I, and the effects of the Smagorin-
sky closure on a single vortex are discussed in Sec. III. In Sec. IV,
the stabilizing and destabilizing effects of streamline curvature are
reviewed, and in Sec. V, the SGS correction NaCoo is introduced
and compared to Proctor’s approach.!'3 Furthermore, aspects of the
Galilei invariance issue are assessed. Section VI describes appli-
cations of NaCoo to single vortices and to aircraft wake vortices
in a quiescent and turbulent environment. Finally, the sensitivity of
the correction on numerical and vortex parameters is discussed in
Sec. VIL

Beyond the applications shown in this paper, NaCoo has been
applied to simulations of aircraft-generated multiple vortex systems
that are expected to trigger cooperative instability mechanisms that
lead to a premature onset of decay.!” Another application of Na-
Coo addresses the reproduction of turbulence levels measured in
wake vortices at different distances behind the generating aircraft
(personal communication with R. E. Robins in 2003).

II. Governing Equations

To provide the background for the discussion of the streamline
curvature correction, the basic equations and numerical methods of
the applied code LESTUF'® are briefly introduced. LESTUF was
originally developed for studies of stratified, sheared, and homo-
geneous turbulence. In space and time the code solves the mass
conservation equation

Bu,-

o 0 ey

and the Navier—Stokes equations for the resolved velocity vector

ou; 0 19 0ty
u +—u[u_;=———p—i 2)
ot 0x; pox;  Ox;

in an unsteady, incompressible, and three-dimensional fluid flow. In
Eq. (2), friction is represented by the SGS fluxes of momentum that
result from the nonlinear term in Eq. (2) after filtering on the mesh
scale. They are parameterized following an ansatz by Deardorff!®

7 1 n _
Tijj ‘= U; Mj — gu, ui6,~_,v = —21)5555,'_/ (3)

with the strain rate tensor

S = 1 814[ + Buj (4)
Yo 2 ij a)C,'

The SGS viscosity is modeled by Smagorinsky’s approach® (Fig. 1)

vsgs = (csA)*(2S; S_/i)% (5)

where the constant cg =0.165 is set to the theoretical value for
isotropic turbulence.

The physical fields are discretized on a Cartesian staggered grid
and integrated in space and time by second-order finite differenc-
ing. Time advancement is performed by a prognostic step for advec-
tion and diffusion by the use of the second-order Adams—Bashforth
scheme, followed by a diagnostic step that solves the Poisson
equation for the dynamic pressure. The integration scheme is nondis-
sipative and only weakly dispersive. The computational grid is
equidistant, and periodic boundary conditions are employed in all
directions. For anisotropic numerical meshes, the effective mesh
size is calculated according to the fitting formula of Scotti et al.?!



Q3

Q4

P1:JVP

AIAA [aiaaj] 17:31 4 May 2004 AI342]J-03/J26906(T)/Holziptel

HOLZAPFEL 3

ngslro

Fig. 1 Radial profiles of normalized SGS viscosity for Smagorinsky
closure and two different numerical resolutions.

I'T,
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Fig. 2 Temporal evolution of radial circulation distribution of a tur-
bulent wake vortex in quiescent environment.

III. Effects of the Smagorinsky Approach

To illustrate the effects of strong streamline curvature, the Lamb—
Oseen vortex is employed as a generic vortex. Any other analyti-
cally given continuously differentiable vortex profile could have
been used. The tangential velocity profile of the Lamb—Oseen vor-
tex consists of rigid-body rotation close to its center and a smooth
blend to the potential vortex on large radii according to

vy (r) = (Do/27r)[1 — exp(—1.2572 /r2)] 6

As baseline case, a vortex with a core radius of r.p=4 m and a
circulation of 'y = 565 m?/s is employed. To represent wake vortices
generated by a B-747 aircraft, two counter-rotating vortices with a
vortex spacing of by = 47 m are superposed. For wake vortices, time
is normalized by the time scale 27 b7/ T.

To illustrate the impact of the Smagorinsky closure on coherent
vortices, the Smagorinsky eddy viscosity [Eq. (5)] normalized by
Iy is derived for the Lamb—Oseen vortex

vsas(r)/To = [(esA)? [mr?]

X |:rf/r2 - (1.257 + rf/rz) exp(—1.257r2/r3)] @)

and plotted in Fig. 1 for different vortex core resolutions. In Eq. (5),
the strain rate tensor is applied for convenience in curvilinear co-
ordinates, because then only the radial-tangential component of the
strain rate tensor, (r/2)[(dvg/r)/dr], contributes to vsgs.

Note that in Eq. (7) the resolution of the vortex core, (A /r.), en-
ters to the power of two. Therefore, in poorly resolved vortex cores
enhanced values of SGS viscosity are generated (Fig. 1) that cause
large vortex core growth rates and a strong reduction of peak vortic-
ity. Figure 1 delineates that vsgs increases from zero at r = 0 (rigid-
body rotation) to a maximum at 1.19r. and then decreases again.
(Obviously, when r = 0 is approached, molecular diffusion becomes
relevant. Because this is a singular situation, molecular diffusion
can be neglected in the LES.) As a consequence, the radial velocity
profiles deviate from the family of self-similar Lamb—Oseen vortex
profiles that develop for laminar simulations with constant viscosity.
This is shown in Fig. 2, which shows the temporal evolution of the

radial circulation distribution of a turbulent wake vortex in a qui-
escent environment. At t* =0, the initialized Lamb—Oseen vortex
attains the maximum circulation of one at about r > 2r. Later on,
an overshoot of circulation is produced that reaches a maximum of
7% at around * =1.5.

In this simulation, aircraft-induced turbulence was taken into ac-
count by the initial addition of a three-dimensional random perturba-
tion field to the swirling flow, such that the perturbations reach max-
imum rms values of 2 m/s at the core radius and decay exponentially
for smaller and larger radii. This type of turbulence initialization is
referred to as case b. In Sec. VI, another scenario termed case a
is considered: In addition to the aircraft-induced turbulence, weak
to moderate, anisotropic, and decaying atmospheric turbulence is
superimposed on the whole velocity field. The atmospheric turbu-
lence obeys prescribed spectra with rms velocities of 0.38 m/s in the
horizontal and 0.21 m/s in the vertical direction. The length scales
of the most energetic eddies amount to 60-90 m. The turbulence
initializations of both cases are described in detail in Ref. 22.

IV. Centrifugal Stability

Although the concept of centrifugal stability is well known from
the literature,? it is briefly introduced here for an easier understand-
ing of the following sections. Figure 3 and Eq. (8) illustrate that a
fluid element in a vortex flow that is radially displaced by dr and
retains its angular momentum (vgr = const) experiences a restoring
force. The restoring force is proportional to the difference between
the centripetal forces acting on the displaced fluid element and its
environment; that is, it is proportional to the difference between the
velocity of the fluid element squared and the velocity of the sur-
rounding mean vortical flow squared and inversely proportional to
the local curvature radius

2 n2
v r r Y A
F,=—p["’—+”’— : } bh=—"r @)

r+dr r+dr r+dr

By means of a Taylor series expansion and with higher-order terms
neglected, F, can be expressed differentially

4

190
F, =~ —ﬁa[p(vgr)z]dr

Equating the restoring force to the inertia of the fluid element yields
a differential equation that describes undamped oscillations of the
displaced fluid element

3%r 10 2
o T g [n]r=0

w?

The restoring force, the oscillation frequency, and, hence, the vortex
stability achieve maximum values at the vortex center and vanish at
about 2r,. where the vortex attains constant circulation (cf. Fig. 3).

1.2

1
08
06
04

rre

Fig. 3 Schematic of the restoring force experienced by a radially dis-
placed fluid element in a Lamb—-Oseen vortex and respective circulation
profile.
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For negative gradients of vyr, the oscillation frequency becomes
imaginary and the vortex becomes unstable. Unstable flow condi-
tions may occur, for example, at the edges of a swirling jet where
they cause enhanced mixing or in the boundary-layer flow along a
concave wall where instability may lead to the formation of Gortler
vortices.

V. SGS Model Correction

A. Richardson Number

The following considerations are based on the Richardson number
for streamline curvature effects that Bradshaw?* derived in analogy
to the gradient Richardson number for buoyancy effects in stably
stratified flows. Bradshaw’s Richardson number

'\

ar
relates the oscillation frequency squared of the radially displaced
fluid element [w? in Eq. (10)] to the square of a “typical frequency
scale of the shear flow.” However, the choice of the latter frequency
scale is misleading. For example, in an axisymmetric vortex, dv/or
vanishes at the core radius. As a consequence, the Richardson num-
ber would go to infinity at 7 = r., where erroneously maximum sta-
bility would be assumed as it was in Ref. 25. (Recently, the flaw in
Ref. 25 was revised.?®) As shown in the preceding section, however,
maximum stability is attained in the center of the vortex. A consis-
tent formulation is achieved when the deformation tensor squared
is employed in the denominator instead. In curvilinear coordinates,
chosen for convenience, this corresponds to

2
RiZZﬁavgr ) ravg/r
rz or or

Radial profiles of the components of Eq. (12) are plotted for the
Lamb—Oseen vortex in Fig. 4. The oscillation frequency in the nu-
merator normalized by (7 r?/ I"y)? inceases from zero at r/r, > 2 to
its maximum of 7 /2 at the vortex center. The normalized deforma-
tion tensor in the denominator has a maximum at r, = 1.19, attains
the same value as the oscillation frequency at the core radius, goes
to zero at the vortex center and to low values on large radii. Conse-
quently, the Richardson number increases monotonically from zero
atr/r. > 2, reaches a value of 1 at r =r,, and goes to infinity when
approaching r =0.

Shen et al.'® extended the Richardson number formulation to three
dimensions

_ 2v dvr

Ri
! r2 or

11

12

Ri = Q*/D*+Q/D (13)
Because Eq. (13) cannot discriminate between vorticity of a plane
shear flow and vorticity of coherent rotation, an additional discrim-
inator algorithm has to be applied.

2.5 T T T T
Ri ——
2r (n r;/l"o)i wi --------- )
mr/Tg)” DT e
15 B (e 1o/To) .
1 ___.t‘\\‘._... i
05} ]
0 r i sy T Pooco-e deree.. L
0 051 15 2 25 3 35 4

rre

Fig. 4 Radial profiles of Richardson number, normalized oscillation
frequency squared, and normalized deformation tensor squared for a
Lamb-Oseen vortex.

Fig. 5 Determination of the tangential velocity v, and the curvature
radius r in natural coordinates.

We apply instead the modified ansatz by Bradshaw [Eq. (12)] in
natural coordinates

Ri:ﬂ<ﬂ+%>/D2
r r or

that does not require a discriminator function. It employs the tan-
gential velocity directly along a local streamline whose curvature
is given by an inscribed circle with radius r (Fig. 5). For an undis-
turbed axisymmetric vortex, both Richardson number formulations
described by Egs. (13) and (14) yield very similar results. How-
ever, for plane shear, the curvature radius in Eq. (14) goes to infinity
and Ri =0. In the potential vortex, the shear vorticity, dv,/dr, and
curvature vorticity, v, /r, just balance each other such that Ri =0
again.

(14)

B. Natural Coordinate System
Equation (14) employs the tangential velocity v, along a local
streamline whose curvature is given by an inscribed circle with
radius r (Fig. 5) and the respective velocity gradient, dv, /dr. These
quantities are calculated at every grid point, following the approach
of Hirsch.?”-?® In the natural coordinate system, the magnitude of
the tangential velocity corresponds to the local velocity magnitude
v, = [v|

15)

The magnitude of the curvature radius is calculated according to

r=p?/la,l (16)

where the acceleration in the direction of the curvature radius follows
from

a,=a—v@-v)/p| (17)
with the advective acceleration vector
a= -V (18)

Finally, the velocity gradient in the direction of the curvature radius

LT
— = (e, - v
ar

19)
is determined based on the unit vector pointing in the direction of
the curvature radius

e, = an/lanl (20)
The velocity gradient tensor, the deformation tensor, and
Eqgs. (15-20) are calculated in LESTUF within one loop, such that
NaCoo increases the numerical effort by only 5%.
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C. Implementation
Shen et al.'® implement the Richardson number by modifying the
SGS viscosity according to

VsGs = Vss,sand (1 — ¢ Ri)*? 21

where « is a constant to adjust the impact of the curvature correction.
NaCoo is implemented following Boysan (see Ref. 1) according to

VsGs = Vsas,stand[1/(1 + ¢ Ri)] (22)

Boysan suggested this type of implementation for a source term
modification in the dissipation equation of the k—e turbulence model.

The effects of the different Richardson number formulations and
their implementations are shown in Fig. 6. In both cases, the correc-
tions substantially reduce vsgs in the vortex core region compared to
the unmodified Smagorinsky approach. With NaCoo, vsgs smoothly
goes to small values when approaching the vortex center, whereas
the Shen et al. approach [Egs. (13) and (21)] gives a relatively abrupt
transition to zero at r/r, &~ 1.2. The observed differences of the SGS
viscosity profiles can be attributed primarily to the different types
of implementation. We prefer the smooth transition for the sake of
physical plausibility (maximum stability reached in vortex center)
and numerical stability. Formulations (21) and (22) also allow for
intensified momentum transport in unstable situations with Ri < 0.

D. Galilei Invariance

Galilei invariance, the independence of a physical model from
translational motions, serves as the criterion for the universality of
turbulence models. For many applications, like the ones addressed
here, the violation of the concept of Galilei invariance poses no se-
rious limitations because the applications are naturally defined in an
inertial frame of reference. Nevertheless, note that approaches based
on streamline curvature in general do not obey Galilei invariance.

Smagorinsky, u=0 ——

Proctor, u=0 —5—
\C NaCoo, u=0 --&--
N\ NaCoo, u=yy(re)/2 --s#--
N\, NaCoo, u=vg(ry) --#---

0.0002

vsgsll“(J

0.0001

0.0

Fig. 6 Radial profiles of normalized eddy viscosity for Smagorinsky
closure and modifications with « =1 and r, =4A; NaCoo is also applied
for two different levels of superimposed constant axial velocities.

Superimposition, for example, of a constant axial velocity on a
vortex in a fixed frame of reference, will transform closed axisym-
metric streamlines into helical streamlines with increased curvature
radii and, thus, modified values of the Richardson number. An in-
spection of the Richardson number in Eq. (14) shows that the defor-
mation tensor and dv,/dr remain unchanged by the superimposed
axial flow. (Note that dv, /9r is not susceptible to axial flows because
the direction of the curvature radius is invariant.) The magnitude of
the curvature radius and the tangential velocity, however, are mod-
ified. For example, in a quite strong axial flow, where the axial
velocity corresponds to the maximum circumferential velocity, the
curvature radius at r, is increased by a factor of two, whereas the
tangential velocity increases only by a factor of /2. Consequently,
Ri(r.) achieves a value of 0.5 instead of 1.

Figure 6 shows the respective effects on the SGS viscosity distri-
butions for two different levels of constant superimposed axial flows.
With increasing axial velocities, the effects of NaCoo are increas-
ingly reduced. On larger radii, the decreased curvature vorticity,
v, /r, cannot fully balance the unmodified shear vorticity, dv,/dr,
such that the SGS viscosity increases slightly in that area. This in-
crease reaches a maximum of less than 6% in the case of u = vy (r..)
and decreases again for higher axial velocities. A pragmatic way to
avoid this small overestimation is to limit Ri to positive values at the
expense that the intensified SGS momentum transport in unstable
situations with Ri < 0 is suppressed.

VI. Applications

A. Single Vortices

To illustrate the effects of the streamline curvature correc-
tions, LES of the evolution of single Lamb—Oseen vortices with
'y = 565 m?/s and .o = 4 m resolved by four grid points were per-
formed. Figure 7 shows cross sections of axial vorticity for vortices
with an initially superimposed random perturbation field according
to case b (Sec. III) at times of t =0 s and r =20 s. With NaCoo,
the peak vorticity of the initialized Lamb—Oseen vortex is well pre-
served and turbulence is damped to a reasonable level. In contrast,
the high levels of SGS viscosity predicted by the standard Smagorin-
sky closure strongly damp both mean and fluctuating vorticity such
that turbulent fluctuations become almost indiscernible.

Figure 8a compares the radial tangential velocity profiles that
have developed from initialized Lamb—Oseen vortices at t =20 s.
With the unmodified Smagorinsky model the almost 20% reduction
in maximum velocity is situated on an increased radius of 1.297.
Maximum velocities are also reduced with both corrections, but in
the rigid-body vortex region the velocity profiles are almost con-
served (preservation of peak vorticity) due to the suppressed SGS
viscosity. As a consequence, the shapes of the resulting velocity pro-
files deviate substantially from the initiated Lamb—Oseen vortices.
In the radii range between maximum velocity and potential vortex,
an outer vortex core is formed that can be characterized by r¢ with
C between —0.35 and —0.5.

At r =80 s, the velocity profile achieved with NaCoo approxi-
mates properties of the Rosenhead vortex (often also refered to as

Eo_ | 14
13 40 13 4o t=20s (D[SL] 13
12 12 F \ 12
11 I 11 11
;0 5L ;0 5L ;o
8 8 [ 8
7 E oL 7 Eb 7
6 ‘N 0 6 ';'OV 6
5 I 5 [ 5
4 i 4 F 4
3 o 3 o 3
2 [ 2 [ 2
(11.5 -10F 11s (1).5 -10f (1).5
0.1 ELou i Lol 0.1 L. sl 1 1 1 0.1

-10 -5 5 10 -10 -5 0 5 10
y [m]
b) c)

Fig. 7 Vorticity distribution of a Lamb—Oseen vortex with initially superimposed random perturbations at a) t=0 s with white streamlines and at
b) =20 s applying the standard Smagorinsky closure and c) at =20 s applying NaCoo with r, =4A and ot =2.
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Fig. 8 Comparison of vortex evolution employing the Smagorinsky closure and modifications with r. =4A and o =2: a) radial profiles of tangential

velocity at different times and b) temporal evolution of core radii.

the Hallock—Burnham vortex). The Rosenhead vortex corresponds
roughly to wake vortex profiles deduced from lidar field measure-
ment data and wind-tunnel data.?’

Figure 8b delineates the temporal evolution of vortex core radii
with and without initially superimposed random perturbations. Core
radii are determined as the mean distance between the vortex center
and the maximum of the tangential velocity where the mean distance
is an average over four individual distances calculated in four dif-
ferent directions, respectively. The unrealistically large growth rates
with the unmodified Smagorinsky closure are not affected by turbu-
lence. In the undisturbed vortex, Proctor’s correction (see Ref. 15)
even causes shrinking core radii because the region around the veloc-
ity maximum experiences diffusion only from larger radii (Fig. 6),
such that the velocity maximum is shifted toward the rigid-body
vortex (Fig. 8a). The disadvantage of the vorticity-based Richard-
son number formulation (13) becomes visible in the turbulent case:
Without the normally used discrimination procedure that identifies
vorticity of coherent rotation, turbulent vorticity patches receive no
damping, even outside the stable core region, as is reflected in the
unsteady evolution of core radii. In contrast, NaCoo, which gen-
erates reasonable small core growth rates, is not affected by the
initialized spotty structure of vorticity because it is controlled by
streamline curvature that is only marginally distorted by the super-
imposed random perturbations (Fig. 7a).

B. Aircraft Wake Vortices

Figure 9 compares the evolution of key parameters of a pair of
turbulent counter-rotating wake vortices in a quiescent (case b) and
a turbulent (case a) environment with and without NaCoo. The LES
without the curvature correction are described in detail in Ref. 22.

As in the preceding single vortex simulations, vortex growth rate
is substantially reduced with NaCoo, but is not affected by different
turbulence initializations until the initiation of a phase of rapid vortex
decay. When fully turbulent vortices have developed for case a at
t* =3 and for case bat* = 6.5 (Fig. 10 shows respective turbulence
structure) the definition of a core radius holds only in a statistical
sense and the evaluated average core radii start to grow rapidly.
This instant coincides with the onset of rapid circulation decay,
where circulation is determined as an average over radii intervals
ranging from 5 to 15 m. In the initial phase of moderate decay, the
diffusion phase, NaCoo reduces the decay rate as expected. In the
subsequent rapid decay phase, however, the decay rate of case b with
NaCoo is even increased because the initialized turbulence is less
suppressed (Fig. 7). As expected, the descent rate is not modified
by the curvature correction. The descent speed is mutually induced
by each vortex at the center of its respective neighboring vortex
and, due to the large vortex separation of almost 12 initial core

3 : ( :
25 ¢
2 m X b ——
‘\‘E 15 g{;(‘_xxx* b, NaCoc; :i:
= 1 a, NaCoo --£--

t*

Fig. 9 Evolution of normalized vortex core radius, descent rate, and
5-15 m averaged circulation for turbulent wake vortex pairs of a B747
aircraft in quiescent (case b) and turbulent (case a) environment. NaCoo
employed withr, =1.7A and a=2.

radii, these velocities reside in the potential vortex region of the
respective neighboring vortex where Ri ~ 0.

Because of the major difficulties connected with measurements
in the core of high-Reynolds-number wake vortices, very little ex-
perimental data for vortex core sizes and growth rates are available.
Recent evaluations of three different experimental approaches sug-
gest that minimum wake vortex core radii may be on the order of 1%
of the wingspan of the aircraft.>® Unfortunately, an adequate numer-
ical resolution of such tight vortices is hardly feasible; we employ
a ratio of r./B =8.5% that nevertheless, allows for an adequate
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Fig. 10 Vertical-lateral cross sections of axial vorticity distribution of wake vortices initialized with aircraft-induced turbulence in a quiescent

atmosphere employing NaCoo with r, =1.7A and ac =2.

representation of main properties of wake vortices.® Reference 30
finds, furthermore, that the vortex cores of aircraft with retracted
flaps grow roughly less than a factor of two before the onset of
instability mechanisms. This corresponds well with our simulation
results with NaCoo.

Figure 10 shows the evolution of the flow topology in vertical—
lateral cross sections of the wake vortices for case b. Note that,
already at t* =4, maximum axial velocities attain the same mag-
nitude as the maximum swirl velocity components. In spite of the
lack of Galilei invariance, this causes no apparent consequences for
wake vortex evolution (Fig. 9). The seemingly fully incoherent flow
structure at t* = 8.5 represents vortices that still exhibit one-third
of their initial circulation (Fig. 9) and a descent speed reduced by
only 23%. It is only the white streamlines that elucidate the linger-
ing coherence of the vortex motion. The smooth streamlines show
the qualification of our current approach to determine the Richard-
son number based on local streamline curvature even in complex
and fully turbulent situations of coherent rotation. Recent particle
image velocimetry measurements®! corroborate that the shown com-
plex flow topologies are typical for wake vortices at high Reynolds
numbers.

VII. Sensitivity

In this section, the relation of SGS viscosity-driven vortex core
radius growth to the numerical resolution of the vortex, its circula-
tion, and the curvature correction is investigated. For the decaying
potential vortex, core radius growth can be described by??

re/Teo ~ ,/vt/rfo

The Smagorinsky eddy viscosity [Eq. (7)] at the core radius amounts
to

(23)

vsas (re) = [(csA)? [7r2]0.358T (24)
The simplifying assumption, that in the LES the core radius growth
can be characterized by Eq. (23) employing the value of the SGS
viscosity at the instantaneous core radius [Eq. (24)], yields an analyt-
ical expression of core radius growth as a function of the numerical
resolution of the initial vortex core and its circulation

re

ETR T
[1 CM] (25)

reo (I +a)rd)
In Eq. (25), the effect of NaCoo is considered by the factor (1 + «)
in the denominator. This factor results from the implementation
of NaCoo via a modified SGS viscosity according to Eq. (22) and
Ri(r =r.) =1.Equation (25) indicates that, in the longer term, SGS
viscosity causes vortex core radii growth proportional to ¢'/4. The
t!/* dependency arises from the fact that the SGS viscosity is not a
constant fluid property but, in turn, depends on A%/r2.

Figure 11 delineates vortex core evolution vs time according to
Eq. (25) (solid lines) and different LES results (symbols) where
time is normalized according to ' = (A?/r% To/r’n)'/4. Vortex
core radii evolve along two tangents with a continuous transition
in between. Depending on the constant «, the vortex core remains

3 : o=0

o=2

N

N (&)

T T
XP>+HOX

a=20

] g
-
(6]

I
0 1 2 3 4 5 6 7
t= [AZ/ I'c02 T/ I'c02 {] 025

Fig. 11 Evolution of normalized core radii against normalized time;
——, parametrization according to Eq. (25) and C=12.

constant during a time span of one to three time units. This means,
for example, that, according to Eq. (25), a vortex with r.o/A =10,
Iy/r2 =10 s7!, and @ =2, would grow only for 4.6% during a
period of t'=2 or t = 160 s. Without NaCoo, the same parameter
combinations would cause an increase in core radii by 12.4%. At
later times vortex cores grow proportional to ¢'/4 where the slope
can be adjusted by o.

In Fig. 11, symbols denote simulation results of single vortices
and vortex pairs with different resolutions of the core radii with and
without superimposed turbulence. Without NaCoo (« =0), vortex
growth is described consistently by Eq. (25) with C = 12. With the
curvature correction, vortex growth is somewhat overestimated by
the analytical description. The deviation of the analytical curve from
simulation results is probably mainly caused by the simplifications
used to derive Eq. (25). In particular, the assumption that vsgs(r.)
may represent some global v in Eq. (23) is less appropriate because,
with NaCoo, the SGS viscosity exhibits a strong gradient in the
vicinity of r, (Fig. 6).

Figure 11 indicates further that, at later times, vortex growth is
somewhat delayed for case b with « = 2. A much weaker delay also
seems to be present for case b and o = 0. This is possibly caused
by a redistribution of angular momentum driven by the resolved
turbulence in the vortices shown in Fig. 10. The inviscid, large-
scale fluctuations conserve to first order the angular momentum that
sustains the potential vortex flow and may compensate to a certain
extent for the core growth caused by the SGS model.

To discuss the trends for very high values of «, one simulation is
performed with o =20 (Fig. 12). Now vortex core growth is sup-
pressed for a significant period of time. Intially, vortex cores even
tend to shrink. Because SGS viscosity achieves larger values only
on larger radii, angular momentum is sucked from larger radii with-
out supply from smaller radii. This unequal angular momentum
transport initially shifts the tangential velocity maximum along the
rigid-body vortex toward smaller radii (Fig. 12). Later on the vortex
grows more rapidly.

Q9
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Fr T T T The correction termed NaCoo identifies the local degree of cen-
1F =0s trifugal stability via a rotational Richardson number that is deter-
E - ——— t=5s ] mined from local streamline curvature at every grid point. The
P et t=10s ] Richardson number, in turn, is used to modify the SGS viscosity
0.8F /{ ,..: \ - :gg: 3 such that SGS momentum transport is increased in unstable and de-
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04F = 3 nator and, thus, assumes erroneously maximum stability at the core
E E radius of a vortex. Here, instead the deformation tensor is used
g ] whereby a proper distribution of stability with a maximum in the

0.2F E center of the vortex is attained.
3 Features of NaCoo are discussed in comparison with other ap-
ob E proaches from literature. The capability to resolve the slightest local
0 1 2 3 4 5 streamline curvature, the balanced weighting of the correction by
rlr, the type of its implementation, and the minor additional numerical
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Fig. 12 Tangential velocity profiles for oo =20 and r./A =1 at different
times.
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Fig. 13 Tangential velocity profiles for r./A =4 and different numer-
ical resolutions in vortex plane with and without NaCoo; initialized
profile and profiles at =20 s.

To avoid indistinguishable superimposed effects of numerical res-
olution requirements on vortex growth, core radii were always re-
solved by four grid points. Different values for r.o/ A were achieved
by variation of the resolution perpendicular to the plane of rotation
that employed the fitting formula for anisotropic meshes.?! Never-
theless, the contribution of discretization errors was assessed by the
repetition of simulations with a doubled vortex core resolution and
arespective adjustment of the axial grid spacing to achieve identical
values of A in both simulations. Notably, the tangential velocity pro-
files that result from the different resolutions displayed in Fig. 13
are almost identical and cannot be distinguished from each other
by the naked eye. This result demonstrates grid independence at
the employed level of discretization for the second-order accurate
scheme.

We conclude that Eq. (25) can already be used in the design phase
of the numerical simulation to adjust vortex core growth rates caused
by SGS viscosity for given values of 7., A, and I'y. For our param-
eter combinations (Sec. VI) a value of o =2 appears appropriate.

VIII. Conclusions

An adjustment of SGS parametrizations to strong streamline cur-
vature effects is proposed. Effects of SGS closures on inadequately
resolved regions of coherent rotation are analyzed by application of
the Smagorinsky closure approximation to Lamb—Oseen vortices.
Inregions where resolved fluctuations are damped due to centrifugal
stability, the SGS viscosity may achieve excessive values that fur-
ther damp the resolved turbulence in the vortex and its peak vorticity
and, finally, lead to untimely disintegration of vortices.

effort of only 5% constitute beneficial properties of NaCoo. Main
benefits of NaCoo are 1) conservation of the peak vorticity in the
vortex cores, 2) reduction of vortex core radius growth rates, 3) an
approach to properties of tangential velocity profiles found in exper-
iments, 4) allowance for appropriate turbulence levels in the vicinity
of the vortices, and 5) non suppression of vortex core meandering.
These features, which corroborate results of experimental studies of
turbulent vortices?-30-31:33:3 denote a significant step toward a more
physical modeling of inadequately resolved vortices by LES.

Applications of NaCoo to single vortices and to aircraft wake
vortices in a quiescent and turbulent environment illustrate the per-
formance of the streamline curvature correction. In particular, it is
shown that streamline curvature constitutes a robust criterion for
coherent rotation, even in fully turbulent and apparently incoherent
flow topologies. A relation is derived that allows for the selective ad-
justment of vortex growth rates caused by SGS viscosity, depending
on the numerical resolution of the vortex and its circulation. The re-
lation, which indicates that vortex cores grow according to t'/* after
a transient constancy, is corroborated by different applications.

For wake vortices, the turbulence structure within the vortices be-
comes more realistic and resembles flow topologies found in high-
Reynolds-number laboratory experiments.’! Vortex core growth
rates can be substantially reduced to growth rates found in vortex
cores of aircraft with retracted flaps.’® Nevertheless, global param-
eters like wake vortex transport and decay are little affected by
the correction because well-resolved secondary vorticity structures
control vortex evolution.®
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Predictions of the parametric probabilistic two-phase aircraft wake-vortex transport and decay model P2P
are compared with field observations. The two-phase decay model predicts probabilistic wake-vortex behavior
as a function of aircraft and environmental parameters in real time. Observation data from field deployments
accomplished at the International Airports Memphis and Dallas Fort Worth and from the WakeOP campaign
performed at the airfield in Oberpfaffenhofen, Germany, are employed. In a scoring procedure, the predictive
capabilities of a deterministic version of P2P are compared to Sarpkaya’s model. Based on 211 Memphis cases, it is
shown that the probabilistic model predicts conservative confidence intervals for vortex decay with the exception
of four cases in which constant background wind shear increases vortex lifetime. Nonetheless, the aircraft spacing
reduction potential based on vortex decay appears to be small. In contrast, consideration of advection outside the
lateral limits of a safety corridor results in a large potential spacing reduction. Vortex drift is investigated based
on input from different wind measurement devices with a focus on the spatial and temporal variability of the
crosswind. Safety corridor clearances based on short-term weather forecasts yield promising results. Further, it is

found that shear layers can modify vortex transport such that predicted uncertainty allowances are exceeded.
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5-15 = average over circles with radii from 5 to 15 m
u = upper limit

y = lateral direction

Z = vertical direction

Superscript

* = normalized quantity

Introduction

IRCRAFT-GENERATED wake vortices pose a potential risk

for following aircraft. Mandated separation distances between
consecutive aircraft that are meant to eliminate this risk unfortu-
nately contribute significantly to the capacity constraints of ma-
jor airports. However, experience and research results acquired
over several decades have shown that wake-vortex separation stan-
dards might be overly conservative for a variety of meteorological
situations.!? Therefore, a parametric model that is capable of re-
liably predicting vortex positions and strengths in real time in a
measured or forecasted atmospheric environment in the vicinity of
the glide slope might be a useful tool for easing regulations without
loss of safety.

Several parametric wake-vortex models that predict determinis-
tic vortex behavior (see Refs. 3—6 for some of the better known
models) are available. Not specified in these models are deviations
from predicted values inherently caused by the stochastic nature
of turbulence, complex vortex instabilities and deformations, and
the uncertainty of environmental parameters that determine the vor-
tices’ behavior in the atmospheric boundary layer. The newly de-
veloped probabilistic two-phase wake-vortex transport and decay
model P2P (Ref. 7) considers these deviations and predicts uncer-
tainty allowances for vortex trajectories and vortex strength. The
performance of a wake-vortex algorithm and, in particular, the size
of the applied uncertainty allowances depend on the accuracy and
variability of input parameters. Therefore, an assessment of wake-
vortex model predictions must always consider the characteristics
of the meteorological and wake-vortex observation systems.

Comparisons of wake-vortex prediction algorithms with observa-
tions are available in Refs. 8 and 9. Sensitivity studies on the impact
of atmospheric conditions on a complete prototype wake-vortex
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spacing system are given in Refs. 10 and 11. For this purpose ei-
ther synthetic weather data'® or the assumption that the observed
environmental parameters persist for 30 min is used.!!

In the current manuscript, P2P first is briefly introduced, and then
an overview of the utilized databases is given. A deterministic ver-
sion of P2P is compared to Sarpkaya’s model® based on the statis-
tics of 211 Memphis cases. The statistics of the Memphis cases are
compared to 41 WakeOP cases, where environmental parameters are
provided by different sensors and by a short-term weather forecast
model system. The quality of vortex predictions is discussed with
regard to the variability of environmental parameters. Probabilistic
predictions are used to assess the performance of P2P and illustrate
the significance of wind shear for vortex decay and transport. Fi-
nally, the aircraft spacing reduction potential based on vortex drift
and decay is assessed.

Probabilistic Two-Phase Wake-Vortex Decay Model

A detailed description of P2P is given in Ref. 7. Here we restrict
ourselves to an outline of the main properties of the model. P2P
accounts for the effects of wind, turbulence, stable thermal stratifi-
cation, and ground proximity where the interaction with the ground
is modeled following the approach described in Ref. 8. Input data
that characterize the wake vortices are time of vortex generation and
initial position, circulation, and vortex spacing. Environmental in-
put parameters are vertical profiles of crosswind, vertical wind, rms
value of ambient turbulence, eddy dissipation rate (EDR), and poten-
tial temperature. The model is formulated in normalized form where
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the characteristic scales are based on initial vortex separation and cir-
culation leading to the timescale #y = 27 bo? /T. EDR is normalized
according to &* = (eby)'/? /wy, where wy = I'y/27 by denotes the ini-
tial descent speed, and temperature stratification is expressed by the
normalized Brunt—Viisili frequency N* = (g/6, d9/dz)'/*t,.

P2P employs a circulation I' _ 5, which is averaged over circles
with radii from 5 to 15 m or, alternatively, if smaller aircraft are
considered, over a smaller radii interval. I'; _ 5 combines several
advantages for the evaluation of vortex strength from lidar data like
the exclusion of small radii that are not reliably sensed by lidar, low
sensitivity to observation angles, automatic compensation of vortex
motion, and smoothing of scatter by averaging over several radii.'?
Moreover, I'; _ 5 is well correlated with effects of potential wake
encounters.

The hydrodynamical basis of P2P relies on an equation that de-
scribes the spatiotemporal circulation evolution of the decaying po-
tential vortex'* for a given viscosity v

[(r, 1)/ Ty =1—exp(—r?/4vr) (1)

From this relation the parameterizations of circulation decay and
descent speed, which are “calibrated” based on large-eddy simula-
tion (LES) data of different groups, are deduced.'>'® The LES data
suggest that the normalized circulation decays in two phases (see
Fig. 1c). The diffusion phase described by part 1 of Eq. (2) is fol-
lowed by a rapid decay phase!'>!® that can be parametrized by the
full equation
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Fig. 1 Measured and predicted evolution of a) vertical and b) lateral positions and c) circulation of wake vortices from WakeOP flight 7-03 and

d) vertical profiles of environmental data.
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In Eq. (2) the onset time of rapid decay at 7, and the respective
decay rate, which is adjusted by the effective viscosity vy, are func-
tions of ambient turbulence and stratification. 7}* and v| control
decay in the diffusion phase, R corresponds to a mean radius, and
A is a constant to adjust I'; _ 5(#* =0). The descent rate obeys a
nonlinear dependence on circulation, which allows for stagnating or
even rebounding vortices with nonzero circulation in strongly stably
stratified environments as observed in LES'> and experiments.!”

Precise deterministic wake-vortex predictions are not feasible op-
erationally. Primarily, it is the nature of turbulence that deforms and
transports the vortices in a stochastic way and leads to considerable
spatiotemporal variations of vortex position and strength. Moreover,
uncertainties of aircraft parameters and the variability of environ-
mental conditions must be taken into account. Therefore, P2P is de-
signed to predict wake-vortex behavior within defined confidence
intervals.

In a first step, two consecutive runs of P2P with a variation of
the decay parameters T,* and v} are performed. Second, constant
uncertainty allowances of £0.2I'; for circulation and of plus and
minus one initial vortex spacing for vertical and lateral locations are
added. Finally, the increased scatter of vortices in turbulent envi-
ronments is modeled by the assumption that the turbulence velocity
acts as a superimposed propagation velocity.'® An example of this
applied to the upper bound of lateral position is

yi=y"+C, / q”(z")dt* 3)

where C, is a constant of the order of one. Figure 1 depicts the re-
sulting confidence intervals for a case where vortex evolution agrees
well with the mean predictions.

Wake-Vortex Databases

The quality of wake vortex and coincident meteorological data
and the conclusions that can be drawn from the data strongly de-
pend on many factors including the measurement strategy, the type
of sensors used, their locations, and the temporal and spatial res-
olution of the measurements, as well as the aircraft mix and the
prevailing meteorological conditions. In the following we give an
overview of the databases we have used to evaluate P2P. Because
our investigations largely concentrate on Memphis and WakeOP
data, a detailed description of the Dallas Fort Worth database is
omitted.

Memphis

A detailed description of the wake-vortex field measurement cam-
paign performed at Memphis International Airport during December
1994 and August 1995 is given in Refs. 19 and 20. We use data of
211 overflights measured at the Armory site, which was located
3 km south of the 36R runway touchdown zone where approaching
aircraft were passing over at a height of nominally 150 m. The air-
craft mix consisted of 81% medium and 19% heavy aircraft. The
vortices were measured by a 10-,um continuous-wave lidar system
with active tracking of the vortex range by real-time analysis of
signal characteristics.

The meteorological instrumentation comprised various sensor
systems including a 150-ft tower equipped with wind and tempera-
ture sensors on five different heights, a Doppler radar with a radio
acoustic sounding system (RASS) option capable to measure wind
and virtual temperature throughout the atmospheric boundary layer
and a sodar to measure wind speeds in lower altitudes up to 400 m.
The meteorological site was located at a distance of about 2 km from
Armory. The wind velocity and temperature data arising from var-
ious sensors were merged to composite vertical profiles by human
evaluators.

Eddy dissipation rate and turbulent kinetic energy (TKE) were
derived from 30-min series of 10-Hz data measured on the instru-
mented tower at heights of 5 and 40 m. Vertical profiles of EDR and
TKE were generated by applying similarity theory and scalings for
the atmospheric boundary layer,?! where the resulting profiles were
required to match observations at a height of 40 m. The mean eddy
dissipation rate fed into P2P predictions was &¢* =0.083 and var-
ied between 0.0 < &* <0.30. The mean Brunt-Viisild frequency
was N*=0.21 within bounds of 0 < N* <0.58. Both turbulence
and temperature stratification levels represent weak to moderate
conditions.

WakeOP

The wake-vortex forecasting and measurement campaign
WakeOP was conducted at the special airfield of Fairchild—
Dornier in Oberpfaffenhofen, Germany, from 29 March to 4 May
2001. WakeOP has been accomplished in the framework of the
Brite European research program C-Wake and the DLR project
Wirbelschleppe. An outline of the campaign is given in Ref. 22.
Figure 2 shows an airborne camera image of the WakeOP site with
the flight track and the locations of the sensors from which data are
obtained for the current study. The photo, which was shot with the
high-resolution stereo camera—airborne extended, was provided by
the DLR Institute WP. The 10-m continuous-wave lidar systems
of DLR, ONERA, and QinetiQ (locations denoted by 1) were op-
erated to trace the wake vortices generated by DLR’s VFW 614
aircraft Advanced Technology and Testing Aircraft System (AT-
TAS). The ATTAS with a span of 21.5 m and an average weight of
18,000 kg performed overflights at a constant height of nominally
150 m above ground and produced wake vortices with a mean circu-
lation of T’y = 142 m?/s and an average timescale of 1) = 12.6 s. The
flight tracks were defined according to the prevailing wind condi-
tions to allow for simultaneous wake observations by the three lidars.
Wake-vortex trajectories were determined with an accuracy of bet-
ter than £4.0 m by triangulating the vortex core intersections of
two simultaneously measuring lidars.?> Based on vortex positions,
circulation was determined as an average over a radii range from 3
to 8 m. For many overflights, doubly and triply sensed position and
circulation data are available (see Fig. 1).

We compare the predictive capabilities of P2P based on four dif-
ferent sources of environmental data:

1) A mini-Sodar with a RASS extension provided vertical pro-
files of the three wind components, vertical fluctuation velocity, and
virtual temperature. The vertical resolution was adjusted to 10 or
20 m and the averaging time to 10 min. Based on the assumption of
isotropy, the rms value of turbulence was calculated from the verti-
cal fluctuation velocity. The Brunt—Viisiléd frequency was derived
from the virtual temperature profiles.

Fig. 2 WakeOP site, variable flight track, and locations of sensors.
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2) A 2-um pulsed Doppler wind lidar scanned under a constant
elevation angle of 9 deg such that the measurement plane intersected
the air volume in which the vortices evolved about 40 m below the
flight track (see Fig. 2). From the line-of-sight wind measurements,
which were performed for a period of 80 s after each overflight, ver-
tical profiles of crosswind and eddy dissipation rate were deduced.
The ¢ profiles were derived from the evaluation of the structure func-
tion in adjacent range bins** and averaged over several overflights.

3) The horizontal wind vector along the flight track was measured
by the standard equipment of the ATTAS aircraft, which consists of
the inertial aircraft navigation system and the airspeed system (pitot-
static tube and resistence temperature sensor). The wind vector re-
sults from the difference of the vectors of ground velocity and wind
velocity, where the latter arises from true airspeed and heading. The
crosswind during the overflight was calculated as an average over a
10-s period. The particular time period of 10 s was chosen for the
smoothing of the 5-Hz data to make sure that the data quality would
correspond to operationally available AMDAR (aircraft meteoro-
logical data relay) data.?> Furthermore, the turbulence velocity was
derived from the rms value of crosswind fluctuations, which was
determined from a 60-s crosswind record centered on the overflight
time. Fluctuation quantities are not part of the AMDAR data set.

4) During the WakeOP campaign, the weather forecast model sys-
tem NOWVIV?® (now casting wake-vortex impact variables) pre-
dicted vertical profiles of wind velocities, virtual potential temper-
ature, and turbulence velocity. NOWVIV was initialized every 12 h
with output data from the operational weather forecast model LM of
the German Weather Service. It was operated within a 2.1-km grid
around the airfield with detailed terrain and land-use information
and an increasing vertical spacing from 25 to 50 m throughout the
boundary layer. The normalized eddy dissipation rate was derived
from the predicted g profiles following Ref. 27 according to

" = L(q/wo)(by/A)3 )

In Eq. (4) the one-half integral scale of atmospheric turbulence was
set to the constant value of 110 m to avoid unrealistically large ¢* val-
ues caused by overestimated turbulence levels close to the ground.
Deviations between measured and predicted normalized dissipation
rates typically fell below 50%. Above the atmospheric boundary
layer, the turbulence parameterization in NOWVIV tends to un-
derestimate turbulence levels. As a consequence, the uncertainty
allowances of P2P for lateral transport are rather small according
to Eq. (3), which, in turn, increases the sensitivity on the predicted
crosswind strength. Therefore, we assume that in low turbulent sit-
uations the minimum turbulence intensity of the wind amounts to
10%, and we estimate ¢g*(z*) according to

q"(z") = max[0.1]U*(z")], " (z")] &)

To ensure conservative predictions of vortex lifetime, we do not use
the modified ¢g*(z*) values for the calculation of EDR in Eq. (4).

The current investigations are based on 41 overflights for which
data from all described components are available. Figure 1 shows
exemplarily a complete set of measured and predicted quantities
for flight 3 on day 7 (flight # 7-03). In Figs. 1a—1c, the evolution of
vertical and lateral positions and circulation of wake vortices against
time as measured by two lidar pairings (grey and black symbols)
and predicted by P2P (solid lines limit confidence intervals; dashed
lines mark mean evolution) are depicted. P2P predictions are based
on sodar/RASS data except ¢*, which is provided by Lidar, and
the constants for turbulent spreading [see Eq. (3)] are setto C, =1,
C, =0.5. Aflight-path corridor is indicated by straight dashed lines.
Figure 1d shows vertical profiles of the respective environmental
data (sodar/RASS, solid lines; lidar, dashed lines; aircraft, symbols).

During the overflights, the mean value of the eddy dissipation
rate used in P2P predictions was &* =0.19 and varied in an inter-
val of 0.13 <¢&* <0.25. The mean Brunt—Viisild frequency was
N*=0.14 within bounds of 0 < N* < 0.44. On average, the atmo-
spheric conditions were more turbulent and less stably stratified in
the WakeOP data than in the Memphis data.

Deterministic Model Performance

To evaluate the basic performance of the two-phase model, a de-
terministic version without probabilisitic components (termed D2P)
is employed to predict mean vortex evolutions (compare Figs. la—
lc, curved dashed lines), which are compared to predictions of the
latest version of Sarpkaya’s model.’ For this purpose the 211 Mem-
phis cases are used in a scoring procedure that is described in detail
in Ref. 28. There, Sarpkaya’s model, which is part of the current
version of aircraft vortex spacing system (AVOSS),”® was best rated
compared to others.®® The scoring procedure evaluates the rms de-
viations of measurement and prediction of the quantities y* = y /by,
z*=2z/by, and T'j_,, =T'3_y9/ ¢ for each individual aircraft ap-
proach. From the resulting distribution of rms values, the median
and the 90th percentile is used to characterize the performance of the
models. In contrast to the original scoring procedure,”® we consider
the deviations of measurement and prediction for both vortices and
every instant in time where measurements are available. In Ref. 28
statistics are computed only for the vortex having the greatest num-
ber of circulation observations, and predicted and observed values
are interpolated onto the same uniform time grid.

The scoring results for the Memphis data are presented in Table 1.
Although D2P was not designed to predict deterministic vortex be-
havior and although it was not adapted to the considered data basis in
contrast to Sarpkaya’s model® (decay constant C and effective vor-
tex separation), the comparison is quite good. Note that in Table 1
and in Ref. 28 the calculated rms deviations of all of the investigated
models are of similar magnitude. This indicates that major contribu-
tions to the rms deviations are probably caused by inconsistencies
of the data basis as outlined next and by inherent deviations of wake
evolution from deterministic model predictions.

Table 2 contains scoring results of the application of D2P to
WakeOP data. The upper row displays the range of scoring results
that is achieved when D2P is driven by various combinations of
the available measurement data. For example, EDR can be taken
from lidar and temperature, and vertical wind from sodar/RASS,
and crosswind from ATTAS. In other D2P runs, only data available
from one device are used, and the remaining parameters are set to
zero. The intervals in Table 2 are also achieved when only aircraft
crosswind information is used and D2P assumes the baseline de-
cay and descent rates parameterized for ¢* = N* = 0. Further, the
intervals achieved by a single model, which is driven by different en-
vironmental input (upper row of Table 2), even exceed the variations
found for the different wake-vortex models applied to the Memphis
data (compare Table 1). This finding clearly points up the impor-
tance of high-quality environmental data. The D2P rating based on
the NOWVIV short-term weather forecasts depicted in the lower
row yields remarkably good results. With the exception of lateral
transport, the results are well within the range of D2P predictions
based on measurements.

On average, the scoring results of WakeOP are better than for
Memphis. This can result from several factors. Potentially, the

Table 1 Statistics for normalized differences between
deterministic model predictions and 1995 observations from
Memphis International Airport

Model Averages rms Ay* rms Az* rms AI'*

Sarpkaya’s Median 0.776 0.436 0.156
90th perc. 2.33 0.912 0.276

D2P Median 0.783 0.427 0.187
90th perc. 2.26 0.898 0.310

Table 2  Statistics for normalized differences between D2P
predictions and observations from WakeOP campaign

Meteo input Averages rms Ay* rms Az* rms AT*
Sodar/RASS, Median 0.663-0.753  0.384-0.444  0.145-0.156
lidar, aircraft  90th perc. ~ 1.32-2.17  0.804-1.09  0.208-0.264
NOWVIV Median 1.12 0.402 0.155
90th perc. 223 0.803 0.239
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triangulation strategy®® has increased the accuracy of lidar data.
However, it is probably the immediate proximity of the meteorolog-
ical sensors to the wake measurement site that explains the superior
results regarding lateral transport. On the other hand, the observation
times with an average of * = 2.7 were shorter in WakeOP than in
Memphis with £ = 3.8, with the result that the Memphis predictions
have more time to deviate from observations. The shorter durations
are caused by the fact that for triangulation two lidars must observe
the vortices simultaneously and the intersection of two observation
domains is always smaller than the observation domain of a single
lidar. Finally, during the WakeOP campaign turbulence levels were
higher, which also can reduce observation times but, conversely, can
also degrade model performance.

Another remarkable conclusion can be drawn from a compar-
ison of the scoring results for lateral transport based on Memphis
measurements and on WakeOP short-term weather forecasts (NOW-
VIV). The 90th-percentile deviations, which are of high operational
relevance because they represent the poorly predicted cases, yield
the almost identical values of 2.26 and 2.23 for lateral transport. This
result indicates that the magnitude of the forecast error of crosswind
roughly corresponds to the spatial variability of the crosswind over
a distance of 2 km. The 2-km distance corresponds to the separation
between the Memphis sites for wind and wake-vortex data acquisi-
tion. This suggests that instantaneous measurement data of a costly
2-km spaced grid of wind measurement instrumentation along the
glide path would not yield much superior results compared to a
numerical prediction scheme without assimilation of local instru-
mentation data. Note that this conclusion is preliminary because it
is based on a statistically insufficient amount of data. Further, it ne-
glects the impact of the differences just listed between the Memphis
and WakeOP data, and, in particular, it assumes that measurement
errors can be neglected.

A closer inspection of how the choice of the device that is used for
the determination of crosswind affects the performance of D2P is
givenin Fig. 3. The figure shows statistics for normalized differences
between predictions and observations of lateral wake vortex trans-
port based on different sources of crosswind data for 41 WakeOP
cases. Results from the Memphis database are included for compar-
ison. The ratings based on lidar crosswind measurements yield the
least dispersed results. Possibly, the averaging time of 80 s is most
appropriate because it corresponds roughly to the life span of the
vortices. Although the lowest median values are reached with sodar
and aircraft data, the respective high 90th-percentile values reflect
the suboptimal averaging times of 10 min and 10 s, respectively.

The strong significance of temporal and spatial averaging inter-
vals is best illustrated by the wind inhomogenities, which were ob-
served along the flight track of overflight 8-16 (Fig. 4a). A crosswind
jump of almost 5 m/s along less than 200-m length of flight track
is advected into the measurement domain in less than 60 s by an
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Fig. 3 Statistics for normalized differences between predictions and
observations of lateral wake-vortex transport based on different sources
of crosswind data.
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Fig. 4b Associated lateral vortex drift measured by lidar and pre-
dicted by P2P.

axial wind of about —3 m/s. This is evidenced by the strong lateral
acceleration of the vortices delineated in Fig. 4b (line indicates a
lateral drift velocity of v = —5 m/s). It is most obvious that deter-
ministic wake-vortex predictions must fail here, whereas P2P (based
on aircraft wind data) just manages to predict the confidence inter-
vals correctly. P2P predictions driven by sodar and lidar crosswinds
yield adequate confidence intervals as a result of the high level of
measured turbulence, whereas the lower turbulence predicted by
NOWVIV causes insufficient uncertainty allowances (not shown).
Tables 1 and 2 indicate that the deviations of measurement and
prediction for lateral transport are roughly doubled compared to
vertical transport. This reflects the larger variability and sensitivity
associated with crosswind transport compared to the impact of the
parameters turbulence, stratification, and vertical wind that control
vortex descent. Therefore, for probabilistic predictions we adjust
the constants for turbulent spreading to C, =1 and C, =0.5.
Finally, Fig. 3 indicates that the exclusion of vertical wind mea-
surements (w =0) can degrade results. Obviously, a more precise
temporal descent history along vertical crosswind profiles seems
to affect lateral transport favorably. Conversely, we observed situa-
tions where the sodar measured positive vertical winds in an updraft,
whereas the vortices in immediate proximity of the sodar site ex-
perienced negative winds. This means that at least in convective
situations, where solar radiation drives the formation of updrafts
that are connected to adjacent downdraft regions and both updrafts
and downdrafts have extensions that can transport substantial parts
of wake vortices in opposite directions,'® signed vertical wind ve-
locities should not enter the predictions of vertical vortex transport.
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In convective atmospheric boundary layers it could be beneficial to
use the magnitude of vertical wind velocities to increase vertical
uncertainty allowances.

Probabilistic Model Performance and Aircraft
Spacing Reduction Potential

The probabilistic model performance cannot be evaluated by the
preceding used scoring approach because increased uncertainty al-
lowances would always improve ratings. Therefore, in this section
the probability that the vortices actually evolve within predicted
confidence intervals is discussed with regard to a potential run-
way capacity gain. For an operational system, the uncertainty al-
lowances must be adjusted such that they meet accepted probabil-
ities of appropriate risk metrics. This is beyond the scope of the
current manuscript.

The investigations concerning wake-vortex decay are restricted
to the Memphis data because there the durations of vortex measure-
ments were generally longer. Vortex transport is considered based
on WakeOP data because there vortex trajectory data evaluated by
triangulation and a variety of crosswind data sources are available.

Decay
From the 211 investigated Memphis cases, P2P underestimates
circulation for only 0.75% of the measurements provided that the
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operationally irrelevant initial overestimation of circulation by li-
dar (compare Fig. 5c) is neglected. In Ref. 12 it is demonstrated
that initial overestimations of root circulation by 30-70% can occur
when a radii-averaging circulation definition like I'Z _ 5 is applied.
Radii-averaging methods interpret line-of-sight velocities of sec-
ondary vortices, which are induced for example by the edges of a
flap, as high tangential velocities on large radii of the primary vortex,
hence, high circulation. The overestimation ceases when the roll-up
process of the multiple vortices that evolve behind an aircraft in
high-lift configuration to a single vortex pair is completed.

Rejecting further obviously erroneous measurements, four
slightly nonconservative cases (1150, 1151, 1267, 1273) remain.
Figure 5 shows case 1150 (B727 aircraft) in detail. The longevity
of the vortices in these four cases most likely is caused by shear-
layer effects caused by nocturnal low-level jets. All four cases were
measured around midnight in a quite stably stratified and low tur-
bulent environment. And in all four cases an unusually long-lived
and stalling vortex is observed.

Unfortunately, the crosswind profiles provided by the human eval-
uvator (fine crosses in Fig. 5d) did not result in the observed lateral
vortex drift (compare grey dashed lines with symbols in Fig. 5b),
but reliable crosswind profiles (bold crosses connected by lines,
Fig. 5d) that yield good agreement with the observed vortex drift
(black dashed lines, Fig. 5b) could be reconstructed from the mea-
sured sodar and tower data. The reconstructed vertical wind profiles
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Fig. 5 a-c) Comparison of P2P predictions with lidar observations for Memphis case 1150 and d) vertical profiles of environmental data.
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contain considerable shear, and in all four cases it is the vortex with
the same signed vorticity (SSV vortex) as the vorticity of the back-
ground shear that persists longer than its partner vortex by one to
three time units.

The fact that for given turbulence the decay of the SSV vor-
tex can be retarded in a constantly sheared environment (com-
pared to the nonsheared environment) is elucidated by numerical
simulations,3*3! which show that vertical shear of dv*/9z* =1 can
enhance vortex lifetime by one to two timescales. The shear inten-
sity dv*/dz* =1 represents the case where the background shear
just compensates the shear that one vortex excerts on its partner. As
a consequence, the destructive effects of mutual strain do not apply
for one of the vortices. Further, it can be shown that for the SSV
vortex the formation of spiral-shaped secondary vorticity structures,
which play a crucial role for vortex decay, is strongly delayed.*? In
case 1150, we determine that there is vertical shear of dv*/9z* = 0.6
prevailing in a height interval of 120-180 m. This shear strength
seems to be sufficient to reduce the descent and to increase the life
span of the SSV vortex noticeably.

Our experience suggests that the complex wake-vortex shear-
layer interaction cannot be predicted reliably in an operational en-
vironment, in particular because of the difficulties related to the
observation and prediction of shear-layer profiles. Therefore, sit-
uations where shear-layer effects are not covered by uncertainty
allowances have to be identified, and reduced spacing operations
based on vortex decay must be ruled out.

Based on the assumption that P2P is capable of predicting upper
bounds of the circulation evolution, the respective aircraft spacing
reduction potential is assessed. Figure 6 delineates the cumulative
distributions of aircraft separations that result from decay predic-
tions of P2P for over 400 cases when an arbitrarily chosen threshold
of I', =100 m?/s for acceptable vortex strengths is applied. For
international civil aviation organization (ICAO) separations (grey
bars) a medium approach speed of 70 m/s is assumed. In addition
to the 211 Memphis cases, another 191 cases from the 1997 Dallas
Fort Worth deployment®* are included, which lead to similar results.
The comparison of the predicted aircraft separations to the currently
effective ICAO separations clearly indicates that conservative de-
cay predictions do not allow for reduced spacing. In the majority
of the cases, durations predicted by P2P exceed ICAO standards
significantly. Reasonably modified circulation threshold values do
not alter this statement.

In another study®* it is found that in 45% of 346 Memphis cases
lidar wake-vortex detection times exceed ICAO separations for
heavy-heavy aircraft pairings, where the mean circulation at the
respective separation of 4 n miles amounts to 0.42 I'y. These find-
ings clearly indicate that it is mainly the transport of vortices away
from the glide path by descent and/or advection by crosswind, which
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Fig. 6 Aircraft separations based on conservative decay predictions of
P2P.

is responsible for the high level of safety provided by the currently
effective aircraft separation standards. Consequently, these results
suggest that in many cases only transport bears the potential to allow
for reduced spacing operations with appreciable capacity benefits.

Transport

We use the 41 WakeOP cases to evaluate the potential of P2P
to predict the time when the vortices have left a safety corridor
around the flight track based on different crosswind data sources.
The dimensions of the safety corridor are taken from an evaluation of
the navigational performance of instrumental landing system (ILS)
approaches at Frankfurt International Airport, which is based on
40,000 approaches collected by radar. For the nominal flight altitude
of the ATTAS aircraft of 150 m, 95% (20') of the aircraft deviated less
than 20 m in lateral and vertical direction from the ILS. Therefore,
we define a safety corridor with £20 m in both directions.

In addition to the safety corridor and the uncertainty allowances
predicted by P2P, another allowance is needed that considers the di-
mensions of the hazard area around the vortex center position.*¢3’
The dimensions of the hazard area depend on the pairing of vortex-
generating and following aircraft, the degree of vortex decay, and
generally accepted metrics for a safe encounter. In a future opera-
tional system, P2P and the dynamically determined dimensions of
the hazard area predicted by the DLR Simplified Hazard Area Pre-
diction (SHAPe) model will be linked. The idea is that during one
prediction cycle the hazard area shrinks such that aircraft separa-
tions can be adjusted to the time when either the hazard area has
left the safety corridor or has vanished. Rossow?’ suggests a con-
servative and static hazard area that can be represented by two wing
spans of the wake-generating aircraft in breadth and one wing span
in height. This definition corresponds to an one half-span allowance
that is added to the vortex center positions in lateral and vertical
directions. Because the SHAPe model is still under development,
we first neglect the hazard area and then employ the static definition.

Figure 7 shows the cumulative distributions of the vortex ages at
which the vortices have left the safety corridor in lateral direction
based on lidar observations and P2P predictions. For these predic-
tions P2P employs crosswind data provided either by sodar, lidar,
aircraft, or NOWVIV. Table 3 delineates respective quantities that
characterize the efficiency of the different approaches. In 76% of
the lidar observations, the vortices leave the safety corridor. In the
remaining cases, the vortices either stay and decay within the lateral
bounds of the corridor, or the observations cease before the vortices
could leave the corridor (compare Fig. 1). In P2P predictions, the
time to leave the corridor is delayed, and only a reduced fraction
of the vortices leave the corridor. This conservative character of the
predictions is directly related to the fact that P2P predicts confidence
intervals, whereas lidar observations represent two particular vortex
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trajectories. The measured average corridor occupation time for the
vortices that leave the corridor amounts to 17 s (Table 3). Although
this time on average is more than doubled in P2P predictions, there
is still potential for appreciable capacity benefits.

Depending on the crosswind source, P2P generates zero to three
nonconservative predictions (NoCoPs). NoCoPs denote cases where
according to P2P the corridor is cleared from vortices by lateral
transport, whereas lidar measurements indicate that there are still
vortices inside the corridor. In the investigated cases, the vortices
leave the corridor only a few seconds after the predicted clearance.
However, all NoCoPs represent nonhazardous situations because
the vortices have descended below the corridor floor in advance of
the predicted lateral escape. NoCoPs can be entirely avoided when
the constant for spreading of the confidence intervals [see Eq. (3)]
is increased from C, =1 to 3.5 for predictions based on lidar and
aircraft crosswind data and to C, = 1.5 for crosswind provided by

Table 3 Efficiency of lateral transport for 41 WakeOP cases based
on different crosswind data sources

Method Leave corridor, %  ACOT time,s NoCoPs, —
Observation 76 (76) 17 (20) —_—
P2P fed with
crosswind from:
SODAR 56 (56) 37 (46) 0(0)
Lidar 61 (61) 32 (39) 1(1)
Aircraft 68 (66) 35(38) 3(2)
NOWVIV 54 (46) 44 (39) 1 (0)
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NOWVIV. The percentage of vortices that leave the corridor then
decreases to 10, 37, and 46% with average corridor occupation times
of 46, 33, and 46 s, respectively.

Table 3 shows further that the efficiency of the approach is only
slightly reduced when the static hazard area definition is applied
(numbers in brackets). For the ATTAS aircraft, the hazard area is
represented by the one half-span length of 10.75 m, which is added
to the predicted uncertainty allowances. The introduction of the
hazard area either slightly decreases the number of vortices that
leave the corridor or it slightly increases the corridor occupation
time. The number of NoCoPs remains equal or decreases. Note
that the prediction chain NOWVIV-P2P still allows for reduced
separations in 46% of the cases with an average corridor occupation
time of 39 s and without any NoCoP.

Figure 8 shows the wake evolution of WakeOP overflight 7-08,
where wind shear effects modify vortex descent and lateral transport
such that the uncertainty allowances of P2P are slightly exceeded.
The grey symbols in Figs. 8a and 8b indicate that the vortices start
to tilt at a height of 100 m and finally reach a maximum tilt angle
of 53 deg. Whereas the port vortex continues to descend undamped,
the starboard vortex is stalling at a height of 75 m. At the same
time the vortex spacing is increased to a maximum of 2.2 by. It is
not perceptible to what extent the deviation of lateral transport from
pure advection is caused by the mutually induced lateral velocity of
the tilted vortex pair or the mutual velocity induction of the aircraft
vortices with the vorticity patches that are released from the shear
layer. Anyway, the described effects are consistent with the topology
of wake vortex interaction with shear layers shown by numerical
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Fig. 8 Wake evolution of WakeOP overflight 7-08. Detailed description given in WakeOP section.
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simulations.***! We note that compared to the shear assumed in the
simulations the maximum normalized shear of 0.3-0.4 measured
by lidar and sodar is not very strong. Note that also the axial wind
component contains shear of a similar strength.

The different signs of measured and predicted initial lateral drift
directions in Fig. 8b indicate that there was considerable variability
in the windfield and that potentially higher shear rates could have
prevailed in the vicinity of the vortices. This example highlights that
shear effects can cause the exceedance of the predicted uncertainty
allowances not only regarding decay (see the preceding) but also
regarding transport. Further, it illustrates that sufficiently precise
observations and, in particular, predictions of shear-layer charac-
teristics are hardly feasible. Even with the applied dedicated wind
measurement devices it was not possible to measure shear layers
with sufficient accuracy to fully explain the observed vortex be-
havior. As a consequence, a tradeoff between wind shear prediction
capabilities and appropriate uncertainty allowances weighted by the
probability of respective shear layers will have to be found.

The relatively small absolute descent distance of the vortices gen-
erated by the ATTAS aircraft prevents a meaningful discussion of
the potential to reduce aircraft separations based on vortex descent.
Although lidar observations indicate an average corridor occupa-
tion time of 18 s for 90% of the overflights, it turns out that for
aircraft of relatively small size (ATTAS falls towards the lower end
of the medium-size category) the upper boundary of the predicted
confidence interval often resides close to the boundary of the safety
corridor (see Figs. 1a and 8a). As a consequence, already minor
modifications of parameters modify statistics significantly such that
the results can hardly be transfered to the typical aircraft mix pre-
vailing at large airports.

Conclusions

The probabilistic two-phase wake-vortex model P2P was applied
to observed data from three different field deployments. Altogether,
the performance of P2P proves a high level of skill, and the uncer-
tainty allowances appear appropriate. Furthermore, the comparison
of a deterministic version of P2P to Sarpkaya’s model’ yields good
results. Naturally, the assessment of P2P was done based on a lim-
ited number of cases representing only segments of the real weather
conditions over which it must finally operate. Therefore, further
analyses must complement the current investigations.

Predictions of lateral vortex drift based on different crosswind
data sources elucidate the significance of the spatiotemporal wind
variability. This variability clearly illustrates the need of probabilis-
tic wake-vortex modeling and the necessity to apply appropriate
spatiotemporal resolution in the observations of environmental pa-
rameters. It is found that the uncertainties connected with 2-km
separated wind observations are of the same order as uncertainties
connected to short-term weather forecasts. This result, however, is
based on a statistically insufficient amount of data. For vortex de-
scent, uncertainties are noticeably lower. Therefore, we halve the
constants for vertical turbulent spreading.

In the majority of the cases, the probabilistic predictions of
P2P are conservative. Only flawed crosswind information or pro-
nounced wind shear can cause deficient predictions. Detailed in-
vestigations of individual cases reveal that constant wind shear can
prolong vortex lifetime, whereas shear layers can modify vertical
and lateral transport. These findings corroborate results of numerical
simulations.’*3! Increased uncertainty allowances could eliminate
erroneous predictions at the expense of a decreased aircraft spacing
reduction potential. Further analyses of observation data are needed
to find optimum uncertainty allowances that permit the increase
of airport capacity without loss of safety. Apparently, uncertainty
allowances are site specific and depend heavily on the available
equipment and its performance.

Our investigations indicate that vortex decay proceeds too slowly
for appreciable capacity benefits, whereas lateral vortex drift bears
considerable potential for safe reduced spacing operations. Clearly,
the quality of crosswind measurements and forecasts determines the
efficiency of the approach. With regard to the considerable observed
crosswind variability, this remains a challenging venture. Almost

surprisingly, crosswind provided by short-term weather forecasts
would have allowed the safe reduction of separations to below 50 s
in 39% of the WakeOP cases. However, this assessment relies on a
single control window along the flight path.

A future goal would be to improve short-term weather forecasts
by the assimilation of local weather observations. P2P predictions
based on now casted environmental parameters could allow for
medium-term scheduling applications. Reduced aircraft separations
would only be applied provided that current weather observations
match weather predictions.
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