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Abstract. Controllingthemixing of agas(usuallyfuel) issuingfrom atubeinto surrounding
air is a basicproblemin multiple combustionsystems.The purposeof the presentwork is
to develop an actuatordevice to control the mixing enhancementof an axisymmetricnon-
reactive jet. Theactuatorsconsistof four small jets feedingtheprimary jet �o w. Thesefour
jets are orientedto add an azimutalcomponentto the velocity �eld. The in�uence of jets
de�ection andpositionalongthemainjet ductis discussed.SchlierenphotographsandPlanar
LaserInducedFluorescencemeasurementsare usedto comparethe ef�ciency of the three
con�gurationsof interest.Theeffect of ”control-to-main”mass�o w ratesratio is quanti�ed
throughhot wire anemometryresults. Large Eddy Simulations(LES) of both forced and
unforcedcon�gurationsarealsoperformed.Theobjectivesof thenumericalpartof this work
areto understandtheactuatoreffectandto validateLESasa tool to studyactivecontrol.
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1. Intr oduction

Combustion instabilities may occur in closed combustion chambers,resulting from the
couplingbetweenacousticsandcombustion[1, 2, 3, 4, 5, 6, 7]. They canappearin many
combustorssuchasgasturbinesor industrial furnaces. Thoseinstabilitiesare responsible
for noise,vibrationsandsometimescompletedevice failure [8]. Being ableto control such
phenomenais animportantresearchpathin thecombustioncommunity. Therearetwo ways
to controla �o w. Passivecontrolconsistsin modifying thegeometryof theburner[9] and/or
the combustion chamber; on the other handactive control consistsin injecting external
energy throughactuators[10, 11]. Thequality of thecontroldependsdirectly on thedesign
of the actuators.Someof themarespeci�c to combustionapplicationsbut mostactuation
techniquesare encounteredin both reactive and non reactive applications: loudspeakers
[10, 12], syntheticjets [13], �aps [14]. The purposeof the presentstudy is to quantify,
experimentallyandnumerically, the effectsof forcing on the aerodynamic�eld in a model
con�guration: anon-reactive jet of air.

Theactuatorsaredesignedto modify the�o w in two ways(�gure 1) :
� aradial�uid injectioninto themainjet enhancesits mixing with theambientair [15,16],
� a swirl additiondrasticallychangestheaerodynamicpatternof the�o w andcanbeused

to stabilizethe�ame [17].

To obtain theseeffects simultaneouslythe actuatorsof the presentwork consistof four
small jets feeding the primary jet �o w. Thesefour jets are orientedto add an azimutal
componentto the velocity �eld. To visualizethe effect of the actuatorson the main �o w,
hot-wireanemometry, SchlierenphotographsandPlanarLaserInducedFluorescence(PLIF)
measurementsareused.

Introducingswirl to increasemixingor to stabilize�amesis notnew [17, 18, 19,20,21,
22,23]. Theeffectof swirl jetshasbeenstudiedin detailsby manyauthorsandtheobjective
of thepresentwork is not to repeattheseanalysis.Here, theobjectiveis to designa control
device(thefour jets)which canbeeasilytunedto adjustswirl andturbulencelevelswithout
anygeometrymodi�cation. Anotherobjectiveis to minimizepressure losseswhich are often
encounteredin swirling devicesusingvanesfor example.

Theinteractionof theactuators jetswith themainjet canalsobesimulatedusingLarge
EddySimulations.Such LESprovidea detailedinsight into thephysicalmechanismswhich
is dif�cult to obtain experimentally. At this stage, LES cannotbe usedfor all regimesto
investigatethemostef�cient actuationmode: for such a task,experimentsaremoreef�cient.
However LES is more powerful to investigateone regime in details so that a combination
of experimentsand LES is usedin this work where the strategy is the following : �r st,
experimentsareusedto establishwhich actuatorcon�gurationis themostef�cient in termsof
mixingenhancement; LESof this con�guration only are thenperformedto understandhow
theactuatoractuallyaffectsthemainjet.



Activejet control for combustionapplications 3

Figure1. Genericschemeof theSW90,A90 andA45 con�gurations.

Nozzle a ( � ) h (mm)
A90 90 30
A45 45 30

SW90 90 8

Table 1. Controlparametersfor eachcon�gurationof actuator.

2. Experimental facility

Figure1 shows agenericschemeof thenozzleequippedwith theactuator. Theexit diameter
of the main jet (D) is 10 mm while the exit diameterof eachsmall secondaryjet is 2mm.
Previous investigationshave shown that the exit diameterof the small jet (d) is oneof the
mainparametershaving anin�uenceonthecontrolef�ciency [24]. Here,twootherparameters
aretested: theorientationof thefour small jetsrelative to themainone(a) andthedistance
betweentheactuatorandthemainjet exit (h). To evaluatetheimportanceof theseparameters,
threecon�gurationsof actuatorshavebeentested(table1).

For all con�gurations,thecontrol jetsaretangentialto themainoneto addanazimutal
componentto thevelocity �eld.

Thenozzleis connectedto acubicboxsothatthejet �o w is con�ned. Thecharacteristic
lengthof the box is 10 diametersof the main jet. The outlet of the box endsdirectly into
freeatmosphere.Theeffectsof thebox sizewereinvestigatednumerically: eventhoughthe
uncontrolled�o w wasslightly affectedby thebox length,theeffectsof controlon this �o w
wereindependentof it.

Themainair �o w is deliveredby anhot air generator. This device allows to reach mass
�o w ratesup to 30 g/sat 400� C. Temperature regulationis performedusingPID regulation.
The control �o w rate is measuredby a DANTEC S2140MassFlow Transducerwhich has
beenspeciallymodi�ed for thepresentwork to measureunsteady�o w ratesup to 1 g/sat a
frequency up to 500Hz. Theratio betweenthemass�o w rateof thecontrol �o w ( �mact ) and
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themass�o w rateof themainjet ( �mjet) is :

q �

�mact

�mjet
(1)

It is adjustedwith aMOOGservovalvewhichworksin bothcontinuousandpulsatedregime.
Thejet spreadingis characterizedby themeanandrmsvelocity �elds measuredwith asingle
hot-wire probe. The �o w is also visualizedthroughSchlierenphotographsto measureits
spreadingangleandthroughPLIF snapshotsto characterizethe�o w structure.

2.1.Velocitymeasurements

Velocitypro�les areobtainedusinga DANTECStreamlineconstanttemperatureanemometer
coupledto a CHARLYROBOT displacementtable which allows micrometricprobeshifting.
Thesinglehot-wire calibration is performedon DANTEC54H10calibrator. Each part of
the anemometryrig is linked to a computerequippedwith a KEITHLEY DAS1800ST/HR
acquisitioncard. Velocitysignalsare recordedat a frequencyof 25000Hzduring1 second.

2.2.Optical diagnostics

Twoopticaldiagnosticshavebeenusedfor thepresentstudy: SchlierentechniqueandPlanar
LaserInducedFluorescence(PLIF). For theSchlierenvisualizationthemainjet is preheated
(70� C). Sincethe presentexperimentsare carried out using non �uor escentgases,PLIF
measurementsrequire the �ow to be seededwith acetone. Acetone�uor escenceis induced
by a lasersheet(Nd YAG l=266nmin UV, I0=40mJ, sheetthickness=500nm).An intensi�ed
CCDcamera sensitiveto theacetone�uor escencewavelengthis usedto collectPLIF images.

3. Numerical setup

Theprincipleof LES is to resolve thelargerscalesof turbulencewhile modellingthesmaller
ones[7]. LESis thereforeagoodtool to predicttheeffectof controlonthe�o w becauselarge
structuresarecertainlyessentialin thismechanism.

LES of the experimentalcon�guration are performedusing the parallel CFD code
“AVBP” developedat CERFACS in Toulouse(www.cerfacs.fr)andat IFP in Paris, France.
AVBP solvesthe full compressibleNavier-Stokesequationson 2D or 3D meshes.Meshes
canbestructured,unstructuredor hybrid. Thenumericalapproach is basedon �nite-volume
schemesusing the cell-vertex method. The schemeprovidesthird-order accuracy both in
spaceandtime. It hasbeentestedonmultiplesimple(isotropic turbulence, vortices,acoustic
waves,channel,etc...)andcomplex cases[25, 26,27, 28,29,30].

Theboundaryconditionstreatmentis basedontheNSCBCapproach [31, 32] : acoustic
waves are identi�ed and treated independentlyon boundariesto satisfy the boundary
conditions. At the inlet of the main jet and of the four actuator jets, velocity pro�les are
imposed.At thebox outlet,a non re�ecting conditionis �xed [31, 7]. On all walls, no slip
conditionsare imposed(�gur e2).
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Figure2. Computationaldomain.1 : actuators.2 : main�o w. 3 : jet blowing in thebox.

The subgrid-scalemodel is the WALE (Wall Adapting Local Eddy viscosity)model
[25, 33]. Thismodelis basedon thesquare of thevelocitygradienttensoranddegenerates
correctlynearthewalls.

All simulationsarethree-dimensional,themeshis hybridandcontains1 million cellsfor
600.000points. Figure2 shows thecomputationaldomain.Notethat,evenfor theunforced
case,theactuatorsareincludedin themesh.

4. Experimental results: determination of the optimal con�guration

To quantify the actuatorseffect, a criterion basedon the jet spreadinganglemeasuredon
Schlierenviews is used(�gure 3). The estimatedvalueof the jet spreadingangleincludes
the largestructuresof theshearlayer. This diagnosticis suf�cient to comparesolutionsand
identify themostef�cient actuators.

Figure 3. Schlierenphotographsof theunforced�o w (a) andtheforcedone(b). Evaluation
of thejet spreadingangle.
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Differentvaluesof ”control-to-main”mass�o w rateratio (q) havebeeninvestigatedand
�gure 4 shows thejet spreadingangleevolution asa functionof q. For every actuatorthejet
spreadingangleincreaseswith q but not in thesameway. Notethatthejet anglesigni�cantly
varieswith controlrangingfrom 19� (unforced)to 70� (forcedcases).

Figure4. Jetspreadinganglevs. ”control-to-main”mass�o w rateratio (q) for A45, A90 and
SW90con�gurations.

4.1.Effectof actuatorsde�ection(a)

Theef�ciencies of A90 (a=90� ) andA45 (a=45� ) actuatorsarecomparedto investigatethe
in�uenceof a (see�gure 1). TheA90 con�gurationis themostef�cient : exceptfor very low
valuesof q, the jet controlledby the A90 actuatorspreadsmorethanthe onecontrolledby
theA45 actuatorat thesamecontrolmass�o w rate.Theorientationof thefour smalljetshas
thereforeaneffect on thecontrolef�ciency.

Onepossibleexplanationis that, for equalcontrol �o w rates,the azimutalcomponent
addedto the velocity �eld is larger for the A90 than for the A45 con�guration. The A90
actuatoronly addsan azimutalcomponentto thevelocity �eld while theA45 actuatoradds
bothazimutalandaxialcomponents.Thereforethemain�o w sweepstheactuatoreffectalong
thejet axismoreeasily.

4.2.Effectof thedistancefromactuators to mainjet exit (h)

The ef�ciencies of SW90 (h=8mm) and A90 (h=30mm)actuatorsare now comparedto
investigatethein�uence of h (see�gure 1) on thejet angle.Figure4 shows that thedistance
h betweenthe actuatorand main jet exit in�uences the control ef�ciency. For eachvalue
of q, the jet spreadingis higherwhenthe �o w is controlledwith the SW90actuatorwhich
hasthesmallesth value. This resultshows that thecontroleffect vanishesalongthenozzle
presumablybecauseof wall friction andcon�nement. As theSW90con�guration hasbeen
identi�ed asthemostef�cient it wasretainedfor all furtherstudies.
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4.3.Effectof control �ow rateon thevelocity�eld

Figure5 showstheeffectof increasingq ontheradialpro�les of meanaxialandrmsvelocities
at x/D=6 whereD is themainjet exit diameter. Thosepro�les areobtainedby usinga single
hot wire probe. Eachpro�le is normalizedby themeancenterlinevelocity at the jet nozzle
exit of the free jet con�guration (Uc0). Figure5 shows that higherq valueslead to larger
mixing enhancement: the increaseof q leadsto a decreaseof the meancenterlinevelocity
andto anexpansionof bothmeanandrmsvelocitypro�les. Velocitypro�les on �gure 5 also
show thattheentrainmentof theambientair is favoredwhenincreasingthe”control-to-main”
mass�o w rateratio.

Figure 5. Meanradialpro�les of axial velocity (up) andrmsaxial velocity (down) at x/D=5
for differentcontrol�o w rates.
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Figure 6. Meanradialpro�les of axial velocity. ComparisonbetweenLES andexperiments.
Unforcedcase(q=0).

5. Numerical results

In addition to experimentalcharacterization,the actuatorseffect was also studiedusing
simulationsto :

� understandthephenomenainducedby controlandidentify themechanismsresponsible
for mixing enhancement,

� validateLESasatool tostudyactivecontrolby comparingLESandexperimentalresults.

5.1.LESvalidationfor theunforcedcase

LES is validated�rst on theunforcedcase.Figure6 shows radialpro�les of meanandrms
axialvelocitiesatdifferentdistancesfrom thejet nozzleexit (x/D=3and7) for bothnumerical
andexperimentaltests. LES seemsto be able to reproducethe experimentalresults: the
meanpro�les extractedfrom the simulationsare in goodagreementwith the experimental
ones.Theamplitudeof thevelocity �uctuation is slightly overestimatedat x/D=3, especially
in the mixing zone. Nevertheless,�gure 7 shows that LES predictsthe entrainmentrate,
in agreementwith experimentsandliteratureon free roundjets [9]. Both experimentaland
numericalstreamwisemass�ux es are calculatedby integrating the meanvelocity pro�le,
assumingthatthe�o w is axisymmetric.
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Figure 7. Normalizedstreamwisemass�ux. ComparisonbetweenLES, experimentsand
GutmarkandGrinsteindata[9].

5.2.LESvalidationfor theforcedcase

Figure8 showsradialpro�les of meanandrmsaxial velocitiesatdifferentdistancesfrom the
jet nozzleexit (x/D=3 and7) for both numericalandexperimentaltests. The con�guration
correspondsto a controlmass�o w rateof 15%of themainmass�o w rate(q=0.15).As for
the unforcedcase,�gure 8 demonstratesthat LES reproducesboth meanandrms velocity
whencontrol is on. Theagreementbetweennumericalandexperimentalresultsis betterfor
the forcedthanfor the unforcedcase.It is probablydueto the fact that the large structures
involvedby thecontrolarecorrectlycapturedby LES.

5.3.Effectsof control

Figure9 presentsthemeanaxial velocity �eld in a transverseplaneat a distanceof 0.5 mm
upstreamfrom thenozzleexit. Two-dimensionalvectorshavebeensuperimposedto the�eld :
eachof thoseis theprojectionof thelocal three-dimensionalvelocityvectoron theplane.As
expected,�gure 9 shows a global rotation movementof the �o w inside the nozzle. LES
revealsthateachof thefour actuationjets inducesa longitudinalvortex. This mechanismis
alsofound for classicaljets in cross�o w (JICF)wherethe interactionbetweenjet andcross
�o w leadsto a contra-rotatingvortex pair (CVP) [34]. In thepresentcase,onevortex only is
observedbecausetheotheroneis constrainedby thewall andhasno placeto develop.

Thejet spreadingafterthejetnozzleexit canalsobevisualizedby computingthevelocity
in a cylindrical coordinatesystem.Figure10 shows the orthoradialvelocity (uq) �eld at a
distanceof x/D=1 from the jet nozzleexit for both forcedandunforcedcon�gurations.The
level of uq reachedin theforcedcon�gurationis veryhighcomparedtheunforcedcase(scales
aredifferentin bothcases).It shows that thecontroldevice hastheexpectedeffect : it adds
swirl to the�o w. Thisswirl is responsiblefor themixing enhancementwith theambientair.
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Figure 8. Meanradialpro�les of axial velocity. ComparisonbetweenLES andexperiments.
Forcedcase(q=0.15).

Figure 9. Actuatoreffect on the �o w inside the nozzle: meanaxial velocity �eld and2D
velocityvectors.
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Figure10. Flow �eld of orthoradialvelocitycomponentatx/D=1 for bothforcedandunforced
cases.

Figure 11. Effect of control on the �o w. Vortex detectionusing Q criterion. Control is
activatedat t=T0. Animation(1.57Mo).

Figure11 illustratesthe importanttopologicaldifferencesbetweenunforcedandforced
casesby displayingisosurfacesof Q criterionusedfor vortex detection[35]. Without control
(atT0), theQ isosurfacesareorganizedin ringswhichdestabilizeatadistanceof threeto four
nozzlediametersdownstream.Whencontrol is activatedtheseringsdestabilizemuchfaster
andthejet becomesturbulentright afterthenozzle(T0 �

5 � 10�

4s to T0 �

1 � 5 � 10�

3s).
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Figure 12. Jet spreadingenhancement.PLIF visualizations. In�uence of the control �o w
density.

6. Scalingparameterscontrolling actuation ef�ciency

Thepreviousresultshaveshown thatthe”control-to-main”mass�o w rateratioq controlsthe
ef�ciency of theactuators.All thoseresultswereobtainedby injectingthesamegas(air) in
themain jet andin the four actuatorsjets. Sinceit is well known for JICFthatdensityratio
betweenjet andcross�ow playsanimportantrole,bothexperimentalandnumericaltestsare
repeatedinjectinga lighter (air-heliummix) or aheavier gas(CO2) in theactuators.

Figure12 presentsdifferentinstantaneousconcentration�elds (obtainedusingPLIF) of
the �o w for differentvaluesof q anddifferentspeciesinjectedthroughthe actuators.At a
constantvalueof q, lighter gasesproducea higherjet spreadingangle: for eachof thethree
valuesof q the jet spreadingis higherwhenusingtheair-heliummix andlower whenusing
CO2 thanwhenusingair. In thosecon�gurations,thevalueof q is not representative of the
controlef�ciency. Thesametrendis observedfor eachvalueof q between0 and0.5,asshown
on�gure 13. Ontheotherhand,whenplottingthejet spreadinganglevs. theimpulsionsratio,
de�ned by :

J �

r actU2
act

r jetU2
jet

(2)
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Figure13. Jetspreadingvs. q (left) andJ (right). Effectof thecontrol�o w density.

the threecurvescorrespondingto eachspeciescollapseand the jet spreadinganglegrows
linearlywith J.

Simulationshighlight the phenomenaresponsiblefor ef�ciency differencesthat occurs
when the control gasdensitychanges. Figure 14 shows concentrationisocontoursof the
speciesinjectedthroughthe actuatorsat variousdistancesfrom the control �o w injection.
Thethreecon�gurationsusethesame�o w rateratio(q=0.15)but differentgasesin thecontrol
device.

Figure14con�rms theexperimentalresults: q is not representativeof thecontroleffect.
LESrevealthattheconcentration�elds exhibit two mainmodi�cations,concerningtheglobal
rotationmovementand the interactionbetweenthe secondaryjets and the main one. The
globalrotationmovementcanbevisualizedthroughtherotationof thevorticalaxialstructures
aroundthe main jet : the injection of light gasenhancesthe swirl intensity ; the vortical
structuresturn fasteraroundthemain jet axisandsodoesthemain �o w. The �o w topology
is alsoaffectedby thecontrolgasdensitythroughtheinteractionbetweenthecontroljetsand
themainone.For heavy gas(J � 1) thecontroljetsareentrainedby themain�o w anddonot
penetrateit. On theotherhand,for light gas(J 	 1) thepenetrationis higher.

7. Conclusion

Experimentaland numericalinvestigationsof the control of a jet by four radial actuation
jets have shown that swirl injection (obtainedby shifting the axis of actuatorsjets) is an
ef�cient way to controlmixing andjet spreadingover a very wide range. The effect of the
de�ectionandthedistancebetweenthecontroljetsandthemainjet axishasbeenstudied.The
mostef�cient con�guration in termsof mixing andjet spreadingenhancementis theSW90
actuatordevice whereactuationjets are locatedcloseto the nozzleandorientedto provide
maximumswirl. Large Eddy Simulationshave beenvalidatedon both unforcedandforced
cases.Thesimulationsshow whichmechanismsareresponsiblefor thecontrolef�ciency : the
controljetsaddswirl (whichwasexpectedfrom thedesignof theactuators)thatenhancesthe
jet spreading.However, the LES revealsthat the actuatorchoice(4 small jets) alsoinduces
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Figure 14. Mean concentrationisocontoursof the speciesinjectedthroughthe actuators.
Effectof thecontrolgasdensity. Controled�o w with q=0.15

secondaryvorticeswhich may play a role for the reactingcases. Both experimentaland
numericalresultsperformedwith lighter or heavier actuatorgasescon�rm that the control
ef�ciency is governedby theimpulsionratio J (Eq. 2).
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