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Abstiact: In this study we investicate the effective-
nessof somecontrol technigies,both passve andac-
tive, for the stabilisationof alargescaletrappel vortex
of aLighthill’ sairfail. Theflow is two-dimensionaljn-
compessibleandinviscidsolvedusingadiscretevortex
methodcode. It wasfound that stabilisationimproves
the aerodyamic charateristicsof the airfoil with ac-
tive contrd achieving stabilisationwith lessenepy in-
put.

Key-Words: Trappedvortex, Lighthill’ sairfoil, Vortex
Method Stabilisation Suction/blaving, Active contiol.

1 Introduction

Many aeralynanic flows are typified by the produc-
tion of large-scalevortex structuresUsually, thenature
of suchis unsteady[1] andas suchthey move dowvn-
streambehird the body and maintaina chain of vor-
ticesbehindthem, resultingin high dragandlow lift.
Thereis sometims, however, the possibility of keep-
ing thesevorticesclose(or attachejito thebodysurface
by mears of ageoméry modification and/orsometype
of contrd. Undersuchcircunstancesthe vorticesare
saidto be captued or trapped Researchnto trapped
vortex flows began following Kaspers seminalefforts
in designinga glider having a significantlift improve-
mentat low speedqwithout correspndingchang in
drag) which heattributedto a massve vortex residing
over theuppe surfaceof thewing [2].

A flow with a trappedvortex is a potentiallly use-
ful techndogy. The projecta berefits of trappedvor-
ticesinclude their usefor dragreduction by postpor
ing/preventing vortex sheddéhg from aerodyamicve-
hicles, extending the post-stall performarce, separa-

tion contrd, andeven asa meansfor vehicle contiol.

However, this is only possibleif thetrapped vortex re-
mainsstableat all times. The presehstudyrepats on
sometechnques,bothpassie andactive, of stabilising
atrappedvortex for enharing aerogynamicflows.

2 Problem Formulation

2.1 The Simulation Model

The simulation model used for vortex trappirg is a

Lighthill' s airfoil whosebody shapewas determired

from a classicalinverseprodem. The inverse prob

lem is that of deternining the body shapefor a given

velocity distribution on its surface. For the Lighthill’ s

airfoil the desiredvelacity distribution ensure no sep-
arationarownd thebody surfaceexceptata singlepoint

onits uppersurface. Suchpoint could be replacedby

a cavity for vortex trappng [3], seeFig.1. Therewere
no specificrequrementson the particularshapeof the

cavity. A shearlayerwould originate at the upstream
sharpedgeA of the cavity andthenbecome®ntraired

insideit. Thisway, theLighthill airfoil possessesnat-
urally desirablevelocity distribution andis readily ca-

pableof trappirg a vortex. Furthemore,the geomdéry

is athick airfoil andsoit repesentsagoad studymodel
for future air transpat asthereis atendeng to favour

thicker wings over streamlinedshapes.This is dueto

betterstructuralstrengthnecessaryor carrying larger

loadsin future large transprt aircrat. This tendeng

is alreadyseenfor instancein Boeings concep of a

BlendedWing-Bodyaircrat.
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Figurel: Lighthill’ s Airfoil Geometry

2.2 TheFlow Model: The Vortex Method

The flow solutionwas obtaired usingthe inviscid ver
sionof a Discrete(blob) Vortex Method(DVM) dueto
Spalart4]. Thebasisof theDVM is to apprximatea
continwusfield of vorticity w by N blobsas

N
w(x) =Y Tjdo(jx - x)) (1)
j=1

whered,, repesentdlobfunctionsandT'; is thecircu-
lation of the jth vortex atthe x; position. The velocity
is retrieved from vorticity usinga Biot-Savart integral
in theform [4]

u(x,t) = /K(x —xw(x',t)dx'+ Uy (2)

whereK = V x G, with G beingthe Poissonkernel,
and U is the velocity at infinity. The circulation of
eachvortex is consered so thatdl'; /dt = 0 andthe
vorticesmove accodingto

= = u(x;, 1) 3)

The inviscid impemeableboundary condtion on the
bodysurfaceis satisfiedoy imposingzeromasslux be-
tweenconsecutie discretewall points. Uisngastream-
function formulationthis impliesthatbetweertwo wall

pointsxy andxy1 we musthave

Y(Xp11) = P(xx) (4)

where is a streamfunction. Furtherdetailsof the
methodaregivenin [4]. In termsof nunerical param
etersof the DVM it wasfound that a choiceof 130
blob vorticesand a time stepof 0.034 provides rea-
sonableestimates. Also, the numeical schemewas
initially found to be ill-posed. The application of a
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Tikhonov regularisation[5] techniqie madethe prob
lem well-posed. The aimsof Tikhonov regulaiisation
weretwo fold: firstto extendthe DVM solutionto bod
ieswith sharpedgeshagacteristicof studiesontrapped
vortices,and secondto redice the numeical noisein
theflow solutionitself.

3 Problem Solution

3.1 Stabilisation by Steady Suction

Theoriginal DVM wasmodfied to simulatesuctionef-
fectsusinga 2-D poterial sink introduced inside the
body seeFig.1. Uniform suctionwas appliedusing
the spacingbetweentwo corsecutve wall points x
andxy1 assuctionpanelsandsuctionwasdistributed
alongthe whole cavity surface. For eachparel (xy,
xk+1), thesuctionflow rate@y, is obtairedas

Y(Xit1,t) — (X, 1) = Qx (5)

Therebre,for m panelshetotal suctionrateis
m
Qtotal = Z Qk (6)
k=1

The effects of suctioncanimmediatelybe seenfrom
examiration of the streamlineplot of Fig.2 in which
a strongsuction(Q;e¢q; = 0.02) clearly inhibits vortex
sheddilg andresultsin a strong coheent, and stable
vortex which remaired in a stationarypositionon the
uppe surface. In termsof forces (ohtained as aver

(a) Qtotal = 0.0

(b) Qtotal = 0.02

Figure2: StreamlineContous

agedvalues from sufficiently long runs), the effect of
increasingsuctionon the dragandlift forces is illus-
tratedin Fig.3, which clearly shawvs thatwith increas-
ing suctionthe drag decreasesnd the lift increases.
This enhancd performane is dueto the gradial sup-
presionof vortex sheddingwith suction. The suction
rateaborewhichsheddilg ceasesompetelywasabout
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0.016. Beyord this critical suction however, theperfa-
mancedecreaes. Theincreasediragis dueto the so-
calledsuctiondrag Therdore, steadycontinuoussuc-
tion improvesthe aeroggnamic charactestics by sta-
bilising thevortex but is clearlylimited.

3.2 Stabilisation by Unsteady Suction

The mainideabehind this approah wasto ceasesuc-
tion competely oncethe trappedvortedwas stabilised
thenswitch it backon at a latertime. The procdure
relies on the intuitive fact that the self rotational be-
haviour of the trapped vortex enablest to remainsta-
ble for sometime befare its stability is lost. Whensuc-
tion was contiruously switchedbetweenthe value of

Qiotar = 0.02 andzerothe trappel vortex waskeptin

the cavity with no sheddig, and a 13% rediction in

therequiredsuctionwasachieved. Interestindy, com-
paredto the casewith contiruoussuction theaveragd
lift coeficient remainedhe samebuttheaveragedirag
coeficient wasreducedrom 0.078to 0.020 usingun-
steadysuction.Unfortunatelythis methodsuffers from

theimpracticalityof a real pumpto provide suctionin

this way betweertwo extreme suctionvalues.

3.3 Stability of the Trapped Vortex

Although the resultshave clearly shovn that a strong
suctiontrapsandwitholds permanentlya forming mas-
sive vortex structue inside the airfoil cavity, we seek
acorvincing mathematickargumentfor stability of the
trappel vortex. Fromthework of Safman[1], theequi-
librium locationof a stationaryortex is consideedsta-
bleif thevortex returrs to it afterbeingsubjectedo a
small pertubation This meansthatthe respose of a
systemto a given pertubationdoesnot develop anin-
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stability which destabiliseghe system,but onewhich
decayswith time. Suchbehaiour is true for a system
describedy adecayimg exponentialof theform

v(t) = ag + arexp(At), A <O. @)

wherewv(t) is ary flow varialde, ap anda; areconstant
coeficients. In order to establishsuchbehaiour for
thetrappedvortex, it is sufficientto registerin time ary
flow variablelike velocity (at a givenlocation)andto
seewhetherit canbe representetly a decayimg expo-
nential. At a suctionrateof @ ;y; = 0.02, a sampleof
registereddatafor the nomal velocity v is fitted with
the exponentialmodel (7) asdepictedin Fig.4. Fig.4
clearlyshavs thatthevelocity behaiiour asympteesto
a constantvalue, implying a stablesteadystatesitua-
tion.
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Figure4: Stability Characterisation

3.4 Stabilisation by ActiveLinear Control

The aim hereis to stabilisethe trappedvortex andto
delayvortex sheddingor aslong aspossibleandwith
aslittle suctionaspossible.We proposeto usea feed-
backcontol law, basedon an artificial stabilisingpa-
rametersuchthat stability is maintaired while slowly
redudng the suctionfrom a referere stablepoint. We
considera Singlelnput SingleOutpu (SISO)standard
linear(smallpertubation)cortroller desigrnwith acon-
stantgainparamete€ (thestabilisingparaméer)in the
form

Qtotal = Qo + G-(Vy — Viias) 8

whereV; is the signal(or sensowvariable) takenasthe
tangetial velocity, V445 is theconstanbiasedvelocity
(averagedvelocity of aflow runwithout control) @ o =
0.02 and@ .4 is thecontrd varialle representig the
total suctionrateto be redwced. It is propesedto start



from a stablestateof the trappedvortex (with a strong
suction)andthenredue suctionvery slowly while us-
ing variows valuesof G suchthatthe mean@ oiq; IS
redu@dandstability is retainel up to the onsetof vor-
tex sheddihg (the unstablesystem). The small pertu-
bationsfor which the model(8) holdsaremodelledby
the slow reductionin suction. For the Lighthill airfoil
in questionit was not possibleto find ary valueof G
which stabiliseshetrappedvortex belov theminimum
suctionvalueof 0.0157, previously repated with pas-
sive suctionalone. However, usinga different cavity
configuation, active linear contrd gave promnising re-
sults that active contrd is capalke of delayng vortex
sheddiig with a redicedamoun of suction( 8%), see
Fig.5,comparedto thecaseof no active contrd. Please
notethatwith the new cavity shapehe minumum suc-
tion for stabilitionis differentfrom 0.0157; it is about
0.087. The unstablesystem(vortex sheddiny is ex-
hibited by thethelargefluctuatiors in drag Thevalue
of G = -0.00L wasthe only one,so far, that gave en-
courging results; other values were all destabilising.
This is adwvartageousn two ways: dragrediction due
to delay of vortex shediéhg anddragreduction dueto
redution in suction. In a morerealisticturbulert flow,
removal of fluid acceleratethelossof momerum with
the consegenceof increasedriction drag Reduction
of suctionalsoreducs the size andweight neeed to
install a suctionpunyp. Futurework will look into the
effectsof the positionof the sensowariableV.
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Figureb: LinearActive ControlResults

3.5 Stabilisation by Active Flux Control

The centralaim of the current investigationis to ac-
tively stabilisethe trappedvortex by imposinga flow
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contrd condtion of a constantvorticity flux throud
the boundaryof the vortex cell. The stratey relieson
the simpleideathatwhena vortex leavesthe cavity it
carrieswith it its vorticity. Therebre, whenthe vor-
tex crosseghe contrd line thevorticity flux throughit
will peak. Controlling variatiors of this flux shoud,
therefae, prevent vortex sheddiig. Insteadof a cortin-
uoussteadystrongsuctionasin preceeahg work, this
apprach usesdynanic flow ratesof blowing andor
suctionto satisfythe constan flux cordition. It is hy-
pothesisedthat such arrargemen will achieve a sta-
ble trapped vortex with a redwed meansuctionflow
rate.In caseof a continwoussuctionthepertubationno
matterhow small it might be is always accountedor
by a large amoun of suction. However, active blow-
ing/suctia is perceved to be ableto recanisethat a
smallpertubationrequires only asmallamaunt of suc-
tion to suppresst. Hence,in the meana saving in en-
ergy is obtaired.

Thevorticity flux is calculatechboutarefererrecon-
trol line positionel atthe boundaryof the cell, seeFig-
ure. Weonly consicerthecontibutionto thisflux from
the blob vorticeswithin the cavity whoserelative posi-
tion to the line changsasa resultof time integration.
Initially, the flux was appraximated by the algebraic
summatiao the circulations of the blob vorticescross-
ing the line pertime step. With referene to Fig.6, a
blobvortex whichcrosse$rom belav theline to aposi-
tion above it hasa negative contribution to thesum,and
vice versa. A vortex which doesnot crossthe line in
eitherdirectionhaszerocontritutionto theflux. Thus,
theflux F' of Np vorticesis

F=)T 9
wherel; is the circuation of the jth vortex.

The desiredamoun of vorticity flux was obtaired
from the time averaged flux through the contiol line
for which thetrappel vortex wasstablytrappged with a
strongsuctionof Q;.¢.; = 0.02. Active flux contrd en-
sureghatthevorticity flux remainsequalto thisdesired
valueat evely subseganttime stepusingan appopri-
ateamoun of suction/bleving. To achieve thiswe em-
ployed a linear interpdation technige. We specifya
rangeof flow ratessuchthatateachtime stepthe DVM
codecompues the predcted flux at eachpointin the
range Then linearinterpolatio is invokedto solve for
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the appr@riate value of flow rate which prodicesthe
desiredvorticity flux. In simpleterms,if the desired
flux lies in the searchrangebetweentwo consecutie ] ' e Fositve Circulation
flow ratesQy, and Q1 therequired flow rate, Q geq, 02 controltine @ Negative Circulation
by interpolationis I

(Qr+1 — Q)
(Fr+1 — F)

whereFp.; is thedesiredflux.

QReq = Qk + (FDes - Fk) (10)

The currentappoachfor flux evaluation was char
acterisecby suddenlarge jumpsin the predided flux.
This meant poa interpolation due to irreguar be-
haviour of the predictedflux. To overcomethis, we
introduceda smoothimg function f, which effectively
increaseghe core sizesof the blob vorticessuchthat
whenthey crossthe line the variationin the predcted
flux is smooth. The weighting f; alsomeansthatthe
vorticity cortainedby the vortex cell is somavhat con-
tinuows dueto enlaged coresize. Thefunction f, was 002 - - -
definedas F 1

0.018 |- 3

fS = 2 (11) 0.016 |- -

whereo is asmoothingcoeficient, anddy is theverti-
caldistanceof avortex from the contiol line. Thefunc-
tion fs is compuedfor boththe old andnew positiors woizk ]
of a vortex during the predictionstage. The chang in oot | E
flux dueto a chargein avortex positionis takenas oo f E

0.009

0.015 |- e

0.014 |- e

0.013 |- e

Mean Flow Rate, <Q,,.>

1 1 1
0.006 0.0066 0.0072 0.0078

AF; =T(j) (fs(new) — fs(old)) (12) Desired Flux, F

Des

andsothe predictedotal flux becomes Figure7: Variatin of < Q > with Fp,,

Np

Fpreq = Z AF; (13)

i=1

0.038 : : :

0.037 |- -

Our first implementation of the active flux cortrol
was to consere the desiredflux of 0.00® obtaired
from a stablesteadystatewith Q¢yq; = 0.2. Such
valuewassuccessfullynaintairedfor averylong sim-
ulationtime usingalternatingolowing andsuction and
the trappedvortex was stable. The overall meanflow ooat b E
ratewas< () > = 0.018. Hence,compaedto acon- oos | E
tinuows suctionof 0.02, stabilisationwith active flux 0.029
contrd achiees 7% reductionin flow rate. It wasdis- 0028 1 — i -
coveredthatby increasinghedesiredlux, stabilisation Desired Flux, F,,
with active contrd was achieved usingreducedmean
flow rates. The procedurewasrepeded until stabilisa- Figure8: Variationof C'p with Fp,;
tion couldnotbeestablishedeyond a critical value for
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the desiredflux. Theresultsaresummaisedin Fig.7.
Thecorrespadingchangsin C'p areshovnin Fig.8.
Themaxinum desiredlux with whichthetrappel vor-
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Figure9: Variationof C'p with < @ >

tex wasactively stabiliseds 0.0069. Beyondthis value
vortex shedihg occued. Pleasenotethatthe overall
meanflow rateat which vortex sheddilg wasobsened
is about0.0157. This is roughly the samevaluebelow
which vortex shedihg also occured with continwous
suctionalone.Therebre,thestability limit couldnotbe
extencedto lowerflow ratesusingactive contiol. How-
ever, the dragvaluesobtaired with active flux cortrol
arelower comparedto thosecompuedwith continwous
suctionalonefor the sameflow rate,seeFig.9.

4 Conclusion

A Lighthill’ sairfail with acavity andstrongsteadysuc-
tionis capableof stabilisingalarge-scalesortex therely
enhawingits aeroggnamicperfamance However, this
is only possibleup to a critical suctionrate. The alter
native of unsteag suctionprovides stabilisationwith
a redwed suctionrate but may be limited in practice
by actuato performarce. The trapped vortex stability,
definedwith respecto large-scalevortex sheddiig, was
provedusingasimpleexponentialdecayng model. The
useof alinearfeedbackcontrollerbasedon a stabilis-
ing parameteG waseffedive in retainirg the trapped
vortex stability with aredwedsuctionratecompaedto
thepassve suctionschemesAchievementof this, how-
ever, seemgo be dependenton the cavity shape.Ap-
plicationof vorticity flux contol concepis anothevi-
ableway of stabilisinga trapped vortex usingdynamic
flow ratesof suction/howing. Although stabilisation
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was hot achievzed with redwced flow rate commredto
continwus suctionalone,active flux contrd achieves
stabilisatiorwith decreasedrag. This representsa po-
tential saving in enegy. Thereremainopenquestios
ontheoptimisation of suchstabilisatiorappr@achesand
power balanceequirenents.
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