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Summary

Strongcouplingof combustionwith pressurewavesgivesrise to oscillationsandinstabilities. Suchdynamical
phenomenaraisedifficult practicalissuesandtheirunderstandingandcontrolconstitutechallengingscientificand
technologicalproblems.Thesetopicshave received considerableattentionduring the lastperiodin relationwith
incidentsencounteredin gasturbinesoperatingin the premixed mode. Combustiondynamicsis alsoto be con-
sideredin thedevelopmentof high performancedeviceslike rocketmotorsandjet enginesbut the problemalso
appearsin lessdemandingsystemslike boilers,furnacesanddrying equipement.Much researchhasconcerned
fundamentalaspectsandprogresshasbeenachievedin theunderstanding,modelingandsimulationof combustion
dynamics. Dynamicalprocesseshave beeninvestigatedin elementaryconfigurationsandmuchhasbeenlearnt
on flame/vortex interactions,flameshorteningby mutualannihilation,collisionswith boundaries.Thecoupling
betweenflamesandacousticswaveshasbeenanalyzedin well controlledconfigurationsyielding a reasonable
understandingof themechanismsdriving instabilitiesandthecouplingbetweencombustionandpressurewaves.
Numericalsimulationsof flamedynamicshave beencompletedfor both laminarandturbulentflames. This has
allowedadvancesin predictionmethodsfor combustioninstabilities.Thecapacityto modelandpredictcombus-
tion dynamicshasallowed progressin the relatedareaof combustioncontrol. Experimentson laboratoryscale
combustorshave indicatedthat the amplitudeof combustion instabilitiescould be reducedby applyingcontrol
principles. Much effort hasbeencarriedout on the theoreticallevel to develop control methodologiesanddeal
with the relatedtechnicalissues(actuators,sensors,integration). Full scaleterrestrialgasturbinesystemshave
beenequippedwith active control indicatingthat the conceptswereapplicable.Thescale-uphasalsoserved to
show the limitations of the methods.This article givesa review of of the stateof the art in this generalarea. It
focuseson (1) Elementaryprocessesin combustion/acousticscoupling,(2) Simulationof combustiondynamics,
(3) Active control issuesandmulti-dimensionalsimulation. Thefirst partof this paperconcernsexperimentson
varioustypesof premixed flames. Theseareusedto illustratesomefundamentalinteractionslike thosearising
whenaflameimpingeson asolidboundaryor thoseoccuringwhentwo flamesheetscollideandresultin therapid
destructionof flamearea.It is shown thatthis canyield anintensesourceof soundradiationandthatsuchmecha-
nismscoulddrive instabilities.It is next shown thatsimulationof unsteadyflameshasreacheda statewhich could
allow developmentsof predictivetoolsfor instabilities.Thesetoolswill beusefulto engineeringdevelopmentand
they couldalsoallow developmentsof controlmethods.Thelastpartof thispaperdiscussesthemany issuesraised
by active controleandemphasizesthenew possibilitiesof multi-dimensionalsimulation.

1 Intr oduction

Smartcontrolof turbulenceis adifficult subjectbut alsoonewhichcouldhavealargeimpactonmany applications.
It is thesubjectof this symposiumandof previouseditionsandit hasmany facetswhich will becoveredduring
this meeting. Thepresentarticle focuseson thespecialproblemof control whenthe flow is reactive. Onemay
think thatby addingcombustionto analreadycomplicatedsubjectthis will maketheproblemevenlesstractable.
It is truethat combustionis in itself a complex phenomenonandit will bring further complicationto thesubject
but the scopeof control is alsonarrowed to the problemof reducingor suppressinginstabilities. Thereis also
an advantagein having an exothermicchemicalreactionin the flow. This constitutesa sourceof energy which
couldbetappedto provide thepower requiredfor actuation.It is thenclearthatmucheffort shouldbeexpanded
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to understandthe mechanismswhich give rise to combustion instabilitiesandthen to implementactive control
principleswhich couldbeintegratedin practicaldevices.
Therearemany typesof flameinstabilitiesbut thosewhich aremostprevalentin combustionsystemsareinduced
by a couplingwith pressurewaves(seeFigure1 (a) and(b) for a schematicrepresentationsof the couplingand
active control). The resonantbehavior leadingto instability is particularlyeffective whenthe flameis confined
as is the casein propulsionsystems(aircraft enginecombustors,ramjets,rocketmotors),gasturbines,power-
plants,industrialprocessdevices.Confinementis favorableto resonantinteractionswhich in turn inducepowerful
dynamicalphenomenaandhave seriousconsequencesin the form of “combustion instabilities”. Onealsofinds
self-inducedinstabilitiesin unconfinedgeometriesasshown for examplein Ref.
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Figure1: (a) Block diagramdescribingcombustioninstability mechanism.(b) Block diagramdescribingactive
controlof combustioninstability.

Couplingof combustionandpressurewaveshasbeenextensively investigatedover thepastfifty yearsandit has
evolved from phenomenologyto a situationwherenumericalsimulationscanbe carriedout (seeRefs. [1-4] for
recentreviews). Active control of instabilitieshasalsoevolved during this periodfrom someearly conceptsof
feedbackstabilizationof combustion to morerecentdemonstrationsin laboratoryexperimentsof active control
andfull scaleapplicationin gasturbinecombustors.Thedesignobjectiveis to keepthecombustionprocessunder
control andavoid possibleflashback,blow-out andresonantinstability. Control is a difficult matterbecausethe
combustionprocessis nonlinear, involvesa varietyof coupledmechanismsandis not easilydescribedmathemat-
ically or simulatednumerically. On thepracticalside,therearedifficultiesassociatedwith theharshenvironment
prevailing in combustors.It is noteasyto integrateactuatorsandsensorsin practicalsystems.Therearealsomany
problemsrelatedto themaximumpower outputachievableby theactuators,thebandwidthandtime lag induced
by the actuatorlocationwith respectto the reactive region andthe time lagsinherentto thecombustionprocess
itself.
At thispoint it is worthexaminingsomeof thecausesof combustionsensitivity to pressurewaves.

� In many combustionsystemsthepower densityis quite sizable.A minor fractionof this power sufficesto
drive a largeamplitudeoscillation. In a moderncryogenicrocketenginefor example,themeanpressureis
typically �	��
� MPa, themeanpower densityreaches��������� GW m ��� . If an instability developsthe
rms pressureperturbationmay typically reach1 to 10 % of the meanpressure.For a 10% fluctuation,the
power densityassociatedwith the unsteadymotion is ����������
 MW m ��� . which is just a fraction of the
power densityin thecombustionchamber: � �� � � � 
�!�#" . This shows that theoscillationmaybedriven
by asmall fractionof theheatrelease.

� Combustionfeaturestimelags.Reactantsintroducedin thecombustoratoneinstantareconvertedinto burnt
gasesat a later time. It is known that systemswith delaysareinherentlyunstable.This is exemplifiedby
examininga secondordermodelfeaturinga lineardampinganda delayedrestauringforce:$!%'&$)( %+*-,/.)021 $!&$)( *30 %1 &�45(7698;: �<� (1)

If thedelay
8

is small,thelasttermmaybeexpandedin a Taylorseries.Thisyieldsto first order$=%>&$)( %?*@021 4 ,). 6 021 8�: $=&$)( *30 %1 &�4�(A: �B� (2)

Thisyieldsa negativedampingcoefficient if 021 8�C ,/. . If thedelayis sufficient,oneexpectsanexponential
growth of an initially smallperturbation.Time lagsin a systemaredestabilizing.This observation forms
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thebasisof theearlywork on rocketinstability. Thefurtherobservation thatthelag is not constantbut de-
pendson physicalparameterslike pressureor temperaturein thechamberhasleadto thesensitive time lag
(STL) theorydevelopedduringthefifties andsixties(seefor exampleCroccoandCheng[5]). Considerthe
simplecasewhereonereactantis injectedasa spray, an increasein pressureaugmentstheambiantdensity
thusdecreasingthe dropletsize. Vaporizationproceedsfasterandconversionof reactantsinto burnt gases
is accelerated.Thus,an increasein pressureproducesa decreaseof the time lag

8
betweeninjection and

combustion. If the reactantis injectedat a constantrateandif oneassumesthatonly pressureinfluences
the time lag onefinds that the relative changein the massrateof burnt gasesD#E 45(A: � 4GFH E 6 FH E : � FH E is
a function of the relative changein pressureIJ� 4 � 6 � : � � andthat thesetwo quantitiesarerelatedbyD E 4�(A: �<K�L I 4�(A:M6 I 4�(76@8;:ON . In this expressiontheinteractionindex K describesthesensitivity of thecom-
bustionprocessto pressure.Therelativechangeof burntgasmassflow rateis proportionalto thedifference
in pressuresat times

(
and

(M6@8
.

� Therearemany resonantmodesin theconfinedgeometriesusedin practicalcombustors.Acousticmodes
oftendominatethecouplingprocess.Resonanceis sharpbecausethelossesareweak.For a low frequency
resonance,the wavelengthexceedsthe typical transversedimension,wave propagationis longitudinal and
generallyinvolvesthecompleteinstallationgiving riseto “systeminstabilities”.High frequency resonances
( P C 
 kHz), featurewavelengthwhichareof theorderor lessthanthetranversedimensionandthecoupling
usuallyinvolvestransversemodesof thechamber. These“chamberinstabilities”arefoundin systemswhere
thecombustor is well decoupledfrom upstreamanddownstreamsystems(reactantsupplylines, turboma-
chinery, vessels. . . ). High frequency transverseinstabilitiesareparticularlydamagingin rocketengines.� Energy maybefed into the theperturbedmotionby a rangeof processes.It is known from an earlywork
of Rayleighthat thegainis positive if theheatreleasefluctuationis in phasewith pressureor moreexactly
if QSRT�;UWV>U $)(@C � . Flow perturbationswhich may initiate the processinvolve vortex roll-up, shearflow
instabilities,flame acceleration,collective interactionsof reactantjets, collisions with boundaries,flame
shorteningresultingfrom mutualannihilationof flamesurfacearea. If the feedlinesandthechamberare
not well decoupled,for exampleby a sizableinjection headloss, instabilitiescan also be driven by the
differentialresponseof thefeedsystemsubmittedto perturbationsdevelopingin thechamber.

Many factorsareclearly favorableto a strongcouplingbetweencombustionandpressuremodes.It is important
to avoid the occurenceof suchinteractionsbecausethey have detrimentalconsequences(vibrations,structural
fatigue,enhancedheatfluxesto thechamberwalls) andmayleadto failure, lossof thesystemandin somecases
spectacularaccidents.Controlof combustionandsuppressionof instabilitymayrely on passiveor activemethods.
In general,one tries to changethe balancebetweengain and losses. This is usually achieved by augmenting
the removal of energy from theoscillationwith resonantcavities or acousticlinersor by modifying thechamber
designto avoid the mostdestructive modesof oscillation. In rocketengines,this is achieved by placingbaffles
neartheinjectionbackplane.It is alsopossibleto envisageactivecontrolsolutionsinvolving feedbackstabilization
concepts.Early ideasof this typewereexploredtheoreticallyduringthe1950thby Tsien[6], MarbleandCox [7],
CroccoandCheng[5] but practicaldemonstrationshadto wait until the1980thandfull scaleapplicationhasbeen
achievedonly recently.
Combustiondynamicsis a complex processanddesigntoolsfor instabilitycontrolarenotyetavailable.However,
this situationis evolving rapidly with researchfocusingon the developmentof detailednumericalmodelsfor
combustiondynamicsandcontrol. Thesenew developmentsrely heavily on experimentaldataandon thebroad
insightgainedon theprocessduringthepreviousyears.
All thecomplexities of this problemcannotbecoveredin thespaceallocatedto this article. Four aspectswill be
examinedin whatfollows.A few elementaryprocessesin combustion/acousticscouplingaredescribedin Section
2 with variousexperimentson premixed flamesrespondingto an acousticmodulationimposedupstream.This
topic is alsoreviewedin Refs.[4] and[8]. It is shown in particularthataflameimpingingonasolidboundaryand
perturbedfrom upstreamoperateslike anamplifierandradiatesan intensesoundfield. This typifiesonepossible
sourceof instability. It is also shown that a similar mechanismmay be observed whenadjacentflame sheets
impingeon eachother. Simulationof combustiondynamicsis reviewed in Section3 andillustratedin Section4
with calculationsof a premixedturbulentflamein anunstablecombustionprocess.Active controlof combustion
instabilitiesis treatedin Section5. Thissectiondealswith principles,describessomeapplicationsandreviews low
ordermodelsfor active controlsimulation.Multidimensionalsimulationsof active controlis envisagedin Section
6. It is shown thatMDS of AC couldbeusedto advancethestateof theart in thisfield.
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2 Flame interactions asa sourceof combustion instability

Thecontentsof this sectionaremeantto illustratemechanismswhich mayact assourcesof instabilities. In the
wide variety of possibleinteractionstwo situationsare examinedbecausethey typify morecomplex processes
which could takeplacein larger scaleturbulent combustors. Both situationsinvolve perturbedlaminarflames.
Theseexamplesareselectedfor thefollowing reasons:� Laminarcasesprovide simpleandwell controlledconfigurationsfor detailedobservationsandthey maybe

usedto uncover novel couplingphenomena.� Interactionsmaybemodeledfrom basicprinciplesanddonotdependonclosureschemeslike thoserequired
for descriptionsof turbulentcombustion.� Datamaybeusedto validatecomputationaltoolsfor combustiondynamics.

In addition,somepracticalapplicationsfeaturequasi-laminarflames(domesticboilers,radiantheatersandindus-
trial dryers).Systematicexperimentson laminarflamedynamicshave beencarried-outin thecaseof a premixed
flameanchoredon a cylindrical burner (seeRef. [9]). This hasallowed direct comparisonsbetweenobserved
flamedynamicsandsimulations.Recentstudiesin which the flameimpingeson a flat platefeatureremarkable
interactions.Thephenomenaanalyzedin detail in Ref. [10] areonly summarized.
In thefirst experiment,a premixedflameis formedfrom anaxisymmetricburnercomprisingacylindrical tube,16
cm in length,followedby aconvergentnozzle.Theexhaustdiameteris 22 mm(Figure2 (a)). A driverunit placed
at thebottomof theburnermodulatestheflow aroundits meanvalue XY .
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Figure2: (a) Experimentalsetupfor perturbedflame/plateinteractions.(b) Experimentalsetupfor flame/flame
interactions. XY is themeanbulk velocityand a�U thefluctuatingvelocitycomponentat theburneroutlet.

A well controlledharmonicvelocity perturbationa;U is generatedat theburneroutlet. Thiswrinklesthesurfaceof
theflamefront b 45(A: asshown in Figure3.
Soundpressuremeasurementswerecarriedout for arangeof driving frequenciesP/c . Theoverall pressurelevel at
25 cm away from theflameis plottedin Figure4 asa functionof thedriving frequency P/c . Thesoundgenerated
in thecaseof a perturbedimpingingjet flameis always10 to 20 dB louderthanthesoundproducedby thesame
upstreamperturbationbut without combustionor in theabsenceof theplate.Theadditionalnoiseis generatedby
combustiononly whentheflameinteractswith theplate. This mechanismis investigatedin furtherdetail in Ref.
[10] .
Sequencesof phaselockedimagesof theflamepatternoveracycleof excitation d c �J
 � P c areprocessedto obtain
the traceof theflamefront in theplaneof symmetryof the burner. They suggestthat theflamefront is strongly
wrinkled by the modulationof the flow. The perturbationproducedat the nozzleoutlet is convectedalongthe
flamefront away from theburner. Whenit collidestheplatea largeportionof theflamesurfacevanishesin ashort
periodof time (seeFigure3). Thesuddencollapseof theflamesurfaceareais responsiblefor thesignificantnoise
outputfrom theflame[11].
Theflameinteractionswith theplatedefinesourcesof soundandit canbeshown thattheradiatedpressure�fe in
thefar-field is givenby thetimeretardedrateof changeof theflamesurfaceareab 45(A: (seefor exampleRefs.[12]
and[13]) :

� e 4hg/ij(A: �lk em!n g o k�pk E 6 
'qsrftvu
$ b$)(Mw�x �zy (3)

In thisexpression,k e i k p i k E arerespectively thefar-field air, thereactantgasandtheburnedgasdensities.
8

is the
travel time of soundpropagationover thedistance

g
from thesourcesto themicrophone.In a first approximation
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Figure3: Typical interactionsbetweena perturbedflameanda plate.Thefirst photographshowsa directview of
theflamein theabsenceof perturbation

theemissionof theflame { 4�(A: canbeconsideredto beproportionalto thevolumetricrateof consumptionof gas
reactants| 4�(A: [14]. Assuminga constantflamespeedr t , { 4�(A: is thusalsoproportionalto thetotal flamesurface
areab 4�(A: [10]. Thefar-field pressuresignal ��e shouldalsobeproportionalto therateof changeof { 4�(A: .
Measurementsof the flame light emission{ 4�(A: , direct estimationsof the flamesurfacearea b 45(A: (using image
sequences)andmeasurementsof the far-field pressuresignals�fe are indeedwell correlated. The fast rateof
extinction of theflamesurfaceat thecold boundaryobservedcorrespondsto thesignificantacousticpressurede-
creasemeasuredby themicrophone.

This experimentandmany othersindicateconclusively thatperiodicflame-wallquenchingcanbea strongsource
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Figure4: Overall soundlevel asa functionof thedriving frequency. Meanaxial velocity: XY �}
�� m~m m/s.Equiva-
lenceratio: ���}������� . Nozzle-to-platedistance�����;��� mm. Theconventionadoptedin thecaptionis WP: with
plate,NP:withoutplate,WC: with combustion,NC: withoutcombustion,andLAB: meanbackgroundnoisein the
laboratory(from Schuller, etal. [10]).

of noise.In aconfinedsystem(in theacousticsense)whereaperiodicunsteadyflame-wallinteractiontakesplace,
the noiseemittedin this situationcould be a sourceof acousticenergy which would feed the naturalmodesof
oscillationof the system. This could lead to a resonantfeedbackprocessdriven by the flame-wall interaction
mechanism.Suchself-sustainedoscillationsconstitutea simplebut remarkableexampleof thecouplingbetween
combustion,acousticsandsolidboundaries(Durox, etal. [15]).
Thesecondexampletypifiesa similar mechanismin which two flamesinteractinducinga rapidchangeof flame
surfacearea.Hereagainthefastchangeof this quantityproducesanintenseradiationof sound.Theconfiguration
is that shown in Figure2 (b). A centralrod is now locatedinside the exhaustnozzle. The flame is stabilized
on the centralbody andon the burnerrim andits shapeis like that of a liquid sheetin a fountain. Underweak
perturbationsfrom upstream,adjacentsheetsnearthe flametip comeclosetogetherandimpingeon eachother
producinga rapiddestructionof flamesurfaceareaaccompaniedby anintenseradiationof sound(Figure5).

(a� ) (b
�

)

Figure 5: Mutual flame interactionsleadingto a rapid destructionof flame surfacearea. The steadyflame is
stabilizedon anannularburner.

Hereagain,therapiddestructionof flamesurfaceconstitutesastrongsourceof pressure.Thisis potentiallyanother
driving mechanismof combustionoscillationsasdemonstratedin Schuller, et al. [16]. Mutual interactionsof the
typeillustratedherecanalsobefound in morecomplex turbulentflow configurationslike thoseprevailing in gas
turbinecombustorsandtherearenumericalsimulationsof suchflows showing this typeof phenomena.
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3 Modeling of combustion dynamics

The modelingof combustiondynamicsis a centralquestionif onewishesto develop control methods.Ideally,
the systemwhich one wishesto control shouldbe describedby a set of differentialequationsof the standard
form

F� ��� � *B��� or moregenerallyby a setof equationsof the form
F� ��� 4 � i � : . To obtainthis kind of

representationonefollowstheschemedefinedin thefirst of thefollowing two procedures:� Acousticsis consideredasthecentralmechanismandonewritesa waveequationfor thereactingflow. This
is thenusedto deriveaunifiedframework for theanalysisof combustionoscillations.Eventhoughthis is an
attractiveapproach,it tendsto hidethedifficult problemof describingtheresponseof theflameto thewave
motion.� Combustionis takenasthe centralprocessandthe modelingis aimedat the descriptionof the flamedy-
namicalresponseto acousticwaves. The analysisemphasizesthe fluid mechanics,the flamemotion in a
field of perturbations,the differential responseof the cold andhot streamsof gases. . .The modelingof
premixedcombustiondynamicshasmostoftenreliedon akinematicequation(G-equation)to representthe
flamemotionbut muchof thecurrenteffort is focusedon the largeeddysimulationof combustiondynam-
ics. This secondapproachdoesnot yield a simpledescriptionof the typerequiredfor controlapplications
(
F� �l� 4 � i � : ) but it is possibleto couplea multi-dimensionalsimulationof the flamewith an external

controlloop (seeSection6).

Thesetwo proceduresarenow briefly outlined.
The“unified analyticalframework” of combustionoscillationsestablishedby Culick [6] andhis co-workersuses
aneigenfunctionprojectionmethodequivalentto theGalerkinprocedureinitially introducedin this field by Zinn
andLores[17]. Onefirst formulatesa boundaryvalueproblemfor acousticperturbationsin a reactive medium� % � U 6 
� %G� % ��U� ( % ��� 4 �7i � i�� U i � Uh� ��>� :'i with �v� � � U � 6 P (4)

InhomogeneousNeumannboundaryconditionsareusedin this formulationbut otherconditionscouldbedefined
aswell.
Theacousticpressurefield is expandedin termsof thenormalmodesof thesystem:

� U 4O��i�(A: � � e��=� �!¡ � 4�(A:£¢ � 4h�7: (5)

Theeigenfunctions
¢ � 4h�M: satisfya homogeneousHelmholtzequationandcorrespondinghomogeneousboundary

conditions: � % ¢ � * 4 0 %� � � % :�¢ � �<� i with �¤� � ¢ � ��� (6)

Theamplitudes¡ � thensatisfya setof secondorderdifferentialequations:$!% ¡ �$)( % *90 %� ¡ � �<¥ � where ¥ � � 6 � %��� %� uO¦�§ � ¢ � $;¨ * ¦!© P ¢ � $ b�w (7)

This formulationfocusesonthewave motionandprovidesaframework for thedeterminationof themodalampli-
tudes¡ � . Thecentraldifficulty is tospecifythesourcetermsarisingfrom thespatiallydistributedcouplingbetween
acousticsandcombustionandformally representedin theprevious equationsby the functions � 4 �7i � i£� U i ��U � �>�>� :
and P . A similar difficulty is foundwhenonewishesto developa suitablerepresentationof controlsourceterms.
Becausethe formulation is linear, thesetermsgenerallyappearas additive sources,� becomes� * � � and P
becomesP * P � but theselinear forms do not describethe subtleinteractionswhich takeplacebetweencontrol
sourcesandunstablemotion. Theunifiedframework is however a valuabletool for theoreticalinvestigationsand
maybeusedto devise“low ordermodels”of combustiondynamicsandcontrol.
Thesecondprocedureemphasizesflow andcombustiondynamicsbut thereis no uniqueframework. Thegeneral
objective is to obtain a faithful renderingof the nonsteadymotion. The flame motion constitutesthe central
issuewhile thesystemacousticsdefinetheboundaryconditions.For premixedsystems,onegeneralmethodhas
consistedin describingtheflameasa front. Thismaybedonewith a kinematicequationdescribingthemotionof
this front, theso-calledª -equation.Theflameis definedasoneiso-level ª��Jª 1 of a function ª describingthe
propagationof afront featuringanormalvelocity r#« . Oneconsidersfor examplethat ª<��� in thefreshgasesandª<�}
 in thereactedmixtureandonehasto solve thefirst orderpartialdifferentialequation:

� ª� ( * � � � ª��<r#«¬ � ª®¬ (8)
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In mostanalyticalstudiesusingthis formulationthechangein densityaccrosstheflamefront is neglected.Various
argumentsareusedto justify anassumptionwhich is obviouslynotquiteright but is oftenmadein combustionand
hastheadvantageof simplifying theanalysis.
Becausethe theoreticalapproachhas limitations and in particularcannotportray the flame dynamicsin most
cases,recentefforts have focusedon thenumericalmodelingof combustiondynamics.Again, thereis no unique
procedurebut it is usefulto identify somemodelinglevelsandcombinedapproaches:� Direct simulation.Theflamemotionis calculatedwith a DNSmethod,acousticsaretreatedwith character-

istic boundaryconditionspossiblyinvolving timedomainimpedancemodels. . .� Largeeddysimulationof theflamemotion,acousticsandcorrespondingboundaryconditions.� Large eddysimulationfor the flamemotion,analyticalor linearizedEuler descriptionof the wave motion
outsidetheflamezone.� Low ordermodelsfor theflamezone,analyticalor linearizedEulerdescriptionof waves.

In mostpracticalcasestheflow andflamemotionareturbulentandtheLES approachis themostsuitable.Large
eddysimulations(LES) andsubgridscalemodeling(SSM) methodologiesare now well establishedfor nonre-
active flows. CombustionLES is lessmatureandconstitutesa relatively new field not mucholder thanabouta
dozenyears.Onemotivationfor thedevelopmentof LES is that it providesa routeto an improved modelingof
combustion andis specificallysuitedto the descriptionof nonsteadydynamicalcombustionphenomenawhich
onewishesto suppress.Importantadvanceshave beenmadein thenumericalmodelingof flamedynamicsusing
large-eddysimulations(seeRefs.[18-26]). but therearemany difficultiesin theapplicationof LESto combustion
dynamics.Someprominentissuesare(1) thecorrectdescriptionof theflamemotionandtheassociatedsubgrid
scalemodelingproblem,(2) thereductionof numericaldissipationanddispersionto acceptablelevelsand(3) the
treatmentof boundaryconditions.
Onedifficulty with combustionLES arisesfrom the fact thatchemicalconversionof reactantstakesplacein thin
layers.Thesecannotbecapturedon therelatively coarsegrid usedfor thesimulation.It is thereforenecessaryto
adapttheflamedescriptionto theLES framework. In thepremixedcase,thishasbeenachievedby following two
differentroutes:� The flameis describedasa thin front andits motion is calculatedby a front trackingtechniqueor with a

G-equationformulation.� Theflameis artificially thickenedbut its displacementspeedis preserved.

Thefirst methodbasedon the theoreticalwork of Kerstein, et al. [27], wasexploredfor exampleby Menonand
Jou[18]. The reactive layer is consideredto be infinitely thin with respectto thesizeof the turbulentstructures,
andit is representedby a propagative iso-surfaceseparatingfreshandreactedgases.This surfaceis locatedat an
isolevel of a field variable ª which satisfiesthe propagationequation(8) where r#« is a turbulent displacement
speed.
The secondrepresentationof premixed combustionin the LES framework, consistsin artificially thickeningthe
reactionzone,while keepingits displacementspeedunchanged.Theideawasoriginally developedby Butler and
O’Rourke[28] andO’RourkeandBracco[29], for thecomputationof laminarflamesin complex geometries.It
hasbeenappliedin many recentlargeeddysimulationsof premixedcombustion(for example,ThibautandCandel
[22], Angelberger, et al. [23], Colin, et al. [25]). Details may be found in thesereferencesand will not be
reproducedhere. Fine tuning of the thickenedflamemodelhave beendevisedto accountfor combustiontaking
placein thesmallscalesColin, et al. [25], Nottin, et al. [30]. An efficiency function � is usedto incorporatethe
effectsof theunresolvedscaleson theresolvedrateof reaction.
Another issueof importancein combustiondynamicsLES is that of boundaryconditions. From computational
fluid dynamics,it is known that the treatmentof inflow, outflow conditionstogetherwith conditionsat the walls
determinesto a greatextent the quality of the solution(seefor examplePoinsotandLele [31]). In combustion
instability simulationsonehasto establishboundaryconditionsfor thefluid flow but simultaneouslyimposecon-
ditions on the variouswaves involved in the process.The two typesof conditionsmay not be compatible. To
illustratethis point consideran outflow boundary. This is usuallytreatedby imposinga constantstaticpressure.
In doing so onemakesthe implicite assumptionthat the specificacousticimpedancevanishesat the boundary
( . �°¯ � 4 k � : � 4 
 � k � :S4 �;U � � U �'� : �J� ). This conditionimplies thatoutflow pressurefluctuationsarevanishing.
However, this maynot be soandoneshouldbe ableto imposeothertypesof conditionsat this boundary. Simi-
larly, onegenerallyimposesthemassflow rateat the inflow. This impliesa conditionon thespecificimpedance
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. �±
 �² where ² designatesthe meanflow Mach number. Again this conditionmay not suitablyrenderthe
responseof theupstreamdomainto acousticwavesgeneratedin thesystemandimpingingontheinflow boundary.
Anotheraspectwhich deservesspecialattentionis relatedto themodulationof a givensystemto studytheforced
responseof theflow to externalperturbations.Onesuchproblemis treatedin detail in Ducruix, et al. [32] and
Kaufmann, et al. [33]. Considerfor examplea sinusoidalvelocity perturbationaB�³a 1µ´'¶~· 0 ( injectedin the
systemat theupstreamboundary. Thismodulationis introducedat time

( �<� in a region which is initially freeof
perturbations.Thesystemwill respondto thisperturbationby exhibiting aforcedmotionbut it alsofeaturesafree
motionwhich compensatesthemismatchwhich existsbetweentheforcedmotionandtheperturbationfreeinitial
state. As a consequence,the modulationexcites all the naturalmodesof the systemandthe amplitudesof the
eigenmodeswhich arecloseto theperturbationfrequency will have finite valuesof thesameorderof magnitude
asthe responseat the excitation frequency. If the integrationschemefeaturesa reducednumericalviscosity, as
it shouldto dealwith acousticwave problems,the modesexcited in theprocesswill be weaklydampedandthe
oscillationsof thesemodeswill besustainedfor a long periodof time. Methodswhich maybeusedto dealwith
thisproblemarediscussedin Ducruix andCandel[34] .

4 Simulation of flamedynamics

Turbulent combustion dynamicsis illustratedin this sectionwith unsteadyflamecalculationsin a realistic ge-
ometry[32]. Thepremixedcombustordevelopedby theUniversityof Cambridgeis a modelscaleversionof an
industrialgasturbineunit. Theairflow enterstheinjectorthroughanannularsectionandis thendividedinto two
streamswhich flow throughconcentricchannels(Fig. 6). Vanesareplacedin thesechannelsto createa rotating
velocitycomponentwith anoppositesign(“contra-rotatingswirl”). Gaseousfuel is injectedin theairflow through
cylindrical barsfittedwith two 0.45mmdiameterholes.Theswirlerunit is pluggedona70mmin diameterquartz
tube.Burnt gasesareexhaustedfrom this tubeatatmosphericpressure.

 Combustio¸ n chamber 

Injection
unit

Ga¹ s
A
º

ir
Air
plenum

Computatio¸ nal domain

Figure6: Schematicrepresentationof combustionsystemandpositionof thecomputationaldomain.

Simulationsof thecompletesystem(air supply, fuel supply, swirler unit andcombustionchamber)would require
anexcessive amountof computerressources.It is thereforeassumedthat(1) theflow beyondtheinjectionvanesis
perfectlypremixed,(2) therotatingcomponentaf» of theflow createdby thevanesis proportionalto theaxial flow
velocity andto thetangentof thevaneangleand(3) a » is a constantin a givensection.Thesystemis considered
to be axisymmetricand the calculationsarecarried-outover a sectorcorrespondingto a 10¼ anglearoundthe
symmetryaxis.Thiscalculationis anillustrationof whatcanbedonein this field. New computerpowermakesit
now possibleto developthree-dimensionalsimulations,evenif they still remaincostly.
Theartificial thickeningapproachdescribedin the previoussectionis implementedin AVBP, a LES flow solver
developedby Cerfacs[35]. The key ideais to thickenthe flamewhile maintainingits propagationspeed.The
thickeningfactor ¥ mustbelargeenoughto resolve theflamefront on theLES mesh,but smallenoughto let the
flamebewrinkledby thevorticescalculatedin thesimulation.A thickeningfactor ¥ = 8 waschosento meetboth
requirements.
Calculationscorrespondto anequivalenceratio ½ = 0.7. Freshgasesareinjectedthroughtheinternalandexternal
channelsof theinjector. Theflow velocity is setequalto 15m s� � , correspondingto anairflow rateof 60 g s� � .
Figure7 showsthetemperaturein theswirlerunit nearfield. A recirculationzoneappearsin thecentralpartof the
chamberandplaysanimportantrole in thestabilizationof theflame.Burnedgasesarein contactwith freshgases,
providing a continuoussourceof ignition to theflame.
The stabilizationregion is nearthe lower borderof the internal channelin a region of reducedflow velocities.
Snapshotsof the temperaturefield show that vorticesdevelop andthe flamestabilizationpositionmoves when
thesestructuresareshed.Thiscausesfluctuationsin theflamesurfacewhichmayleadto combustioninstabilities.
At certain instantsin time the flame propagatesinwardsalong the internal channelseparation.This hasbeen
observedexperimentallyandcouldeventuallyleadto flashback.
Vorticescreatedin theregionbetweentheouterjet andthechamberwall (Fig. 7) areconvectedin thechamberand
clearlywrinkle theflamefront producingfrom time to time largepocketsof freshgaseswhich areconveyed into
therecirculationregion anddestabilizetheflame.Pocketsof freshgasesarealsocreatedneartheflameextremity.
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Figure7: Two snapshotsof thetemperaturefield neartheinjectoroutlet.

Thesepocketsare convectedandburnedwith a certaindelay. Dependingon the delay, this phenomenonmay
participatein thedevelopmentof acousticinstabilities.
The flamelength variesbetween8 and12 cm during the calculation. In the first part of the flamefront (0.1¾¿ ¾ 0.3), theamplitudeof themotionis relatively smallandtheflameremainscloseto its meanposition,whereas
large movementscanbe observed further downstream.Averagedimagesof the flamewould thenshow a short
flame,correspondingto the integrationof the flameemissionin the first part of the chamberandsimilar to ex-
perimentalvisualizations.The flameis slightly lifted with respectto the injector channel,even thougha small
reactionrateexists nearthe separationwall. It is interestingto notethat thestabilizationpositionis not fixed in
time. Longersimulationswouldmakeit possibleto determinefrequenciesassociatedwith thisphenomenon.
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Figure8: Temporalevolutionof thepressureata point in themiddleof thechamber.

Figure8 shows thetemporalevolutionof thepressurein thechamberfor a timeperiodof 35 ms.After a transition
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period,thesignalis clearlyperiodic.Thegrowth rateis still positiveat theendof thesimulationindicatingthatno
limit cycle hasbeenreachedat that time. Spectralanalysisindicatesthatthesignalfrequency is closeto 250Hz.
Conditionschosenfor thesimulationcorrespondto experimentalobservationsof aninstability around200Hz.
Calculationsdescribedin this sectionindicatethat it is possibleto simulatethedynamicalbehaviour of turbulent
flamesin a gasturbinecombustor. Many othercalculationscanbefoundin theliterature[23], [36].

5 Activecontrol

Methodswhichcanbeusedto suppressor attenuatecombustioninstabilitiescanbedividedinto two classes.In the
first group,onefindspassive controlmethods(PCM),whichrequirea physicalunderstandingof thephenomenon
andinvolve subtlemodificationsof thecombustionsystem.Active controlmethods(ACM) belongto thesecond
classandarealreadyproposedin earlywork on liquid rocketinstabilities(Refs.[5-7]). In the1950’s,theseauthors
derivedthesensitive time lag (STL) modelto analyzerocketmotor instabilities.This theorycouldnot provide a
detailedexplanationof thecomplicatedphysicalprocessesinvolvedbut it helpeddesignglobalstrategiesto deal
with theproblem.Thestabilizationmethodconsistedin actively injectingperturbationsinto thecombustorusing
anactuatorin orderto decouplethephysicalprocessesresponsiblefor thecombustionoscillations(seeFigure9).
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Figure9: Servostabilizationof liquid rocketcombustioninstability.

Althoughtheprinciplesof active controlof instabilitiesweredescribedin theseearlystudies,thepraticaldemon-
strationof the conceptwasonly achieved in the recentpast(seeMcManus, et al. [37] for a review). Much of
thedevelopmentof active controlstrategieshasreliedon experimentson modelscalecombustors.Thesestudies
have revealedthe potentialof ACM andmany technicallimitations of the control systemcomponents(sensors,
algorithmsandactuator).Thesethreefeaturesarebriefly reviewedin the following. A particularcareis givento
thequestionof actuation,which remainscritical.

Sensors

A greateffort hasbeenmadeconcerningthe sensorsandmany possibilitiesnow exist (pressuretransducersand
microphones,diodes,photomultipliers,etc.). Their size and resistanceto large temperaturevariationsremain
anissue,but technologicalresponseshave beenrecentlygiven(seefor exampleDocquierandCandel[38-39] for
reviews). Oneimportantaspectof theproblemis thatof integrationof thesensorin thesystem.It is alwaysdifficult
to placea sensorin a real device becausethis inducesmany practicalproblemsandaugmentstheprobability of
failure. If thesensorrequiresanopticalwindow, onehasto dealwith theproblemof obscurationdueto sootand
otherdeposits.It is alsoimportantto think that thesensorwill have to bemaintainedandtheproblemof access
becomesanissue.

Algorithms

The choiceof an algorithmdeterminesto a greatextent the effectivenessof the controller. Onehasto deal in
thepresentsituationwith a highly nonlinearsystem.It is necessaryto copewith rapidchangesin thedynamical
behavior of the processandbe ableto identify thesystemdynamicsonline. Also, thecontrol schemeshouldbe
reliableandrobust. Many recentefforts have beenmadeon thetheoreticalsideto usecontrolconceptsin generic
situations.Low ordermodelingis exploitedin mostof thesestudies(Fung, etal. [40], YangandFung[41], Yang,
et al. [42], Koshigoe, et al. [43], Candel, et al. [2], Annaswamy, et al. [44], Annaswamy, et al. [45], Hathout,
et al. [46], Hathout, et al. [47], EvesqueandDowling [48], Hathout, et al. [49]). Block diagramsare used
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extensively to formalizethecontrolproblemandallow theoreticalanalysis.A few examplesaregatheredin Fig.
10. Onegenerallydistinguishesthecombustionprocessandtheacousticalcouplingasin Fig. 10 (a) and(b). One
mayalsoconsiderthat thecombustorconstitutesa plant to be controlledbut without a detaileddescriptionof its
behavior (Fig. 10 c). Theblock diagramrepresentationof thecontrolloop is lessstraightforwardasmayseem.In
Fig. 10 (a) and(b) the controlleractson theacousticsof the systembut the representationimplies that thepath
betweenactuatorandsensoris also the pathwhich inducesthe coupledmotion in the unstableoperationof the
system.This is not alwaysthecase.Theactuatormodulatesin many circumstancesasecondaryfuel injectionand
it is thechemicalconversionof the injectedfuel which inducesanacousticwave. This wave thencombineswith
theacousticmotionassociatedwith theinstability in thesystem(seeFig. 10 (d)). Many studiesmakeanattempt
to look at theproblemfrom thepoint of view of control theory. This is exemplifiedin Ref. [50] which usesstate
spacedescriptionsof combustorandcontroller in a robust control framework including many disturbancesand
uncertaintiesaffectingtheprocess.
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Figure10: (a)Block diagramrepresentationof combustorcoupledto anexternalcontrolloop,(b) Transferfunction
descriptionof the systemshown in (a), (c) Generalprinciple of adaptive instability control, (d) Block diagram
representationof adaptive controlof combustion ß coupledby acousticfeedbackª . à is theLMS filter, r � , r %
representtheactuatortransferfunctionsandpartof thesecondarypathbetweenactuatorandsensorr	�<r � r % , ár
is a filter representingthesecondarypath r .

Adaptive techniqueshave alsobeenextensively investigatedwith muchof therecentwork focusingon self tuning
adaptive regulatorsmostnotablyby theMIT group(Refs. [44-47]). In general,thetheoreticalanalysisis limited
by theassumptionsmadeto describetheflameresponseandactuatorinfluenceonthecombustionprocess.

Actuators

The actuatoreffectivenessconstitutesthe most critical issue,sinceonemust facea complex trade-off between
bandwidthandpower. Thedesignof theactuationsystemis a key elementin thesuccessof theidentificationand
controlof theburner. Theactuatormustbeefficientandrequireasmallamountof power, andthemodificationsin
theflow shouldbesignificant.
The underlyingideais that if the techniqueis ableto avoid any instability by stronglymodifying the flow, the
otherparameters(stabilization,efficiency, pollutantemission)canbeoptimizedin asecondstepby controllingthe
controller.Secondly, theactuatormustbeableto modulatetheselectedparameter(pressure,massflow rate,etc.)
up to a few hundredHertzfor gasturbineapplications.Onemayalsoenvision applicationsrequiringa bandwidth
of a few thousandHertzto controlhigherordertransversemodesbut nothinghasbeendemonstratedin this range.
In thefollowing, thefocusis put on flow (liquid or gas)modulation,a technique,which couldstronglyacton the
combustorbehavior.
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Liquid injection is difficult to modulatebut piezoelectricactuatorshave beenusedfor example in Ref. [51].
Developmentsof magnetostrictivedevicesarealsobeingcarriedout mostnotablyatGeorgia Tech.Fuelinjection
timing is aninterestingmethodof depositingenergy attheright momentduringaninstabilitycycle (Refs.[52-56]).
For gaseousfuel, it is possibleto modulatetheflow usingdirectdrive valves(DDV) but thebandwidthis usually
limited to about400Hz (Hermann, et al. [57] andBernier, etal. [58-59]). Applicationof directdrivevalveshave
beenmadeonfull scalegasturbinecombustors(seeFigure11)andin modelscalepremixedprevaporizedsystems
asshown in Figure12.
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Figure11: Activecontrolof a gasturbinecombustor.
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Figure12: Activecontrolof a leanpremixedprevaporized(LPP)combustor.

This last exampleis usedhereto illustratesomeof the difficultieswhich appearwhenthe actuatoroperateson
the gaseousflows. Experimentalresultswereobtainedon the laboratoryscaleLPP burnershown in Figure12
operatingatatmosphericpressureandatapowerof 70kW. A fuel-airpremixinginjectordesignedasamodelscale
of a real gasturbineinjector is mountedon a rectangularcombustor[59]. Liquid heptaneis injectedthroughan
atomizerin thepreheatedair flow comingoutof two co-rotatingswirler nozzles.Thecombustoris 0.5m longand
featuresa squaresectionof 0.1 è 0.1m

%
.

Pressureoscillationsin thechamberaremeasuredwith a microphone.
A port placedat 5.5cm from theinjector is connectedwith a waveguide. Thewater-cooledmicrophoneis placed
at37cmfrom theportandthewaveguideendsby a25mlongtube,whicheliminatesreflectedwaves.In aprevious
study[59], it wasfoundthat,stronginstabilitiesappearedatafrequency P = 400Hzwith anamplitudeof oscillation
of about� = 650Pa. Thisunstablebehavior is drivenby largevorticalstructuresshedfrom theinjectorexit plane.
Thecoupling,involving thefirst longitudinalmodeof thecombustionchamber, is acoustic(quarterwave mode,
around400Hz).
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Theactuatorsystemdesignedfor thisexperimentcomprisesahighfrequency valvemodulatingasecondarysource
of air. Themodulatedair flow is injectedthroughfour radialhighspeedjetsin thevicinity of theatomizationzone
andimpactsthesprayat its basis.
Preliminarystudiesindicatedthat the secondaryjets profoundlymodified the spraycharacteristicslike the size
distributionandthedropletsballistics.Themeansecondaryair flow correspondsto 4é of thetotal massflow rate
in theburner. Modulationof thisflow is obtainedthroughaMOOGD633highbandwidthelectromagneticdirectly
drivenproportionalvalve.
It is first necessaryto verify thatthissystemcanbeusedto injectperturbationsupto typical instability frequencies
( P = 400Hz). It is thenimportantto determinethe transferfunction ß p of the DDV alone,where a is the DDV
position transducervalue. Figure13 shows the transferfunction betweenthe DDV control andpositionsensor
signalsobtainedby excitating the systemwith a filtered white noisesignal ( P ¡ 800 Hz). The uppersubfigure
shows the amplitude,the middle onegives the phaseshift ½ andthe bottom subfiguredisplaysthe time delay8 � 6 � ½ � � 0 deducedfrom the phase. The DDV clearly behaves like a low passfilter. Between380Hzand
450Hz,the amplitudeof the responsedropsrapidly, but it still seemspossibleto operatein this range. For P =
450Hz, thesignalamplitudeis 20 dB lower thanin thelow frequency region, showing that theactuatordoesnot
respondto high frequency modulations.
near
TheDDV alsoinducesa phaseshift but thecorrespondingdelayis not constantanddependson frequency (1 ms¾ 8ëê7ê § ¾ 3.5 ms). Onearrivesto theconclusionthat theDDV actslike a low passfilter andthatit introducesa
timedelay, which is of theorderof theinstability periodat leastin thiscase.
It is next possibleto estimatetheoverall characteristicsof thewholesystem.This is achievedby determiningthe
transferfunctionsbetweentheDDV commandandmicrophonesignals.Thecorrespondingtransferfunctionsare
displayedin Fig. 14In thisfigurethetransferfunctionobtainedthroughidentification(ITF) appearsasasolid line
andis comparedto thetransferfunctionobtainedfrom spectralestimates(DTF), plottedasa dashedline.
Amplitudeandphaseceaseto be coherentabove 500Hz,becausethe DDV is unableto modulatethesecondary
air flow beyondthis limit. Thetransferfunctionamplitudedecreaseswith increasingfrequencies,showing thatthe
wholesystembehaveslike alow-passfilter with acut-off frequency P = 450Hz.Thisseemsto beessentiallydueto
theDDV. Thephaseshift is almostlinearwith frequency, yielding a nearlyconstanttime delay. Thetypical delay
valueis in a range11 ms ¾ 8 ©íì Ríî ï�ð ì ¾ 12ms. It is longcomparedto theinstabilityperiod,andcontributionsto
thisdelayshouldbecarefullyanalyzedandoptimized.
Delaysfrom thevarioussystemcomponentsshown in Fig. 12: DDV (asalreadymentionned)but alsoactuator,
injector, combustionchamberandmicrophone.An analysisof thedifferentordersof magnitudeproposedin Ref.
[59] shows that the time lag associatedwith the sensor(microphone)andactuatorarenon negligible andcould
clearlybeoptimized.
This identificationwas successfullyappliedin Ref. [59] to active control of combustion instabilitiesusing an
adaptivealgorithmdevelopedin Mettenleiter, etal. [60-61]. Themeanpressureoscillationamplitudewasreduced
by about50é (from 650Pato 400Pa,thenoiselevel being130Pa). Thismodestreductionis mainlydueto thefact
thattheactuatoroperatesat a frequency, which is slightly greaterthanits cut-off frequency andasa consequence
that its effectivenessis degraded. This underlinesthe difficulties associatedwith the bandwidthlimitations of
practicalactuators.Moreover timedelaysintroducedin thecontrolpathpreventthecontrolalgorithmfrom acting
efficiently on theflow features.

6 Multi-dimensional simulation of activecontrol

Active controlstrategieshave beenessentiallydevelopedon anempiricalbasis.Much of theearlywork relieson
experimentaltestingof variouscontrolschemes.Low ordermodelingis alsoexploredin many recentstudiesbut
thedescriptionof thecombustiondynamicsis usuallynot faithful. A limited numberof studiesis directedat the
multidimensionalsimulation(MDS) of control. Oneobjective is to seewhetheractive controlcanbe includedin
a dynamicalsimulationof theflow. Suchsimulationscould thenbe usedto testandimprove controlalgorithms
beforeany practicalapplication(Menon[62],Mettenleiter, et al. [63]). Numericalsimulationcomplementsex-
perimentationandit could be useful for the developmentof flow control methods.The aim in this sectionis to
underlineproblemsarisingwhenonewishesto coupleaflow solverwith acontrolalgorithmandto discussresults
of a multidimensionalsimulationof active control. Theapplicationis basedon researchdirectedat thecontrolof
vortex driven instabilitiesfound in solid segmentedrocketmotors(seeRefs[64-66]).Thecontrolleremployedin
thissimulationreliesonanadaptivescheme(Refs.[60] and[67]). Theconceptualprincipleis shown in Figure15.
The control systemis usedto reducelow frequency pressureoscillationsin large scalesegmentedsolid rocket
motors(SSRM).Theseoscillationscorrespondto oneof the first longitudinalacousticmodesof themotor. The
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Figure13: TransferfunctionbetweenDDV commandsignalandsensorpositionwhenactuatedby a filtered( Pñ¾
800Hz)white noise.Uppercurve: amplitude.Middle curve: phaseshift. Bottomcurve: delay(

8òê7ê §
) (from Ref.

[59].

resonantfrequency is low becausethelongitudinaldimensionis quite large. Mechanismsdriving theprocessare
linked with internalflow instabilities.Understrongresonantcouplinglargescaleperiodicvorticesdevelopin the
turningflow inducedby propellantburning.Vorticesmayalsobeshedfrom thebafflespartitionningthepropellant
segmentsor from the edgeof the propellantgrain. This last processis simulatedin this study. A modelscale
geometryis consideredin thecalculations(the“C1-case”).Vorticesshedfrom thepropellantedgeareconvected
downstream,impingeon thenozzleproducinga pressuresignalwhich feedsenergy into oneof the longitudinal
acousticmodes.Thecontroleschemeusesa sensorlocatednearthesheddingregion. Thesensorsignalis usedas
input to a controllerwhich drivesanactuatorplacedin themotorhead.
Similar arrangementsare found in mostcombustion control investigationsand the simulationdevelopedin the
specialcaseof a solid rocketmotor hasa genericnature.The flow solver wasusedin many previous studiesto
analyzevortex instabilitiesin solidpropellantpropulsion.It servesasa platformfor thepresentsimulation.
Oneaspectwhich deservesspecialcareis thedefinitionof the“softwareactuator”.Onehasto devisea numerical
descriptionof the physicalactuator. From sytematictestingof variouspossibleschemesit is found (Refs. [61]
and[63]) that theactuatorcouldbe describedasa spatialdistribution of sources.Thesourcesaremodulatedby
the controllersignalandinject a reactive fluid into the flow. This maybe usedto introduceperturbationsin the
flowfield. In fact, it is quite naturalto usesucha representationbecausethe practicalimplementationin a real
motorwould involve a controlledinjectionof anevaporatingand/orreactingsubstanceinducinga distributionof
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Figure14: TransferfunctionsbetweenDDV commandsignalandcombustionchamberpressurewhenactuatedby
a filtered ( Pó¾ 800Hz)white noise. Uppercurve: amplitude.Middle curve: phaseshift. Bottomcurve: delay(8 ©íì Ríî ï�ð ì ). Solid line: ITF. Dashedline: DTF Bernier, etal. [59].

sourcesof mass,momentumandenergy. A seriesof openloop testsnot shown hereindicatethat the numerical
sourcesoperateasexpected.

Problemsrelatedto the couplingof theflow simulationmodulewith thecontrolalgorithmmustbe treatednext.
Thereis a largemismatchbetweenthetime steppingô (öõ/÷ of theflow solver andthesamplingperiodof thecon-
troller ô ( � . Usually ô (öõ/÷ is quitesmall to obtainanaccuratenumericalflow andacousticsolution.On theother
hand ô ( � is much larger becausethe numericalcontrolleroperatesat frequencieswhich area few times larger
thanthe frequency of the processwhich is to be controlled. Then, ô ( � CTC ô (�õø÷ andcouplingclearly requires
precautions.Detailedstudiesindicatethat the input andoutputof thecontrol routineshouldbe low-passfiltered
to preventa growth of high frequency perturbationswhich aftera shortdurationwould alter thecalculation.The
simulationmethodologyis illustratedby a calculationof vortex driven instabilitiesin a small rocketmotor and
controlof theseinstabilitiesusinganadaptive algorithm.

In the presentapplication,the controller input is a pressuresignalprovided by a sensorlocatednearthe nozzle
while theactuatoris placednearthemotorhead.A typicalflow configurationis shown in Figure16.
Sheddingtakesplacefrom thesolid propellantedge.Vorticesinteractwith thenozzleproducinga resonantpres-
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Figure15: Active controlof a solid rocketmotor. (a) Principle,(b) Couplingbetweentheflow solver Sierraand
theadaptivecontrollerRAC. (Adaptedfrom Ref. [61-63]).

Figure16: Simulatedvorticity field insidetherocketmotor. Controlleris off. (Adaptedfrom Refs.[61] and[63]).

surefield in themotor. Whenthecontrolleris on,vorticesarestill shedfrom thepropellantedgebut their number
at a given instantis larger, the frequency is shiftedto a highervalueandthereis no resonance,the amplitudeis
lowerandthelevel of pressureoscillationsis notablyreduced(Figure17).

Figure17: Simulatedvorticity field insidethe rocketmotor. Thecontrolleris operating.It modifiesthevorticity
field andreducesthelevel of pressureoscillationsinsidethemotor. (Adaptedfrom Refs.[61-63]).

This calculationindicatesthat multidimensionalsimulationsof active control may be usedto examinecontrol
strategiesandmodificationsof theflow undercontrol.

7 Conclusionsand perspectives

Thisarticlehasfocusedon active controlof combustiondynamics.This topicsis technologicallyimportantandit
alsoraisesmany scientificproblems.Fundamentalaspectsof combustiondynamicshave beenextensively investi-
gatedandmuchhasbeenlearnedfrom well controlledlaboratoryexperimentslike thosedescribedin this article.
This knowledgehasallowed progressin the numericalmodelingof combustion dynamicsbasedon large eddy
simulation(LES) but thenumericalpredictionof combustioninstability remainsa challengingproblem.

Oneobjective for researchin this areawill be to advancesubgridmodelsfor combustion LES. This could be
achieved by combiningmodeling,simulationandexperimentationorientedtowardsLES needs.Progressin the
treatmentof boundaryconditionsis essentialif onewishesto dealwith thecouplingwith acousticswhich governs
thedynamicalcombustionphenomena.Integrationof computationalstrategiesdescribingtheflow andthewave
motion is neededto develop completemodelsfor combustion instability. Studiesof upstreamanddownstream
componentdynamicsarealsoneededto obtainacompletedescriptionof thecombustorresponsewhenit is placed
in its environment.

Activecontrolof combustioninstabilityhasalsoprogressedin many ways.While initial demonstrationswerecar-
ried out on small-scalesystems,controlhasalsobeenimplementedin full-scalegasturbines.Muchof thecurrent
researcheffort hasfocusedon thesystemanalysisusingmoderncontroltheory. Simplifiedinstabilitymodelshave
beendevisedto this purposeandcontrolstrategieshave beenexplored. Controlanalysishasbeenpursuedon the
basisof simplelow orderessentiallylinearinstabiltymodels.This researchhasbeenmostlytheoreticalwith lim-
ited demonstrationson practicaldevices. Onechallengefor thefuturewill be to apply thesetheoreticalstrategies
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(statefeedback,robust control, modelbasedadaptive control . . . ) to real systems.This canonly be envisaged
throughtheimprovementof theactuatorefficiency.

The multi-dimensionalsimulation(MDS) of active control is a nascentbut importantareaof research.Theob-
jective is to allow complete(andrealistic)softwarestudiesof controlconcepts.MDS of active control combines
thedifficultiesof computationalfluid dynamicswith thoseof couplinga flow solver with a controlscheme.Early
developmentsof sucha capabilitywerelimited but recentefforts have uncoveredandresolved someof the dif-
ficulties. It hasbeenfoundthat a validatedsoftwaredescriptionof theactuatoris essentialandthat couplingof
theflow solver andcontrollerneedsto betreatedwith care. Themismatchbetweensamplingfrequenciesof the
Navier-Stokesflow solver andcontrollerrequiressuitablefiltering of the input andoutputof thecontroller. Fur-
therprogressin MDS of AC maybeforeseenwith advancesin combustiondynamicssimulationtoolsandactive
controlmethodologies.Advancesin active controlsimulationareimportantbut not sufficient. Furtherprogressis
neededon the technologicallevel to dealwith thecurrentlimitations of sensorsandactuatorsandto resolve the
difficult questionof integrationin practicaldevices.
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