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Abstract. Controllingthemixing of agas(usuallyfuel) issuingfrom atubeinto surrounding
air is a basicproblemin multiple comtustion systems. The purposeof the presentwork is

to develop an actuatordevice to control the mixing enhancemendf an axisymmetricnon-
reactve jet. The actuatoronsistof four small jetsfeedingthe primaryjet o w. Thesefour

jets are orientedto add an azimutalcomponento the velocity eld. The in uence of jets
de ection andpositionalongthe mainjet ductis discussedSchlierenphotographandPlanar
LaserInducedFluorescenceneasurementare usedto comparethe ef ciency of the three
con gurationsof interest. The effect of "control-to-main”mass o w ratesratio is quanti ed

through hot wire anemometryresults. Large Eddy Simulations(LES) of both forced and
unforcedcon gurationsarealsoperformed.The objectivesof the numericalpartof this work

areto understandhe actuatoreffectandto validateLES asatool to studyactive control.
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1. Intr oduction

Combustion instabilities may occur in closed comhustion chambers,resulting from the

coupling betweenacousticsaand comhustion[1, 2, 3, 4, 5, 6, 7]. They canappealin mary

comhustorssuchas gasturbinesor industrial furnaces. Thoseinstabilitiesare responsible
for noise,vibrationsandsometimesompletedevice failure [8]. Beingableto controlsuch

phenomenas animportantresearctpathin the comhustioncommunity Therearetwo ways

to controla o w. Passve controlconsistan modifying the geometryof the burner[9] and/or
the comhustion chamber; on the other hand active control consistsin injecting external

enepgy throughactuatorq10, 11]. The quality of the controldependglirectly on the design
of the actuators. Someof themare speci ¢ to comhustionapplicationsbut mostactuation
techniquesare encounteredn both reactve and non reactve applications: loudspeakrs
[10, 12], syntheticjets [13], aps [14]. The purposeof the presentstudy is to quantify,

experimentallyand numerically the effects of forcing on the aerodynamiceld in a model

con guration: anon-reactre jet of air.

Theactuatorsaaredesignedo modify the o w in two ways( gure 1) :

aradial uid injectioninto themainjet enhancegs mixing with theambientair [15, 16],

a swirl additiondrasticallychangeghe aerodynamigatternof the o w andcanbeused
to stabilizethe ame [17].

To obtain theseeffects simultaneouslythe actuatorsof the presentwork consistof four
small jets feedingthe primary jet ow. Thesefour jets are orientedto add an azimutal
componento the velocity eld. To visualizethe effect of the actuatorson the main o w,
hot-wire anemometrySchlierenphotographsndPlanarLaserinducedFluorescencéPLIF)
measuremeni@reused.

Introducingswirl to increasemixingor to stabilize amesis notnew [17, 18, 19, 20, 21,
22,23]. Theeffectof swirl jetshasbeenstudiedin detailsby manyauthors andthe objective
of the presentwork is not to repeattheseanalysis. Here, the objectiveis to designa control
device (thefour jets) which canbe easilytunedto adjustswirl andturbulencelevelswithout
any geometrymodi cation. Anotherobjectiveis to minimizepressue losseswhich are often
encounteedin swirling devicesusingvanesfor example

Theinteractionof theactuatoss jetswith the mainjet canalsobe simulatedusingLarge
Eddy Simulations.Sud LES provide a detailedinsightinto the physicalmedanismswhich
is dif cult to obtain experimentally At this stage, LES cannotbe usedfor all regimesto
investigatehe mostef cient actuationmode: for sud a task,experimentsare more ef cient.
However LESis more powerfulto investigateoneregimein details so that a combination
of experimentsand LES is usedin this work whee the strategy is the following : r st,
experimentsare usedto establishwhich actuatorcon gurationis themostefcient in termsof
mixing enhancementLES of this con guration only are thenperformedto undesstandhow
theactuatoractually affectsthe mainjet.
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Figure 1. Genericschemeof the SW90,A90 andA45 con gurations.

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

SW90 90 8

Table 1. Controlparameter$or eachcon gurationof actuator

2. Experimental facility

Figurel shavs a genericschemeof the nozzleequippedwith the actuator The exit diameter
of the mainjet (D) is 10 mm while the exit diameterof eachsmall secondaryjet is 2mm.
Previous investigationshave showvn that the exit diameterof the small jet (d) is one of the
mainparameterbaving anin uence onthecontrolef ciency [24]. Here two otherparameters
aretested the orientationof thefour smalljetsrelative to the mainone(a) andthedistance
betweertheactuatormandthemainjet exit (h). To evaluatetheimportanceof thesegparameters,
threecon gurationsof actuatordave beentested(tablel).

For all con gurations,the controljets aretangentialto the mainoneto addanazimutal
componento thevelocity eld.

Thenozzleis connectedo a cubicbox sothatthejet o w is con ned. Thecharacteristic
length of the box is 10 diametersof the main jet. The outlet of the box endsdirectly into
freeatmosphereThe effectsof the box sizewereinvestigatechumerically: eventhoughthe
uncontrolled o w wasslightly affectedby the box length, the effectsof controlon this ow
wereindependenf it.

Themainair o w is deliveredby anhot air generatarThis device allows to readh mass

o w ratesupto 30 g/sat 400 C. Tempeature regulationis performedusingPID regulation
The control o w rateis measuredy a DANTEC S2140MassFlow Transducemhich has
beenspeciallymodi ed for the presentwork to measurainsteadyo w ratesupto 1 g/sata
frequeng up to 500Hz. Theratio betweernthe mass o w rate of the control o w (myg) and
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themasso w rateof themainjet (mjq) is :

Mag

e (1)
It is adjustedwvith aMOOG senwovalve which worksin bothcontinuousandpulsatedegime.
Thejet spreadings characterizethy the meanandrmsvelocity elds measuredavith asingle
hot-wire probe. The ow is also visualizedthrough Schlierenphotographgo measurets
spreadingangleandthroughPLIF snapshots$o characterizéhe o w structure.

q

2.1. \elocitymeasuements

\elocitypro les are obtainedusinga DANTECStreamlineconstantempeature anemometer
coupledto a CHARLYROBOT displacementable which allows micrometric probe shifting
The single hot-wire calibration is performedon DANTEC54H10 calibrator. Each part of
the anemometryrig is linked to a computerequippedwith a KEITHLEY DAS 1800ST/HR
acquisitioncard. \elocity signalsare recodedat a frequencyf 25000Hz during 1 second.

2.2.Optical diagnostics

Two optical diagnosticshavebeenusedfor thepresenstudy: SdtlierentechniqueandPlanar
LaserIinducedFluorescencé€PLIF). For the Salierenvisualizationthe mainjetis preheated
(70 C). Sincethe presentexperimentsare carried out using non uor escentgases,PLIF
measuementsequire the ow to be seededvith acetone Acetone uor escences induced
by a lasersheet(Nd YAG |=266nmin UV, 15=40mJ sheetthickness=500nm)An intensi ed
CCD camean sensitivdo theacetoneuor escencevavelengthis usedto collectPLIF images.

3. Numerical setup

Theprincipleof LES s to resole thelargerscalesof turbulencewhile modellingthe smaller
oneg7]. LESis thereforeagoodtool to predicttheeffectof controlonthe o w becauséarge
structuresarecertainlyessentiain this mechanism.

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 compressibléNavier-Stokes equationson 2D or 3D meshes.Meshes
canbe structuredunstructuredr hybrid. Thenumericalapproad is basedon nite-volume
schemesusing the cell-vertexc method. The schemeprovidesthird-order accuracy both in
spaceandtime It hasbeentestedon multiple simple(isotropic turbulence vortices,acoustic
waveschannel,etc...)andcomple caseq25, 26, 27, 28,29, 30].

Theboundaryconditionstreatmenis basedonthe NSCBCapproadc [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 the box outlet, a nonre ecting conditionis xed [31, 7]. Onall walls, no slip
conditionsareimposed gure 2).
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Figure 2. Computationalomain.l ;: actuators2 : main ow. 3: jet blowing in thebox.

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

All simulationsarethree-dimensionathe meshis hybridandcontainsl million cellsfor
600.000points. Figure2 showns the computationalomain. Note that, evenfor the unforced
casetheactuatorsareincludedin themesh.

4. Experimental results: determination of the optimal con guration

To quantify the actuatorseffect, a criterion basedon the jet spreadingangle measurecn
Schlierenviews is used( gure 3). The estimatedvalue of the jet spreadingangleincludes
the large structuref the shearayer This diagnostics sufcient to comparesolutionsand
identify themostef cient actuators.

Figure 3. Schlierenphotograph®f the unforced o w (a) andthe forcedone (b). Evaluation
of thejet spreadingangle.
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Differentvaluesof "control-to-main”’masso w rateratio (q) have beeninvestigatecand
gure 4 shavs thejet spreadingangleevolution asa functionof . For every actuatorthe jet
spreadingangleincreasesvith q but notin the sameway. Notethatthejet anglesigni cantly
varieswith controlrangingfrom 19 (unforced)to 70 (forcedcases).
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Figure4. Jetspreadinganglevs. "control-to-main”mass o w rateratio (q) for A45, A90 and
SW90con gurations.

4.1. Effectof actuatos de ection (a)

Theefciencies of A90 (a=90 ) andA45 (a=45 ) actuatorsarecomparedo investigatethe
in uence of a (seegure 1). The A90 con gurationis themostef cient : exceptfor verylow
valuesof g, the jet controlledby the A90 actuatorspreadsnorethanthe one controlledby
the A45 actuatoratthe samecontrolmasso w rate. The orientationof thefour smalljetshas
thereforean effect onthe controlef ciency.

One possibleexplanationis that, for equalcontrol o w rates,the azimutalcomponent
addedto the velocity eld is larger for the A90 thanfor the A45 con guration. The A90
actuatoronly addsan azimutalcomponento the velocity eld while the A45 actuatoradds
bothazimutalandaxial componentsThereforehemain o w sweepgsheactuatoreffectalong
thejet axismoreeasily

4.2. Effectof thedistancefromactuatoss to mainjet exit (h)

The efciencies of SW90 (h=8mm) and A90 (h=30mm) actuatorsare now comparedto

investigatethein uence of h (see gure 1) onthejet angle.Figure4 shavs thatthe distance
h betweenthe actuatorand main jet exit in uencesthe control ef ciency. For eachvalue
of g, the jet spreadings higherwhenthe o w is controlledwith the SW90actuatorwhich

hasthe smallesth value. This resultshavs thatthe control effect vanishesalongthe nozzle
presumabljbecausef wall friction andcon nement. As the SW90con guration hasbeen
identi ed asthemostef cient it wasretainedor all furtherstudies.
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4.3. Effectof control ow rateonthevelocity eld

Figure5 shavstheeffectof increasingy ontheradialpro les of meanaxialandrmsvelocities
atx/D=6 whereD is themainjet exit diameter Thosepro les areobtainedby usinga single
hot wire probe. Eachpro le is normalizedby the meancenterlinevelocity at the jet nozzle
exit of the free jet con guration (Uc,). Figure5 shows that higherq valuesleadto larger
mixing enhancement the increaseof g leadsto a decreas®f the meancenterlinevelocity
andto anexpansionof bothmeanandrmsvelocity pro les. Velocity pro les on gure 5 also
shav thatthe entrainmenof theambientair is favoredwhenincreasinghe”control-to-main”
masso w rateratio.
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Figure 5. Meanradial pro les of axial velocity (up) andrms axial velocity (down) at x/D=5
for differentcontrol o w rates.
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Figure 6. Meanradialpro les of axial velocity. Comparisorbetweern_ES andexperiments.
Unforcedcase(q=0).

5. Numerical results

In addition to experimentalcharacterizationthe actuatorseffect was also studied using
simulationgto :

understandhe phenomenanducedby controlandidentify the mechanismsesponsible
for mixing enhancement,

validateLES asatool to studyactive controlby comparing_.ES andexperimentalesults.

5.1.LESvalidationfor theunforcedcase

LES is validated rst on the unforcedcase.Figure6 shows radial pro les of meanandrms
axialvelocitiesat differentdistance$rom thejet nozzleexit (x/ D=3 and7) for bothnumerical
and experimentaltests. LES seemsto be ableto reproducethe experimentalresults: the
meanpro les extractedfrom the simulationsarein good agreementith the experimental
ones.Theamplitudeof thevelocity uctuation is slightly overestimatetx/D=3, especially
in the mixing zone. Nevertheless,gure 7 shaws that LES predictsthe entrainmentrate,
in agreemenwith experimentsand literatureon free roundjets[9]. Both experimentaland
numericalstreamwisemass ux es are calculatedby integrating the meanvelocity pro le,
assuminghatthe o w is axisymmetric.
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Figure 7. Normalizedstreamwisemass ux. ComparisorbetweenLES, experimentsand
GutmarkandGrinsteindata[9].

5.2.LESvalidationfor theforcedcase

Figure8 shavsradialpro les of meanandrmsaxial velocitiesat differentdistancegrom the
jet nozzleexit (x/D=3 and7) for both numericaland experimentaltests. The con guration
corresponds$o a controlmass o w rateof 15% of the main mass o w rate(q=0.15). As for
the unforcedcase, gure 8 demonstratethat LES reproducesoth meanandrms velocity
whencontrolis on. The agreemenbetweemumericalandexperimentakesultsis betterfor
the forcedthanfor the unforcedcase. It is probablydueto the factthatthe large structures
involvedby the controlarecorrectlycapturedoy LES.

5.3. Effectsof control

Figure9 presentghe meanaxial velocity eld in atrans\erseplaneat a distanceof 0.5 mm
upstreanirom thenozzleexit. Two-dimensionalectorshave beensuperimposetb the eld :
eachof thoseis the projectionof thelocal three-dimensionalelocity vectoron the plane.As
expected, gure 9 shaws a global rotation movementof the o w inside the nozzle. LES
revealsthateachof the four actuationjetsinducesa longitudinalvortex. This mechanisms
alsofoundfor classicaljetsin cross o w (JICF) wherethe interactionbetweenet andcross
0 W leadsto a contra-rotatingrortex pair (CVP) [34]. In the presentase pnevortex only is
obseredbecausehe otheroneis constrainedy thewall andhasno placeto develop.
Thejetspreadingfterthejet nozzleexit canalsobevisualizedoy computinghevelocity
in a cylindrical coordinatesystem.Figure 10 shavs the orthoradialvelocity (ug) eld ata
distanceof x/D=1 from the jet nozzleexit for both forcedandunforcedcon gurations.The
level of uq reachedn theforcedcon gurationis very highcomparedheunforcedcase(scales
aredifferentin both cases).It shavs thatthe control device hasthe expectedeffect : it adds
swirl to the o w. This swirl is responsibldor the mixing enhancemenwith theambientair.
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Figure 8. Meanradialpro les of axial velocity. Comparisorbetweern_ES andexperiments.

Forcedcase(q=0.15).

Figure 9. Actuatoreffect onthe ow insidethe nozzle: meanaxial velocity eld and2D

velocity vectors.
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Figure10. Flow eld of orthoradialelocitycomponenatx/D=1 for bothforcedandunforced
cases.

Figure 11. Effect of control on the ow. Vortex detectionusing Q criterion. Control is
activatedatt=Ty. Animation(1.57Mo).

Figurellillustratestheimportanttopologicaldifferencesdetweerunforcedandforced
casedy displayingisosurficesof Q criterionusedfor vortex detection35]. Without control
(atTo), theQ isosurbcesareorganizedn ringswhich destabilizeat a distanceof threeto four
nozzlediametersdownstream.Whencontrolis activatedtheserings destabilizemuchfaster
andthejet becomesurbulentright afterthenozzle(To 510 “stoTo 1510 3s).
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Figure 12. JetspreadingenhancementPLIF visualizations. In uence of the control ow
density

6. Scalingparameterscontrolling actuation ef ciency

Thepreviousresultshave shavn thatthe”control-to-main”masso w rateratio g controlsthe
ef ciency of the actuators All thoseresultswereobtainedby injectingthe samegas(air) in
themainjet andin the four actuatorgets. Sinceit is well known for JICF thatdensityratio
betweenjet andcross ow playsanimportantrole, both experimentalandnumericaltestsare
repeatednjectingalighter (air-heliummix) or a heavier gas(COy) in theactuators.

Figure12 presentglifferentinstantaneousoncentrationelds (obtainedusingPLIF) of
the ow for differentvaluesof q anddifferentspeciesnjectedthroughthe actuators.At a
constanwalueof q, lighter gasegroducea higherjet spreadingangle: for eachof thethree
valuesof g the jet spreadings higherwhenusingthe air-helium mix andlower whenusing
CO, thanwhenusingair. In thosecon gurations,the valueof q is not representatie of the
controlef ciency. Thesametrendis obsenedfor eachvalueof g betweerD and0.5,asshovn
on gure 13. Ontheotherhand whenplottingthejet spreadingnglevs. theimpulsionsratio,
de ned by :

r adU;fa

J
. 2
r Jana

(2)
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Figure 13. Jetspreadingss. g (left) andJ (right). Effect of the control o w density

the three curves correspondingo eachspeciescollapseandthe jet spreadinganglegrows
linearly with J.

Simulationshighlight the phenomenaesponsibldor ef ciency differenceghat occurs
when the control gasdensity changes. Figure 14 shavs concentrationsocontoursof the
speciesnjectedthroughthe actuatorsat variousdistancedrom the control o w injection.
Thethreecon gurationsusethesameo w rateratio (q=0.15)but differentgasesn thecontrol
device.

Figurel4 con rms theexperimentaresults: g is notrepresentatie of the controleffect.
LESrevealthattheconcentrationelds exhibit two mainmodi cations,concerningheglobal
rotation movementand the interactionbetweenthe secondanyjets and the main one. The
globalrotationmovementanbevisualizedthroughtherotationof thevortical axial structures
aroundthe main jet : the injection of light gasenhanceshe swirl intensity ; the vortical
structuregurn fasteraroundthe mainjet axisandsodoesthemain o w. The o w topology
is alsoaffectedby the controlgasdensitythroughtheinteractionbetweerthe controljetsand
themainone.For heary gas(J 1) thecontroljetsareentrainedoy themain o w anddo not
penetratet. Ontheotherhand,for lightgas(J 1) thepenetrations higher

7. Conclusion

Experimentaland numericalinvestigationsof the control of a jet by four radial actuation
jets have shavn that swirl injection (obtainedby shifting the axis of actuatorgets) is an
ef cient way to control mixing andjet spreadingover a very wide range. The effect of the
de ectionandthedistancebetweerthecontroljetsandthemainjet axishasbeenstudied.The
mostefcient con gurationin termsof mixing andjet spreadingenhancemens the SW90
actuatordevice whereactuationjets arelocatedcloseto the nozzleandorientedto provide
maximumswirl. Large Eddy Simulationshave beenvalidatedon both unforcedandforced
casesThesimulationsshov whichmechanismareresponsibldor thecontrolef ciency : the
controljetsaddswirl (which wasexpectedrom thedesignof theactuatorsjhatenhancethe
jet spreadingHowever, the LES revealsthat the actuatorchoice(4 small jets) alsoinduces
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Figure 14. Mean concentrationisocontoursof the speciesinjected throughthe actuators.
Effectof thecontrolgasdensity Controled o w with q=0.15

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