Dynamical Processes Active Control of Combustion
Instabilities

S.Candet, S. Ducruix, T. SchullerandD. Durox andF. Lacas

LaboratoireEM2C,CNRSUPR 288, EcoleCentraleParis
92295Chatenay-MalabryFrance
*andInstitut Universitairede France

Summary

Strongcouplingof comtustionwith pressurevaves givesrise to oscillationsand instabilities. Suchdynamical
phenomenaaisedifficult practicalissuesandtheir understandingndcontrol constitutechallengingscientificand
technologicabroblems.Thesetopics have receved considerablattentionduring the last periodin relationwith
incidentsencounteredn gasturbinesoperatingin the premixed mode. Comtustiondynamicsis alsoto be con-
sideredin the developmentof high performanceleviceslike rocketmotorsandjet enginesbut the problemalso
appearsn lessdemandingsystemdike boilers,furnacesanddrying equipement.Much researcthasconcerned
fundamentaaspectandprogressasbeenachiezed in the understandingnodelingandsimulationof comhustion
dynamics. Dynamicalprocesse$iave beeninvestigatedn elementaryconfigurationsand much hasbeenlearnt
on flame/ortex interactions flame shorteningoy mutualannihilation,collisionswith boundaries.The coupling
betweenflamesand acousticsvaves hasbeenanalyzedin well controlledconfigurationsyielding a reasonable
understandin@f the mechanismglriving instabilitiesandthe couplingbetweencomhustionand pressuravaves.
Numericalsimulationsof flame dynamicshave beencompletedfor both laminarandturbulentflames. This has
allowed adwancesn predictionmethodsor comtustioninstabilities. The capacityto modelandpredictcomhus-
tion dynamicshasallowed progresdn the relatedareaof comhustion control. Experimentson laboratoryscale
comhustorshave indicatedthat the amplitudeof comhustion instabilitiescould be reducedby applying control
principles. Much effort hasbeencarriedout on the theoreticallevel to develop control methodologiegind deal
with the relatedtechnicalissues(actuators sensorsjntegration). Full scaleterrestrialgasturbine systemshave
beenequippedwith active controlindicating thatthe conceptsvereapplicable. The scale-uphasalso senedto
shaw the limitations of the methods. This article givesa review of of the stateof the art in this generalarea. It
focuseson (1) Elementaryprocessein comtustion/acousticsoupling,(2) Simulationof comlustiondynamics,
(3) Active controlissuesandmulti-dimensionakimulation. Thefirst part of this paperconcernsxperimentson
varioustypesof premixed flames. Theseare usedto illustrate somefundamentainteractionslike thosearising
whenaflameimpingeson a solid boundaryor thoseoccuringwhentwo flamesheetsollide andresultin therapid
destructiorof flamearea.lt is showvn thatthis canyield anintensesourceof soundradiationandthatsuchmecha-
nismscoulddrive instabilities.It is next shavn thatsimulationof unsteadyflameshasreached statewhich could
allow developmentf predictivetoolsfor instabilities. Thesetoolswill beusefulto engineeringlevelopmentand
they couldalsoallow developmentf controlmethods Thelastpartof this paperiscussethe mary issuegaised
by active controleandemphasizethe new possibilitiesof multi-dimensionakimulation.

1 Intr oduction

Smartcontrolof turbulences adifficult subjectout alsoonewhich couldhave alargeimpacton mary applications.
It is the subjectof this symposiumandof previous editionsandit hasmary facetswhich will be coveredduring

this meeting. The presentarticle focuseson the specialproblemof control whenthe flow is reactive. Onemay
think thatby addingcomtustionto analreadycomplicatedsubjectthis will maketheproblemevenlesstractable.
It is truethat comlustionis in itself a complex phenomenormndit will bring further complicationto the subject
but the scopeof controlis alsonarroved to the problemof reducingor suppressingnstabilities. Thereis also
an adwantagein having an exothermicchemicalreactionin the flow. This constitutesa sourceof enegy which

could betappedto provide the power requiredfor actuation.lt is thenclearthatmucheffort shouldbe expanded



to understandhe mechanismsavhich give rise to comtustioninstabilitiesand thento implementactive control
principleswhich couldbeintegratedin practicaldevices.

Therearemary typesof flameinstabilitiesbut thosewhich aremostprevalentin comhustionsystemsareinduced
by a couplingwith pressuravaves(seeFigure 1 (a) and(b) for a schematiaepresentationsf the couplingand
active control). The resonantbehaior leadingto instability is particularly effective whenthe flameis confined
asis the casein propulsionsystemgaircraft enginecomhustors,ramjets,rocket motors), gasturbines,power-

plants,industrialprocesdevices. Confinements favorableto resonaninteractionswvhichin turninducepowerful

dynamicalphenomenandhave seriousconsequenceis the form of “combustioninstabilities”. Onealsofinds
self-inducednstabilitiesin unconfinedyeometrieasshavn for examplein Ref.
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Figurel: (a) Block diagramdescribingcomhustioninstability mechanism.(b) Block diagramdescribingactive
controlof comhustioninstability.

Couplingof comhustionand pressuravaves hasbeenextensiely investigatecver the pastfifty yearsandit has
evolved from phenomenologyo a situationwherenumericalsimulationscanbe carriedout (seeRefs. [1-4] for
recentreviews). Active control of instabilitieshasalso evolved during this period from someearly conceptsof
feedbackstabilizationof comtustionto morerecentdemonstrationén laboratoryexperimentsof active control
andfull scaleapplicationin gasturbinecomhustors.Thedesignobjectieis to keepthe comhustionprocessinder
control andavoid possibleflashback blow-out andresonaninstability. Controlis a difficult matterbecausehe
comlustionprocesss nonlinearinvolvesa variety of coupledmechanismandis not easilydescribednathemat-
ically or simulatednumerically Onthe practicalside,therearedifficultiesassociatedvith the harshervironment
prevailing in comhustors.It is not easyto integrateactuatorandsensorsn practicalsystemsTherearealsomary
problemsrelatedto the maximumpower outputachiezable by the actuatorsthe bandwidthandtime lag induced
by the actuatorlocationwith respectto the reactize region andthe time lagsinherentto the comtustion process
itself.

At this pointit is worth examiningsomeof the cause®f comlustionsensitvity to pressuravaves.

¢ In mary comhustionsystemshe power densityis quite sizable. A minor fraction of this power sufficesto
drive alarge amplitudeoscillation. In a moderncryogenicrocketenginefor example,the meanpressurds
typically = 10 MPa, the meanpower densityreachestZ, = 50 GW m=3. If aninstability developsthe
rms pressureperturbationmay typically reachl to 10 % of the meanpressure.For a 10% fluctuation,the
power densityassociatedvith the unsteadymotionis £, = 0.1 MW m~3. which is just a fraction of the
power densityin the comhustionchamber. £,/E. ~ 10~5. This shavsthatthe oscillationmay be driven
by asmallfractionof the heatrelease.

o Comlustionfeaturedime lags.Reactantintroducedn thecomhustoratoneinstantareconvertedinto burnt
gasesat a latertime. It is known that systemswith delaysareinherentlyunstable.This is exemplified by
examininga secondrdermodelfeaturingalineardampinganda delayedrestauringorce:

dy . dy o,
W+2CWOE +wiyt—7)=0 (1)

If thedelayr is small,thelasttermmaybeexpandedn a Taylor series.Thisyieldsto first order
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Thisyieldsa negative dampingcoeficientif wor > 2¢. If thedelayis sufficient, oneexpectsanexponential
growth of aninitially small perturbation.Time lagsin a systemare destabilizing. This obsenation forms



the basisof the earlywork on rocketinstability. The furtherobsenationthatthe lag is not constantbut de-

pendson physicalparametersike pressureor temperaturén the chambethasleadto the sensitie time lag

(STL) theorydevelopedduringthefifties andsixties(seefor exampleCroccoandCheng[5]). Considerthe

simplecasewhereonereactanis injectedasa spray anincreasen pressureaugmentgshe ambiantdensity
thusdecreasinghe dropletsize. Vaporizationproceeddasterand corversionof reactantsnto burnt gases
is accelerated Thus, anincreasen pressurgroducesa decreasef thetime lag = betweeninjection and
comlustion. If thereactants injectedat a constantrateandif one assumeshatonly pressurenfluences
the time lag onefinds that the relative changein the massrate of burnt gasesus (t) = (1, — msp)/my is

a function of the relative changein pressurep = (p — p)/P andthat thesetwo gquantitiesare relatedby

() = nle(t) — ¢(t — 7)]. In this expressiortheinteractionindex n describeshe sensitvity of thecom-

bustionprocesgo pressureTherelative changeof burntgasmassflow rateis proportionalto the difference
in pressuresittimest and¢ — r.

e Therearemary resonanimodesin the confinedgeometriesusedin practicalcomhustors. Acousticmodes
oftendominatethe couplingprocessResonancés sharpbecausehelossesareweak. For alow frequeng
resonancethe wavelengthexceedsthe typical trans\ersedimensionwave propagatioris longitudinal and
generallyinvolvesthe completeinstallationgiving riseto “systeminstabilities”. High frequeny resonances
(f > 1kHz), featurewavelengthwhichareof the orderor lessthanthetranversedimensiorandthecoupling
usuallyinvolvestranswersemodesof thechamberThesé‘chamberinstabilities”arefoundin systemsvhere
the comhustoris well decoupledrom upstreamand downstreamsystemgreactantsupplylines, turboma-
chinery vessels..). High frequeng trans\erseinstabilitiesareparticularlydamagingn rocketengines.

¢ Enegy may befed into the the perturbedmotion by a rangeof processesilt is known from an early work
of Rayleighthatthe gainis positive if the heatreleasdluctuationis in phasewith pressurer moreexactly
if [ p'q'dt > 0. Flow perturbationswhich may initiate the processinvolve vortex roll-up, shearflow
instabilities, flame accelerationcollective interactionsof reactantjets, collisions with boundariesflame
shorteningresultingfrom mutualannihilationof flamesurfacearea. If the feedlines andthe chamberare
not well decoupledfor example by a sizableinjection headloss, instabilities can also be driven by the
differentialresponsef thefeedsystemsubmittedto perturbationslevelopingin thechamber

Many factorsare clearly favorableto a strongcouplingbetweencomhustionand pressurenodes.It is important
to avoid the occurenceof suchinteractionsbecausehey have detrimentalconsequencegibrations, structural
fatigue,enhancedheatfluxesto the chambemvalls) andmay leadto failure, lossof the systemandin somecases
spectaculaaccidentsControlof comtustionandsuppressiomwf instability mayrely on passie or active methods.
In general,onetries to changethe balancebetweengain and losses. This is usually achiered by augmenting
theremoval of enegy from the oscillationwith resonantavities or acoustidiners or by modifying the chamber
designto avoid the mostdestructve modesof oscillation. In rocketengines this is achieved by placing baffles
neartheinjectionbackplanelt is alsopossibleto ervisageactive control solutionsinvolving feedbaclkstabilization
conceptsEarly ideasof thistypewereexploredtheoreticallyduringthe 1950thby Tsien[6], MarbleandCox[7],
CroccoandCheng[5] but practicaldemonstrationkadto wait until the 1980thandfull scaleapplicationhasbeen
achiezedonly recently

Comhustiondynamicds a complex processanddesigntoolsfor instability controlarenot yetavailable. However,
this situationis evolving rapidly with researchfocusingon the developmentof detailednumericalmodelsfor
comlustiondynamicsandcontrol. Thesenew developmentgely hearily on experimentaldataandon the broad
insightgainedon the processluringthepreviousyears.

All the compleities of this problemcannotbe coveredin the spaceallocatedto this article. Four aspectsill be
examinedin whatfollows. A few elementaryprocesses comhustion/acousticsouplingaredescribedn Section
2 with variousexperimentson premixed flamesrespondingo an acousticmodulationimposedupstream. This
topicis alsoreviewedin Refs.[4] and[8]. It is shavn in particularthataflameimpingingon asolid boundaryand
perturbedrom upstreanoperatedike anamplifierandradiatesanintensesoundfield. This typifiesonepossible
sourceof instability. It is alsoshavn that a similar mechanismmay be obsened when adjacentflame sheets
impingeon eachother Simulationof comtustiondynamicsis reviewedin Section3 andillustratedin Section4
with calculationsof a premixedturbulentflamein anunstablecomhustionprocess Active control of comtustion
instabilitiesis treatedn Section5. This sectiondealswith principles,describesomeapplicationsandreviews low
ordermodelsfor active controlsimulation.Multidimensionalsimulationsof active controlis ervisagedin Section
6. It is shavn thatMDS of AC couldbe usedto advancethe stateof theartin thisfield.



2 Flameinteractions asa source of combustion instability

The contentsof this sectionare meantto illustrate mechanismsvhich may act assourcef instabilities. In the
wide variety of possibleinteractionstwo situationsare examinedbecausedhey typify more comple processes
which could take placein larger scaleturbulent comhustors. Both situationsinvolve perturbediaminarflames.
Theseexamplesareselectedor thefollowing reasons
¢ Laminarcasegrovide simpleandwell controlledconfigurationgor detailedobsenationsandthey may be
usedto uncover novel couplingphenomena.

¢ Interactiongnaybemodeledrom basicprinciplesanddo notdependn closureschemesike thoserequired
for descriptionf turbulentcomtustion.

o Datamaybeusedto validatecomputationatoolsfor comhustiondynamics.

In addition,somepracticalapplicationdeaturequasi-laminaflames(domestichoilers,radiantheatersandindus-

trial dryers). Systematiexperimentson laminarflamedynamicshave beencarried-outin the caseof a premixed

flame anchoredon a cylindrical burner (seeRef. [9]). This hasallowed direct comparisondetweenobsered

flame dynamicsand simulations. Recentstudiesin which the flameimpingeson a flat platefeatureremarkable
interactions. Thephenomenanalyzedn detailin Ref. [10] areonly summarized.

In thefirst experiment,a premixedflameis formedfrom anaxisymmetridournercomprisingacylindrical tube,16

cmin length,followedby a convergentnozzle.The exhaustdiameteris 22 mm(Figure2 (a)). A driverunit placed
atthe bottomof the burnermodulateghe flow aroundits meanvaluel.
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Figure2: (a) Experimentalsetupfor perturbedflame/plateinteractions. (b) Experimentalsetupfor flame/flame
interactionsU is themeanbulk velocityandu’ thefluctuatingvelocity componentatthe burneroutlet.

A well controlledharmonicvelocity perturbatiornu’ is generatect the burneroutlet. This wrinkles the surfaceof
theflamefront A(¢) asshowvnin Figure3.

Soundpressureneasurementserecarriedout for arangeof driving frequencies’.. Theoverall pressurdevel at
25 cm away from the flameis plottedin Figure4 asa function of thedriving frequeng f.. Thesoundgenerated
in the caseof a perturbedmpingingjet flameis always10 to 20 dB louderthanthe soundproducedby the same
upstreanperturbatiorbut without comhustionor in the absenc®f the plate. The additionalnoiseis generatedby
comhustiononly whenthe flameinteractswith the plate. This mechanisnis investigatedn furtherdetailin Ref.
[10].

Sequencesf phasdockedimagesof theflamepatternoveracycle of excitation7, = 1/ f. areprocessedtb obtain
the traceof the flamefront in the planeof symmetryof the burner They suggesthatthe flamefront is strongly
wrinkled by the modulationof the flow. The perturbationproducedat the nozzleoutletis convectedalongthe
flamefront away from the burner Whenit collidesthe platealarge portionof the flamesurfacevanishesn ashort
periodof time (seeFigure3). Thesuddercollapseof the flamesurfaceareais responsibldor the significantnoise
outputfrom theflame[11].

Theflameinteractionswith the platedefinesourcef soundandit canbe shavn thattheradiatedpressure., in
thefar-field is givenby thetime retardedateof changeof theflamesurfaceareaA(t) (seefor exkampleRefs.[12]

and[13]) :
oo { Pu dA
=22 (1) [4]

In thisexpressionp.., pu, pp arerespectrely thefar-field air, thereactangasandtheburnedgasdensitiesr is the
travel time of soundpropagatiorover the distancer from the sourcego the microphone.In afirst approximation



Figure3: Typical interactiondetweena perturbedlameanda plate. Thefirst photograptshovs a directview of
theflamein theabsencef perturbation

the emissionof the flame 7(¢) canbe consideredo be proportionalto the volumetricrateof consumptiorof gas
reactants)(¢) [14]. Assuminga constanflamespeedSy,, I(¢) is thusalsoproportionalto the total flamesurface
areaA(t) [10]. Thefar-field pressuresignalp., shouldalsobe proportionatlto therateof changeof 7(¢).
Measurementsf the flamelight emission/(¢), direct estimationsof the flame surfaceareaA(t) (usingimage
sequencesand measurementsf the far-field pressuresignalsp., areindeedwell correlated. The fast rate of
extinction of the flame surfaceat the cold boundaryobsered correspondso the significantacousticpressurale-
creasemeasuredy the microphone.

This experimentandmary othersindicateconclusvely thatperiodicflame-wallquenchingcanbe a strongsource
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Figure4: Overall soundlevel asa functionof the driving frequenyg. Meanaxial velocity: I/ = 1.44 m/s. Equiva-
lenceratio: ® = 0.95. Nozzle-to-platedistancez = 7.6 mm. The corventionadoptedn the captionis WP: with
plate,NP: withoutplate,WC: with comhustion,NC: withoutcomhustion,andLAB: meanbackgroundoisein the
laboratory(from Schuller etal. [10]).

of noise.In aconfinedsystem(in theacousticsenseWwherea periodicunsteadylame-wallinteractiontakesplace,
the noiseemittedin this situationcould be a sourceof acousticenegy which would feed the naturalmodesof

oscillation of the system. This could leadto a resonanfeedbackprocessdriven by the flame-wallinteraction
mechanism Suchself-sustaine@scillationsconstitutea simplebut remarkablexampleof the couplingbetween
comhustion,acousticsandsolid boundariegDurox, etal. [15]).

The secondexampletypifies a similar mechanismin which two flamesinteractinducinga rapid changeof flame
surfacearea.Hereagainthefastchangeof this quantityproducesanintenseradiationof sound.The configuration
is that shawvn in Figure2 (b). A centralrod is now locatedinside the exhaustnozzle. The flameis stabilized
on the centralbody andon the burnerrim andits shapeis like that of a liquid sheetin a fountain. Underweak
perturbationdrom upstreamadjacentsheetsearthe flametip comeclosetogetherandimpinge on eachother
producinga rapiddestructiorof flamesurfaceareaaccompaniedby anintenseradiationof sound(Figure5).

Figure5: Mutual flame interactionsleadingto a rapid destructionof flame surfacearea. The steadyflame is
stabilizedon anannularburner

Hereagaintherapiddestructiorof flamesurfaceconstitutes strongsourceof pressureThisis potentiallyanother
driving mechanisnof comhustionoscillationsasdemonstrateth Schuller etal. [16]. Mutual interactionof the
typeillustratedherecanalsobefoundin morecomple turbulentflow configurationdike thoseprevailing in gas
turbinecomhustorsandtherearenumericalsimulationsof suchflows shawing this type of phenomena.



3 Modeling of combustion dynamics

The modelingof comtustion dynamicsis a centralquestionif onewishesto develop control methods. Ideally,
the systemwhich one wishesto control shouldbe describedby a setof differential equationsof the standard
formy = Ay + Bwu or moregenerallyby a setof equationsof theform y = f(y,«). To obtainthis kind of
representatiomnefollowsthe schemeadefinedin thefirst of thefollowing two procedures
¢ Acousticsis consideredhsthe centralmechanisnandonewritesawave equatiorfor the reactingflow. This
is thenusedto derive a unifiedframework for the analysisof comhustionoscillations.Eventhoughthisis an
attractive approachit tendsto hidethedifficult problemof describingheresponsef the flameto thewave
motion.

o Comlustionis takenasthe centralprocessandthe modelingis aimedat the descriptionof the flame dy-
namicalresponsdo acousticwaves. The analysisemphasizeshe fluid mechanicsthe flame motionin a
field of perturbationsthe differentialresponseof the cold and hot streamsof gases... The modeling of
premixed comhtustiondynamicshasmostoftenrelied on akinematicequation(G-equationYo representhe
flamemotion but muchof the currenteffort is focusedon the large eddy simulationof comhustiondynam-
ics. This secondapproactdoesnot yield a simpledescriptionof the type requiredfor control applications
(¥ = f(y,u)) butit is possibleto couplea multi-dimensionalsimulationof the flame with an external
controlloop (seeSection6).

Thesetwo proceduresirenow briefly outlined.

The“unified analyticalframevork” of comhustionoscillationsestablishedy Culick [6] andhis co-workersuses
aneigenfunctiorprojectionmethodequivalentto the Galerkinproceduranitially introducedin this field by Zinn
andLores[17]. Onefirst formulatesa boundaryalueproblemfor acoustigperturbationsn areactve medium

2y _ LV
c? ot?
Inhomogeneoubleumanrboundaryconditionsareusedin this formulationbut otherconditionscould be defined

aswell.
Theacoustigressurdield is expandedn termsof the normalmodesof the system:
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Theeigenfunctions),, () satisfyahomogeneouklelmholtzequationandcorrespondingnomogeneouboundary
conditions:

Theamplitudes;, thensatisfya setof secondorderdifferentialequations
&1, + w? F, where F < / hip,dV +/ fibndA 7)
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This formulationfocuseson the wave motionandprovidesa frameavork for thedeterminatiorof the modalampli-

tudesn,,. Thecentraldifficulty is to specifythesourcetermsarisingfrom thespatiallydistributedcouplingbetween
acousticsand comhustionandformally representech the previous equationsby the functionsh(w, 5, v', p'; . . .)

andf. A similar difficulty is foundwhenonewishesto develop a suitablerepresentationf control sourceterms.
Becausethe formulationis linear, thesetermsgenerallyappearas additive sources,h becomesh + h. and f

becomesf + f. but theselinear forms do not describethe subtleinteractionswhich take placebetweencontrol
sourcesandunstablemotion. The unified framevork is however a valuabletool for theoreticainvestigationsaand
may be usedto devise“low ordermodels”of comhustiondynamicsandcontrol.

The secondprocedureemphasizefiow andcomhustiondynamicsbut thereis no uniqueframevork. The general
objective is to obtain a faithful renderingof the nonsteadymotion. The flame motion constitutesthe central
issuewhile the systemacousticglefinethe boundaryconditions. For premixed systemspnegeneralmethodhas
consistedn describinghe flameasa front. This maybe donewith a kinematicequationdescribingthe motion of

this front, the so-calledG-equation.The flameis definedasoneiso-level G = G of afunctionG describingthe
propagatiorof afront featuringa normalvelocity S;. Oneconsiderdor examplethatG = 0 in thefreshgasesand
G = 1 in thereactedmixtureandonehasto solve thefirst orderpartial differentialequation:

%—fm.vezsdwm (8)



In mostanalyticalstudiesusingthis formulationthe changen densityaccrosgheflamefrontis neglected.Various
amgumentsareusedto justify anassumptiomwhichis obviously not quiteright but is oftenmadein comhustionand
hasthe advantageof simplifying theanalysis.

Becausethe theoreticalapproachhas limitations and in particular cannotportray the flame dynamicsin most
casesrecentefforts have focusedon the numericalmodelingof comtustiondynamics.Again, thereis no unique
procedurebut it is usefulto identify somemodelinglevelsandcombinedapproaches:

o Directsimulation.Theflamemotionis calculatedvith a DNS method,acousticaretreatedwith character
istic boundaryconditionspossiblyinvolving time domainimpedancemodels. ..

¢ Largeeddysimulationof the flamemotion,acousticandcorrespondindgpoundaryconditions.

¢ Large eddysimulationfor the flamemotion, analyticalor linearizedEuler descriptionof the wave motion
outsidetheflamezone.

¢ Low ordermodelsfor theflamezone,analyticalor linearizedEulerdescriptionof waves.

In mostpracticalcasegheflow andflamemotionareturbulentandthe LES approachis the mostsuitable.Large
eddy simulations(LES) and subgridscalemodeling (SSM) methodologiesre now well establishedor nonre-
active flows. ComhustionLES is lessmatureand constitutesa relatively new field not much olderthanabouta
dozenyears. Onemotivationfor the developmentof LES is thatit providesa routeto animproved modelingof
comhustion andis specificallysuitedto the descriptionof nonsteadydynamicalcomtustion phenomenavhich
onewishesto suppressimportantadvanceshave beenmadein the numericalmodelingof flamedynamicsusing
large-eddysimulationgseeRefs.[18-26]). but therearemary difficultiesin theapplicationof LES to comtustion
dynamics.Someprominentissuesare (1) the correctdescriptionof the flame motion andthe associategubgrid
scalemodelingproblem,(2) the reductionof numericaldissipationanddispersiorto acceptabléevelsand(3) the
treatmenbf boundaryconditions.

Onedifficulty with comhustionLES arisesfrom the fact that chemicalcorversionof reactantgakesplacein thin
layers. Thesecannotbe capturedon therelatively coarsegrid usedfor the simulation. It is thereforenecessaryo
adaptthe flamedescriptionto the LES framework. In the premixed case this hasbeenachieed by following two
differentroutes:

e Theflameis describedasa thin front andits motionis calculatedby a front tracking techniqueor with a
G-equatiorformulation.

o Theflameis artificially thickenedbut its displacemenspeeds presered.

The first methodbasedon the theoreticalwork of Kerstein etal. [27], wasexploredfor exampleby Menonand
Jou[18]. Thereactie layeris consideredo beinfinitely thin with respecto the sizeof the turbulentstructures,
andit is representetly a propagatie iso-surfaceseparatindreshandreactedyases.This surfaceis locatedat an
isolevel of afield variable G which satisfiesthe propagatiorequation(8) where S, is a turbulent displacement
speed.

The secondrepresentatiof premixed comhustionin the LES framework, consistsn artificially thickeningthe
reactionzone,while keepingits displacemenspeedunchangedTheideawasoriginally developedby Butler and
O’Rourke[28] and O'Rourkeand Bracco[29], for the computatiorof laminarflamesin complex geometries It
hasbeenappliedin mary recentlarge eddysimulationsof premixedcomhustion(for example, ThibautandCandel
[22], Angelbeger, etal. [23], Colin, etal. [25]). Details may be found in thesereferencesand will not be
reproducechere. Fine tuning of the thickenedflame modelhave beendevisedto accountfor comhustiontaking
placein the smallscaleColin, etal. [25], Nottin, etal. [30]. An efficiengy function £ is usedto incorporatethe
effectsof theunresohedscaleson theresohedrateof reaction.

Anotherissueof importancein comtustion dynamicsLES is that of boundaryconditions. From computational
fluid dynamics,it is known that the treatmenbf inflow, outflow conditionstogetherwith conditionsat the walls
determinedo a greatextent the quality of the solution (seefor example PoinsotandLele [31]). In comhustion
instability simulationsonehasto establisfboundaryconditionsfor thefluid flow but simultaneouslymposecon-
ditions on the variouswavesinvolvedin the process. The two typesof conditionsmay not be compatible. To
illustratethis point consideran outflow boundary This is usuallytreatedby imposinga constantstaticpressure.
In doing so one makesthe implicite assumptiorthat the specificacousticimpedancevanishesat the boundary
(€ =Z/(pc) = (1/pe)(p'/v' - m) = 0). This conditionimpliesthat outflow pressurdluctuationsarevanishing.
However, this may not be so andone shouldbe ableto imposeothertypesof conditionsat this boundary Simi-
larly, onegenerallyimposeghe massflow rateat the inflow. This impliesa conditionon the specificimpedance



¢ = 1/M where M designateshe meanflow Mach number Again this conditionmay not suitably renderthe
responsef theupstreandomainto acoustiovavesgeneratedn the systemandimpingingon theinflow boundary
Anotheraspectvhich deseresspecialattentionis relatedto the modulationof a givensystemto studythe forced
responsef the flow to external perturbations.One suchproblemis treatedin detailin Ducruix, etal. [32] and
Kaufmann et al. [33]. Considerfor examplea sinusoidalvelocity perturbationu = wug coswt injectedin the
systematthe upstreanboundary This modulationis introducedattime ¢ = 0 in aregion whichis initially free of
perturbationsThe systemwill respondo this perturbatiorby exhibiting aforcedmotionbut it alsofeaturesafree
motionwhich compensatethe mismatchwhich exists betweerthe forcedmotionandthe perturbatiorfreeinitial
state. As a consequencdhe modulationexcites all the naturalmodesof the systemandthe amplitudesof the
eigenmodesvhich arecloseto the perturbatiorfrequeng will have finite valuesof the sameorderof magnitude
asthe responset the excitation frequeng. If the integrationschemefeaturesa reducednumericalviscosity as
it shouldto dealwith acousticwave problemsthe modesexcited in the processwill be weakly dampedandthe
oscillationsof thesemodeswill be sustainedor along periodof time. Methodswhich may be usedto dealwith
this problemarediscussedn Ducruix andCandel[34] .

4 Simulation of flame dynamics

Turbulent comlustion dynamicsis illustratedin this sectionwith unsteadyflame calculationsin a realistic ge-
ometry[32]. The premixed comhustordevelopedby the University of Cambridgeis a modelscaleversionof an
industrialgasturbineunit. Theairflow enterstheinjectorthroughanannularsectionandis thendividedinto two
streamsawhich flow throughconcentricchannelqFig. 6). Vanesareplacedin thesechanneldo createa rotating
velocity componentvith anoppositesign (“contra-rotatingswirl”). Gaseousuel is injectedin theairflow through
cylindrical barsfitted with two 0.45mmdiametetholes.The swirler unitis pluggedona70 mmin diametemuartz
tube.Burntgasesareexhaustedrom thistubeatatmospheripressure.

Gas

Computational domain

Combustion chamber

—> Air
Air plenum

Figure6: Schematiaepresentationf comhustionsystemandpositionof the computationatiomain.

Simulationsof the completesystem(air supply fuel supply swirler unit andcomhustionchamber)would require
anexcessve amountof computeressourcedt is thereforeassumedhat(1) theflow beyondtheinjectionvaness
perfectlypremixed, (2) therotatingcomponent:, of theflow createdoy the vanesds proportionalto the axial flow
velocity andto thetangentof the vaneangleand(3) u, is a constanin a givensection.The systemis considered
to be axisymmetricand the calculationsare carried-outover a sectorcorrespondingo a 10° anglearoundthe
symmetryaxis. This calculationis anillustration of whatcanbe donein this field. New computempowver makesit
now possibleto developthree-dimensionaimulations gvenif they still remaincostly.

The artificial thickeningapproachdescribedn the previous sectionis implementedn AVBP, a LES flow solver
developedby Cerfacs[35]. The key ideais to thickenthe flamewhile maintainingits propagatiorspeed. The
thickeningfactor F* mustbelarge enoughto resohe theflamefront on the LES mesh,but smallenoughto let the
flamebewrinkled by thevorticescalculatedn the simulation.A thickeningfactor 7' = 8 waschoserto meetboth
requirements.

Calculationscorrespondo anequivalenceratio ¢ = 0.7. Freshgasesareinjectedthroughtheinternalandexternal
channelf theinjector. Theflow velocity is setequalto 15m s~!, correspondingo anairflow rateof 60gs1.
Figure7 shavsthetemperaturén the swirler unit nearfield. A recirculationzoneappearsn thecentralpartof the
chamberandplaysanimportantrolein the stabilizationof theflame. Burnedgasesarein contactwith freshgases,
providing a continuoussourceof ignition to the flame.

The stabilizationregion is nearthe lower borderof the internal channelin a region of reducedflow velocities.
Snapshot®f the temperaturdield shav that vortices develop and the flame stabilizationposition moves when
thesestructuresareshed.This causedluctuationsn the flamesurfacewhich mayleadto comtustioninstabilities.
At certaininstantsin time the flame propagatesnwardsalong the internal channelseparation. This hasbeen
obsenedexperimentallyandcouldeventuallyleadto flashback.

Vorticescreatedn theregion betweertheouterjet andthechambemwall (Fig. 7) arecorvectedin thechambeiand
clearlywrinkle the flamefront producingfrom time to time large pocketsof freshgasesvhich arecorveyed into
therecirculationregion anddestabilizeheflame. Pocketof freshgasesrealsocreatechearthe flameextremity.
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Figure7: Two snapshotsf thetemperaturdield neartheinjectoroutlet.

Thesepocketsare convectedand burnedwith a certaindelay Dependingon the delay this phenomenomay
participatein the developmentof acoustidnstabilities.

The flamelength variesbetween8 and 12 cm during the calculation. In the first part of the flame front (0.1<
z <0.3),theamplitudeof the motionis relatively smallandthe flameremainscloseto its meanposition,whereas
large movementscanbe obsenred further downstream. Averagedmagesof the flamewould thenshav a short
flame, correspondingo the integration of the flame emissionin the first part of the chamberand similar to ex-
perimentalvisualizations. The flameis slightly lifted with respectto the injector channel,even thougha small
reactionrate exists nearthe separatiorwall. It is interestingto notethatthe stabilizationpositionis notfixed in
time. Longersimulationswould makeit possibleto determingrequenciesssociateavith this phenomenon.
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Figure8: Temporalevolution of the pressureta pointin the middle of thechamber

Figure8 shaws thetemporalevolution of the pressurén thechamberfor atime periodof 35 ms. After atransition

10



period,the signalis clearlyperiodic. The growth rateis still positive atthe endof the simulationindicatingthatno
limit cycle hasbeenreachedatthattime. Spectralanalysisindicatesthatthe signalfrequeny is closeto 250Hz.
Conditionschoserfor the simulationcorrespondo experimentalobsenationsof aninstability around200Hz.
Calculationdescribedn this sectionindicatethatit is possibleto simulatethe dynamicalbehaiour of turbulent
flamesin a gasturbinecomhustor Many othercalculationscanbefoundin theliterature[23], [36].

5 Activecontrol

Methodswhich canbeusedto suppressr attenuateomhustioninstabilitiescanbedividedinto two classesin the
first group,onefinds passve control methodg(PCM),whichrequirea physicalunderstandingf the phenomenon
andinvolve subtlemodificationsof the comlustionsystem.Active controlmethodg§ACM) belongto the second
classandarealreadyproposedn earlywork on liquid rocketinstabilities(Refs.[5-7]). In the1950's,theseauthors
derivedthe sensitve time lag (STL) modelto analyzerocketmotor instabilities. This theorycould not provide a
detailedexplanationof the complicatedphysicalprocessevolvedbut it helpeddesignglobal stratgiesto deal
with the problem. The stabilizationmethodconsistedn actively injecting perturbationsnto the comhustorusing
anactuatotin orderto decouplehe physicalprocessesesponsibldor the comhustionoscillations(seeFigure9).

Amplifier
Actuator
Sensor
Fuel
Oxidizer=
Rocket motor
Actuator

Figure9: Senostabilizationof liquid rocketcomtustioninstability.

Althoughtheprinciplesof active control of instabilitiesweredescribedn theseearly studiesthe praticaldemon-
strationof the conceptwasonly achieved in the recentpast(seeMcManus et al. [37] for a review). Much of
the developmentof active control stratgieshasrelied on experimentson modelscalecomtustors. Thesestudies
have revealedthe potentialof ACM andmary technicallimitations of the control systemcomponentgsensors,
algorithmsandactuator).Thesethreefeaturesare briefly reviewedin the following. A particularcareis givento
the questionof actuationwhich remainscritical.

Sensors

A greateffort hasbeenmadeconcerninghe sensorandmary possibilitiesnow exist (pressurdgransducersnd
microphonesgdiodes, photomultipliers, etc.). Their size andresistancedo large temperaturevariationsremain
anissue,but technologicakesponsebave beenrecentlygiven (seefor exampleDocquierandCandel[38-39] for
reviews). Oneimportantaspecbf theproblemis thatof integrationof thesensoin thesystem It is alwaysdifficult
to placea sensorin areal device becausehis inducesmary practicalproblemsandaugmentghe probability of
failure. If the sensorequiresanopticalwindow, onehasto dealwith the problemof obscuratiordueto sootand
otherdeposits.It is alsoimportantto think thatthe sensowill have to be maintainedandthe problemof access
becomesnissue.

Algorithms

The choiceof an algorithm determinego a greatextent the effectivenessof the controller Onehasto dealin
the presensituationwith a highly nonlinearsystem.It is necessaryo copewith rapid changesn the dynamical
behaior of the processandbe ableto identify the systemdynamicsonline. Also, the control schemeshouldbe
reliableandrobust. Mary recentefforts have beenmadeon thetheoreticalsideto usecontrol conceptsn generic
situations.Low ordermodelingis exploitedin mostof thesestudies(Fung etal. [40], YangandFung[41], Yang
etal. [42], Koshigog etal. [43], Cande] etal. [2], Annaswamyetal. [44], Annaswamyetal. [45], Hathout
etal. [46], Hathout et al. [47], Evesqueand Dowling [48], Hathout et al. [49]). Block diagramsare used
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extensively to formalizethe control problemandallow theoreticalanalysis.A few examplesaregatheredn Fig.

10. Onegenerallydistinguisheghe comhustionprocessandthe acousticatouplingasin Fig. 10 (a) and(b). One
may alsoconsiderthat the comtustor constitutesa plantto be controlledbut without a detaileddescriptionof its

behaior (Fig. 10 c). Theblock diagramrepresentationf the controlloop is lessstraightforwardasmay seem.In

Fig. 10 (a) and(b) the controlleractson the acousticf the systembut the representatioimplies that the path
betweenactuatorand sensotis alsothe pathwhich inducesthe coupledmotionin the unstableoperationof the
system.Thisis not alwaysthe case.Theactuatomodulatesn mary circumstanceasecondaryuel injectionand
it is the chemicalcorversionof theinjectedfuel which inducesanacousticwave. This wave thencombineswith

the acousticmotion associateavith theinstability in the system(seeFig. 10 (d)). Marny studiesmakeanattempt
to look at the problemfrom the point of view of controltheory Thisis exemplifiedin Ref. [50] which usesstate
spacedescriptionsof comtustor and controllerin a robust control framevork including mary disturbancesnd
uncertaintiegffectingthe process.

Combustion

Adaptive
controller

© (d)

FigurelO: (a) Block diagranrepresentationf comhustorcoupledio anexternalcontrolloop, (b) Transferfunction
descriptionof the systemshawn in (a), (c) Generalprinciple of adaptive instability control, (d) Block diagram
representationf adaptve controlof comhustion H coupledby acousticfeedbackly. W' is the LMS filter, Sy, .S,

representheactuatortransferfunctionsandpartof the secondanpathbetweeractuatorandsensors = S;.53, S
is afilter representinghe secondanpathS.

Adaptive techniquehave alsobeenextensiely investigatedvith muchof therecentwork focusingon self tuning
adaptve regulatorsmostnotablyby the MIT group(Refs.[44-47]). In generalthetheoreticalanalysisis limited
by theassumptionsnadeto describehe flameresponsandactuatoiinfluenceon the comhustionprocess.

Actuators

The actuatoreffectivenessconstitutesthe most critical issue,sinceone mustface a complex trade-of between
bandwidthandpower. The designof the actuationsystemis a key elementin the succes®f theidentificationand
controlof theburner Theactuatomustbe efficient andrequirea smallamountof power, andthemodificationsin
theflow shouldbe significant.

The underlyingideais thatif the techniqueis ableto avoid ary instability by strongly modifying the flow, the
otherparametergstabilization efficiengy, pollutantemission)canbe optimizedin asecondstepby controllingthe
controller.Secondlythe actuatormustbe ableto modulatethe selectecparametefpressuremassflow rate,etc.)
upto afew hundredHertzfor gasturbineapplications.Onemay alsoervision applicationgequiringa bandwidth
of afew thousandHertzto controlhigherordertrans\ersemodesbut nothinghasbeendemonstrateéh thisrange.
In thefollowing, the focusis put on flow (liquid or gas)modulation,atechniquewhich could stronglyacton the
comhustorbehaior.
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Liquid injection is difficult to modulatebut piezoelectricactuatorshave beenusedfor examplein Ref. [51].
Developmentof magnetostrictie devicesarealsobeingcarriedout mostnotablyat Geogia Tech. Fuelinjection
timing is aninterestingnethodof depositingenegy attheright momenturinganinstability cycle (Refs.[52-56]).
For gaseouduel, it is possibleto modulatethe flow usingdirectdrive valves(DDV) but the bandwidthis usually
limited to about400Hz (Hermannetal. [57] andBernier, etal. [58-59]). Applicationof directdrive valveshave
beenmadeonfull scalegasturbinecomtustors(seeFigurell)andin modelscalepremixedprevaporizedsystems
asshavnin Figure12.

Controller

Plenum Piezo pressure
chamber transducer
iy QK Ring
D L/ pov valve/ Burner > combustor

Pilot gas ; ,
ring line Pegfilrj]ge = 5 ]
Compressor
outlet Turbine
\L inlet

Figurel1: Active controlof a gasturbinecomhustor

|' Controller h ﬂg Pass

DDV Valve DDV vave

Secondary
air
power supply
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air flowmeter Microphone

or photomultiplier

|_| Premixed
. prevaporized
Filter combustor

Figure12: Active control of aleanpremixedprevaporizedLPP) comhustor

This lastexampleis usedhereto illustrate someof the difficulties which appeamwhenthe actuatoroperateson
the gaseoudlows. Experimentalresultswere obtainedon the laboratoryscaleLPP burnershavn in Figure12
operatingatatmospheripressurendat a power of 70kW. A fuel-air premixinginjectordesignecasamodelscale
of areal gasturbineinjectoris mountedon a rectangulaicomhustor[59]. Liquid heptands injectedthroughan
atomizerin thepreheatedir flow comingout of two co-rotatingswirler nozzles.The comhustoris 0.5mlong and
featuresa squaresectionof 0.1 x 0.1 m?.

Pressurescillationsin the chamberaremeasuredvith a microphone.

A portplacedat 5.5cm from theinjectoris connectedvith awaveguide. The watercooledmicrophonés placed
at37cmfrom the portandthewaveguideendsby a 25mlong tube,which eliminateseflectedvaves.In aprevious
study[59], it wasfoundthat,stronginstabilitiesappearedtafrequeng f = 400Hzwith anamplitudeof oscillation
of aboutp = 650Pa. This unstablebehaior is drivenby large vortical structureshedfrom theinjectorexit plane.
The coupling,involving the first longitudinal modeof the comtustionchamberis acoustic(quarterwave mode,
around400Hz).
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Theactuatosystemdesignedor this experimentcomprises high frequeng valve modulatinga secondargource
of air. Themodulatedair flow is injectedthroughfour radial high speedetsin thevicinity of theatomizatiorzone
andimpactsthe sprayat its basis.

Preliminarystudiesindicatedthat the secondanjets profoundly modified the spraycharacteristicdike the size
distributionandthe dropletsballistics. The meansecondangir flow correspond$o 4% of thetotal massflow rate
in theburner Modulationof thisflow is obtainedhroughaMOOG D633 high bandwidthelectromagnetidirectly
drivenproportionalvalve.

It is first necessaryo verify thatthis systencanbeusedto inject perturbationsip to typical instability frequencies
(f = 400Hz). It is thenimportantto determinethe transferfunction H,, of the DDV alone,whereu is the DDV
positiontransducewralue. Figure 13 shaws the transferfunction betweenthe DDV control and position sensor
signalsobtainedby excitating the systemwith a filtered white noisesignal (f j 800 Hz). The uppersubfigure
shaws the amplitude,the middle one givesthe phaseshift ¢ andthe bottom subfiguredisplaysthe time delay
7 = —0¢/0w deducedrom the phase. The DDV clearly behaeslike a low passfilter. Between380Hz and
450Hz,the amplitudeof the responselropsrapidly, but it still seemgpossibleto operatein this range. For f =
450Hz, the signalamplitudeis 20 dB lower thanin thelow frequeng region, shaving thatthe actuatordoesnot
respondo high frequeng modulations.

near

The DDV alsoinducesa phaseshift but the correspondinglelayis not constantanddependn frequeng (1 ms
< ppv <3.5ms). Onearrivesto the conclusionthatthe DDV actslike alow passfilter andthatit introducesa
time delay which s of the orderof theinstability periodatleastin this case.

It is next possibleto estimatethe overall characteristicof the whole system.This is achieved by determiningthe
transferfunctionsbetweerthe DDV commandand microphonesignals.The correspondingransferfunctionsare
displayedn Fig. 14 In thisfigurethetransferfunctionobtainedthroughidentification(ITF) appearsasasolidline
andis comparedo thetransferfunction obtainedrom spectrakstimate¢DTF), plottedasa dashedine.
Amplitude and phaseceaseto be coherentabove 500Hz, becausehe DDV is unableto modulatethe secondary
air flow beyondthislimit. Thetransferfunctionamplitudedecreasewith increasingrequenciesshaving thatthe
wholesystembehaeslike alow-pasdilter with acut-off frequeng f = 450Hz. This seemgo beessentiallydueto
the DDV. The phaseshift is almostlinearwith frequeng, yielding a nearlyconstantime delay Thetypical delay
valueisin arangell ms< r4cr mrc < 12ms. It is long comparedo theinstability period,andcontributionsto
this delayshouldbe carefullyanalyzedandoptimized.

Delaysfrom the varioussystemcomponentshowvn in Fig. 12: DDV (asalreadymentionned)ut alsoactuatoy
injector, comhustionchambemandmicrophone An analysisof the differentordersof magnitudeproposedn Ref.
[59] shaws thatthe time lag associatedvith the sensor(microphone)and actuatorare non negligible and could
clearlybe optimized.

This identificationwas successfullyappliedin Ref. [59] to active control of comhustion instabilitiesusing an
adaptie algorithmdevelopedin Mettenleiter etal. [60-61]. Themeanpressurescillationamplitudewasreduced
by about50% (from 650Pato 400Pa, thenoiselevel being130Pa). This modesteductionis mainly dueto thefact
thatthe actuatoroperatesat a frequeng, which is slightly greaterthanits cut-off frequeny andasa consequence
that its effectivenessis degraded. This underlinesthe difficulties associatedvith the bandwidthlimitations of
practicalactuators Moreover time delaysintroducedn the control pathpreventthe controlalgorithmfrom acting
efficiently on theflow features.

6 Multi-dimensional simulation of active control

Active control stratgieshave beenessentiallydevelopedon anempiricalbasis.Much of the earlywork relieson
experimentaltestingof variouscontrolschemesLow ordermodelingis alsoexploredin mary recentstudiesbut
the descriptionof the comhustiondynamicsis usuallynotfaithful. A limited numberof studiesis directedat the
multidimensionakimulation(MDS) of control. Oneobjectve is to seewhetheractive controlcanbeincludedin
a dynamicalsimulationof the flow. Suchsimulationscould thenbe usedto testandimprove control algorithms
beforeary practicalapplication(Menon[62],Mettenleiter etal. [63]). Numericalsimulationcomplementsx-
perimentatiorandit could be usefulfor the developmentof flow control methods.The aim in this sectionis to
underlineproblemsarisingwhenonewishesto coupleaflow solverwith a controlalgorithmandto discusgesults
of amultidimensionakimulationof active control. The applicationis basedon researchdirectedat the control of
vortex driveninstabilitiesfoundin solid sggmentedrocketmotors(seeRefs[64-66]). The controlleremployedin
this simulationrelieson anadaptve schemgRefs.[60] and[67]). Theconceptuaprincipleis shavnin Figurel15.
The control systemis usedto reducelow frequeng pressureoscillationsin large scalesegmentedsolid rocket
motors(SSRM). Theseoscillationscorrespondo oneof the first longitudinalacousticmodesof the motor. The

14



Amplitude (dB)
1% L
(=] o
T T

|
o3
(=)

T

i i

100 200 300 400 500 600 700 800

|
£y
(=]

0 100 200 300 400 500 600 700 800

L 1 1 1 1 1 L
0 100 200 300 400 500 600 700 800
Frequency (Hz)

Figure13: TransferfunctionbetweerDDV commandsignalandsensompositionwhenactuatedy afiltered (f <
800Hz)white noise.Uppercurve: amplitude.Middle curve: phaseshift. Bottomcurve: delay(rp pv) (from Ref.
[59].

resonanfrequeny is low becausehe longitudinaldimensionis quite large. Mechanismdriving the processare
linked with internalflow instabilities. Understrongresonantouplinglarge scaleperiodicvorticesdevelopin the
turningflow inducedby propellantburning. Vorticesmayalsobe shedfrom thebaffles partitionningthe propellant
segmentsor from the edgeof the propellantgrain. This last procesds simulatedin this study A modelscale
geometryis consideredn the calculationgthe “C1-case”). Vorticesshedfrom the propellantedgeare convected
downstreamjmpingeon the nozzleproducinga pressuresignalwhich feedsenegy into oneof the longitudinal
acoustiomodes.The controleschemeaisesa sensofocatednearthe sheddingegion. The sensorsignalis usedas
inputto a controllerwhich drivesanactuatorplacedin themotorhead.

Similar arrangementare found in mostcomhustion control investigationsand the simulationdevelopedin the
specialcaseof a solid rocketmotor hasa genericnature. The flow solver wasusedin mary previous studiesto
analyzevortex instabilitiesin solid propellantpropulsion.lt senesasa platformfor the presensimulation.
Oneaspecivhich deseresspecialcareis the definition of the “softwareactuator”.Onehasto devise a numerical
descriptionof the physicalactuator From sytematictestingof variouspossibleschemest is found (Refs. [61]
and[63]) thatthe actuatorcould be describedasa spatialdistribution of sources.The sourcesare modulatedby
the controllersignalandinject a reactive fluid into the flow. This may be usedto introduceperturbationsn the
flowfield. In fact, it is quite naturalto usesucha representatioftvecausehe practicalimplementationn a real
motorwould involve a controlledinjection of anevaporatingand/orreactingsubstancénducinga distribution of
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Figurel4: TransferfunctionsbetweerDDV commandsignalandcomtustionchambeipressurevhenactuatedy
afiltered (f < 800HZz)white noise. Uppercurve: amplitude. Middle curve: phaseshift. Bottom curve: delay (
Tact mic). Solidline: ITF. Dashedine: DTF Bernier, etal. [59].

sourcenf massmomentumandenegy. A seriesof openloop testsnot shovn hereindicatethat the numerical
sourceoperateasexpected.

Problemsrelatedto the couplingof the flow simulationmodulewith the control algorithm mustbe treatednext.
Thereis a large mismatchbetweerthetime steppingAt, of theflow solver andthe samplingperiodof the con-
troller At.. Usually At;, is quite smallto obtainanaccuratenumericalflow andacousticsolution. On the other
hand At. is muchlarger becausehe numericalcontroller operatesat frequenciesvhich are a few timeslarger
thanthe frequeng of the processwhich is to be controlled. Then,At. >> Aty, andcouplingclearly requires
precautions Detailedstudiesindicatethat the input and output of the control routine shouldbe low-passfiltered
to preventa growth of high frequeng perturbationavhich aftera shortdurationwould alterthe calculation. The
simulationmethodologyis illustratedby a calculationof vortex driveninstabilitiesin a small rocketmotor and
controlof theseinstabilitiesusinganadaptve algorithm.

In the presentapplication,the controllerinput is a pressuresignal provided by a sensorocatednearthe nozzle

while theactuatotis placednearthe motorhead.A typical flow configurationis shavn in Figure16.
Sheddingakesplacefrom the solid propellantedge. Vorticesinteractwith the nozzleproducinga resonanpres-
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Figure15: Active controlof a solid rocketmotor. (a) Principle,(b) Couplingbetweerthe flow solver Sierraand
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Figure16: Simulatedvorticity field insidetherocketmotor. Controlleris off. (Adaptedfrom Refs.[61] and[63]).

surefield in themotor. Whenthe controlleris on, vorticesarestill shedfrom the propellantedgebut their number
at a giveninstantis larger, the frequeny is shiftedto a highervalueandthereis no resonancethe amplitudeis
lower andthelevel of pressurescillationsis notablyreduced Figure17).

Figurel7: Simulatedvorticity field insidethe rocketmotor. The controlleris operating.It modifiesthe vorticity
field andreduceghelevel of pressurescillationsinsidethe motor. (Adaptedfrom Refs.[61-63]).

This calculationindicatesthat multidimensionalsimulationsof active control may be usedto examine control
stratgiesandmodificationsof the flow undercontrol.

7 Conclusionsand perspectves

This article hasfocusedon active control of comtustiondynamics.This topicsis technologicallyimportantandit
alsoraisesmary scientificproblems.Fundamentahspect®f comhustiondynamicshave beenextensiely investi-
gatedandmuchhasbeenlearnedfrom well controlledlaboratoryexperimentdike thosedescribedn this article.
This knowledgehasallowed progressn the numericalmodelingof comlustion dynamicsbasedon large eddy
simulation(LES) but the numericalpredictionof comtustioninstability remainsa challengingproblem.

One objective for researchin this areawill be to advancesubgridmodelsfor comtustion LES. This could be

achiezed by combiningmodeling,simulationand experimentationorientedtowardsLES needs.Progressn the

treatmenbf boundaryconditionsis essentiaif onewishesto dealwith the couplingwith acousticavhich governs
the dynamicalcomtustionphenomenalntegrationof computationaktratgies describingthe flow andthe wave

motion is neededo develop completemodelsfor comhustioninstability. Studiesof upstreamand dowvnstream
componentynamicsarealsoneededo obtaina completedescriptionof thecomhustorresponsevhenit is placed
in its ervironment.

Active controlof comhustioninstability hasalsoprogresseéh mary ways. While initial demonstrations/erecar
ried out on small-scalesystemscontrolhasalsobeenimplementedn full-scalegasturbines.Much of the current
researcleffort hasfocusedon the systemanalysisusingmoderncontroltheory Simplifiedinstability modelshave
beendevisedto this purposeandcontrol stratgieshave beenexplored. Controlanalysishasbeenpursuedon the
basisof simplelow orderessentiallylinearinstabilty models.This researcthasbeenmostly theoreticalwith lim-
ited demonstrationsn practicaldevices. Onechallengeor thefuturewill beto applythesetheoreticalstrategies
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(statefeedback robust control, model basedadaptie control ...) to real systems.This canonly be ervisaged
throughtheimprovementof the actuatorefficienay.

The multi-dimensionakimulation(MDS) of active controlis a nascenbut importantareaof research.The ob-
jective is to allow complete(andrealistic) softwarestudiesof controlconcepts.MDS of active control combines
the difficulties of computationafluid dynamicswith thoseof couplinga flow solver with a controlschemeEarly
developmentsof sucha capabilitywere limited but recentefforts have uncosreredandresohed someof the dif-
ficulties. It hasbeenfoundthat a validatedsoftwaredescriptionof the actuatoris essentiabndthat coupling of
the flow solver andcontrollerneedso be treatedwith care. The mismatchbetweensamplingfrequencief the
Navier-Stokesflow solver andcontrollerrequiressuitablefiltering of the input andoutputof the controller. Fur-
therprogressn MDS of AC may be foreseerwith advancesn comtustiondynamicssimulationtools andactive
controlmethodologiesAdvancesdn active control simulationareimportantbut not sufficient. Furtherprogresss
neededn the technologicalevel to dealwith the currentlimitations of sensorsandactuatorsandto resohe the
difficult questionof integrationin practicaldevices.
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