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À mon père.
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Cherher ne signi�e rien en peinture.Ce qui ompte, 'est trouver.Pablo Piasso.The Arts (1923).
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Abstrat
This work is onerned with the dynamis of premixed on�ned turbulent swirling�ames submitted to aousti veloity disturbanes. The general objetive is togain an understanding of the mehanisms governing the response of these �amesand to derive preditive methods for ombustion instabilities. Swirling �ows are�rst reviewed in terms of swirl numbers and novel expressions for them are given.Perturbed form of the swirl number are suggested taking into aount aoustidisturbanes in the �ow. The experimental system omprises an upstream man-ifold, an injetor equipped with a swirler and a transparent �ame tube allowingdiret visualization of the �ame motion. Two operating points are investigatedorresponding to di�erent bulk veloities. The upstream manifold and the �ametube of the burner an be easily hange to test several on�gurations. The burneraousti is also analyzed in term of oupled avities approah to determined theresonant frequenies of the system in non reative ases. Experiments are arriedout to measure the system eigen frequenies and the estimate damping oe�ientof the various burners arrangements. A riterion for deoupling aousti mode issuggested. The �ow dynamis is examined in terms of mode onversion ourringat the swirler or downstream an airfoil asade. This part of the work, arriedout with numerial simulations, shows that when submitted to an aousti wave,a swirler gives rise to an azimuthal onvetive wave in addition to the transmit-ted aousti wave. Both axial and radial swirlers are prone to this mehanism ason�rmed by experiments. It is found that this mode onversion proess has astrong impat on the �ame dynamis in swirling �ames ombustors. Combustiondynamis is then analyzed by measuring the �ame desribing funtion (FDF) ofthis burner. This FDF is used to determine the response of the �ame to aoustiveloity disturbanes propagating on the upstream �ow. It is shown that theStrouhal number is a suitable dimensionless group to haraterize the swirling�ame response. The �ame dynamis is also analyzed with an ensemble of diag-nostis inluding pressure probes, photomultipliers and laser Doppler veloimeter(LDV). A model for the linear swirling �ame transfer funtion is derived theoret-ially. The physial mehanisms driving the response of the �ame are identi�ed: vortex rollup and swirl number �utuations. The vortex rollup is assoiatedto the aousti wave transmitted downstream of the swirler and entering in theombustor while the swirl number �utuations are diretly linked to the mode
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viiionversion mehanisms downstream the swirler whih indued di�erent axial andazimuthal speeds upstream the �ame. The rollup phenomena ats at the extrem-ity of the �ame while swirl number �utuations at on the �ame angle. Theseompetiting mehanisms at onstrutively or destrutively leading to low or highgains in the �ame response depending on the frequeny. These mehanisms areretrieved by large eddy simulations of the �ame dynamis. Finally, an instabilityanalysis is arried out by ombining the experimental �ame desribing funtion(FDF) and an aousti model of the ombustor to determine the frequeny andthe amplitude of the veloity disturbanes at the limit yle. A good agreementbetween preditions and experiments is obtained in most ases indiating thatthe method is suitable subjet to further developments.
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Résumé
Ce travail traite de la dynamique des �ammes turbulentes prémélangées on-�nées et swirlées soumises à des perturbations de vitesses aoustiques. L'objetifgénéral est d'aquérir une ompréhension des méanismes régissant la réponse dees �ammes et d'en tirer des méthodes de prévision des instabilités de ombustion.Les éoulements swirlés sont d'abord examinés en termes de nombre de swirl et denouvelles expressions sont données pour ette quantité. On traite notamment dese�ets de perturbations de vitesse et une expression est proposée qui tient omptedes �utuations de vitesses dans l'éoulement. Le système utilisé pour l'étudeexpérimentale omprend une avité amont, un injeteur équipé d'un swirler etun tube à �amme transparent permettant la visualisation direte du mouvementde la �amme. Deux points de fontionnement sont étudiés orrespondant à desvitesses débitantes di�érentes. La avité amont et le tube à �amme du brûleurpeuvent être failement hangés pour étudier plusieurs on�gurations di�érentes.L'aoustique du brûleur est également analysée au moyen d'une approhe deavités ouplées pour déterminer les fréquenes de résonane du système en on-�guration non-réative. Des expérienes sont menées pour mesurer les fréquenespropres du système et l'estimation du oe�ient d'amortissement est réalisée àpartir de la réponse du système à une modulation externe. Un ritère de dé-ouplage des mode aoustiques est proposé. La dynamique de l'éoulement estexaminée en termes de onversion de modes au niveau de la vrille (swirler) oudans une grille d'aubes. Cette partie du travail, e�etuée au moyen de simula-tions numériques montre que lorsqu'une grille ou une vrille sont soumis à une ondeaoustique, le swirler donne naissane à une onde azimutale onvetive en plusde l'onde aoustique axiale transmise. Les deux types de swirlers, axial et radial,donnent lieu à e méanisme, un fait on�rmé par des expérienes. Il est montréque e proessus de onversion de mode a un impat important sur la dynamiquede la �amme swirlée. La dynamique de la ombustion est ensuite analysée enmesurant la fontion de transfert généralisée ainsi que les distributions de taux dedégagement de haleur au ours du yle d'osillation. La fontion de transfert estutilisée pour déterminer la réponse de la �amme à des perturbations aoustiquesse propageant dans l'éoulement en amont de la �amme. Il est aussi montré quele nombre de Strouhal est un groupe sans dimensions qui permet de aratériserla réponse de la �amme. La dynamique est également analysée au moyen d'un
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xensemble de diagnostis omprenant des sondes de pression, un photomultiplia-teur et un véloimètre laser Doppler. Un modèle pour la fontion de transfertlinéaire de la �amme est dérivé théoriquement à partir d'une desription de la�amme au moyen de l'équation pour une variable de hamp G. Les méanismesphysiques de la réponse de la �amme sont identi�és : enroulement tourbillonnaireet �utuations du nombre de swirl. L'enroulement tourbillonnaire est assoié àl'onde aoustique transmise en aval du swirler et qui pénètre dans la hambrede ombustion. Tandis que les �utuations du nombre de swirl sont diretementliées aux méanismes de onversion de mode au swirler qui induit di�érentesvitesses pour les perturbations axiales et azimutales. L'enroulement tourbillon-naire enroule l'extrémité de la �amme tandis que les �utuations du nombre deswirl agissent sur l'angle de la �amme. Ces deux méanismes en ompétition seombinent de manière onstrutive ou destrutive onduisant à des gains faiblesou élevés dans la réponse de la �amme en fontion de la fréquene. Ces mé-anismes sont retrouvés par simulation aux grandes éhelles (LES). En�n, uneanalyse d'instabilité est réalisée en ombinant la fontion de transfert généraliséeexpérimentale et un modèle aoustique du brûleur a�n de déterminer la fréqueneet l'amplitude des perturbations de vitesse au yle limite. Un bon aord entreles prévisions et les résultats d'expérienes est obtenu dans la plupart des as, equi indique que la méthode est appropriée pour de futurs développements.IntrodutionPartie I : Flammes swirlées, on�guration expérimentale etaoustique du systèmeChapitre 1 : Eoulements et �ammes swirléesLes éoulements swirlés sont ouramment renontrées en méanique des �uides,en ombustion et dans de nombreuses appliations industrielles omme les tur-bines à gaz ou les turboréateurs. Ces éoulements en rotation sont généralementaratérisés par le nombre de swirl, un groupement sans dimensions dont la dé�-nition est d'abord donnée. On déduit de ette expression une forme perturbée dee nombre qui fait intervenir la di�érene entre les �utuations relatives de vitesseazimutale et axiale. On onsidère dans un deuxième temps l'e�et de l'évolutionde l'angle des pales pour un swirler axial. Comme l'angle des pales hange ave lerayon, le nombre de swirl peut être estimé au moyen d'une intégration numérique.Une expression est don déduite en tenant en ompte de l'angle au bord de fuitedes pales de la vrille. La dernière partie du hapitre traite des e�ets instation-naires sur le nombre de swirl. On montre dans e hapitre qu'il est possible deprendre en ompte les termes d'aumulation de moment angulaire azimutal etde quantité de mouvement axiale. Une synthèse rassemble �nalement les expres-sions obtenues pour le nombre de swirl.
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xiChapitre 2 : Desription de l'expériene et diagnostisL'expériene de laboratoire et les diagnostis utilisés dans e doument sontdérits dans e hapitre. La desription porte sur les di�érents éléments del'installation et traite notamment des swirlers. Les diagnostis de mesures as-soiées à la véloimétrie laser (LDV), au photomultipliateur et aux mirophonessont ensuite exposés. On dérit la transformée d'Abel qui est utilisée dans emanusrit pour déduire la struture de �amme des images d'émission et anal-yser la dynamique de la �amme swirlées au ours d'un yle d'osillation. Deuxméthodes de détermination du taux de dégagement de haleur d'une �amme sontensuite omparées. La première utilise un photomultipliateur qui apte toute lalumière rayonnée par la �amme. La seonde est basée sur la somme de l'intensitélumineuse reçue par les pixels d'une améra ICCD sans �ltre. Il est démontréque les signaux déduits de es deux types de apteurs sont en bon aord.Chapitre 3 : Aoustique des systèmes de ombustion : données expéri-mentales et analyse théoriqueLa réponse aoustique du système de avités ouplées est examinée dans ehapitre. Cette réponse est d'abord étudiée expérimentalement pour haque sys-tème a�n de déterminer les fréquenes de résonane. Le taux d'amortissementest également obtenu pour les diverses on�gurations. On traite ensuite des on-ditions pour lesquelles les modes aoustiques d'une hambre remplie de produitsde ombustion hauds peuvent être onsidérées omme déouplés de l'aoustiquede la partie amont de la hambre de ombustion fournissant les réatifs frais.On introduit à et e�et un paramètre de ouplage est Ξ = (cbρb)/(ρucu)S2/S3 ≃
(Tu/Tb)

(1/2)(S2/S3) où Tu et Tb sont respetivement les températures des gazfrais et des gaz brûlés, S3/S2 est le rapport des setions entre avité aval et dis-positif d'injetion. Il est démontré que l'aoustique du système peut être analyséen déouplant les signatures aoustiques de la partie aval de la partie amontpour des petites valeurs du paramètre Ξ. Cette séparation est possible pourles petites valeurs de l'impédane de sortie de la hambre, lorsque la sortie dela hambre est ouverte orrespondant aux onditions atmosphériques ou pourdes fortes valeurs de l'impédane de sortie, lorsque par exemple la hambre estéquipée d'une tuyère sonique. Le as d'une avité amont aratérisée par unerésonane de type Helmholtz est étudié en détail lorsque l'impédane de sortieest modi�ée. Il est démontré que les instabilités de ombustion auto-entretenuesse développent de préférene autour du mode résonant de la avité amont. Lesrelations exates dans lesquelles les modes de la avité amont et de la avité avalsont déouplés sont obtenues.Partie II : Dynamique de l'éoulement et de la ombustion
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xiiChapitre 4 : Proessus de onversion de mode dans une grille d'aubeset dans un swirlerQuand une onde aoustique interagit ave une grille d'aubes, un mode tourbil-lonnaire est généré et il en résulte des perturbations de vitesses transversales.Ce proessus de onversion de mode est étudié pour expliquer la dynamique deséoulements observés lorsque des vrilles (swirlers) sont soumises à des perturba-tions aoustiques inidentes. Le phénomène est d'abord etudié dans le as d'unegrille dans une on�guration bidimensionnelle au moyen d'une analyse théoriquefondée sur le modèle du disque atuateur. Ce modèle est simpli�é pour tenirompte du faible nombre de Mah de l'éoulement. Le hamp de vitesse enaval de la grille possède deux omposantes, une perturbation axiale assoiée àl'onde aoustique transmise et une perturbation transversale orrespondant àl'onde tourbillonnaire générée aux bords de fuite de la grille. Le modèle four-nit l'amplitude des deux omposantes et dé�nit leur déphasage. Des simulationsnumériques sont réalisées dans une deuxième étape pour valider e modèle dansle as d'un faible nombre de Reynolds : Re = 2 700 basé sur la longueur deorde des aubes. Des diagrammes spatio-temporels des perturbations de vitessesdéduits de es simulations sont utilisés pour mettre en évidene les deux types demodes. Les expérienes sont ensuite e�etuées dans le as d'une vrille (swirler)axiale plaée dans une onduite ylindrique et soumise à des ondes aoustiquesplanes émises en amont. Les amplitudes et phases des deux omposantes devitesse mesurée dans les diretions axiale et azimutale sont en bon aord aveles estimations théoriques et ave les aluls numériques.Chapitre 5 : Dynamique ombinée d'un swirler et d'une �amme swirléeturbulenteLa dynamique de �ammes prémélangées swirlées est étudiée en analysant leurréponse aux perturbations de vitesses inidentes. Une fontion de transfertgénéralisée est déterminée en balayant une gamme de fréquenes allant de 0 à 400Hz et en hangeant la �utuation de vitesse entre 0 et 72 % de la vitesse débi-tante. Le taux de dégagement de haleur instationnaire est déduit de l'intensitéd' émissions du radial OH∗. Cette information globale est omplétée par destransformées d'Abel d'images formées par moyenne synhronisée par la phase. Onobtient ainsi la distribution d'émission lumineuse. En supposant que l'intensitélumineuse est proportionnelle au taux de dégagement de haleur, il est possi-ble de déduire la distribution des taux de dégagement de haleur instationnairesen W m−3 et observer l'évolution de la distribution spatiale de ette quantitéau ours du yle de modulation et pour di�érentes fréquenes de forçage. Cesdonnées peuvent être utiles pour la détermination des régimes d'instabilité maisaussi donnent des indiations sur les méanismes qui ontr�lent la dynamiquedes �ammes swirlées. Il est montré expérimentalement et analytiquement quele swirler soumis à des ondes aoustiques provenant de l'amont génère une onde
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xiiitourbillonnaire en aval. La �amme est don soumise à une perturbation aous-tique axiale transmise au travers de la vrille qui se propage à la vitesse du sonet à une perturbation de vitesse azimutale qui est onvetée par l'éoulement.Il en résulte que la réponse de la �amme est déterminée par les e�ets ombinésde es perturbations de vitesse axiale et azimutale. Les perturbations axialesprovoquent l'enroulement d'un tourbillon à l'extrémité de �amme tandis que lesperturbations de vitesses azimutales génèrent une osillation angulaire de la basede la �amme. La phase entre les perturbations inidentes est ontr�lée par ledélai de onvetion des perturbations entre la sortie du swirler et la base de la�amme. L'interférene onstrutive ou destrutive entre les di�érentes pertur-bations provoque respetivement des forts ou faibles gains dans la réponse de la�amme. On peut ainsi expliquer les aratéristiques prinipales de la fontion detransfert des �ammes swirlées.Chapitre 6 : E�et de la géométrie du swirler et du nombre de swirlsur la fontion de transfert généraliséeCe hapitre traite de la réponse des �ammes swirlées soumises à des perturbationsde vitesses aoustiques lorsque la rotation de l'éoulement est produite par unswirler axial ou radial. L'objetif est de omparer les réponses obtenues dans esdeux as. La réponse est aratérisée en terme de fontion de transfert général-isée, qui élargit la fontion de transfert de �amme en onsidérant non seulementla fréquene mais aussi l'amplitude des perturbations de vitesses. Cet outil amontré sa pertinene dans l'étude des instabilités de ombustion ouplées parl'aoustique. Les résultats indiquent que pour les deux types de swirlers, la dy-namique est essentiellement similaire pour les gains et les phases de la réponse.Il est également onstaté que la valeur du nombre de swirl in�uene fortementla réponse en terme de gain. La forme aratéristique de la fontion de transfertgénéralisée, ave un minimum et un maximum loal, se retrouve pour les deux asde swirlers. Cette réponse aratéristique orrespond à des méanismes déritspréédemment (�utuations du nombre de swirl et enroulement d'un tourbillonà l'extrémité de la �amme). Les �utuations du nombre de swirl sont induitespar l'interation des perturbations aoustiques inidentes ave le swirler. Celagénère dans les deux as (axial et radial) une onde transmise aoustique et uneonde tourbillonnaire onvetée. Cette dernière est aratérisée par des pertur-bations de vitesses azimutales. Le proessus de onversion de mode à l'originede e dernier type de perturbation a déjà été démontré dans le as d'une vrilleaxiale. Il est ii étudié dans la géométrie radiale. Il est montré que le proessusde onversion de mode pour les deux géométries est très similaire et qu'il produitdes e�ets identiques sur la dynamique de �amme et don sur la réponse.
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xivChapitre 7 : Simulations aux grandes éhelles de �ammes swirléesperturbéesLa dynamique d'une �amme swirlée prémélangée turbulente est étudiée au moyende la simulation numérique aux grandes éhelles. La réponse de la �amme estdéterminée en introduisant un forçage aoustique externe à deux fréquenes demodulation orrespondant à des valeurs aratéristiques de la fontion de trans-fert de �amme obtenues expérimentalement. Ces valeurs aratéristiques de laréponse di�èrent en terme de gain. Les méanismes physiques sous-jaents iden-ti�és expérimentalement sont étudiés numériquement. Les simulations on�r-ment que les �utuations du nombre de swirl et que le vortex rollup régissentla réponse de la �amme. Il est également on�rmé que le premier méanismeest assoié à un proessus de onversion de mode qui a lieu lorsque les ondesaoustiques impatent le swirler. La perturbation de vitesse axiale aoustiquesur le �té en amont du swirler génère une onde aoustique axiale et une pertur-bation onvetive azimutale en aval de elui-i. Ces méanismes sont restituéspar les simulations numériques. Les aluls indiquent également que les tourbil-lons responsables du rollup sont synhronisés par le forçage aoustique à la sortiedes lèvres de l'injeteur. Ces tourbillons sont ensuite onvetés dans la ouhede isaillement du jet et interagissent sur la �amme en provoquant le roll-up del'extrémité de la �amme. Ce proessus interfère ave les osillations de l'angle dela �amme induite par les �utuations du nombre de swirl. La phase entre l'anglede la �amme et la formation des tourbillons au bord de l'injeteur déterminela durée de vie du tourbillon avant son interation ave la �amme et ontr�lel'intensité de ette interation. Lorsque ette durée de vie est réduite, le tourbil-lon ne peut pas se développer pleinement et la réponse de la �amme reste faible.Pour les plus longues durées de vie, le tourbillon peut se développer pleinementet produire de plus grandes perturbations du taux de dégagement de haleur. Ceproessus dépend de la fréquene qui détermine la phase entre les �utuations dunombre de swirl et la génération des tourbillons.Chapitre 8 : Modélisation de la fontion de transfert de �ammesswirléesUn modèle analytique est établi pour la réponse linéaire de �ammes swirléessoumises à des perturbations de vitesses. La dynamique de la �amme est représen-tée par une version linéarisée de l'équation pour une variable de hamp G. Les�utuations turbulentes sont d'abord moyennées pour obtenir une équation iné-matique pour le hamp moyen. Une moyenne de phase est ensuite appliquée auxperturbations aoustiques pour obtenir une équation pour le hamp G perturbée.Il est d'abord onlu que le mouvement de �amme est dû aux e�ets ombinés desperturbations de vitesses axiales et azimutales. Les �utuations du nombre deswirl sont modélisées en supposant que la vitesse de ombustion turbulente estmodulée par es perturbations de vitesses. Il est ensuite montré que la réponse
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xvdes �ammes swirlées peut être déduite de la fontion de transfert des �ammesen �V� soumises à des perturbations de vitesses axiales. Il est toutefois impor-tant de tenir ompte de la di�érene de phase résultant de la propagation desperturbations axiales et azimutales. Cette di�érene de phase, résultant de ladi�érene des vitesses de propagation des perturbations aoustiques et onve-tives, est déterminée expérimentalement. Les fontions de transfert théoriquessont omparées aux mesures pour deux vitesses débitantes di�érentes et pourun nombre de swirl �xé S = 0.55. Un bon aord est obtenu. On montre enpartiulier que le gain minimal obtenu pour un nombre de Strouhal de 0.5 estbien reproduit par le modèle théorique.Partie III : Instabilités de ombustion des �ammes swirléesChapitre 9 : Instabilités de ombustionLes instabilités thermo-aoustiques sont analysées au moyen d'une représenta-tion non-linéaire de la dynamique de la �amme basée sur la fontion de transfertgénéralisée (�Flame Desribing Funtion" ou FDF). Dans e adre, la réponse dela �amme est déterminée en fontion de la fréquene et de l'amplitude des pertur-bations qui interagissent ave la �amme. Cette fontion de transfert généralisée,déterminée expérimentalement, est ombinée ave une représentation matriiellede l'aoustique du système et permet un alul des taux de roissane et desfréquenes d'osillation en fontion de l'amplitude des perturbations. Ces don-nées peuvent être utilisées pour déterminer les régimes d'instabilité, les hange-ments de fréquene et les niveaux d'amplitude au yle limite. L'osillation auyle limite est obtenue lorsque le taux de roissane dépendant de l'amplitudeest égal au taux d'amortissement dans le système. Il faut pour ela déterminerla valeur du taux d'amortissement qui est ii déduit de mesures de la ourbede résonane du brûleur. Les résultats obtenus sont omparés à des donnéesd'expérienes systématiques e�etuées en faisant varier la géométrie du brûleur.Un bon aord est obtenu entre les prévisions et les observations.Conlusion et perspetives
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Nomenlature
Latin Charaters :
cp Spei� heat [J kg−1 K−1℄
d Injetor or swirler diameter[m℄
f Frequeny [Hz℄
k Wavenumber [m−1℄
l Element size [m℄
ṁf Fuel mass �ow rate [kg s−1℄
p Pressure [Pa℄
q̇ Loal heat release rate [Wm−3℄
r Radial oordinate [m℄
s Entropy [J kg−1 K−1℄
t Time [s℄
u Axial veloity [m s−1℄
v Azimuthal or transverse ve-loity [m s−1℄
x Axial oordinate [m℄
A Amplitude of the inidentaousti wave [Pa℄
Af Flame surfae [m2℄
B Amplitude of the velo-ity omponent assoiatedto the vortiity wave [ms−1℄

D Flame tube diameter [m℄
E Total energy
F Flame desribing funtion
G Gain of the �ame transferfuntion
Gθ, Jθ Angular momentum �ux
Gz, Jz Axial momentum �ux
I Light intensity
L Flame tube length orswirler axial size [m℄
Q Quality fator
Q̇ Global heat release rate [W℄
R Re�etion oe�ient or ra-dius
S Setion area [m2℄
ST Turbulent burning veloity[m s−1℄
T Transmission oe�ient ortemperature
Ub Injetor bulk veloity [ms−1℄
YFO Fuel mass frationNon-dimensional numbers :

He Helmholtz number
Re Reynolds number
Ro Rossby number St Strouhal number

S Swirl number



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 2 � #24
i

i

i

i

i

i

2 NomenlatureGreek Charaters :
α Flame angle or damping o-e�ient
β Saling fator [W m−3℄
χ Azimuthal sensitivity fa-tor
δ Trailing edge blade angle
η Heat release ratio Q̇lw/Q̇

γ Spei� heat ratio
λ Laser wavelength [nm℄
ω Angular frequeny [s−1℄
φ Equivalene ratio
ψ Phase of images
ρ Fluid density [kg m−3℄
τ Convetive time delay [s℄
θ Swirl exit �ow angle

ϕ Phase di�erene betweenazimuthal and axial velo-ity omponent
ζ Axial sensitivity fator
ζ3 Spei� impedane at thesystem outlet
∆h Heat released by onversionof a unit mass of fuel [Jkg−1℄
Γ Cirulation
Ω Rotation rate [s−1℄
Φ Phase of the �ame transferfuntion
Ξ Coupling parameterSubsripts :

lw Lower window
uw Upper window
r Radial diretion
θ Azimuthal diretion
x, z Axial diretion
u Unburnt gases
b Burnt gases

1 Casade upstream setion
2 Casade downstream se-tion
a aousti
v vortiityAbbreviations :FDF Flame Desribing FuntionFTF Flame Transfer FuntionHW HotwireICCD Intensi�ed Charge-Coupled DevieIRZ Inner Reirulation ZoneLDV Laser Doppler VeloimetryLES Large Eddy SimulationLPM Lean Premixed Mode
ORZ Outer Reirulation ZonePLIF Planar Laser Indued FluoresenePM PhotomultiplierPVC Preessing Vortex CoreRANS Reynolds Average Navier-StokesRMS Root mean square [m s−1℄
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Introdution
Combustion is a multidisiplinary �eld involving a ombination of �uid mehan-is, thermodynamis, hemial kinetis and transport phenomena. It has a broadrange of appliations inluding energy onversion, industrial proesses, aeronau-tial and spae propulsion (see Figure 1 for an illustration). In many appliationsand in partiular in the high performane systems used in propulsion or energyonversion, ombustion an ouple with the aoustis of the system and lead tovarious types of instabilities. This phenomenon brings together the omplexitiesof ombustion and those related to aoustis and unsteady �uid motions givingrise to a wide range of hallenging issues. Some of these problems are the sub-jet of the present investigation and will be desribed in detail later on. At thispoint, it is worth gathering some additional bakground on ombustion to show

(a) (b)
() (d)Figure 1: Aerospae propulsion appliations of ombustion. (a) : Airbus A380 equippedwith four jet engines. (b) : Spaeraft launher Ariane 5. () : CFM 56-7 engine (Snemaand GE). (d) : Air to air missile from MBDA.
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4 Introdutionits importane.It is �rst interesting to note that 98% of the energy used in transportation isissued from oil and transformed into mehanial energy through ombustion (In-stitut Français du Pétrole, www.ifp.fr). It is also worth remembering that on aworldwide basis 85% of the primary energy is delivered by ombustion systems,see Iaona et al. (2009). In Frane ombustion is less used beause most of theFrenh eletrial energy has a nulear origin with a perentage of 80% while it isaround 20% from ombustion. To �x the ideas a few energy onversion systemsbased on ombustion are shown in Fig. 2.In this general ontext, it is important to improve ombustion tehnologies byenhaning systems e�ieny and reduing the environmental impat in terms ofemissions. It is known that onversion of hydroarbon fuels into burnt produtsgenerates green house gases like CO2 and pollutants like unburnt hydroarbonsHC, nitri oxides NOx and arbon monoxide CO. Amongst other harmful on-sequenes, nitri oxides NOx and unburnt hydroarbons are major ontributorsto the formation of smog and prodution of near ground level ozone. Carbondioxyde, whih is the leading greenhouse gas, an only be redued by higher e�-ieny thermodynami yles and assoiated systems. With regard to emissions,it is di�ult to simultaneously redue the levels of NOx and CO but it is possibleto use losed loop ontrol to adjust operating point to minimize these emissions.Low operating osts require high e�ieny devies. As an example, the fuel e�-ieny per passenger-km of today's subsoni airraft has been inreased by about70 % ompared to a referene value some 40 years ago (Penner et al. (1999)).
(a) (b)
() (d)Figure 2: Energy onversion systems based on ombustion. (a) : Domesti boiler. (b): Industrial glass furnae. () : Gas turbine from Alstom. (d) : Fossil fuel powerplantfrom EDF in Frane.
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Introdution 5This has been ahieved diretly through ombined sienti� progress, tehnolog-ial advanes and lever engineering.One method for nitri oxides NOx emissions redution onsists in burning ina lean premixed mode where fuel and air are premixed before they reah theombustion region. It is known however that this ombustion mode is moresuseptible to dynamial phenomena like blow-o� and �ashbak as reviewed forexample by Plee and Mellor (1978) and to instabilities as explained for exampleby Culik (2001); Candel (2002) and in the olletive book edited by Lieuwenand Yang (2005). Combustion instabilities have been investigated for a long timebut still raises many fundamental and more pratial hallenges. The basi issuesare to develop an understanding of the �ame dynamis and assoiated unsteadyheat release proesses, derive preditive methods for ombustion instabilities andimagine advaned methods for redution and ontrol of dynamial phenomena.Combustion dynamis problems are reviewed in many artiles (see for exampleCandel (2002)) and in a olletive book edited by Lieuwen and Yang (2005). Thease of swirling �ames whih is the subjet of the present work is spei�allyonsidered in a reent artile by Huang and Yang (2009). Aoustially oupledombustion instabilities are onsidered in a wide range of publiations many ofwhih are ited in these reviews. The physial mehanisms responsible for theoupling between aoustis and ombustion are now well doumented. The un-steady heat release rate stands out as the driving soure of the proess. Thisis generally delayed with respet to inident perturbations and may trigger anunstable aousti-�ame oupling as explained in the early literature by Croo(1968), Putnam (1971) or in a more reent monograph from Culik (2001). Dif-ferent paths an produe these delayed perturbations in heat release rate, butin most ases they are assoiated with onvetion of �ow perturbations, see forexample Candel (2002), or �utuations of the mixture omposition, see for exam-ple Lieuwen and Zinn (1998). Muh of the reent understanding has ome fromsome fundamental experiments under well ontrolled onditions (see for exampleDuruix et al. (2003)). Extension to turbulent �ames and spei�ally to turbu-lent swirling �ames is more di�ult but a onsiderable e�ort has been devotedto the analysis of the ombustion dynamis of these systems (see for exampleKülsheimer and Bühner (2002); Weigand et al. (2006); Bellows et al. (2007);Kim et al. (2010); Palies et al. (2010)).Muh e�ort has been expanded to solve instability problems in propulsion sys-tems like liquid roket engines (see for example a lassial report on the subjetassembled by Harrje and Reardon (1972)), or solid roket motors (see for exam-ple by De Lua et al. (1992)). Industrial appliations have also been onsideredand this topi is overed in a monograph due to Putnam (1971). Most of theurrent researh is onerned with instabilities of swirling �ames in relation withproblems enountered in gas turbines involving longitudinal aousti modes or
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6 Introdutionazimuthal disturbanes, see for example Fritshe et al. (2007) and Meier et al.(2007) and referenes inluded in the review by Huang and Yang (2009).While onsiderable progress has been aomplished we show in this doumentthat muh remains to be done to develop preditive tools for ombustion insta-bilities and devise solutions for redution and suppression of osillations. Thereis also a need for well ontrolled experiments enabling a detailed investigationof swirling �ame dynamis. This study will be arried out in what follows bymaking use of a novel burner, equipped with a swirling injetor. The generaldesign follows that adopted in the previous �ame dynamis studies arried outin our laboratory by Duruix et al. (2000); Durox et al. (2005); Birbaud et al.(2006). We also follow the same logi as that adopted by Shuller et al. (2003a);Noiray et al. (2006) to examine self-sustained osillations .This doument is foused on a few entral aspets of the problem and uses aombination of experiments, numerial simulations and analysis to deal with thefollowing issues :
• Swirling �ame dynamis : the objetive is to haraterize the �ame responsein terms of a desribing funtion. This generalized funtion orresponds toa family of transfer funtions whih also depend on the input level. The�ame dynamis is also analyzed to identify proesses whih determine the�ame response.
• Mode onversion proesses at swirler : it is dedued from experiments thatthe swirler ats as a mode onverter and generates a vortiity wave when itis submitted to an aousti disturbane. The vortiity wave is manifestedas azimuthal veloity perturbations onveted by the �ow and propagatingon the downstream side of the swirler. A set of studies is developed toanalyze this proess and dedue its onsequenes for the �ame response.
• Combustion instabilities of swirling �ames : the goal is to predit the fre-quenies and amplitudes at the limit yle and ompare preditions with ex-periments. The method is based on the Flame Desribing Funtion (FDF)framework.At this point it is worth reviewing the relevant literature. This is done belowwhere we suessively onsider the three points.The swirling �ame dynamis is onsidered in a large number of artiles and it isdi�ult to write a short review. This aspet will be overed in more detail inthe following hapters. It is onluded that some of the key mehanisms driving
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Introdution 7

Figure 3: Flame dynamis from Thumuluru et al. (2009).the response of swirling �ames need to be identi�ed. In general, nonlinear pro-esses whih appear under self-sustained osillations need to be doumented in asystemati fashion. Mehanisms like vortex rollup have been studied previouslyfor example by Bellows et al. (2007) but only for a redued set of frequeniesand over a limited range. It is also important to remember that perturbationsof various types need to be onsidered. One lass is formed by veloity �u-tuations whih aompany pressure osillations, see Poinsot et al. (1987); Yuet al. (1991); Pashereit et al. (2000). Another type of perturbation onsists inequivalene ratio disturbanes, whih an be reated by the di�erential responseof fuel and air injetors to pressure waves generated by unstable ombustion, seeKeller (1995); Lieuwen and Zinn (1998); Sengissen et al. (2007). In the ase ofswirling �ames, �ame transfer funtions are often de�ned in a limited range offrequenies and only orrespond to linear perturbations (see for example Borghesiet al. (2009)). Some artiles onsider the dynamis of swirling �ames experimen-tally as Külsheimer and Bühner (2002); Weigand et al. (2006); Bellows et al.(2007); Kim et al. (2010) but the understanding of the driving soures are notfully doumented. Only a few investigations (Armitage et al. (2006); Thumuluruet al. (2007); Bellows et al. (2007)) are dealing with nonlinear e�ets of �owmodulations on the dynamis of on�ned turbulent swirling �ames. An auratestudy of the swirling �ame dynamis and on the nonlinear response is neededto explain some phenomena observed and for the predition of limit yles inself-sustained ombustion osillations regimes.A seond aspet whih needs to be examined in more detail onerns the mode
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8 Introdution

Figure 4: Flow dynamis in swirl injetor from Wang et al. (2007).onversion taking plae at a swirler submitted to inident aousti waves. Thishas already been studied but the origin and the in�uene on the �ame is not ex-amined in Wang and Yang (2005). The mehanism of swirl number �utuationsindued by this onversion proess has been inferred but not fully identi�ed andits impat on the �ame response is only brie�y onsidered by Komarek and Po-lifke (2010). The work of Hirsh et al. (2005) has theoretially shown that swirlstrength �utuations was present in the �ow downstream the swirler. The be-havior of turbulent premixed swirling �ames submitted to aousti disturbanesneeds to be revisited by taking this mehanism also into aount. Beause themode onversion proess is so important it is worth reviewing similar onversionmehanisms desribed in the tehnial literature. This an then be analyzed inthe ase of a two dimensional airfoil asade. When an aousti wave impingeson suh a system a onvetive vortiity mode is generated giving rise to trans-verse veloity perturbations. This problem overed in the lassial textbooks ofHorlok (1978) and Greitzer et al. (2004) has been extensively investigated in thedomain of turbomahinery for example by Kaji and Okazaki (1970), Koh (1971)and Morfey (1973b) in early works and more reently by Peake and Kershen(1997) and Glegg (1999). It is important beause suh interations indue �u-tuating fores on the blades generating noise. Conversion of entropy �utuationsby a asade has been worked out analytially by Cumpsty and Marble (1977b)and was pursued by Cumpsty (1979). It is shown that the interation gives riseto aousti pressure waves. These studies are used as starting points of the modeldeveloped in the present doument. Most of the previous studies onsider highMah number �ows found in axial ompressors or turbines, the ase of low Mah
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Introdution 9�ows is less well doumented and the present developments try to �ll this need.

Figure 5: Self-sustained instability by Stöhr et al. (2009). The yle of osillation isharaterized by OH∗ emissions images (left olumn), laser indued �uoresene of OH(entral olumn) and veloity and streamline distribution (right olumn).Another important hallenge is that of the predition of ombustion instabilitiesin swirling �ame ombustor taking into aount the nonlinear �ame response.Previous investigations indiate that it is possible to �nd the linear stability mapof various types of burners but this is restrited to small perturbations and an-not aount for the limit yle osillations observed in pratie. It is well knownthat nonlinear mehanisms dominate the dynamis of real systems. These non-linearities determine the limit yle amplitudes, triggering of instabilities (themehanism by whih an unstable osillation appears when the system experi-enes a �nite amplitude perturbation), mode swithing (the hange in frequenyobserved during operation of pratial devies) and hysteresis, see Wiker andYang (1996); Dowling (1997); Dowling (1999); Lieuwen and Neumeier (2002a);Stöhr et al. (2009). It has been shown reently that these ombustion dynamisnonlinearities ould be represented with a uni�ed framework developed by Noirayet al. (2008) in whih the �ame transfer funtion (FTF) is replaed by a �amedesribing funtion onept (FDF) whih depends on the amplitude of perturba-tions impinging on the �ame. A frequeny domain stability analysis then yieldsgrowth rates and frequenies whih depend on amplitude. Appliation of theFDF to the analysis of the stability of an unon�ned by Noiray et al. (2008) oron�ned by Candel et al. (2009) multipoint injetion laminar burner indiatesthat it is possible to predit with reasonable auray many of the phenomenalisted previously. The present study follows these lines to determine frequeniesand amplitudes at the limit yle of a self-sustained instability.
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10 Introdution
Thesis objetives and ontents

Figure 6: Blok-diagram of the thesis manusript.The present researh fouses on premixed turbulent swirling �ames dynamis.This work omprises three main parts as shown in the blok-diagram of Fig. 6 :
• Swirling �ames, experimental design and system aoustis
• Flow and ombustion dynamis
• Combustion instabilities of swirling �amesThe blok-diagram in Fig. 6 gives the global organization while a more visualpresentation an be found in Fig. 7. The ontent of the nine hapters omposingthis doument are suessively onsidered in what follows.
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Part I Part II Part III

Swirling �ames, experimentaldesign and system aoustis Flow and ombustiondynamis Combustion instabilities inswirling �ames1 - Swirling �ows & swirling �ames 4 - Mode onversion proesses 9 - Combustion instabilities2 - Experiment desription and di-agnostis 5 - Combined dynamis of swirlerand turbulent swirling �ames3 - Combustion system aoustis :experiment and theory 6 - Swirler geometry and swirlnumber e�ets on FDF7 - LES of swirling �ame dynamis8 - Modeling of FTFFigure 7: Blok-diagram of the thesis manusript.
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12 IntrodutionPart I : Swirling �ames, experimental design and system aoustisThe �rst part of the manusript inludes bakground material on swirling �ows.It introdues expressions used to evaluate the swirl number whih is lassiallyused to determine the rotation rate of the �ow (hapter 1). The swirl numbermay be dedued from geometrial parameters like the vane angle. In the ase ofaxial swirlers, the vane angle depends on the radius and the swirl number anbe obtained by numerial integration. This extends known results like those on-tained in Gupta et al. (1984). The e�et of perturbations on the swirl numberis also disussed. It is shown that swirl number �utuations an be alulated interms of the inoming veloity disturbanes. These results are used to design theexperiment (hapter 2) and later on in the data interpretation. The swirling�ame experiment is desribed in hapter 2. Instrumentation, diagnostis anddata proessing are presented in this hapter as well. A method is proposed todetermine the heat release rate in the �ame at various instants during a yle ofosillation by proessing phase average hemiluminesene images. Chapter 3deals with the aousti response of generi ombustion systems whih inlude anupstream manifold, an injetor and a �ame tube. This response is investigatedexperimentally for a set of burners providing the eigenfrequenies. The dampingrate is also determined for these on�gurations. A oupled avity analysis is alsoused to predit resonant frequenies whih are then ompared with experimentaldata. This investigation is pursued with an analysis of onditions under whihaousti modes of a hamber �lled with hot ombustion produts an be onsid-ered deoupled from the plenum aoustis supplying the fresh reatants througha injetion manifold. The aim is to provide an index Ξ whih an be used to seewhether elements loated on the upstream of the reation region an be onsid-ered aoustially deoupled from downstream elements of the ombustor.Part II : Flow and ombustion dynamisThis part is onerned with the dynamis of swirling �ows and swirling �ames.The analysis begins with an investigation of the mode onversion proess takingplae when aousti waves impinge on a swirler (hapter 4). The phenomenonis �rst studied in the ase of a two dimensional airfoil asade using a modelderived from an atuator disk theory. The model provides the amplitude of bothaxial and azimuthal veloity omponents and de�nes their phase shift. Numerialsimulations and experiments are then arried out to on�rm model preditions.The aerodynamis of the �ow entering the ombustor hamber is also examinedand a omparison of mode onversion proesses between axial and radial swirlersis arried out. The dynamis of swirling �ames is onsidered in hapter 5.The study begins with experimental determinations of �ame desribing funtionsfollowing the framework developed by Noiray et al. (2008). The dynamis of
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Introdution 13two premixed on�ned swirling �ames is studied by examining their response toinident veloity perturbations. A Strouhal number is used to haraterize theresponse in an attempt to ollapse transfer funtion data. The �ame dynamis isthen investigated with hemiluminesene images. It is shown that the �ame issubmitted to a transmitted axial aousti perturbation whih propagates at thespeed of sound and to an azimuthal veloity perturbation whih is onveted atthe �ow veloity. It will be demonstrated that the net result is that the dynam-ial response and unsteady heat release rates are determined by the ombinede�ets of these axial and indued azimuthal veloity perturbations. Chapter 6onerns the in�uene of the swirler geometry on the �ame desribing funtion.Two swirlers, axial and radial are investigated. The swirl number is also usedas parameter to see impat on the �ame response. Chapter 7 is devoted tothe understanding of mehanisms based on Large Eddy Simulations (LES) usingthe AVBP ode (see Shönfeld and Rudgyard (1999); Sta�elbah et al. (2009)).The dynamis of a turbulent premixed on�ned swirling �ame is investigated us-ing LES. The �ame response is determined by introduing an external aoustiforing at two modulation frequenies orresponding to harateristi values ofthe �ame desribing funtion obtained experimentally. Swirl number �utuationsand vortex roll-up are retrieved in the simulation and as their e�et on the �amedynamis. Calulations also indiate that vortex shedding takes plae at the in-jetor lip outlet. Vorties originating from this region are onveted by the �ow,impinge on the �ame and roll-up the �ame tip. This proess interferes with the�ame motion indued by swirl number �utuations to de�ne the �ame responsein terms of heat release rate. Chapter 8 reports a possible modeling of the linear�ame transfer funtion. An analytial model is derived for the linear response ofswirling �ames submitted to aousti veloity disturbanes. Theoretial transferfuntions of swirling �ames are not so ommon and do not fully reprodue har-ateristi features of the �ame response, see Huang and Yang (2005); Borghesiet al. (2009), exept the study from Komarek and Polifke (2010). Many previ-ous studies do not aount for the presene of an azimuthal veloity disturbaneonveted by the �ow in addition to the initial axial omponent propagating atthe speed of sound. This feature whih is reported in some reent investigations(Wang and Yang (2005); Komarek and Polifke (2010); Huang and Yang (2009))is however not inluded in most of these studies with the exeption of Komarekand Polifke (2010) whih provides a phenomenologial representation of the FTF.The �ame dynamis is represented by a linearized version of the G-equation inthe present analysis. It is �rst onluded that the �ame motion results fromthe ombined e�ets of axial and azimuthal veloity perturbations. The latterdisturbanes are generated at the swirler when this element is submitted to axialveloity �utuations, they are onveted by the �ow and impinge on the �ame.In this disturbane �eld the swirl number is perturbed and this is e�etivelymodeled by assuming that the turbulent burning veloity is modulated by theaxial and azimuthal veloity perturbations. Theoretial transfer funtions ob-
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14 Introdutiontained are ompared with measurements orresponding to two bulk veloities ata onstant mean swirl number S = 0.55.Part III : Combustion instabilities of swirling �amesChapter 9 leads an instability analysis based on the FDF methodology. Thermo-aousti instabilities are analyzed here by making use of a nonlinear representa-tion of the �ame dynamis based on the desribing funtion. The �ame desribingfuntion determined experimentally in the previous hapters is ombined with anaousti transfer matrix representation of the system to estimate growth rates andosillation frequenies as a funtion of perturbation amplitude. This equilibriumis obtained when the amplitude dependent growth rate equals the damping ratein the system. This requires an independent determination of this last quantitywhih is here based on measurements of the resonane response urve. Resultsobtained are ompared with observations from systemati experiments arriedout by varying the test ombustor geometry.
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Part ISwirling �ames, experimentaldesign and system aoustis
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Chapter 1
Swirling �ows and swirling�ames

Abstrat : Swirling �ows are ommonly enountered in �uid mehan-is and ombustion researh and in a variety of industrial appliationslike gas turbines or jet engines. The swirl number is the naturaldimensionless group used to haraterize swirling �ows. The derivationof the swirl number is brie�y reviewed. This is then used to derive aperturbed form of this number. We next onsider the e�et of the vaneangle evolution and its in�uene on the swirl number of axial swirlers.As the vane angle hanges with the radius, the swirl number an beestimated by numerial integration. An expression of the swirl numberis derived whih takes into aount the swirler vane angle. The last partof this hapter is onerned with unsteady e�ets on the swirl number.This analysis takes into aount the unsteady momentum terms in theaxial and azimuthal momentum �uxes. Finally, a synthesis gathers swirlnumber expressions found in the present work and brie�y reviewed thosein the literature.
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18 Part I. Swirling flames, experimental design and system aoustisRésumé : Les éoulements swirlés sont ouramment renontrées en mé-anique des �uides, en ombustion et dans de nombreuses appliationsindustrielles omme les turbines à gaz ou les turboréateurs. Ces éoule-ments en rotation sont généralement aratérisés par le nombre de swirl,un groupement sans dimensions dont la dé�nition est d'abord donnée. Ondéduit de ette expression une forme perturbée de e nombre qui fait in-tervenir la di�érene entre les �utuations relatives de vitesse azimutaleet axiale. On onsidère dans un deuxième temps l'e�et de l'évolution del'angle des pales pour un swirler axial. Comme l'angle des pales hangeave le rayon, le nombre de swirl peut être estimé au moyen d'une inté-gration numérique. Une expression est don déduite en tenant en omptede l'angle au bord de fuite des pales de la vrille. La dernière partie duhapitre traite des e�ets instationnaires sur le nombre de swirl. On mon-tre dans e hapitre qu'il est possible de prendre en ompte les termesd'aumulation de moment angulaire azimutal et de quantité de mouve-ment axiale. Une synthèse rassemble �nalement les expressions obtenuespour le nombre de swirl.1.1 Physial mehanisms in swirling �owsSwirling �ows are ommonly found in industrial appliations and give rise tomany fundamental issues. E�ets of swirl are exploited in many systems to sta-bilize �ames and obtain a ompat ombustion region. Swirl is used to redue theombustor size (see for example Galley (2006)). The �ow dynamis in swirling�ames is ontrolled by the level of swirl (the rate of rotation in the �ow) whihan be haraterized by the swirl number. Changes in this number result inhanges in the geometry of the �ow as illustrated in Fig. 1.1.It is spei�ally shown that when the swirl number is inreased a reverse �owis generated inside the ombustor. This yields an inner reirulation zone (IRZ)where burnt gases ontinuously ignite the fresh stream fed from the injetor. Theinner reirulation zone is assoiated with the vortex breakdown phenomenonwhih has been extensively investigated (see for example the review by Lua-Negro and O'Doherty (2001)). This phenomenon appears for a ritial swirlnumber when the axial pressure gradient is suh that the �ow has a stagnationpoint and as a onsequene is reversed. There are three main vortex breakdownstrutures aording to Sarkpaya (1971) respetively the double-helial mode,the axisymmetri mode and the helial mode. The �rst one is observed at lowReynolds number, the seond also referred as bubble mode is haraterized bya stagnation point on the �ow axis followed by a reirulation zone. The lastmode features a stagnation point on the �ow axis where the enter of the vortex
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Chapter 1. Swirling flows and swirling flames 19

Figure 1.1: Flow patterns observed for swirling jets and �ames issuing from divergentnozzles. The swirl number inreases from type A to type C. Type A : with zero or lowswirl number intensity, the annular air �ow tends to separate from the nozzle surfae nearthe nozzle throat. Flames produed with this type of �ow have a �utuating �ame frontpositioned at a distane downstream from the burner exit. Type B : for an intermediateor high degree of swirl, the air �ow is stably attahed to the divergent nozzle walls andenloses a large torroidal vortex. A reverse �ow zone is situated in the enters of the jet.This is typially the on�guration used to stabilize swirling �ames. Type C : this �owpattern represents the radial wall jet. Flames produed with this �ow type are attahedto the burner fae and to the wall of the ombustion hamber. Adapted from Beer andChigier (1972).exeutes a helial motion. This last mode is also designated as preessing vortexore (PVC) (see for example Syred and Beer (1972)).One aspet of swirling �ows onerns the ourrene of the preessing vortexore (PVC) whih is one manifestation of vortex breakdown. This type has beenreviewed by Syred (2006) for non reative and reative on�gurations. A typialswirl stabilized ombustor presenting suh PVC struture is shown in Fig. 1.2
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20 Part I. Swirling flames, experimental design and system aoustis

Figure 1.2: Isosurfae of a low pressure level used to visualize an isothermal PVCformed at the exit of the swirl burner from Roux et al. (2005).(borrowed from Roux et al. (2005)). One does not quite know if suh PVC in�u-ene the struture and �ame dynamis in reative swirling �ows. This issue anbe investigated with numerial simulations as exempli�ed in Selle et al. (2004);Roux et al. (2005)While muh researh has onerned stationary swirling �ows and �ames, the in-�uene of unsteadiness is less well doumented. It is spei�ally useful to explorethe e�et of inoming perturbations on the rate of rotation of the �ow and exam-ine the e�et of suh perturbations on the swirl number. One mehanism whihwill be examined in this doument is shown in Fig. 1.3 in a blok-diagram formshowing the response of swirling �ame as we investigated it in the present thesis.Aousti waves impinging the swirler give rise to a transmitted axial aousti
Figure 1.3: Blok-diagram of the swirling �ame dynamis. Mode onversion takesplae at the swirler and indues swirl number �utuations. An axial aousti wave v′xis transmitted while an azimuthal wave v′θ is onveted. Combination of both wavesdownstream the swirler generates swirl number �utuations S′/S in the �ow. Thetransmitted aousti wave downstream the swirler gives rise to rollup at the �ame tips.The interferene of both swirl number �utuations and rollup determine the level of the�ame response. See Palies et al. (2010).
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Chapter 1. Swirling flows and swirling flames 21wave v′x and to an azimuthal onvetive wave v′θ whih interfere downstreamthe swirler. As the swirl number depends upon both veloity signal vx and vθ,swirl number �utuations S′/S ours. That topi is investigated in the presentmanusript. The axial aousti wave indued a vortex rollup at the �ame. Theinterferene of both swirl number �utuations and rollup determine the level ofthe �ame response, see Palies et al. (2010) and hapter 6. Some indiations onthis mehanism are ontained in Hirsh et al. (2005); Wang and Yang (2005);Komarek and Polifke (2010). Further information is provided in the presentdoument (see hapters 5 and 7).1.2 Theoretial derivation of swirl numberIt is natural to introdue the swirl number and onsider methods whih an beused to estimate this quantity. The basi on�guration of a on�ned swirling �owis displayed in Fig. 1.4.
er

eθ

ez

Figure 1.4: Swirling �ow on�guration. Cylindrial referential is shown.As a starting point of the theoretial derivation (see Galley (2006)), it is onve-nient to use the mass and momentum equations written in ylindrial oordinates(er, eθ, ez). The veloity of a �uid partile is de�ned as v(r, t) and omponentsof this vetor are : vr,vθ and vz.It is onvenient to introdue at this point the angular momentum �ux Gθ :
Gθ =

∫ R

0
ρvθvzr

2 dr (1.1)
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22 Part I. Swirling flames, experimental design and system aoustisand the axial momentum �ux Gz:
Gz =

∫ R

0
(ρv2

z + p)r dr (1.2)The swirl number is de�ned by taking the ratio of the angular momentum �ux
Gθ to the axial momentum �ux Gz times the radius R :
S =

Gθ

RGz
=

∫ R
0 ρvθvzr

2 dr

R
∫ R
0 (ρv2

z + p)r dr
(1.3)It is �rst interesting to show that under fairly general assumptions, Gθ and Gz donot depend on z so that the swirl number S de�ned by Eq. (1.37) is a onservedquantity. The derivation begins with the balane equations of �uid dynamiswritten in the absene of body fores.The mass balane equation may be written in the form :

∂ρ

∂t
+

1

r

∂ρrvr

∂r
+

1

r

∂ρvθ

∂θ
+
∂ρvz

∂z
= 0 (1.4)The radial momentum balane is :

∂vr

∂t
+v·∇vr−

v2
θ

r
= −

1

ρ

∂p

∂r
+ν

[
∂2vr

∂z2
+

1

r

∂

∂r

(
r
∂vr

∂r

)
+

1

r2
∂2vr

∂θ2
−
vr

r2
−

2

r2
∂vθ

∂θ

] (1.5)The azimuthal momentum balane may be ast in the form :
∂vθ

∂t
+v·∇vθ +

vr vθ

r
= −

1

ρ r

∂p

∂θ
+ν

[
∂2vθ

∂z2
+

1

r

∂

∂r

(
r
∂vθ

∂r

)
+

1

r2
∂2vθ

∂θ2
−
vθ

r2
+

2

r2
∂vθ

∂θ

](1.6)The axial momentum balane is :
∂vz

∂t
+ v · ∇vz = −

1

ρ

∂p

∂z
+ ν

[
∂2vz

∂z2
+

1

r

∂

∂r

(
r
∂vz

∂r

)
+

1

r2
∂2vz

∂θ2

] (1.7)The following analysis relies on four additional assumptions : the �ow is onsid-ered steady ∂/∂t ∼ 0, axisymmetri ∂/∂θ ∼ 0 and visous e�ets are assumedto be negligible ompared to the inertial terms. The gravity term is generallynegligible in the types of �ows onsidered in this doument.With these hypothesis, the mass balane Eq. (1.4) beomes :
1

r

∂rvr

∂r
+
∂vz

∂z
= 0 (1.8)
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Chapter 1. Swirling flows and swirling flames 23The radial momentum equation Eq. (1.5) yields :
vr
∂vr

∂r
+ vz

∂vr

∂z
−
v2
θ

r
= −

1

ρ

∂p

∂r
(1.9)The azimuthal momentum equation Eq. (1.6) gives :

vr
∂vθ

∂r
+ vz

∂vθ

∂z
+
vr vθ

r
= 0 (1.10)The axial momentum equation Eq. (1.7) beomes :

vr
∂vz

∂r
+ vz

∂vz

∂z
= −

1

ρ

∂p

∂z
(1.11)Furthermore, it is onvenient to work with onservative forms of the balaneequations. Only axial and azimuthal momentum equations are useful to analyzethe swirl number de�nition.The azimuthal momentum equation an be ast in onservative form as :

∂ρvrvθ

∂r
+
∂ρvθvz

∂z
+ 2ρ

vθvr

r
= 0 (1.12)The onservative form of the axial momentum equation may be written as :

∂ρvrvz

∂r
+
∂ρv2

z

∂z
+ ρ

vzvr

r
= −

∂p

∂z
(1.13)One may now integrate these last equations Eq. (1.12) and Eq. (1.13) over aonstant setion A of the �ow �eld perpendiular to the z axis.Azimuthal momentum equation : One may �rst multiply the azimuthalmomentum equation Eq. (1.12) by r :

r
∂ρvrvθ

∂r
+ r

∂ρvθvz

∂z
+ 2ρvθvr = 0 (1.14)and integrate the azimuthal momentum equation over the setion A :

∫

A

[
r
∂ρvrvθ

∂r
+ r

∂ρvθvz

∂z
+ 2ρvθvr

]
dS = 0 (1.15)This yields :

∫ R

0

[ ∫ 2π

0
r2
∂ρvrvθ

∂r
+ r2

∂ρvθvz

∂z
+ 2rρvθvr

]
dθdr = 0 (1.16)
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24 Part I. Swirling flames, experimental design and system aoustisAs the system is axisymmetri, this leads to :
∫ R

0

[
r2
∂ρvrvθ

∂r
+ r2

∂ρvθvz

∂z
+ 2rρvθvr

]
dr = 0 (1.17)The �rst and last terms in the braket may be ombined :

2rρvθvr + r2
∂(ρvrvθ)

∂r
=
∂(r2ρvrvθ)

∂r
(1.18)One dedues the following expression for the azimuthal momentum balane :

∫ R

0

[
∂(ρr2vrvθ)

∂r
+
∂(ρr2vθvz)

∂z

]
dr = 0 (1.19)From this last equation, one �nds that :

d

dz
Gθ = −

[
ρvrvθr

2

]R

0

(1.20)For a �ow in a ylindrial dut vr(R) = 0 and Eq. (1.20) shows that the quantity
Gθ is onserved along the z axis. It is important to note that when the setion isnot onstant meaning that R = R(z), the previous expression involves additionalterms.Axial momentum equation : The same proess is applied to the axial mo-mentum equation and yields :
d

dz

∫ R

0
(ρv2

z + p)r dr = −

[
rρvrvz

]R

0

(1.21)from whih one dedues that :
d

dz
Gz = −

[
ρvrvzr

]R

0

(1.22)Sine vr(R) = 0 this indiates that the quantity Gz is onserved along the z axis.Result : Gθ and Gz are respetively the azimuthal angular momentum �uxand the axial momentum �ux. These quantities will be onserved along the zaxis when the right hand terms of Eq. (1.20) and Eq. (1.22) will be zero. Thisis ahieved when the �ow is on�ned with an axial swirler so that the radialveloities vanish at the boundaries vr(R) = vr(0) = 0. Hene, in a on�nedon�guration with an axial or a radial swirler, the swirl number S is onserved
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Chapter 1. Swirling flows and swirling flames 25keeping in mind that turbulene e�ets and visosity are negleted.It is thus lear that the swirl number de�ned by :
S =

Gθ

RGz
=

∫ R
0 ρvθvzr

2 dr

R
∫ R
0 (ρv2

z + p)r dr
(1.23)is independent of z.1.3 Perturbative form of swirl numberIt is possible to derive a linearized form of the swirl number S from equation Eq.(1.23) by onsidering a perturbed veloity �eld omprising axial and azimuthalveloity omponents :

vz(r, z, t) = vz(r) + v′z(z, t)

vθ(r, z, t) = vθ(r) + v′θ(z, t)
(1.24)Negleting the pressure term, only retaining �rst order terms in the �ow pertur-bations and substituting Eq. (1.24) in Eq. (1.23) leads to the following expressionof the linearized swirl number S :

S =

∫ R
0 ρ(vθvz + vθv

′

z + vzv
′

θ)r
2 dr

R
∫ R
0 (ρv2

z + 2vzv′z)r dr
(1.25)After some simple manipulations, one obtains :

S =

∫ R
0 ρvθvzr

2 dr

R
∫ R
0 ρv2

zr dr

[
1 + v′z

vz
+

v′θ
vθ

1 + 2v′z
vz

] (1.26)where the mean swirl number S is de�ned by :
S =

∫ R
0 ρvθvzr

2 dr

R
∫ R
0 ρv2

zr dr
(1.27)The linearized expression of the swirl number S may then be written as :

S = S

[
1 +

v′θ
vθ

−
v′z
vz

] (1.28)One �nds that the relative �utuation in swirl number S′/S an be expressed interms of the relative �utuations in azimuthal and axial veloity omponents :
S′

S
=
v′θ
vθ

−
v′z
vz

(1.29)
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26 Part I. Swirling flames, experimental design and system aoustis1.4 E�et of twisted vanes on swirl numberIn many situations of pratial interest, the �ow is set in rotation with axialswirlers equipped with straight or twisted vanes. The analysis of the �rst type ofswirler is arried out for example by Gupta et al. (1984). It is worth examiningthe latter ase whih is less well doumented.The vane angle e�et on the steady swirl number is then investigated startingwith the following expression :
S =

∫ r2

r1
ρvθvzr

2 dr

r2
∫ r2

r1
(ρv2

z + p)r dr
(1.30)One an assume that the axial veloity vz is onstant over the radius r and thatthe density of the �uid is also onstant. Negleting the pressure term p oneobtains (Ivani et al. (2003)) :

S =
2

r2(r22 − r21)

∫ r2

r1

vθ(r)

vz
r2 dr (1.31)The ratio vθ(r)/vz an be diretly linked to the angle δ(r) of the �ow at thetrailing edge of the vane of the swirler by tan δ(r) = vθ(r)/vz .This leads to the following expression :

S =
2

r2(r22 − r21)

∫ r2

r1

tan δ(r)r2 dr (1.32)This novel expression re�ets the e�et of the dependeny of the swirl numberon the angle of the trailing edge of the vane.Aerodynamis modeling : There are three generi model �ows whih an beused to desribe the �ow generated by a swirler : (a) Solid body rotation, (b)Free vortex () A ombination of solid body and free vortex �ows. In pratie,this de�nes the dependane of the azimuthal veloity omponent with respetthe radius r.The solid body rotation gives rise to the expression of vs
θ(r), where Ω is therotation rate of the �ow :

vs
θ = Ωr (1.33)
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Chapter 1. Swirling flows and swirling flames 27
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()Figure 1.5: Radial distributions of veloity for three types of �ows generated by aswirler. (a) : Solid body Vortex. (b) : Free Vortex. () : Combined Vortex.The free vortex de�nes an expression of vf
θ (r) where Γ is the irulation of the�ow suh that :

vf
θ =

Γ

r
(1.34)The ombined solid body rotation and free vortex orresponds to vc

θ(r) :
vc
θ = Ωr +

Γ

r
(1.35)It is possible to plot the radial distributions orresponding to the previous types of�ows in terms of the ratio : tan δ = vθ(r)/vz . Results are plotted in Figs. 1.5(a),(b) and ().It is easy to dedue the in�uene of the veloity distributions on the steady swirlnumber (see Fig. 1.6). This analysis is useful if the veloity distribution of aon�guration is known and an be identi�ed to one of the three generi �owsonsidered previously.
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()Figure 1.6: (a) : Swirl number S as a funtion of the rotation rate Ω. (b) : Swirlnumber S as a funtion of the irulation Γ. () : Swirl number S as a funtion of Ωand Γ.Angle modeling : When the veloity distribution is not known, it is possibleto determine the level of swirl by speifying the angle distribution of the swirlervanes. This is used in the swirler design proess. The swirl number S de�nedby Eq. (1.32) an be numerially determined for a given δ(r) distribution. Thefollowing hoie is made for this distribution :
δ(r) = δ1

[
1 + α

(
r − r1
r2 − r1

)m] (1.36)where α and m are oe�ients and δ1 is the vane angle at the trailing edge at
r = r1. Substituting this expression in Eq. (1.32), one obtains results plotted inFig. 1.7. The white squares urve orrespond to straight vanes expressions (Guptaet al. (1984)) in whih δ(r) is a onstant. The two others urves orrespond to apreset value of the swirl number S and provide the angles δ1 and δ2 whih needto be spei�ed to reah this number. These urves have been obtained by using
α = 1 and m = 1. For example to obtain a swirl number of 0.6, it is neessaryto have δ1 = 23.5◦ and δ2 = 47.5◦.
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Figure 1.7: Swirl number S obtained with Eq. (1.32) taking into aount the radiusdependeny of the axial swirler as a funtion of the angle of vane δ. Data obtainedtheoretially are ompared with expressions based on straight vanes assumptions.1.5 Theoretial derivation of unsteady swirl numberWe have previously analyzed the �utuations in swirl number indued by pertur-bations in the veloity omponents. However, this analysis was based on a steady�ow expression of the swirl number. In the unsteady �ow ase, one wonders ifthis is still appropriate or if one should inlude unsteady angular momentum andmomentum �ux terms in the swirl number. This is investigated in what follows.This analysis is only meant to explore a possible modi�ation of the de�nition ofthe swirl number whih might be more adequate than the steady state expression.We introdue a new de�nition of the swirl number :
S(t) =

Jθ

RJz
=

1

R

∫
z

∫ R
0

∂ρvθ

∂t r
2 dr dz +

∫ R
0 ρvθvzr

2 dr
∫
z

∫ R
0

∂ρvz

∂t r dr dz +
∫ R
0 (ρv2

z + p)r dr
(1.37)
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30 Part I. Swirling flames, experimental design and system aoustiswhere :
Jθ =

∫

z

∫ R

0

∂

∂t
(ρvθr

2) dr dz +Gθ (1.38)and
Jz =

∫

z

∫ R

0

∂

∂t
(ρvzr) dr dz +Gz (1.39)These two quantities Jθ and Jz take into aount unsteady aumulations terms.It is shown in what follows that both Jθ and Jz do not depend on z so that thisunsteady swirl number is again onstant in the �ow but an vary with time.The starting point is still the mass and momentum balane equations with un-steady terms.The mass balane equation is :

1

r

∂rvr

∂r
+
∂vz

∂z
= 0 (1.40)Keeping the unsteady term, the radial momentum balane may be written as :

∂vr

∂t
+ vr

∂vr

∂r
+ vz

∂vr

∂z
−
v2
θ

r
= −

1

ρ

∂p

∂r
(1.41)The azimuthal momentum equation takes the form :

∂vθ

∂t
+ vr

∂vθ

∂r
+ vz

∂vθ

∂z
+
vr vθ

r
= 0 (1.42)and the axial momentum balane may be written as :

∂vz

∂t
+ vr

∂vz

∂r
+ vz

∂vz

∂z
= −

1

ρ

∂p

∂z
(1.43)The gravity term g is negleted in the last expression. It is onvenient to workwith onservative form of equations and one only needs axial and azimuthal mo-mentum equations to obtain a working expression for the swirl number.For the azimuthal momentum equation, one has:

∂ρvθ

∂t
+
∂ρvrvθ

∂r
+
∂ρvθvz

∂z
+ 2ρ

vθvr

r
= 0 (1.44)whih an be also written under the form :

r
∂ρvθ

∂t
+ r

∂ρvrvθ

∂r
+ r

∂ρvθvz

∂z
+ 2ρvθvr = 0 (1.45)
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Chapter 1. Swirling flows and swirling flames 31This equation an be integrated over a onstant setion of the �ow �eld perpen-diular to the z axis :
∫ R

0
r2
∂

∂t
(ρvθ)dr +

∫ R

0

∂

∂r
(ρr2vrvθ)dr +

∫ R

0
r2
∂

∂z
(ρvθvz)dr = 0 (1.46)Then :

∫ R

0
r2
∂

∂t
(ρvθ)dr +

∫ R

0
r2
∂

∂z
(ρvθvz)dr = −

[
ρr2vrvθ

]R

0

(1.47)Substituting in this last equation the expression of Gθ, one obtains :
∫ R

0
r2
∂

∂t
(ρvθ)dr +

d

dz
Gθ = −

[
ρr2vrvθ

]R

0

(1.48)And �nally :
d

dz

[ ∫

z

∫ R

0
r2
∂

∂t
(ρvθ)drdz +Gθ

]
= −

[
ρr2vrvθ

]R

0

(1.49)The axial momentum equation is :
∂ρvz

∂t
+
∂ρvrvz

∂r
+
∂ρv2

z

∂z
+ ρ

vzvr

r
= −

∂p

∂z
(1.50)This equation an also be integrated over a onstant setion of the �ow �eldperpendiular to the z axis.Azimutal momentum equation : For the azimutal momentum equation andfollowing the previous derivation resulting in Eq. (1.49), one obtains :

d

dz
Jθ =

d

dz

[ ∫

z

∫

z
r2
∂

∂t
ρvθ drdz +Gθ

]
= −

[
ρvrvθr

2

]R

0

(1.51)Sine vr(R) = 0, one �nds that :
d

dz
Jθ = 0 (1.52)Axial momentum equation : For the axial momentum equation and follow-ing the same derivation proedure, one has :

d

dz
Jz =

d

dz

[ ∫

z

∫

z
r
∂

∂t
ρvz drdz +Gz

]
= −

[
ρvrvzr

]R

0

(1.53)Sine, vr(R) = 0, one obtains :
d

dz
Jz = 0 (1.54)
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32 Part I. Swirling flames, experimental design and system aoustisResult : The previous derivation indiates that :
Jθ = Gθ +

∫

z

∫ R

0

∂

∂t
ρvθr

2 dr dz (1.55)and
Jz = Gz +

∫

z

∫ R

0

∂

∂t
ρvzr dr dz (1.56)are onstant with respet to z.Both axial and azimuthal unsteady terms appear in equations Eq. (1.55) andEq. (1.56). The unsteady swirl number S(t) an then be de�ned by :

S(t) =
Jθ

RJz
=

1

R

∫
z

∫ R
0

∂ρvθ

∂t r
2 dr dz +

∫ R
0 ρvθvzr

2 dr
∫
z

∫ R
0

∂ρvz

∂t r dr dz +
∫ R
0 (ρv2

z + p)r dr
(1.57)This unsteady swirl number S(t) is also onstant in the �ow.1.6 Perturbative form of unsteady swirl numberTo explore the previous formulation, it is onvenient to derive a linearized versionof Eq. (1.57). This is ahieved in what follows. One onsiders that perturbedveloity �eld is given by :

vz(r, z, t) = vz(r) + v′z(z, t)

vθ(r, z, t) = vθ(r) + v′θ(z, t)
(1.58)Substituting this veloity �eld in equation Eq. (1.57), integrating the expressionover the distane L orresponding to the swirler axial size and only retaining �rstorder terms one obtains :

S(t) =

∫ R
0 ρ(vθvz + vθv

′

z + v′θvz − iωv′θL)r2 dr

R
∫ R
0 ρ(v2

z + 2vzv′z − iωv′zL)r dr
(1.59)After some manipulations, one �nds that :

S(t) =

∫ R
0 ρvθvzr

2 dr

R
∫ R
0 ρv2

zr dr

[
1 +

v′θ
vθ

+ v′z
vz

− iωL
vz
v′θvθ

1 + 2v′z
vz

− iωL
vz

v′z
vz

] (1.60)One �nally obtains the following expression for the linearized unsteady swirlnumber :
S(t) = S(t)

[
1 +

v′θ
vθ

−
v′z
vz

− i
ωL

vz

(
v′θ
vθ

−
v′z
vz

)] (1.61)
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Chapter 1. Swirling flows and swirling flames 33Swirl number S ∫ R

0
ρvθvzr2 dr

R
∫ R
0

(ρv2
z+p)r drLinearized form S S

[
1 +

v′θ
vθ

− v′z
vz

]Flutuation S′/S
v′

θ

vθ
− v′z

vzUnsteady swirl number S(t) 1
R

∫
z

∫ R
0

∂ρvθ
∂t

r2 dr dz+
∫ R
0

ρvθvzr2 dr
∫
z

∫ R
0

∂ρvz
∂t

r dr dz+
∫ R
0

(ρv2
z+p)r drLinearized form S(t) S(t)

[
1 +

v′θ
vθ

− v′z
vz

− iωL
vz

(
v′θ
vθ

− v′z
vz

)]Flutuation S′(t)/S(t)

[
v′θ
vθ

− v′z
vz

][
1 − iωL

vz

]Table 1.1: Theoretial work of the present study on swirl numbers.The relative �utuation of the linearized unsteady swirl number is suh that :
S′(t)

S(t)
=

[
v′θ
vθ

−
v′z
vz

][
1 − i

ωL

vz

] (1.62)1.7 SynthesisA synthesis of swirl numbers derived in the previous setions is given in Table. 1.1.It is also interesting to summarize the various swirl number relations found inthe literature. These numbers are gathered in Table. 1.2. The lassial swirlnumber expression Eq. (1.23) inludes a pressure term whih is often di�ultto estimate but is generally small ompared to the momentum �ux term. Thepressure term is sometimes replaed by a term 1/2v2
θ (see for example Ribeiroand Whitelaw (1980)) or it is simply removed as in Ivani et al. (2003) whihis reasonable for low veloity on�gurations. For turbulent inompressible �ows,expressions have been derived by Chigier and Chervinsky (1967); Mattingly andOates (1986) whih inlude turbulent �utuations but the Reynolds stress term

v′θv
′

z is di�ult to obtain experimentally. Many simpli�ations are available inthe literature as in Gupta et al. (1984) where the swirl number is given as afuntion of the trailing edge angle of the swirler vanes. This orrelation an be
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34 Part I. Swirling flames, experimental design and system aoustisimproved by taking into aount the vane angle pro�le as shown in a previoussetion. In analytial studies of vortex breakdown, another de�nition has beenproposed with a veloity distribution taken at the origin z0 (see Billant et al.(1998)). Finally, it is also possible to de�ne the swirl number as the inverseof the Rossby number (Liang and Maxworthy (2005)). An overview of theseexpressions are gathered in Table. 1.2.Classial swirl number S = ∫ r2
r1

ρvθvzr2 dr

r2

∫ r2
r1

(ρv2
z+p)r drRibeiro and Whitelaw (1980) S = ∫

∞

0
ρvθvzr2 dr

r2

∫
∞

0
ρ(v2

z−
1

2
v2

θ
)r drIvani et al. (2003) S = ∫ r2

r1
ρvθvzr2 dr

r2

∫ r2
r1

ρv2
zr drMattingly and Oates (1986) S = ∫ r2

r1
ρ(vθvz+v′

θ
v′z)r2 dr

r2

∫ r2
r1

(ρv2
z+ρv′2z +(p−p∞))r drChigier and Chervinsky (1967) S = ∫ r2

r1
ρ(vθvz+v′

θ
v′z)r2 dr

r2

∫ r2
r1

ρ(v2
z−

1

2
v2

θ
+v′2z −

1

2
(v

′2

θ
+v′2r ))r drGupta et al. (1984) S = 2

3
1−(r2/r1)3

1−(r2/r1)2
× tan δPalies (2010) S = 2

r2(r2

2
−r2

1
)
×

∫ r2

r1
tan δ(r)r2 drBillant et al. (1998) S = 2vθ(r2/2,z0)

vz(0,z0)Liang and Maxworthy (2005) S = r2Ω
vzTable 1.2: Synthesis on swirl numbers.
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Chapter 2
Experimental setup anddiagnostis

Abstrat : The laboratory-sale experiment and diagnostis used inthis thesis are now desribed. The fous is on the di�erent parts of thesetup and spei�ally on the swirler devies. Diagnostis assoiated toLDV and heat release rate measurements are then detailed. The Abeltransform method is presented and will be used in this manusript toanalyze swirling �ame dynamis. Two methods are desribed whih anbe used to determine the heat release rate. The �rst uses a photomulti-plier whih aptures the whole light radiated by the �ame. The seondis based on the sum of the pixel light intensity reeived by an ICCDamera without any �lter. It is shown that a good agreement betweenboth tehniques is obtained indiating that the light emission reorded bythe ICCD amera mainly originates from free radials in the �ame.
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36 Part I. Swirling flames, experimental design and system aoustisRésumé : L'expériene de laboratoire et les diagnostis utilisés danse doument sont dérits dans e hapitre. La desription porte surles di�érents éléments de l'installation et traite notamment des swirlers.Les diagnostis de mesures assoiées à la véloimétrie laser (LDV), auphotomultipliateur et aux mirophones sont ensuite exposés. On déritla transformée d'Abel qui est utilisée dans e manusrit pour déduire lastruture de �amme des images d'émission et analyser la dynamique dela �amme swirlées au ours d'un yle d'osillation. Deux méthodes dedétermination du taux de dégagement de haleur d'une �amme sont en-suite omparées. La première utilise un photomultipliateur qui aptetoute la lumière rayonnée par la �amme. La seonde est basée sur lasomme de l'intensité lumineuse reçue par les pixels d'une améra ICCDsans �ltre. Il est démontré que les signaux déduits de es deux types deapteurs sont en bon aord.2.1 IntrodutionThis hapter introdues the main elements of the experiment. The setup isdesribed in setion 2.2. The axial and radial swirlers design is disussed insetion 2.3. And setion 2.4 is a review of diagnostis with speial attention tothe laser Doppler veloimeter and to the Abel transform proedure. That lastsetion also presents a novel method to determine the heat release rate of a �amebased on the postproessing of hemiluminesene images.2.2 Laboratory-sale experimentThe burner skethed in Fig. 2.1 omprises a standard body inluding a driverunit, a settling hamber, a ontration ended by a onstant diameter dut wherea swirler is installed, a horizontal end piee and a ylindrial �ame tube. Anair/methane premixed �ow is delivered from the premixing unit through twodiametrally opposed apertures at the base of the burner. The �ow then rossesa grid and a honeyomb in order to break the largest turbulent sales. The gasthen traverses a onvergent unit to derease the boundary layer thikness, reduethe level of turbulene and generate a �at veloity pro�le at the swirler input.The rotation of the �ow is generated by an axial swirler equipped with vanesarranged periodially around a entral rod (d = 6 mm in diameter). This entralrod is terminated with a small one (10 mm in diameter at its base) whih isused to stabilize the �ame in the swirling �ow and to minimize �ashbak. Theouter diameter of the injetion tube is d = 22 mm. The tube on�ning the �ameis made of quartz allowing optial visualization of the �ame and transmitting
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Chapter 2. Experimental set-up and diagnostis 37

(a) (b) ()Figure 2.1: (a) : Experimental on�guration used to measure �ame desribing fun-tions. (b) : Without the loudspeaker, this setup is also used to obtain frequenies andamplitude of veloity disturbanes u′/Ub under self-sustained limit yle operation. () :Idealized representation of the burner geometry. Three lengths of the upstream manifold
l1 an be used together with three di�erent length of the �ame tube l3.its radiation in the near ultraviolet. Its diameter is 70 mm and the length l3an take di�erent values : 100 mm, 150 mm, 200 mm and 400 mm respetively.There are also three lengths l1 available for the upstream manifold : short (96mm), medium (160 mm) and long (224 mm). The upstream manifold diameteris 65 mm. The length of the onvergent unit is 60 mm. Combination of theseelements yields twelve geometrial on�gurations.The equivalene ratio is set equal to φ = 0.7 in all experiments exept with theradial swirler at S = 0.65 where the equivalene ratio is 0.63. A premix unit isused to mix methane and air far upstream mass �ow ontrollers. Two operatingonditions A and B were investigated orresponding respetively to two bulk �owveloities Ub = 2.67 m s−1 and 4.13 m s−1, determined in the injetor tube down-stream of the swirler. The orresponding Reynolds numbers are respetively Re= 3 900 and Re = 6 000.Air is provided by the laboratory �ltered network and the generating pressureis 6 bars. The G20 methane is stored on site. Flow rate ontrol during exper-iments is performed by means of mass �owontrollers : maximum �ow rates of
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38 Part I. Swirling flames, experimental design and system aoustis

(a) (b)
() (d)
(e) (f)Figure 2.2: Photos from the experiment. (a) : global view of the setup. (b) : lose-upview of the swirler and the rod. () : view of the �ame inside the quartz tube. (d) :saturated image of the �ame. (e) & (f) : �ame and laser operating.4.2 l s−1 for the air stream and of 0.6 l s−1 for the methane stream. Reordeddata are proessed with Labview and Matlab. Loudspeakers are also used inthe experiments presented hereby, either to determine the burner aoustis by
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Chapter 2. Experimental set-up and diagnostis 39exiting the eigenmodes of the system or to modulate the upstream �ow veloity.Charateristis of the di�erent tools are gathered in Table 2.1.In Fig. 2.2, we show photographs of the experiments. (a) : global view of thesetup with the burner onsisting in three parts : the �ame tube, the injetor andthe upstream manifold. The ooling tubes are also visible. (b) : lose-up viewof the swirler and the rod. () : view of the �ame inside the quartz tube. (d) :saturated image of the �ame. (e) & (f) : �ame and laser under operation.
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40PartI.Swirlingflames,experimentaldesignandsystemaoustis

Table 2.1: Materials and diagnosti tools harateristis.Equipment Manufaturer RefereneFlow-ontroller (Air) Bronkhorst F202AC-FAC55V, 5 Nm3h−1 with C3H8Flow-ontroller (CH4) Bronkhorst F201AC-FAC33V, 50 Nlmin−1 with N2Mirophone (5Hz-20kHz, 50mV/Pa) Brüel & Kjaer 4189Mirophone preampli�er Brüel & Kjaer 2669Mirophone ampli�er Brüel & Kjaer Nexus Conditioning Ampli�erHot wire probe Dante Dynamis 55P16Power supply Dante Dynamis Mini CTA 54T30Photomultiplier Eletron Tubes Limited 91295BCurrent to voltage onvertor Eletron Tubes Limited Transimpedane Ampli�er A1Loudspeaker Foal 4K211Sinusoidal wave generator Hameg HM8040Loudspeaker ampli�er Europsoni PA-9402
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Chapter 2. Experimental set-up and diagnostis 412.3 Swirlers

Figure 2.3: Close-up view of the upperpart of the burner.

The swirler loation is shown inFig. 2.3. Three swirler geometrieshave been designed in this thesis: one axial and two radials whihdi�ers by their swirl numbers. Themain part of the work presentedin the manusript onerns the ax-ial swirler. This swirler is skethedin Fig. 2.4 while one of the radialswirler is skethed in Fig 2.5. Bothgeometries are widely enounteredin industrial appliations likes gasturbines or jet engines and in re-searh studies. The geometry ofthe swirlers was optimized to ob-tain a predetermined value of theswirl number orresponding to a�ow featuring a well establishedinner reirulation zone. Anotherobjetive was to redue the pertur-bation level produed downstreamof the swirler due to the presene of the blades. This was obtained by usingNACA 8411 airfoils to design the blades. The result of the design proess is aswirler omprising vanes periodially spaed. The swirler was manufatured byfast prototyping of plasti material, see Palies et al. (2009). The surfae qualityis moderately smooth but su�ient for the present purpose. In this study, theswirl number is determined experimentally by integrating the pro�les of meanaxial and azimuthal veloities measured at the injetor outlet.Axial swirler : The axial swirler is made of eight vanes periodially spaed by45◦. The vanes are twisted, so that the angle at the trailing edge evolves linearlyfrom 30◦ at the hub to a value of 58◦ at the vane tip. Twisting is employed toimpose the same rotation to the �ow streamlines along the vane. In the abseneof twist there would be regions near the vane tip in whih the �ow might not bede�eted enough. The evolution angle at the trailing edge as a funtion of theradius is given by :
δ(r) = δ1

[
1 + α

(
r − r1
r2 − r1

)m] (2.1)
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42 Part I. Swirling flames, experimental design and system aoustiswhere α = 1 and m=1 are the oe�ients of the pro�le and δ1 = 30◦ is the vaneangle at the trailing edge at r = r1.Radial swirler : The radial swirlers are made of eighteen vanes periodiallyspaed by 20◦. Vanes are made of NACA 8411 airfoils pro�les. Two parametersharaterized the radial geometry : the thikness of the irular inlet setion ofthe swirler and the trailing edge angle of the vanes. The trailing edge angle isequal to 58◦ for the �rst one and 72◦ for the seond one. The thikness of theirular inlet setion is 6 mm for the �rst swirler and 4 mm for the seond one.They provide two distints swirl numbers respetively S = 0.55 and S = 0.65.

(a) (b)Figure 2.4: Axial swirler geometry. (a) : upstream side. (b) : downstream side.

(a) (b)Figure 2.5: Radial swirler geometry with thikness h = 4 mm. (a) : upstream side.(b) : downstream side.2.4 Diagnostis
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Chapter 2. Experimental set-up and diagnostis 43LDV : Veloity pro�les were obtained by laser Doppler veloimetry (LDV),under automated displaement ontrol and data aquisition. Light delivered bythe green line of a 5W Argon-ion Laser (λ = 514.5 nm) is sattered by the seededpartiles and olleted by a �ltered photomultiplier. Veloity is dedued from theDoppler bursts by a frequeny ounter. In all experiments, the referene osillat-ing veloity is measured at z = 2.9 mm above the edge of the nozzle. Mironioil droplets are generated by a perfume atomizer, see Durox et al. (1999). Themean droplet diameter is 2.5 µm and the droplet size dispersion is small (80%of the size distribution is under 5 µm). The seeding rate, set at about 25 000validated data samples per seond (over 70% validation) assures well resolvedmeasurements in a wide range of frequenies between 10 and 400 Hz (Duroxet al. (2004)). These data rate and validation perentage an be ahieved by amode of the frequeny ounter allowing multiple ounts per partile, with Braggfrequeny shift of 0.1 MHz. When the frequeny ounter mode is swithed todeliver one ount per partile, the data rate drops to about 5 000 samples perseond and the validation perentage beomes 60%. This ensures that there istypially only one partile at a time in the probe volume.Mean veloity pro�les measured by LDV at the outlet of the injetor for the threegeometries are now investigated. The swirl number alulation is done aordingto the following formulae from Gupta et al. (1984) and realized on the right sideof the veloity pro�les :
S =

∫ R
0 ρ u v 2π r2 dr

R
∫ R
0 ρ u2 2π r dr

(2.2)where ρ is the �uid density, u and v respetively the axial and azimuthal veloityomponents, r the radius and R the harateristi outer radius.The omparison is �rst ahieved between the axial and the radial swirlers andresults of measurements are skethed in Fig. 2.6. The alulated swirl numbersare lose to S = 0.55 for both swirlers. For the axial swirler, Fig. 2.6 (a), it isobserved that veloity pro�les are not perfetly symmetri and this e�et is dueto the wakes of the vanes behind the swirler. The maximum of axial veloity islose to 4.1 m s−1 while the maximum of azimuthal veloity is near 2.4 m s−1.For the radial swirler, Fig. 2.6 (b), we also distinguished little di�erenes in thesymmetry of the pro�les. In this ase, the maximum axial veloity is lose to 3.8m s−1 and the maximum azimuthal veloity is 2.4 m s−1.One an now investigated the mean axial and azimuthal veloity pro�les gener-ated by radial swirlers. They are both presented in Fig. 2.7. For the �rst one,Fig. 2.6 (a), the swirl number is S = 0.55 while for the seond one in Fig. 2.7(b), the swirl number is lose to 0.65. This an be seen by mathing azimuthal
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44 Part I. Swirling flames, experimental design and system aoustis
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(a) (b)Figure 2.6: Mean veloity pro�les of axial and azimuthal omponents at the injetoroutlet measured with a laser Doppler veloimeter. The swirl number dedued from theseveloity pro�les is equal to S = 0.55. (a) : Axial swirler (b) : Radial swirler.
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(a) (b)Figure 2.7: Mean veloity pro�les of axial and azimuthal omponents at the injetoroutlet measured with a Laser Doppler Veloimeter for the radial swirlers. Results givetwo distints values for the swirl number. (a) : S = 0.55, h = 6 mm (b) : S = 0.65, h= 4 mm.veloity pro�les where it is lear that in the seond ase, the maximum is 3 m s−1while this maximum is 2.4 m s−1 for the �rst ase. In both ases, the maximumaxial veloity reah a onstant value of 3.8 m s−1. While the axial omponent ofthe veloity keep a onstant value between both swirlers, the azimuthal ompo-nent inreases whih re�ets an inrease of the swirl number from 0.55 to 0.65.Abel transform : The �ame motion indued by inoming perturbations willbe analyzed in hapter 6 using optial imaging tehniques to interpret �amedesribing funtions data. This an be ahieved by making use of OH PLIFmethods as done by Thumuluru et al. (2007); Lee et al. (2000); Bellows et al.
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Chapter 2. Experimental set-up and diagnostis 45

(a) (b)Figure 2.8: (a) Typial average emission image aquired with the ICCD amera. (b)Abel transform. Con�guration : Ub = 4.13 m s−1, f = 100 Hz and u′/Ub = 0.5.(2007) or by diretly reording the �ame emission with an ICCD amera as didKülsheimer and Bühner (2002); Shuller et al. (2003a); Bellows et al. (2007).The method is in fat quite lassial and has been used in numerous ombustiondynamis studies. Some early emission images from free radials were obtainedfor example by Poinsot et al. (1987). A diret analysis of instantaneous �ameemission images is not suitable beause turbulent �utuations tend to hide theorganized motion assoiated with the periodi motion. It is also important toremember that emission images are formed by integrating �ame radiation overthe line of sight. It is then more suitable to use a ombination of phase ondi-tioned averaging of emission images followed by an Abel transformation. Themain objetive is to apture the dynamis of the �ame at a set of instants in theyle of osillation. This is ahieved by aumulating one hundred instantaneousimages for twelve seleted phases in the yle. The resulting averages are thenompressed by binning adjaent pixels of two by two matries to derease theimage size and augment the signal to noise ratio. An Abel transform is thenapplied to eah binned image to get the two dimensional �ame slie. This pro-essing is applied to �ames A and B desribed previously. The Abel transformis illustrated in Fig. 2.8 for an external modulation frequeny f = 100 Hz. Theproessed image indiates that ombustion is onentrated in a �ame brush witha �ame edge in the injetor near �eld adjaent to a entral ore. A speial pro-ess has been applied to redue the noise assoiated with the Abel transform : aGaussian �lter is used to smooth the data on the axis. This does not ompletelyredue the �utuations whih appear near the axis of symmetry.The shape of the �ame is �rst examined without modulation for the seleted
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46 Part I. Swirling flames, experimental design and system aoustisoperating onditions A and B orresponding respetively to mean �ow veloities
Ub of 2.67 m s−1 and 4.13 m s−1 at the outlet of the injetor tube. Figure 2.9 dis-plays four images of the �ame for eah operating ondition. The �rst (Fig. 2.9(a))orresponds to an instantaneous image of the �ame region. This shows the highlywrinkled �ame pattern formed by the system. The seond image (Fig. 2.9(b))is an ensemble average of a hundred instantaneous images whih highlights themean �ame pattern without external perturbations. The third image (Fig. 2.9())is obtained by taking the Abel transform of the average image. This yields aslie through the mean �ame. The Abel transform is appliable if the average�ame is rotationally symmetri. Images in Fig. 2.9(d) have been saled in termsof volumetri heat release rate. To do this, one assumes that the relation be-tween hemiluminesene and heat release is linear and essentially depends onthe equivalene ratio whih is onstant in the present experiments. It is usuallyonsidered that the dependene with respet to urvature, strain and unsteadi-ness is less important and that the orresponding variations are small. It is thenpossible to use a saling fator β and obtain an estimate of the volumetri heatrelease rate in W m−3. This is admittedly an approximation but it provides anorder of magnitude whih an be quite useful. For example the values obtainedin this way an be ompared with those dedued from alulations thus servingas a guide to modeling. One may then write :
q̇(r, x, t) = β × I(r, x, t) (2.3)where q̇(r, x, t) is the loal heat release rate and I(r, x, t) the pixel light intensity.The saling fator β an be determined by integrating the previous expressionover the �ame volume
Q̇ =

∫
q̇(r, x, t)2πrdrdx = β

∫
I(r, x, t)2πrdrdx (2.4)Assuming omplete ombustion, the global heat release in the �ame is given by

Q̇ = ṁf∆h where ṁf is the fuel mass �ow rate and ∆h is the heat released byonversion of a unit mass of fuel. The saling fator β expressed in W m−3 isthen equal to :
β =

ṁf∆h
∫ R
0

∫ x
0 I(r, x, t)2πrdrdx

(2.5)This fator an be used to generate distributions of volumetri heat release rate.Results obtained in this way indiate that the �ame volume and �ame size arelarger for �ame B. One also �nds that the shapes of �ames A and B are quitesimilar, exept near the on�nement wall for �ame B where the �ame front isslightly bent in the viinity of the wall.
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Chapter 2. Experimental set-up and diagnostis 47Flame A Flame B
(a)
(b)
()
(d)Figure 2.9: From top to bottom : (a) Instantaneous images of the �ame, (b) Average of100 instantaneous images, () Abel transform of the average image, (d) Abel transformof the average image providing a two-dimensional slie through the �ame saled in Wm−3. Operating point A (left olumn) Ub = 2.67 m s−1. Operating point B (rightolumn) Ub = 4.13 m s−1.
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48 Part I. Swirling flames, experimental design and system aoustisHeat release rate : ICCD amera and photomultiplier : It is interestingto examine the heat release rate signal deteted by the photomultiplier equippedwith an OH∗ �lter olleting light λ = 308 nm and the light intensity deduedfrom images aquired with the ICCD amera equipped with a lassial glass lenswithout �lter apturing only the visible light of the �ame. This is essentially theCH∗ radiation for a lean methane/air �ame. This analysis is arried out for twofrequenies. The photomultiplier signal is plotted as solid lines in Fig. 2.10 forthe frequenies at f = 60 Hz and f = 90 Hz for �ame A.

(a) (b)Figure 2.10: Photomultiplier signal and visible light emission signal for �ame A, u′/Ub= 0.5 and φ = 0.7. (a) f = 60 Hz. (b) f = 90 Hz. Signals over one period are dupliatedfor two periods.
The same �gure also shows the signal dedued by summing the pixel intensitydistribution from the ICCD amera frame. The summation of light intensityover all pixels of the onditioned average images gives a value whih is roughlyproportional to the heat release rate. These values an be used to synthesizethe phase average of unsteady light emission time signal. It is then possibleto substrat the mean value and divide by this value to obtain a relative lightintensity �utuation. This signal is plotted in Fig. 2.10 as gray dotted lines. Thesesignals and those delivered by the photomultiplier are quite lose indiating thatthe amera images are e�etively proportional to the intensity signal reordedby the photomultiplier equipped with the OH∗ �lter. It is then reasonable toonsider that these signals are roughly proportionnal to the heat release rate.This on�rms that the Abel transformed phase average images an be saled interms of volumetri heat release rate as illustrated in Fig. 2.9 (d).
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Chapter 2. Experimental set-up and diagnostis 492.5 ConlusionThe main elements used in the experiment are desribed. The swirlers geometrieshave been disussed. Systemati experiments are arried out to determine thelevel of swirl of eah swirler on�guration. Finally, a method is proposed for thedetermination of the heat release rate based on the hemiluminesene intensityof images aquired during one yle of modulation.
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52 Part I. Swirling flames, experimental design and system aoustis
Chapter 3Combustion system aoustis :experiment and theoretialanalysis

Abstrat : The aousti response of multi-elements ombustionsystems is examined in this hapter. This response is investigatedexperimentally for eah system providing the resonant frequenies. Thedamping rate is also determined for the various on�gurations. Atheoretial analysis based on oupled avities is then proposed to preditresonant frequenies and preditions are ompared with experimentaldata. Conditions are examined under whih aousti modes of a hamber�lled with hot ombustion produts an be onsidered deoupled fromthe plenum aoustis supplying the fresh reatants through a feedingmanifold. It is shown that this is ontrolled by values of the ouplingparameter Ξ = (ρbcb)/(ρucu)S2/S3 ≃ (Tu/Tb)
1/2(S2/S3) where Tu and

Tb are the unburnt and burnt gases temperatures and S3/S2 is theexpansion ratio between the feeding manifold and the hamber rosssetions. It is shown that the system aoustis an be analyzed byonsidering the plenum and the hamber aousti signatures separatelyfor small values of the parameter Ξ. This separation is possible for smallvalues of the hamber outlet impedane when the hamber exhaust isopen to atmospheri onditions or for high values of the outlet impedanewhen the hamber is for example equipped with a soni nozzle. Thease of a plenum featuring a Helmholtz resonane type is investigated indetail when the hamber exhaust impedane is modi�ed. It is shown thatself-sustained ombustion instabilities develop preferentially around theplenum mode. Exat relations under whih the plenum and the hambermodes are deoupled are derived.
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 53Résumé : La réponse aoustique du système de avités ouplées estexaminée dans e hapitre. Cette réponse est d'abord étudiée expérimen-talement pour haque système a�n de déterminer les fréquenes de réso-nane. Le taux d'amortissement est également obtenu pour les diverseson�gurations. On traite ensuite des onditions pour lesquelles les modesaoustiques d'une hambre remplie de produits de ombustion hauds peu-vent être onsidérées omme déouplés de l'aoustique de la partie amontde la hambre de ombustion fournissant les réatifs frais. On intro-duit à et e�et un paramètre de ouplage est Ξ = (cbρb)/(ρucu)S2/S3 ≃
(Tu/Tb)

(1/2)(S2/S3) où Tu et Tb sont respetivement les températures desgaz frais et des gaz brûlés, S3/S2 est le rapport des setions entre avitéaval et dispositif d'injetion. Il est démontré que l'aoustique du sys-tème peut être analysé en déouplant les signatures aoustiques de lapartie aval de la partie amont pour des petites valeurs du paramètre Ξ.Cette séparation est possible pour les petites valeurs de l'impédane desortie de la hambre, lorsque la sortie de la hambre est ouverte orre-spondant aux onditions atmosphériques ou pour des fortes valeurs del'impédane de sortie, lorsque par exemple la hambre est équipée d'unetuyère sonique. Le as d'une avité amont aratérisée par une réso-nane de type Helmholtz est étudié en détail lorsque l'impédane de sortieest modi�ée. Il est démontré que les instabilités de ombustion auto-entretenues se développent de préférene autour du mode résonant de laavité amont. Les relations exates dans lesquelles les modes de la avitéamont et de la avité aval sont déouplés sont obtenues.3.1 IntrodutionIn many pratial appliations �ames are stabilized in a hamber behind a feed-ing manifold onneted to a plenum featuring a large expansion ratio S3/S2 ≫ 1between the feeding manifold ross setion S2 and the ombustion hamber rosssetion S3. This is used to reate a reirulation of the hot ombustion produtsthat help to stabilize the �ame. The feeding manifold is eventually also equippedwith a swirler to obtain ompat lean �ames enabling redued levels of pollu-tant emissions, see Lefebvre (1998). These on�gurations are however prone toaousti indued ombustion instabilities whih redue the range of operation ofthe burner, see Candel (2002); Lieuwen (2005); Culik (2006). In these regimes,self-sustained ombustion osillations develop from initial perturbations and fea-ture a frequeny whih lies around one of the aousti modes of the ombustoras shown for example by Yu et al. (1991); Noiray et al. (2008).In an e�ort to takle these problems at the design stage, it is important to have a
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54 Part I. Swirling flames, experimental design and system aoustisgood knowledge of the ombustor aousti modes prior to any stability analysis.These modes an often be assoiated with an eigenfrequeny of quarter wave orHelmholtz type mode in simple setups (see among other studies by Shuller et al.(2003a); Noiray et al. (2006)). In more omplex on�gurations, aousti modesan be determined experimentally using an internal or an external foring devie.Progress has been made with the use of numerial tools based on aousti net-works of ompat elements by Poinsot et al. (1987); Dowling and Stow (2003);Sattelmayer and Polifke (2003); Poinsot and Veynante (2001) or more reently ofHelmholtz solvers by Nioud et al. (2007) to determine the set of aousti modesof pratial ombustors, see for example Selle et al. (2006). Reent simulationsaount for the detailed geometry of the ombustor and the temperature �eld thatdetermines the loal sound speed, and may also inlude aousti dissipation asilustrated by Searby et al. (2008) or aousti dampers e�ets as Oshwald et al.(2008). Preditions yield the orret frequenies and shapes of the ombustormodes if the aousti boundary onditions at the domain limits are well known.This raises some di�ulties beause aousti impedanes at the fuel and air inletsor at the hamber outlet may be in�uened by the mean �ow, see Janardan et al.(1976); Cumpsty and Marble (1977b); Sattelmayer (2003) or by the perturbationamplitude level, see Tran et al. (2009). Another issue is that it is often di�-ult to estimate the impat of modi�ations of the ombustor initial geometryon the modal distribution. Of ourse, parametri analysis an be undertakento determine the sensitivity to slight hanges of the aousti boundary ondi-tions or to some geometrial elements, but from an engineering point of view itis also desirable to determine simple rules whih would help simplify the problem.This hapter aims at providing a riterion whih an be used to see if elementsloated upstream of the reation region an be onsidered aoustially deoupledfrom downstream elements of the ombustor. Coupled low frequeny instabili-ties involving the propellant feed system and the ombustion hamber have beenmainly resolved by deoupling these omponents using large head losses in theinjetion units, as explained for example by Culik and Yang (1995). This anbe obtained in laboratory sale ombustors by using soni nozzles as shown byBloxsidge et al. (1988); Shadow et al. (1990); Yu et al. (1991); Kendrik et al.(1996); Ekstein et al. (2006) , but this solution is not reommended for gasturbine ombustors where head losses should be minimized between the feedingmanifold and the ombustion hamber, see Lefebvre (1998). A new riterion isproposed whih relies on the geometrial arrangement of the main elements insidethe ombustor. It may be used (1) On existing on�gurations to infer if elementsof the ombustor an be onsidered aoustially deoupled or (2) At the designstage of new hambers to weaken aousti oupling between parts of the ombus-tors and to freeze some degrees of freedom for potential ranges of unstable modes.
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 55

Figure 3.1: Shemati representation of a ombustor modeled by three oupled avities.Using lassial elements of aoustis for plane wave propagation in low Mah�ows inside avities, it is shown that the analysis of the aousti signatures ofmany burners an often be simpli�ed into the analysis of the plenum and theombustion hamber aoustis separately. Conditions are examined where thisseparation is possible for ombustors featuring an exhaust open to atmospherionditions in setion 3.2. E�ets of the hamber outlet impedane are then pre-sented in setion 3.3. The ase of a ombustor omprising a plenum featuring aHelmholtz resonane (bulk �ow osillation) is investigated in detail throughoutthe hapter. These theoretial elements are ompleted in setion 3.4 by exper-imental validations. Setion 3.5 is devoted to estimate damping of the system.Setion 3.6 ompares preditions of pressure distribution.
3.2 Aousti analysis of three oupled avitiesThe objetive is to alulate the eigenfrequenies of three oupled avities, wherethe two �rst ones (1) and (2) are �lled with fresh reatants at a temperature Tuharaterized by the same density ρu and sound speed cu and the last one (3)is �lled with hot ombustion produts at a temperature Tb with a lower density
ρb and a higher speed of sound cb ( Fig. 3.1). The ombustion region, if any, isassumed to be ompat in the following developments. Assuming one dimensionalharmoni plane waves of the form u(x, t) = ũ(x) exp(−iωt) where the quantity
u denotes the aousti pressure p or veloity v, the following expressions an be
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56 Part I. Swirling flames, experimental design and system aoustiswritten in the di�erent avities (1), (2) and (3) :
p̃1(x) = A exp(ikux) +B exp(−ikux) (3.1)

ρucuṽ1(x) = A exp(ikux) −B exp(−ikux) (3.2)
p̃2(x) = C exp(iku(x− l1)) +D exp(−iku(x− l1)) (3.3)

ρucuṽ2(x) = C exp(iku(x− l1)) −D exp(−iku(x− l1)) (3.4)
p̃3(x) = E exp(ikb(x− l1 − l2)) + F exp(−ikb(x− l1 − l2)) (3.5)

ρbcbṽ3(x) = E exp(ikb(x− l1 − l2)) − F exp(−ikb(x− l1 − l2)) (3.6)where the oe�ient A, B, C, D, E and F are omplex numbers. This setof equations must omply with the following set of ontinuity and boundaryonditions, (similar alulations an be found in mu�ers analysis as exempli�edby Munjal (1987)) :
ṽ1(0) = 0 (3.7)
p̃1(l1) = p̃2(l1) (3.8)

S1ṽ1(l1) = S2ṽ2(l1) (3.9)
p̃2(l1 + l2) = p̃3(l1 + l2) (3.10)

S2ṽ2(l1 + l2) = S3ṽ3(l1 + l2) (3.11)
p̃3(l1 + l2 + l3) = 0 (3.12)Veloity vanishes at the inlet of the system. Pressure and volume �ow rate areontinuous at the dut setion hanges. Pressure vanishes at the system exhaust.Using Eqs. (3.1) to (3.6) within Eqs. (3.7) to (3.12) yields a system whih an bewritten in a matrix form, M [AB CDE F ]T = 0, where M is given by :



1 −1 0 0 0 0

e(ikul1) e(−ikul1) −1 −1 0 0
S1

S2
e(ikul1) −S1

S2
e(−ikul1) −1 1 0 0

0 0 e(ikul2) e(−ikul1) −1 −1

0 0 Ξe(ikul2) −Ξe(−ikul2) −1 1

0 0 0 0 e(ikbl3) e(−ikbl3)




(3.13)where Ξ = (ρbcb)/(ρucu)S2/S3 ≃ (Tu/Tb)
1/2(S2/S3). Modes of these three ou-pled avities orrespond to non trivial solutions of detM = 0.One may symplify the determinant by deomposition along the last line and thenthe last olumn. One is left with :

detM = −2 cos(kbl3) detMuu − 2i sin(kbl3) detMub (3.14)where detMuu orresponds to the determinant of the two �rst oupled avities�lled with gases at the same temperature Tu and detMub orresponds to a ou-pling term between avities separated by the �ame. Before speifying the exat



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 57 � #79
i

i

i

i

i

i

Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 57form of theses terms, it is worth noting that this deomposition has yielded anexpression where aousti oupling between avities �lled with gases at di�erenttemperatures is isolated in a single term.Consider �rst the determinant detMuu where :
Muu =




1 −1 0 0

e(ikul1) e(−ikul1) −1 −1
S0

S1
e(ikul1) −S0

S1
e(−ikul1) −1 1

0 0 e(ikul2) e(−ikul1)


 (3.15)then

detMuu = −4

[
cos(kul1) cos(kul2) −

S0

S1
sin(kul1) sin(kul2)

] (3.16)Modes alulated from detMuu = 0 are assoiated with the two avities (1) and(2) traversed by a fresh stream of reatants. The �rst mode of this system is ofHelmholtz type, with a wavelength λH large ompared to the avities lengths l1and l2 : λH ≫ l1, l2. In this ase, the following appoximations an be made inEq. (3.16) :
cos(kul1) ≃ cos(kul2) = 1 and sin(kul1) ≃ kul1 sin(kul2) ≃ kul2The dispersion relation detMuu = 0 then redues to :

1 −
S1

S2
k2

ul1l2 = 0 (3.17)One retrieves the lassial Helmholtz angular frequeny :
ω2

H =
c2uS2

S1l1l2
=
c2uS2

V1l2
(3.18)where V1 = S1l1 is the volume of the �rst avity, see Shuller (2003); Poinsot andVeynante (2001).One should now onsider the seond determinant detMub appearing in Eq. (3.14).This oupling term between the avities �lled with unburnt gases and the �ameon�nement tube �lled with burnt produts takes the form :

Mub =




1 −1 0 0

e(ikul1) e(−ikul1) −1 −1
S1

S2
e(ikul1) −S1

S2
e(−ikul1) −1 1

0 0 Ξe(ikul2) −Ξe(−ikul1)


 (3.19)
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58 Part I. Swirling flames, experimental design and system aoustisand
detMub = −4iΞ

[
cos(kul1) sin(kul2) +

S1

S2
sin(kul1) cos(kul2)

] (3.20)where Ξ = (S2/S3)(ρbcb)/(ρucu) is a dimensionless parameter. It is interestingto note that aoustis oupling between the avities separated by the �ame isontrolled by the values of this parameter Ξ.By ombining Eqs. (3.16) and (3.20), the determinant of the three oupledavities takes an elegant form :
detM = 8cos(kbl3)

[
cos(kul1) cos(kul2) −

S1

S2
sin(kul1) sin(kul2)

]

− 8 sin(kbl3)Ξ

[
cos(kul1) sin(kul2) +

S1

S2
sin(kul1) cos(kul2)

] (3.21)Note that if Ξ takes vanishingly small values (Ξ ≪ 1), the ontribution from
detMub in the preeding equation an be negleted and the dispersion relation
detM = 0 redues to :
0 = cos(kbl3)

[
cos(kul1) cos(kul2) −

S1

S2
sin(kul1) sin(kul2)

] (3.22)This is an important ase for ombustion systems beause (1) The expansionratio between the hamber and the feeding manifold ross setions is often large(S2/S3 ≪ 1) and (2) the spei� impedane between the hot and fresh gasessales approximatively with the square root of the unburnt to burnt temperatureratio ρbcb/(ρucu) ≃ (Tu/Tb)
1/2 whih also takes small values (Tu/Tb = 0.15−0.40in typial appliations). This last expression shows that for many ombustors theplenum an often be onsidered aoustially deoupled from the hamber modes.Modes of the oupled avities {(1), (2), (3)} are then assoiated either with theplenum injetor system or with the hamber separately :

cos(kbl3) = 0 (3.23)
cos(kul1) cos(kul2) −

S1

S2
sin(kul1) sin(kul2) = 0 (3.24)Solutions of Eq. (3.23) orrespond to hamber modes and are of the quarter wavetype fn

c = (2n + 1)cb/(4l3), where n is an integer. Solutions of Eq. (3.24) orre-spond to modes assoiated with the avities {(1), (2)} �lled with fresh reatants.There is no oupling between plenum and hamber modes when the parameter Ξtakes vanishingly small values. This result may be useful to design ombustionhambers deoupled from the plenum aoustis whih supply the reatants.It is interesting to examine the ase of a plenum with a large volume (1) followedby a narrow hannel (2) where a swirler may eventually be installed. This is a
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 59typial ase for many pratial burners. The dominant resonant mode is thenoften of Helmholtz type fH = ωH/(2π), where ω2
H = c2uS1/(V1l2), V1 being thevolume of the avity (1). Consider the general ase where the parameter Ξ is notneessary small in Eq. (3.21), the oupled avities aousti signature still takesa relatively simple form. Assuming large wavelengths ompared to the plenumand the feeding manifold dimensions λ ≫ l1, l2 in Eq. (3.21), one obtains thefollowing dispersion relation :

cos(kbl3)

(
1 − k2

u

S1l1l2
S2

)
− Ξ sin(kbl3)

(
1 +

S1l1
S2l2

)
kul2 = 0 (3.25)Noting that kb = ω/cb, ku = ω/cu and using the fat that in a Helmholtz res-onator V1 = S1l1 ≫ V2 = S2l2, the preeding relation simpli�es to yield :

1 −

(
ω

ωH

)2

− Ξ

(
S1l1
S2l2

)1/2

tan

(
ωl3
cb

)
ω

ωH
= 0 (3.26)This expression shows that modes of this system are ontrolled by three ompet-ing parameters :1. The �rst is the oupling parameter between the avities separated by the�ame Ξ = (S2/S3)(ρucu)/(ρbcb) ≃ (S2/S3)(Tu/Tb)

1/2,2. The seond is the square root of the plenum avity volumes (V1/V2)
1/2,3. The last orresponds to the Helmholtz number Heb = ωl3/cb of the on-�nement tube, whih an be estimated by replaing the angular frequeny

ω by the Helmholtz frequeny ωH : Heb ≃ ωH l3/cb.The volume ratio V1/V2 generally takes high values (V1/V2 ≫ 1), but this isompensated by the two other ontrol parameters whih take small values. Asalready mentioned the parameter Ξ is generally small (Ξ ≪ 1). The Helmholtznumber Heb ≪ is also generally small, beause it is desirable to design ompathambers and the sound elerity of the ombustion produts cb takes high val-ues. Typial sound elerities in the burnt gases of pratial burners ranges from
cb ≃ 600 to 900 m s−1. The net e�et is that the seond term in Eq. (3.26) is inmany ases small ompared to the other ones, and this ontribution an often bedisarded when the produt Ξ(V1/V2)

1/2Heb ≪ 1 takes small values. This leads toan important result, that the system aoustis is solely ontrolled by the plenumHelmholtz mode (for hambers with a large expansion ratio). Modi�ations of thehamber length do not hange the system aoustis when the plenum features aHelmholtz resonane. In this aoustial environment, self-sustained longitudinalombustion instabilities may essentially develop around the Helmholtz resonane.In the low frequeny range, this indiates the predominane of the aoustis en-vironment upstream from the ombustion region ompared to modi�ations ofthe downstream side of the �ame region.
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60 Part I. Swirling flames, experimental design and system aoustisThe analysis developed above applies to ombustors open to atmospheri ondi-tions and may explain some results observed in laboratory sales experiments,but the validity of this �nding is yet limited beause pratial on�gurationsoften feature di�erent downstream impedane onditions. It is then worth inves-tigating e�ets of a modi�ation of the downstream boundary ondition on themodal distribution of three oupled avities.3.3 E�ets of modi�ation of the downstream bound-aryThe ase of three oupled avities with an arbitrary boundary ondition at theon�nement tube outlet an be treated easily using the type of analysis devel-oped in the previous setion. Equation (3.12) is now replaed by an impedaneondition at the on�nement tube outlet. This impedane is represented by Z3and the boundary onditions beomes :
p̃3(l1 + l2 + l3) = Z3ṽ3(l1 + l2 + l3) (3.27)This leads to a modi�ation of the last line in the matrix M in Eq. (3.13) whihshould be replaed by the following expression :
E(1 − ζ3) exp(ikbl3) + F (1 + ζ3) exp(−ikbl3) = 0 (3.28)where ζ3 = Z3/(ρbcb) is the spei� impedane at the system outlet. Using thesame type of deomposition, one obtains a new expression for the determinant
detM whih is slightly modi�ed ompared to the ase of an open atmospheriondition Eq. (3.14) examined in setion 3.2 :
detM = detMuu [(ζ3 − 1) exp(ikbl3) − (ζ3 + 1) exp(−ikbl3)]

− detMub [(ζ3 − 1) exp(ikbl3) + (ζ3 + 1) exp(−ikbl3)] (3.29)One retrieves Eq. (3.14) for an outlet setion open to atmospheri onditionswhen the spei� impedane is �xed to ζ3 = 0. Note that this new expressionEq. (3.29) yields a dispersion relation detM = 0 valid for an arbitrary outletimpedane ζ3 whih has the same general struture as Eq. (3.14) when ζ2 is setto zero. Coupling between the plenum and the hamber avity modes is stillenompassed in the term detMub whih is proportional to the parameter Ξ. Forvanishingly small values Ξ ≪ 1, one is thus left with :
0 = detMuu [(ζ3 − 1) exp(ikbl3) − (ζ3 + 1) exp(−ikbl3)] (3.30)This new dispersion relation shows that the three avity modes depend on theplenum and the hamber modes independently. Modi�ations of the system outletimpedane has no e�et on the plenum aoustis when Ξ takes vanishingly small
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 61values. This results extends our previous �nding to a more general on�guration.Pratial burners omprising a plenum onneted to a �ame on�nement tubefeature no oupled modes between these elements when Ξ ≃ S2/S3(Tu/Tb)
1/2take small values independently of the outlet impedane. The solution whihis often adopted in laboratory failities is to use soni nozzles to avoid aoustiinterations between the di�erent avities from the ombustor, as for exampleto deouple the feeding lines from the hamber. This solution is generally notdesirable in pratial burners beause this also leads to high head losses and in-reases energy onsumption. The solution proposed hereby to deouple avitiesis simpler and does not inrease head losses.The analysis onduted above leads a priori to the same type of onlusion as thatfor a oupled avity problem with an exhaust open to atmospheri onditions.This is at �rst glane a surprising result, but it is worth realling that values ofthe oupling parameter Ξ were supposed to be vanishingly small. This idealizedondition is now examined in more detail by onsidering the ase of a burnerfeaturing a Helmholtz mode.The partiular ase of a system equipped with a plenum, a �ame on�nement tubeand a nozzle is now examined. The same type of analysis onduted in setion3.2 is undertaken when the on�nement tube is ended by a ompat nozzle. Thisis �rst arried out without any assumption on values of the parameter Ξ. Inthe limit of large wavelengths λ≫ l1, l2 ompared to the plenum and the feedingmanifold dimensions and large volume di�erenes V1 ≫ V2, the dispersion relationEq. (3.29) takes the form :

0 =

(
1 −

ω2

ω2
H

)
[cos(kbl3) − iζ3 sin(kbl3)]

− Ξ

(
S1l1
S2l2

)1/2 ω

ωH
[sin(kbl3) + iζ3 cos(kbl3)] (3.31)This expression may also be rewritten by separating terms whih depend on ζ3 :

0 =

(
1 −

ω2

ω2
H

)
cos(kbl3) − Ξ

(
S1l1
S2l2

)1/2

sin(
ωl3
cb

)
ω

ωH

− iζ3

[(
1 −

ω2

ω2
H

)
sin(kbl3) + Ξ

(
S1l1
S2l2

)1/2

cos(
ωl3
cb

)
ω

ωH

] (3.32)It is interesting to investigate two limiting ases. First note that when ζ3 = 0 fora downstream tube open to atmospheri onditions, one e�etively retrieves Eq.(3.26). Modes are then assoiated to the plenum and the manifold system or theon�nement tube separately when Ξ ≪ 1, and in many burners self-sustainedlongitudinal instabilities may only develop around the plenum Helmholtz fre-queny as shown in the previous setion. Taking the other limiting ase when
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62 Part I. Swirling flames, experimental design and system aoustis
ζ3 → ∞, this would orrespond to an aoustially losed on�nement �ame tube.The dispersion relation now redues to :
0 =

(
1 −

ω2

ω2
H

)
sin

(
ωl3
cb

)
+ Ξ

(
S1l1
S2l2

)1/2

cos

(
ωl3
cb

)
ω

ωH
(3.33)For vanishingly small values of the parameter Ξ ≪ 1, modes of the three oupledavities orrespond to a ombination of the plenum and the �ame on�nementtube modes alulated separately. The �ame tube modes are in this ase ofhalf wave type fn

c = ncb/(2l3) beause the avity is aoustially losed at thedownstream side. Modes separation is however more di�ult to obtain when
ζ3 → ∞ than when ζ3 = 0 beause the struture of the dispersion relationEq. (3.33) is slightly di�erent than that of Eq. (3.26). For ompat hambers�lled with hot produts, one an still assume Heb = ωl3/cb ≪ 1 and �rst orderapproximations of sin(Heb) ≃ Heb and cos(Heb) ≃ 1 an be used in Eq. (3.33) :
0 =

(
1 −

ω2

ω2
H

)
Heb + Ξ

(
S1l1
S2l2

)1/2 ω

ωH
(3.34)The riterion that minimizes interations between the plenum and hamber aous-ti avities redues to Ξ(V1/V2)

1/2 ≪ 1 when the downstream impedane goes toin�nity ζ3 → ∞. This is a more stringent ondition than Ξ(V1/V2)
1/2Heb ≪ 1obtained for vanishing values of the downstream impedane ζ3 = 0 (see setion3.2). In summary, regions separated by the �ame an be onsidered deoupledindependently of values of the ombustion hamber outlet impedane when theoupling parameter Ξ takes vanishingly small values. In pratial burners, thisoupling parameter takes a small but however a �nite value, and one should alsopay attention to values of the outlet impedane. For the ase of a plenum featur-ing an Helmholtz mode, it is possible to derive a quantitative riterion. Chambermodes an be onsidered deoupled when :

• Ξ(V1/V2)
1/2Heb ≪ 1 for ζ3 = 0, when the exhaust is open to the atmo-sphere,

• Ξ(V1/V2)
1/2 ≪ 1 when ζ3 −→ ∞, when the exhaust is aoustially losed.Conditions under whih the hamber exhaust impedane approahes that of rigidwall are now examined. Pratial hambers feature at their exhaust a distributorbefore the �rst stage of the high pressure turbine, see Lefebvre (1998). Thisdistributor is often modeled as a nozzle operating near soni onditions. Aoustidisturbanes through nozzles were analyzed by Cumpsty and Marble (1977b)as a funtion of the approah Mah number. Negleting entropy �utuationsonveted by the mean �ow and assuming a ompat nozzle traversed by hotombustion produts with a mean approah Mah �ow number Mb ≤ 1, thespei� nozzle impedane then writes :

ζ3 =
2

γ − 1

1

Mb
(3.35)
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 63where γb is the spei� heat apaity ratio of the burnt gases �owing through thenozzle. This expression shows that ζ3 → ∞ is a limiting ase reahed for smallapproah Mah numbers Mb ≪ 1 near the hamber exhaust. The nozzle then atsvery muh like a solid wall for aousti waves as indiated by Cumpsty and Mar-ble (1977b). In pratial on�gurations, the exhaust �ow is aelerated by thedistributor and the approah Mah number has a �nite value. Equation (3.33) isa good approximation of the dispersion relation for a ombustor equipped witha nozzle when the magnitude of the downstream impedane is larger than 10 :
ζ3 ≥ 10. Consider hot ombustion produts where γb ≃ 1.3, this ondition isful�lled for approah Mah numbers smaller than about Mb ≤ 0.65.A modi�ation of the downstream impedane by adding a ompat nozzle tothe hamber outlet leads to a redistribution of the modes within the ombustor.The parameter Ξ ≃ S2/S3(Tu/Tb)

1/2 is still an indiator of the oupling strengthbetween avities separated by the �ame. When this parameter takes vanishinglysmall values modes of the plenum and the �ame tube equipped with the nozzleare deoupled and an be analyzed separately. When the approah Mah num-ber remains lower than 0.65, modes of the �ame on�nement tube are of halfwave type. These modes are deoupled from the plenum Helmholtz mode when
Ξ(V1/V2)

1/2 ≪ 1.3.4 Experimental validation in a swirled turbulent om-bustorPreditions from setion 3.2 are ompared to experimental data obtained with aswirl burner equipped with a �ame on�nement tube open to atmospheri ondi-tions (see experimental setup in hapter 2). It was yet not possible to ondut theanalysis for a burner equipped with a nozzle at the hamber exhaust beause thesetup was not designed to sustain operating pressures higher than atmospheri.The burner omprises a ylindrial body of diameter D1 = 65 mm fed by twoinlet ports with a methane air mixture kept at a onstant mixture equivaleneratio Φ = 0.7. Three bodies of di�erent lengths l1 = 96, 160 and 224 mm anbe used to modify the plenum geometry. This ylindrial piee is followed by asmooth onvergent of ontration ratio σ = 3.9 and length l = 60 mm. A smalladaptation piee is then used to redue the outer diameter to D2 = 22 mm. Thetop of the burner is a straight tube of diameter D2 with a ylindrial elementwhere a hot wire an be installed to measure the loal �ow veloity and then aswirler to put the reative �ow mixture in rotation. The ylinder tube of length117 mm ends in the ombustion hamber where the mixture is burnt. A entralrod is also used to help to stabilize the lean �ame and to avoid �ashbak within



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 64 � #86
i

i

i

i

i

i

64 Part I. Swirling flames, experimental design and system aoustis

Figure 3.2: Experimental setup omprising a swirl burner with a plenum and a �ameon�nement tube.
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Figure 3.3: Low frequeny aousti response of the feeding manifold without �ameon�nement tube (l3 = 0). Curve on the left : large body (l1 = 224 mm). Curve at theenter : medium body (l1 = 160) mm. Curve on the right : short body (l1 = 96 mm).
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 65Plenum Short body Medium body Large body
l1 (mm) 96 160 224
f1 (Hz) 140 116 94/106
fH (Hz) 142 118 104Chamber Short tube Medium tube Long tube
l3 (mm) 100 200 400
fc (Hz) 635 365 197Table 3.1: Top lines : Measured (f1) and estimated (fH) plenum bulk osillationfrequenies fH = cu/(2π)(S2/Vele)

1/2 as a funtion of the ylindrial body length l1= 96, 160 and 224 mm. Feeding manifold outlet setion : S2 = 352 mm2. E�etivelength of the burner feeding manifold : le =
∫ 2

1
S2/S(x)dx + δ2 = 106 mm, where

δ2 = D2/2. Total manifold volume : Ve = S0l1 +V1, where V1 = 154 mm3 is the interiorvolume of the feeding manifold elements omprised between setion 0 and 1. Bottomlines : Estimated fundamental osillation frequeny of the hamber on�nement tube :
fc = cu/[4(l3 + δ2)], where δ2 = D3/2. The sound speed is taken equal to c2u = (γurTu)= 343 m s−1, with γu =1.4, r =287 kg−1 K−1 and Tu =293 K.the burner. It has a diameter d = 3 mm and extends from the top of the ylindri-al body (setion 1) to the hamber inlet (setion 2). The low frequeny aoustisignature of this set of elements onstituting the feeding manifold is plotted in�gure 3.3. It an be modeled by a Helmholtz resonator as proposed by Duroxet al. (2002); Shuller et al. (2003a) of e�etive volume Ve orresponding to thetotal volume of the burner and e�etive length le =

∫ 2
1 S2/S(x)dx + δ2 = 106mm, where S(x) is the loal ross setion area at the urrent axial oordinateomprised between setions 1 and 2, S2 = 352 mm2 is the �nal ross setion areaand δ2 = D2/2 is an end orretion. The bulk resonant mode of this feedingsystem is then given by fH = cu/(2π)(S2/Vele)

1/2, see Rienstra and Hirshberg(2005), and an be estimated as a funtion of the ylindrial body length l1 inTab. 3.1. Estimated and measured peak frequenies losely math exept withthe large body, where experimental data feature a double peak struture at 94and 106 Hz.The ombustion hamber is a ylindrial tube made of quartz of diameter D3 =
70 mm where a turbulent swirled �ame is stabilized. The swirl number was mea-sured using laser Doppler veloimetry at a distane z = 2.9 mm from the hamber�oor and a value of S = 0.55 was found for the operating onditions envisagedin this study. More information about the burner and detailed haraterizationsof the �ow and �ame dynamis an be found in the setion devoted to the ex-perimental setup page 36, hapter 1. Three di�erent quartz tubes of lengths
l3 = 100, 200 and 400 mm an be used to on�ne the �ame. The estimated fun-damental resonant frequenies of quarter-wave type fc = cu/[4(l3 + δ2)], where
δ2 = D3/2 is an end orretion, are also indiated in the bottom rows of Tab. 3.1.
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66 Part I. Swirling flames, experimental design and system aoustisShort body Medium body Large body
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Figure 3.4: Frequeny response of the burners submitted to external aousti modula-tions. From left to right, the plenum of the burner is equipped with the short (l1 = 96mm), medium (l1 = 160 mm) and large (l1 = 224 mm) ylindrial bodies. From top tothe bottom, the �ame on�nement tube length is inreased from l3 = 100, 200 to 400mm.
Experiments were �rst arried out without �ames. The aousti response of thissetup was haraterized using a loudspeaker, a referene mirophone measuringthe external pressure pe in front of the loudspeaker and a seond mirophone�xed at the bottom of the burner measuring the internal pressure �utuation piresulting from the external modulation. The response (p̃i/p̃e)

2 shows resonantpeaks whih are funtions of the plenum avity and the on�nement tube lengths(Fig. 3.4). Frequenies orresponding to the �rst two resonant peaks in these�gures are gathered at the top of Tab. 3.2 and are indiated by f1 and f2 respe-tively. The frequeny f1 dereases when the manifold body length is augmentedfrom l1 = 96, 160 to 224 mm. For a �xed plenum length, this frequeny alsoslightly dereases when the on�nement tube length is inreased. This depen-dene is nonetheless weak ompared to modi�ations of the plenum body length.
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 67Experiments Short body Medium body Large body
Tu = Tb = 293 K l1 = 96 mm l1 = 160 mm l1 = 224 mmPeak frequeny (Hz) f1 f1 f1

l3 = 0 mm 142 118 104Peak frequenies (Hz) f1 f2 f1 f2 f1 f2

l3 = 100 mm 137 754 113 757 95 696/757
l3 = 200 mm 133 428 111 425 90 420
l3 = 400 mm 117 241 109 231 88 230Unstable mode f1 f1 f1Peak frequenies (Hz) 135-140 115-128 97-125Table 3.2: Top lines : Resonant frequenies measured under old operating onditions.The two �rst peak frequenies f1 and f2 are indiated in Hz as a funtion of the plenumbody and the �ame on�nement tube lengths. Bottom line : Peak frequenies detetedat limit yles of unstable ombustion modes.The seond peak frequeny f2 dereases signi�antly when the �ame on�nementtube length is inreased from l3 = 100, 200 to 400 mm, but is almost insensitiveto modi�ations of the plenum body length l1. It is also found that the peak fre-queny f2 evolution follows the same trend as the quarter-wave mode fc indiatedin Tab. 3.1 for on�nement tube lengths l3 = 100, 200 and 400 mm. The ratio

f2/fc = 0.84±0.01 remains essentially onstant for the three frequenies explored.When the mixture is ignited, this setup features unstable regimes haraterizedby synhronized heat release rate and pressure osillations within the plenumand the hamber measured by the internal and external mirophones in abseneof any external perturbations. These unstable modes were haraterized for anequivalene ratio Φ = 0.7. Modi�ation of the limit yle frequeny is investi-gated when the plenum and the �ame tube lengths are modi�ed. Results for theinstability frequeny are gathered at the bottom of Tab. 3.2. When the �ameon�nement tube length is set to l3 = 100 mm, ombustion is found to be alwaysstable and the spetrum measured by the internal of the external mirophonesremains essentially inoherent. Inreasing the �ame on�nement tube length to
l3 = 200 or 400 mm always orresponds to an unstable operation mode for thethree avity bodies tested. The osillation peak frequeny may hange from onetest to the other depending for example on the thermal history of the burner,but values always lie in the frequeny range indiated in the table. These self-sustained peak frequenies are funtion of the plenum body length l1, but remainindependent of the �ame on�nement tube length l3. The osillation frequenydereases when the plenum body length is inreased from l1 = 96, 160 to 224 mm.It is also found that the instability frequeny always lies in a frequeny band-width lose to the resonant peak frequeny f1 determined without ombustion byexternal modulation. It is also found that the Helmholtz frequeny estimated in
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68 Part I. Swirling flames, experimental design and system aoustisModel Short body Medium body Large body
Tb = 300 K, Ξ = 0.09 l1 = 96 mm l1 = 160 mm l1 = 224 mmHelmholtz mode (Hz) f1 f1 f1

l3 = 0 mm 142 118 104Peak frequenies (Hz) f1 f2 f1 f2 f1 f2

l3 = 100 mm 140 645 115 648 101 651
l3 = 200 mm 138 375 113 378 99 380
l3 = 400 mm 131 212 107 214 94 215

Tb = 1600 K, Ξ = 0.04 f1 f1 f1Peak frequeny 141±1 117±1 103±1Table 3.3: Top lines : Predited resonant frequenies under old operating onditions.The two �rst peak frequenies f1 and f2 are indiated in Hz as a funtion of the plenumbody and the �ame on�nement tube lengths. Bottom line : Predited resonant fre-quenies under hot operating onditions.Tab. 3.1 losely mathes the peak frequeny f1 in the absene of a on�nementtube (l3 = 0 in Tab. 3.2)These results an easily be interpreted using the theoretial analysis developedin setion 3.2. First note that the wavelength assoiated with the instabilityfrequeny is always very large ompared to the plenum dimensions. The osilla-tion frequenies in the last olumn of Tab. 3.2 losely math the orrespondingplenum Helmholtz frequenies determined in Tab. 3.1. By omparing these pre-ditions with the observed instability osillation frequenies, this learly showsthat the instability peak is always loked on the Helmholtz resonane frequenyof the plenum and is essentially una�eted by modi�ations of the downstreamon�nement tube length. It is then interesting to investigate why the funda-mental aousti mode of the system features a weak dependene when inreasingthe downstream on�nement tube length without ombustion and remains un-hanged with ombustion. This an be done by examining values of the avityoupling parameter Ξ between the plenum and the �ame tube. This parameter isalulated for the nonreative ases at room temperature and the reative asesat the hot ombustion produts temperature. One respetively �nds Ξ = 0.09for Tb = Tu = 293 K and Ξ = 0.04 for Tu = 293 K and Tb = 1600 K. Thisparameter is thus weaker the in the presene of ombustion. One should howeverpay attention that in the ase of a plenum featuring a Helmholtz mode the exatoupling parameter between the upstream and the downstream regions separat-ing the �ame is the produt of Ξ, the volume ratio (V1/V2)
1/2 and the Helmholtznumber Heb = ωl3/cb. When replaing the angular frequeny by ω ≃ ωH onean estimate the hamber Helmholtz number and values of the exat oupling
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 69parameter :
Ξ∗ = Ξ

(
V1

V2

)1/2 ωH l3
cb

(3.36)Results are gathered in Tab. 3.3 for the di�erent ases explored. It is foundthat Ξ∗ ranges from 0.10 to 0.32 under old onditions when the geometrialparameters are varied, but takes muh values under hot onditions Ξ∗ = 0.02 to0.06. Solutions of Eq. (3.26) indeed yield preise estimates of the fundamentalpeak frequenies under old fored experiments and hot self-sustained unstableregimes. Due to the high temperature of the hot produts Ξ∗ takes vanishinglysmall values in the presene of ombustion, the plenum and the �ame tube arethen essentially deoupled. Under old onditions, there is a weak oupling be-tween the plenum and the on�nement tube beause Ξ∗ is not so small.3.5 DampingOne an also estimate the damping assoiated to frequeny response of the burnersubmitted to external aousti modulation. To determine the damping fator itis interesting to assume that the system behaves like a seond order system witha fore term. If this assumption is made one may dedue the damping of thissystem from a measurement of the quality fator. It is here worth realling thatthe resonant system de�ned by the following seond order di�erential equation :
ẍ+ 2ξω0ẋ+ ω2

0x = F cos(ωt) (3.37)has a quality fator Q de�ned by :
Q =

f0

∆f
(3.38)where ∆f is the frequeny width of the resonane urve taken at half height ofthe peak when the square of the amplitude is plotted with respet to frequeny.It is easy to show that :

Q =
1

2ξ
(3.39)Now one may reall that x ≃ Ae−ξω0t cos[ω0(1−ξ

2)1/2 +Φ], where Φ is the phasebetween the response of the system and the fore term.The damping oe�ient de�ned by α = ξω0 takes the form :
α = 2πξf0 =

πf0

Q
(3.40)
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70 Part I. Swirling flames, experimental design and system aoustisFlame tube (mm) : 0 100 200 400Short burner
∆f (Hz) 8 7.4 7.5 7.6Damping α (s−1) 25 23.3 23.6 23.9Medium burner
∆f (Hz) 8.5 5.8 7 7.5Damping α (s−1) 26.8 18.2 22 23.6Long burner
∆f (Hz) 6.6 6 6.7 5.2Damping α (s−1) 20.8 19 21.1 16.4Table 3.4: Damping oe�ient α in s−1 for the di�erent geometrial on�gurations.from whih one �nally obtains :

α =
πf0∆f

f0
= π∆f (3.41)The damping oe�ient is diretly proportional to the frequeny bandwidth ∆f :

α = π∆f (3.42)The rate of deay of energy is :
1

E

dE

dt
= −2α = −∆ω (3.43)From Eq. (3.42) and from results of burner aousti responses plotted in Fig. 3.4,one an determine the damping oe�ient of eah on�guration. Results arelisted in Table. 3.4.From the previous results, one may onlude that the damping oe�ient inthe various on�gurations is of the order of 20 s−1. A general observation isthat inreasing the �ame tube length or the upstream manifold size tends to nothange the damping oe�ient.
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Chapter 3. Combustion system aoustis : experiment and theoretialanalysis 71
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bFigure 3.5: Pressure and veloity �utuations pro�les for all geometrial on�gurations.Blak symbols are obtained from the multi-element oupled model. Open symbols arefrom a diret solution of the Helmholtz equation.

3.6 Comparisons between preditions and measurements
It is interesting to ompare the pressure and veloity �utuations pro�les from themulti-element oupled avity approah developped in setion 3.2 of the presenthapter and from a diret solution of the Helmholtz equation in the exat ge-ometry of the system. This diret solution is obtained with Comsol (Numerialsimulation have been arried out by Geo� Searby from IRPHE, Marseille). Re-sults are exhaustively give in Fig.3.5 for all on�gurations. This omparisonindiates that it is reasonable to make use a of multi-element oupled avitymodel to predit the eigenfrequenies and mode shapes for ombustion systemsused in the present investigation.
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72 Part I. Swirling flames, experimental design and system aoustis3.7 ConlusionIt has been shown that aousti interations between the ombustion hamberand the feeding manifold system with the plenum an often be negleted whenthe oupling parameter Ξ between theses avities takes small values. This rite-rion an be used to simplify analysis of modal distribution of existing failities orto design new hambers with redued interations between the feeding manifoldand the ombustion hamber avities. It has also be shown that the thresh-old level under whih aousti unoupling is ensured depends on values of thedownstream impedane at the hamber exhaust. For a given on�guration, thisriterion should thus be ompleted by more detailed alulations or experimentsto obtain the exat distribution of the modes within the ombustor.Exat onditions leading to deoupled plenum and hamber aousti signatureswere derived for systems featuring a bulk osillation mode (Helmholtz mode)when the outlet impedane is modi�ed. It has been shown that low frequenyinstabilities preferentially lok on the plenum mode and are independent of ge-ometrial modi�ations of the hamber. This shows the predominane of theaoustis environment upstream from the ombustion region ompared to modi-�ations on the downstream side of the �ame region for low frequeny ombustioninstabilities in hambers featuring a large expansion ratio.Damping oe�ient are determined from experimental frequeny responses of theburner submitted to external aousti modulations. It is shown that the dampingoe�ient in the various on�guration is of the order of 20 s−1. Pressure andveloity �utuations pro�les for all geometrial on�gurations determined withthe multi-element oupled avity approah and from a diret solution of theHelmholtz equation in the exat geometry on�rms that is reasonable to makeuse of a multi-element approah to predit eigenfrequenies and mode shapes.
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Part IIFlow and ombustion dynamis
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Chapter 4Mode onversion proesses overasades and in swirling �ows
Abstrat : When an aousti wave impinges on an airfoil asade aonvetive vortiity mode is generated giving rise to transverse veloityperturbations. This mode onversion proess is investigated to explainthe �ow dynamis observed when swirlers are submitted to inidentaousti disturbanes. The phenomenon is �rst studied in the aseof a two dimensional airfoil asade using a model derived from anatuator disk theory. The model is simpli�ed to deal with low Mahnumber �ows. The veloity �eld on the downstream side of the asadefeatures two omponents, an axial perturbation assoiated with thetransmitted aousti wave and a transverse disturbane orrespondingto the vortiity wave generated at the asade trailing edge. The modelprovides the amplitude of both omponents and de�nes their phase shift.Numerial simulations are arried out in a seond stage to validatethis model in the ase of a asade operating at a low Reynolds numberRe = 2 700 based on the hord length. Spae-time diagrams of veloityperturbations dedued from these simulations are used to retrieve thetwo types of modes. Experiments are then arried out in the ase of anaxial swirler plaed in a ylindrial dut and submitted to plane aoustiwaves emitted on the upstream side of the swirler. The amplitudeand phase of the two veloity omponents measured in the axial andazimuthal diretions are found to be in good agreement with theoretialestimates and with numerial alulations. This analysis is motivatedby ombustion dynamis observed in �ames stabilized by aerodynamiswirlers in ontinuous ombustors.
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76 Part II. Flow and ombustion dynamisRésumé : Quand une onde aoustique interagit ave une grille d'aubes,un mode tourbillonnaire est généré et il en résulte des perturbations devitesses transversales. Ce proessus de onversion de mode est étudiépour expliquer la dynamique des éoulements observés lorsque des vrilles(swirlers) sont soumises à des perturbations aoustiques inidentes. Lephénomène est d'abord etudié dans le as d'une grille dans une on�gu-ration bidimensionnelle au moyen d'une analyse théorique fondée sur lemodèle du disque atuateur. Ce modèle est simpli�é pour tenir ompte dufaible nombre de Mah de l'éoulement. Le hamp de vitesse en aval de lagrille possède deux omposantes, une perturbation axiale assoiée à l'ondeaoustique transmise et une perturbation transversale orrespondant àl'onde tourbillonnaire générée aux bords de fuite de la grille. Le mod-èle fournit l'amplitude des deux omposantes et dé�nit leur déphasage.Des simulations numériques sont réalisées dans une deuxième étape pourvalider e modèle dans le as d'un faible nombre de Reynolds : Re = 2700 basé sur la longueur de orde des aubes. Des diagrammes spatio-temporels des perturbations de vitesses déduits de es simulations sontutilisés pour mettre en évidene les deux types de modes. Les expéri-enes sont ensuite e�etuées dans le as d'une vrille (swirler) axiale plaédans une onduite ylindrique et soumise à des ondes aoustiques planesémises en amont. Les amplitudes et phases des deux omposantes devitesse mesurée dans les diretions axiale et azimutale sont en bon aordave les estimations théoriques et ave les aluls numériques.4.1 IntrodutionMode onversion is a mehanism where one type of propagating disturbanegenerates another type of wave. This involves onvetive modes (entropy andvortiity) and aousti modes and takes plae in many situations in �uid dynam-is. The present investigation is onerned with one suh mehanism whereby anaousti wave is inident on an airfoil asade produing a vortiity wave in thedownstream �ow. At this point, it is worth putting this problem in perspetiveby reviewing on�gurations of fundamental and pratial interest where modeonversion is important. In Fig. 4.1(a) entropy waves, generally hot spots, on-veted through a nozzle generate aousti pressure waves whih are radiated tothe far �eld. This mehanism designated as �entropy noise� or indiret ombus-tion noise initially onsidered by Candel (1972) and Marble and Candel (1977)has been examined extensively in relation with aeroaousti appliations by Mor-fey (1973a), Ffwos-Williams and Howe (1975), Howe (1975), Bake et al. (2009)and Leyko et al. (2009). A related problem onsidered by Cumpsty and Marble(1977b) is that of entropy waves impinging on a blade row skethed in Fig. 4.1(b).
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 77The asade ats like a nozzle and the inident entropy waves are aelerated inthe �ow generating aousti waves propagating in the upstream and downstreamdiretions. This again onstitutes a soure of ore noise in gas turbines studiedby Cumpsty and Marble (1977a). In the third on�guration shown in Fig. 4.1()the oupling results from vorties shed from the upstream side of a avity ex-posed to a uniform �ow. The vorties impinge on the downstream avity lip andgenerate aousti waves whih in turn synhronize the vortex shedding meha-nism at the leading edge avity (see for example the review by Rokwell andNaudasher (1979)). Charateristi frequenies an be estimated with an expres-sion due to Rossiter (1964). A related problem found in solid propellant roketengines is shown in Fig. 4.1(d). Here vorties are shed from ba�es separatingthe propellant segments and protruding in the gas stream or from the edge ofthe propellant blo as exempli�ed in this sub�gure. The vorties impinge on thenozzle radiating an aousti wave whih may ouple with the vortex sheddingmehanism giving rise to self sustained osillations. In solid roket engines thismehanism is responsible for troublesome thrust osillations augmenting the vi-brational levels on the payload as studied by Dotson et al. (1997). A simpli�edversion of the previous ase is shown in Fig. 4.1(e) where a diaphragm bloks the�ow in a hannel. When an aousti wave impinges on this onstrition vortiesare generated. The mode onversion proess taking plae in this geometry isstudied in a reent artile by Noiray et al. (2009). Another situation of interestis that of a jet exhausted from a nozzle or a hannel into a quiesent atmosphereas shown in Fig. 4.1(f). An aousti wave propagating in the upstream �ow andinterating with a hannel exhaust produes a onvetive mode in the free jetwhen the Strouhal number is su�iently low meaning that the osillation is inthe low frequeny range. This proess has reeived onsiderable attention in thepast and is the subjet of a lassial artile by Crow and Champagne (1971).Birbaud et al. (2007) provide many additional referenes and map the variousmodes of interations in a diagram. A related proess takes plae in a �amestabilized on a burner equipped with a driver unit as in Fig. 4.1(g). In the lowfrequeny range the aousti wave is transformed in a onvetive mode whihmodulates the �ame. This type of mode onversion has been studied for exampleby De Soete (1964), Boyer and Quinard (1990a), Baillot et al. (1992), Bourhelaand Baillot (1998), Shuller et al. (2003a), Birbaud et al. (2006), Kornilov et al.(2007) and Shanbhogue et al. (2009).The present hapter is onerned with the problem shown in Fig. 4.2(a) and (b).An aousti wave impinges on an airfoil asade or a swirler plaed in a dut. Themotivation of this analysis lies in the domain of ombustion dynamis. In manyombustors operating in a ontinuous mode the �ame is stabilized in a swirling�ow generated by axial or radial vanes. Typial gas turbine ombustors rely onradial swirlers whih impart rotation to the inoming air produing an inner reir-ulation zone �lled with hot gases and anhoring the �ame in the viinity of the
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78 Part II. Flow and ombustion dynamis

Figure 4.1: Review of mode onversion mehanisms. (a) : entropy waves, generally hotspots, onveted through a nozzle generate aousti pressure waves whih are radiatedto the far �eld. (b) : entropy waves impinging on a blade row. () : vorties shed fromthe upstream side of a avity exposed to a uniform �ow. (d) : vorties shed from ba�esseparating the propellant segments and protruding in the gas stream or from the edgeof the propellant blo. (e) : aousti waves are impinging the diaphragm and vortiesare then generated. (f) : modulated jet exhausted from a nozzle or a hannel into aquiesent atmosphere. (g) : onial �ame submitted to aousti modulations.
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 79

Figure 4.2: Mode onversion mehanisms study in the present work. (a) : aoustiwaves impinging on an airfoil asade. (b) : aousti waves impinging on a swirler in adut.injetion plane. Under unstable operation oupling aoustis and ombustion,the swirlers are submitted to inident aousti perturbations. It is interestingto examine this situation and spei�ally analyze the possible generation of avortiity wave and the assoiated veloity perturbations on the downstream sideof the swirler. At this point it is worth brie�y reviewing the literature dealingwith the interation of perturbations with blade rows. This problem overed inthe lassial textbooks of Horlok (1978) and Greitzer et al. (2004) has beenextensively investigated in the domain of turbomahinery for example by Kajiand Okazaki (1970), Koh (1971) and Morfey (1973b) in early works and morereently by Peake and Kershen (1997) and Glegg (1999). It is important beausesuh interations indue �utuating fores on the blades generating noise and un-desirable vibrations. Conversion of entropy �utuations by a asade has beenworked out analytially by Cumpsty and Marble (1977b) and was pursued byCumpsty (1979). It is shown that the interation gives rise to aousti pressurewaves. These studies are used as starting points of the model developed in thepresent hapter. Most of these studies onsider high Mah number �ows found inaxial ompressors or turbines, the ase of low Mah �ows is less well doumented.The response of a asade to unsteady perturbations an be studied with numer-ial simulations as exempli�ed by Paynter (1997). The ase of swirlers interat-ing with aousti perturbations has reently been examined by Wang and Yang(2005) using LES. Consequenes on the dynamis of swirling �ames are disussedin a reent review by Huang and Yang (2009). It is dedued from simulationsthat axial and azimuthal veloity disturbanes propagate at di�erent veloitieson the downstream side of the swirler. This is also inferred by Hirsh et al.
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80 Part II. Flow and ombustion dynamis(2005) and Komarek and Polifke (2010). While the presene of the onvetiveomponent is reognized by these authors, there are no diret measurements ofthe axial and azimuthal veloity omponents whih support this onlusion andno theoretial attempt is made to estimate the respetive levels of the variousperturbations, exept perhaps in a study arried out by Sajben and Said (2001)where the strength of the vortiity wave is estimated.
This hapter is organized as follows. A theoretial formulation is �rst derivedfrom the analysis of Cumpsty and Marble (1977b) to deal with situations wherethe Mah number is low orresponding to standard operation of swirlers (se-tion 5.2). The blade row is assumed to operate in the low veloity range andinterats with an inident aousti wave giving rise to a perturbed veloity �elddownstream of the asade. Amplitudes of the downstream perturbations aredetermined. The model is derived in 2D a standard assumption used in turbo-mahinery analysis where the �ow is desribed on a median ylindrial surfaeloated at equal distanes from hub and tip. The underlying equations are basedon an atuator disk desription. Numerial simulations are arried out with aNavier-Stokes unsteady �ow solver (setion 5.3). Simulations are performed ina 2D asade whih is onsistent with the two dimensional theory. The modu-lation free �ow established in a group of airfoils is obtained in a �rst step. Inthis simulation the wakes formed at the airfoil trailing edges give rise to a shearlayer instability whih develop into a Karman street of vorties. The �ow is thenmodulated by an axial aousti wave whih propagates towards the asade. Twomodulation frequenies are onsidered f = 60 Hz and f = 100 Hz orrespondingto two Strouhal numbers based on the hord length respetively equal to 0.15and 0.25 for two amplitudes of the inlet veloity �utuation u′

∞
= 0.1 m s−1and u′

∞
= 1 m s−1. These simulations are used to extrat the veloity ompo-nents amplitudes. Spae-time diagrams are plotted highlighting the axial andazimuthal modes of propagation. The problem is then examined experimentallyby making use of a duted swirler submitted to a plane aousti wave (setion5.4). This axisymmetri geometry is easier to onsider for the experiments. Thesituation is lose to that found in turbomahinery analysis where alulations arearried out in 2D asade on�gurations while the real geometry has a rotationalsymmetry. The objetive is not so muh to reprodue simulations through an ex-periment but to reveal a mehanism and for this one may use the geometry whihis easiest to explore. The perturbed veloity �eld on the downstream side of theswirler is haraterized and these data are ompared with theoretial estimatesand numerial alulations (setion 5.5).
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 814.2 Theoretial modelThis analysis is onerned with the interation taking plae between a swirler andinident aousti perturbations. This problem is easier to takle theoretially byonsidering the two dimensional geometry of a asade as plotted in Fig. 4.3. Theinoming �ow veloity w1 is oriented in the axial diretion while the outgoing�ow w2 makes an angle θ2 with respet to the axis. One assumes that the �owveloities remain in the low Mah number range. The harateristi size of theasade (the blade hord) is small ompared to the aousti wavelengths onsid-ered. The ratio is typially of the order of 0.01. One may then onsider that itis ompat with respet to the inident wave �eld and use an atuator disk torepresent the blade row. The swirler an then be treated as a disontinuity forthese perturbations and operates like an atuator disk.To relate perturbations on the upstream and downstream sides of this asadeone may use jump onditions provided by Cumpsty and Marble (1977b) whihare adapted to a low Mah number �ow :
s′1 = s′2 (4.1)

ρ′1
ρ1

+
w′

1

w1
− θ′1 tan θ1 =

ρ′2
ρ2

+
w′

2

w2
− θ′2 tan θ2 (4.2)

p′1
γp1

+
s′1

(γ − 1)cp
=

p′2
γp2

+
s′2

(γ − 1)cp
(4.3)where s′ is the entropy �utuation and ρ′/ρ the relative density �utuation.Subsripts 1 and 2 refer to inlet and outlet of the asade vanes. The ratios w′

1/w1and w′

2/w2 are the relative veloity �utuations on eah side of the asade, θ′1is the �utuation of the angle of inidene θ1, θ′2 is the �utuation of the angle

Figure 4.3: Geometry of the airfoils asade.
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82 Part II. Flow and ombustion dynamis
θ2 at the trailing edge, p′ refers to the �utuation in pressure, γ is the spei�heat ratio and cp is the spei� heat of the working �uid. At the trailing edgethe Kutta ondition implies that the �ow should leave the blade in a diretiontangent to the mean amber line so that the perturbation angle vanishes θ′2 = 0.In region 1, the pressure �eld is formed by inident and re�eted aousti waveswhih are taken as plane waves propagating in the axial diretion :
p′1 = A exp i(kx− ωt) +AR exp i(−kx− ωt) (4.4)where A is the amplitude of the inident aousti wave, R is the re�etion o-e�ient of this wave and k = ω/c designates the aousti wave number. Theveloity �utuation orresponding to this �eld is expressed as :
u′1 =

A

ρ1c1
exp i(kx− ωt) −

AR

ρ1c1
exp i(−kx− ωt) (4.5)where ρ1 and c1 are the density and the speed of sound in region 1. It is assumedin the present analysis that the mean density and speed of sound are the sameon both sides of the swirler : ρ1 = ρ2 = ρ and c1 = c2 = c. In region 2, thetransmitted aousti pressure also propagating in the axial diretion writes :

p′2 = AT exp i(kx− ωt) (4.6)where T is the transmission oe�ient and the orresponding aousti veloityomponent is (subsript a) :
(u′2)a =

AT

ρ c
exp i(kx− ωt) (4.7)A vortiity wave (subsript v) is also generated at the swirler. This is requiredto satisfy the set of jump onditions. The inident aousti �eld has a waveve-tor whih is perpendiular to the atuator disk. This �eld of plane waves andthose orresponding to the re�eted and transmitted aousti waves have a zerowavevetor projetion in the transverse diretion. As a onsequene, the vortiitywave must also have a zero wavevetor projetion in the transverse diretion tobe ompatible with the other wave �elds. The vortiity wave orresponds to aonvetive veloity �utuation whih is transverse to the diretion of propagation.There are no veloity perturbations in the x-diretion to satisfy onservation ofmass. The vortiity wave must then have a zero wave number in the transversediretion y and it is onveted by the mean �ow in the x diretion with a veloity

u2 = w2 cos θ2 whih is also equivalent to v2 = u2 tan θ2. This wave omprises asingle veloity omponent of amplitude B in the transverse diretion :
(v′2)v = B exp i

[
ωx

w2 cos θ2

− ωt

] (4.8)Veloity perturbations on the downstream side of the swirler have the followingomponents :w′

2 = (u′2)aex + (v′2)vey (4.9)
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 83In what follows one may drop indies a and v but it is important to remem-ber that the axial and transverse veloity omponents respetively orrespond toan aousti wave propagating at the speed of sound c and to a vortiity waveonveted at the �ow veloity u2 = w2 cos θ2 in the axial diretion. It is inter-esting to determine �utuations in the modulus of the downstream �ow veloityw′

2 = u′2ex + v′2ey and in the angle θ′2. We begin with :
w2 + w′

2 = [(u2 + u′2)
2 + (v2 + v′2)

2]
1

2 (4.10)Negleting seond order terms this last expression an be written as :
w2 + w′

2 = (u2
2 + v2

2)
1

2

[
1 + 2

(u2u
′

2 + v2v
′

2)

u2
2 + v2

2

] 1

2 (4.11)Expanding the square root to �rst order one �nds :
w2 + w′

2 = w2

[
1 +

(u2u
′

2 + v2v
′

2)

w2
2

] (4.12)and the �utuation in modulus may be written as :
w′

2 =
u2

w2
u′2 +

v2

w2
v′2 (4.13)This an be ast in the following form for w′

2 :
w′

2 = cos θ2u
′

2 + sin θ2v
′

2 (4.14)Some straightforward alulations also lead to :
θ′2 = sin θ2 cos θ2

[
v′2
v2

−
u′2
u2

] (4.15)Noting that the hange in pressure and density aross the swirler is small (p1 ≃ p2,
ρ1 ≃ ρ2) one easily dedues from the previous set of jump onditions that :

p′1 = p′2 (4.16)
w′

1

w1
− θ′1 tan θ1 =

w′

2

w2
− θ′2 tan θ2 (4.17)Now the �utuation in angle on the downstream side of the swirler must vanish tosatisfy the unsteady Kutta ondition θ′2 = 0. Sine �utuations on the upstreamside are only axial w′

1 = u′1 one dedues that there are no angular �utuations atthe leading edge θ′1= 0. The jump onditions for the perturbations simplify :
p′1 = p′2 (4.18)
u′1
w1

=
u′2 cos θ2 + v′2 sin θ2

w2
(4.19)
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84 Part II. Flow and ombustion dynamisInserting Eqs. (4.4) to (4.8) in these last expressions, one obtains :
A(1 +R) = T (4.20)

A

ρ c

1

w1
(1 −R) =

AT

ρ c

1

w2
cos θ2 +

B sin θ2

w2
(4.21)Noting that the steady state mass balane requires that w1 = w2 cos θ2, theprevious expression beomes :

A(1 −R) = cos2 θ2AT + ρc sin θ2 cos θ2B (4.22)From the Kutta ondition θ′2 = 0 (Eq. (4.15)), one also dedues that v′2 =
u′2 tan θ2 whih yields :
B =

AT

ρ c
tan θ2 (4.23)Inserting this expression in Eq. (4.22), one obtains :

A(1 −R) = AT (4.24)This relation ombined with Eq. (8.7) �nally yields :
R = 0 and T = 1 (4.25)Assumptions of equality of mean pressure and density on the two sides of theswirler lead to a zero re�etion oe�ient and to a unit value for the transmissionoe�ient. One also �nds from this analysis that the transverse veloity is diretlyproportional to the axial aousti veloity omponent and that tan θ2 de�nes theproportionality between these two omponents. This result is in agreement withprevious �ndings by Sajben and Said (2001). It is thus possible to write theveloity omponents on the downstream side of the swirler under the followingform :
u′2 =

A

ρ c
exp i

[ω
c
x− ωt

] (4.26)
v′2 =

A

ρ c
tan θ2 exp i

[
ω

u2
x− ωt

] (4.27)The axial veloity perturbation propagates at the speed of sound while the trans-verse veloity omponent is onveted at the loal �ow veloity u2 = w2 cos θ2in the axial diretion. The previous alulations indiate that the swirler ats asa mode onverter. When it is submitted to axial aousti waves it generates avortiity wave whih is onveted by the �ow in the axial diretion. This onve-tive wave is haraterized by a veloity omponent in the transverse diretion.The relative amplitude of this omponent is equal to the relative amplitude ofthe axial veloity perturbation v′2/v2 ≃ u′2/u2. These onlusions were obtainedfrom a two dimensional atuator disk theory beause it provides essential results
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 85without the ompliations enountered in a 3D on�guration. Suh 2D analysisare found in turbomahinery �ow investigations, see for example Cumpsty andMarble (1977b). The reasoning is easy to follow in 2D beause the algebra issimpli�ed by using a well established atuator disk framework. The analysis in3D is more omplex beause of the radial veloity omponent. However 3D nu-merial simulations arried out reently (see hapter 7) indiate that the modeonversion is on�rmed and that the amplitude of the radial omponent is lessimportant by an order of magnitude than the axial and azimuthal omponents. Itis then reasonable to apply the previous results to a swirler and onsider that theazimuthal veloity �utuation an be approximately identi�ed to the transverseomponent determined previously.The previous analysis relies on a 2D atuator disk theory beause it provides es-sential results without the ompliations enountered in a 3D on�guration. Suh2D analysis are found in turbomahinery �ow investigations. The reasoning iseasy to follow in 2D beause the algebra is simpli�ed by using the well estab-lished atuator disk framework. The analysis in 3D is more omplex beause ofthe radial veloity omponent. However 3D numerial simulations presented inhapter 7 indiate that the mode onversion is on�rmed and that the amplitudeof the radial omponent is less important by an order of magnitude than the axialand azimuthal omponents.4.3 Numerial simulationSimulation is now used to examine the unsteady �ow interation with a asade.It is onvenient to examine the proess with 2D on�gurations. The omputa-tional requirements are redued and alulations an be repeated. Simulations arearried out with the AVBP ode (Shönfeld and Rudgyard (1999)), a ompress-ible Navier-Stokes �ow solver operating on strutured and unstrutured meshes.AVBP solves the laminar and turbulent ompressible Navier-Stokes equations intwo or three spae dimensions. The last e�ort on this ode was put on modelingunsteady turbulent reative �ows motivated by ativities in the �eld of unsteadyturbulent ombustion as reported by Selle et al. (2006) or Sta�elbah et al.(2009). This ode is used in the present ontext beause it has a good degreeof preision with a third order in spae and in time disretization and suitablydesribes aoustis �ow interations. The �ltered ompressible equations exhibitsubgrid sale tensors and vetors desribing the interation between the resolvedand subgrid motions.The �ltered quantity f is resolved in the numerial simulation whereas f ′ = f−fis the subgrid sale part due to the unresolved �ow motion. For variable density
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86 Part II. Flow and ombustion dynamis
ρ, a mass-weighted Favre �ltering is introdued suh as :
ρf̃ = ρf (4.28)The balane equations for Large Eddy Simulations (LES) are obtained by �lteringthe instantaneous balane equations and give :
∂ρ ũi

∂t
+

∂

∂xj
(ρ ũi ũj) = −

∂

∂xj
[P δij − τij − τij

t], (4.29)where ρ refers to the density, u to the veloity, p to the pressure, δ the Kronekersymbol and τij and τijt are respetively the laminar and turbulent �ltered stresstensors. Subsripts i, j and l refer to the three spatial dimensions while t denotesfor turbulene.
∂ρ Ẽ

∂t
+

∂

∂xj
(ρ Ẽ ũj) = −

∂

∂xj
[ui (P δij − τij) + qj + qj

t] + ω̇T +Qr (4.30)In this equation, E denotes for the total energy per unit mass, qj and qj
t arerespetively the resolved �ltered and the subgrid sale heat �ux vetors. ω̇T isthe hemial soure term and Qr the radiative soure term.

∂ρ Ỹk

∂t
+

∂

∂xj
(ρ Ỹk ũj) = −

∂

∂xj
[Jj,k + Jj,k

t
] + ω̇k, (4.31)where Y is the mass fration of the speies k. Jj,k and Jj,k

t are respetively thedi�usive speies and the subgrid sale di�usive �ux vetors. Finally, ω̇k refers tothe reation rate of eah speies omputed with the Arrhenius law.In Eqs. (4.29), (4.30) and (4.31), one reognizes standard resolved parts in-luding laminar stress and �ux terms and an unresolved part featuring turbulentstresses and �uxes. The resolved parts are the same as those found in DNS butthey are expressed in terms of �ltered variables. In large eddy simulations theunresolved part has to be modeled. In the limiting ase where the unresolvedstresses and �uxes vanish, the ode provides quasi-DNS solutions of the Navier-Stokes equations.In the present analysis, the ode is used in this quasi-DNS limit beause the ellsize in the region of interest is very small and the Reynolds number based on thehord length is low (Rec = 2700). It has also been veri�ed that standard bound-ary layer strutures are well retrieved. Under these irumstanes the physialvisosity is muh larger than the subgrid sale visosity. It has been hekedthat in the asade and its near�eld (at distanes of up to 4 hords) the lami-nar visosity is two orders of magnitude larger than the subgrid sale visosity.The subgrid sale stresses are only used in the present ontext to dissipate thevorties onveted by the �ow towards the outlet of the domain. This an be
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 87
Figure 4.4: Mesh used for numerial simulations.aomplished with a Smagorinsky model, whih is used here to avoid problemslinked with the passage of vorties through the downstream boundary. When theell size is inreased dissipation by this model is augmented and the perturba-tions are damped in this way. The downstream part of the domain serves as a�sponge layer� and is not used in the analysis. The aousti motion is also wellrepresented with the third order in spae and time preision of the ode. Theelement sizes are muh smaller than the wavelength and the size of the domain ofinterest is muh smaller than the wavelength. Under these onditions, the systemis ompat with respet to the wavelength, the aousti motion then orrespondsto a bulk �utuation of the �ow variables and the level of dissipation and disper-sion are minimal in the region of interest.A group of �ve airfoils is used to represent the asade together with periodiboundary onditions on the upper and lower sides of the domain. The meshshown in Fig. 4.4 omprises 450 000 ells. The total length of the omputationaldomain is 13 entimeters while the transverse size is 3.1 entimeters orrespondingrespetively to 13 and 3.1 hord lengths. Airfoils are separated by 6 millimetersin the transverse diretion. Several previous investigations have been arriedout with the AVBP ode in whih tetrahedral grids have been used. Aoustipropagation is suitably desribed beause the preision is third order and thetypial grid size is quite small ompared to the wavelength so that the system isompat with respet to the wavelength. Under these irumstanes one expetslittle dispersion and dissipation. Considering the growth of a laminar boundarylayer over a thin �at plane, standard expressions give a thikness of nearly onemillimeter at the trailing edge. Eah side of the airfoil is re�ned with 200 meshpoints so that at least 20 points lie in the boundary layer at the trailing edge.The mesh is su�iently re�ned to apture the boundary layers on the airfoilssution and pressure sides. The minimum ell size is 0.03 mm and the typialaverage ell size is 0.045 mm. Time integration is expliit with a �xed time stepequal to 4.5 × 10−8 s.The air �ow veloity at the numerial domain inlet is �xed to u∞ = 4 m s−1. This
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88 Part II. Flow and ombustion dynamis�ow impinges on the asade. Eah airfoil features a NACA 8411 pro�le whih isalso used to design the swirler onsidered in setion 4. The trailing edges makean angle θ2 = 25◦ with the horizontal axis. The hord length of the airfoil is lc =10 mm. No slip boundary onditions are used on the airfoils and the upper andlower sides of the domain are periodi. Non-re�eting boundary onditions forNavier-Stokes equations are used at the omputational domain inlet and outletand this allows an easy modulation of the �ow at the inlet. The outlet thenbehaves as a non-re�eting subsoni ondition.We �rst investigate the dynamis of the modulation free �ow through the as-ade. There are no inident perturbations and the dynamis observed in thisreferene ase orresponds to the transient leading to the establishment of the�ow in the airfoil asade and in the downstream domain. It is interesting toexamine the vortiity �eld in the downstream �ow shown in Fig. 4.5 in the formof suessive maps. The �ow is initialized with an axial veloity equal to 4 ms−1 everywhere in the omputational domain. This does not satisfy the boundaryonditions in the asade and there is an initial adjustment of the �ow�eld duringa short period of time. A starting vortex is then shed from the trailing edges tosatisfy Kelvin's theorem. The irulation in eah vortex is opposite to that whihdevelops around eah blade. This an be seen at t = 0.45 ms in Fig. 4.5. Onedistinguishes a vortex shed at the extremity of eah trailing edge. This intensestarting vortex is generated to satisfy the onservation of irulation in the �owas expeted from Kelvin's theorem. From t = 2.25 ms to t = 11.25 ms, thisprimary vortex is onveted in the downstream diretion and the wake behindeah airfoil expands in both axial and transverse diretions. The starting vor-tex intensity is progressively redued by visous dissipation. This vortex is alsodissipated by numerial visosity whih is low but non-negligible when the meshsize inreases near the domain outlet. Shear layer instability beomes visible at
t = 13.5 ms. The instability grows up to t = 18 ms. The �ow then approahesa state whih satis�es the Navier-Stokes equations and boundary onditions onthe blades and omputational domain boundaries. The amplitude of osillationsaturates for larger times t > 20.25 ms giving rise to well established Karmanvortex streets de�ning a pattern of ounter-rotating vorties.These simulations are arried out at a modest �ow veloity and the �ow whileunsteady remains laminar but features a periodi pattern of vorties generated bywake instability. The mode onversion proess is also operating under turbulent�ow onditions a point whih is urrently investigated with fully 3D simulationsof the �ow through a swirler. To obtain a fully turbulent wake downstream theasade, the inlet veloity should be augmented but this is out of the sope of thisstudy. To make sure that the �ow remains laminar the alulation were arriedout for the modulation free �ow over a long period of 50 ms. It was found that
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 89
t = 0.45 ms t = 13.5 ms
t = 2.25 ms t = 18 ms
t = 6.75 ms t = 20.25 ms
t = 11.25 ms t = 24.75 msFigure 4.5: Vortiity �elds of the �ow in the absene of aousti modulation. Themaximum level of vortiity 5000 s−1 is in blak while the minimum level -5000 s−1 isin white. The time instant of eah simulation is given below eah �eld in ms. The�ow dynamis goes through three stages : (1) emission of a vortex from the airfoilstrailing edges, (2) Destabilization of the wake aused by shear layer instability, (3) Fullydeveloped Karman vortex street.the �ow did not transition to a turbulent state but ontinuously featured distintvortex patterns like those shown in Fig. 4.5.
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90 Part II. Flow and ombustion dynamis

(a) (b)Figure 4.6: Spae-time diagrams of veloity omponents beyond the airfoils asade.Theses diagrams are obtained with raw veloity signals extrated from numerial simu-lations along straight lines downstream the asade. (a) : u veloity omponent. (b) :
v veloity omponent.
This dynamis is now studied with spae-time diagrams desribing the tempo-ral evolution of both axial and transverse veloity omponents u and v alongstraight lines in the axial diretion. Data were reorded at points separated bya distane ∆x = 5 mm over a distane of 50 mm orresponding to �ve hordlengths and over a time duration of 35 ms. The aim of the spae-time diagramsis to highlight the behavior of the �ow on the downstream side of the asade.Figure 4.6 shows the spae-time diagram orresponding to Fig. 4.5. The axialand transverse veloity signals are analyzed as a funtion of time in the diagramappearing in Fig. 4.6. Figures 4.6 (a) and (b) respetively display the axial u(x,t)and transverse v(x,t) veloity omponents along this line. From t = 0 to about
t = 20 ms, one observes in Fig. 4.6 (a) a periodi pattern of alternating highand low veloities onveted by the mean �ow and orresponding to the sheddingand onvetion of the starting vortex desribed previously. The seond patternobserved is the trae of the wake with a veloity defet as expeted. Finally, at
t = 18 ms, a periodi pattern is formed re�eting the onvetion of vorties inthe Karman streets. The same desription applies to the veloity omponent vdisplayed in Fig. 4.6 (b). The �rst pattern is now superposed on a zero veloityregion where no transverse veloity exists before the �ow is established in theasade. The seond pattern in this �gure orresponds to the trae of the wakeand is haraterized by a low veloity region. Beyond t = 18 ms, one observesa regular pattern assoiated with the Karman vorties at a frequeny f = 905Hz orresponding to a Strouhal number St = flb/u∞ = 0.25 based on the blademaximum thikness lb = 1.1 mm and the inlet veloity u∞ = 4 m s−1.
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Figure 4.7: Blok-diagram detailing the �ltering proedure of veloity signals.4.3.1 Data analysis for modulated asesThe analysis is now arried out both for low and high amplitudes of modula-tion. The objetive is to investigate signal amplitudes and aousti or onvetivemodes. Some data proessing is needed to extrat the periodi signals orre-sponding to the perturbed motion from the omplete veloity signal. This an bedone by noting that the modulation frequeny is well separated from the naturalvortex shedding frequeny. One may then extrat the required information by�ltering out the veloity data. The proedure is detailed in the blok-diagram inFig. 4.7 and onsists in applying a FFT algorithm to the perturbed veloity �elds
u′ and v′. The signal omprising N samples orresponding to three periods is �rstdupliated Q times to form a longer sequene of M = Q N samples. This sequeneis then used to get the Fourier transform with a Fast Fourier Transform (FFT)algorithm. The dupliation operation applied to the data is used to arti�iallyinrease the spetral resolution. The elementary �lter size ∆f is redued by afator 1/Q. Spetral omponents orresponding to frequenies exeeding a ut-o�value fc = αfm, fm being the modulation frequeny (α = 1.5), are then elim-inated. This proedure �lters out high frequeny omponents orresponding tovortex shedding in the airfoil wakes. An inverse FFT is then applied to the result.This proess orresponds to a retangular window in the frequeny domain. Thetransition band is sharp but the rejetion level is moderate. However, by suitablyhoosing α one an essentially eliminate the signals assoiated with vortex shed-ding yielding the low pass �ltered veloity disturbanes. One an then investigatethe evolution of the phase shift between both perturbed veloity signals u′ and v′.This is obtained by alulating the ross power spetral densities of the �lteredveloity signals at disrete points separated by regular intervals of 5 mm alonga line perpendiular to the asade. The phase di�erene between the signals isdedued from the omplex value of the ross power spetral density alulated atthe driving frequeny fm. The referene used to establish this phase evolution isthe axial veloity signal u′ measured at the asade trailing edge loated at x =
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(a) (b)Figure 4.8: Amplitudes of perturbed veloity signals extrated at a distane of onehord from the asade bak end in the omputational domain. Data are obtained foran inlet veloity modulation u′
∞

= 0.1 m s−1 with f = 100 Hz. (a) : raw signal. (b) :after low pass �ltering.0 mm.The starting point of the aoustially modulated ases is a mean �ow onsistingof the �ow over an airfoil with a well established Karman vortex street. The �owis unsteady and laminar. After an initial transient of about one period, it is wellestablished and periodi as an be heked by reording signals at various pointsin the domain. The �rst period in the numerial simulation is not taken into a-ount in the analysis beause the �ow is transient. After this initial period resultsan be analyzed. The mean �ow an then be obtained by summing over timeto eliminate osillations assoiated with vortex shedding from the blade trailingedges.Typial axial and azimuthal veloity signals are displayed in Fig. 4.8. Thesesignals feature a high frequeny omponent orresponding to the periodi �u-tuation assoiated with alternating vorties in the wakes and a low frequenyomponent indued by the �ow modulation. This last omponent is extrated bythe low pass �ltering method desribed in Fig. 4.7.4.3.2 Low amplitude modulationTwo frequenies of modulation are investigated f = 60 Hz and f = 100 Hz at alow foring amplitude. This is used to validate the theoretial model derived inthe linear approximation. The amplitude of the signals and the phase relationbetween axial and transverse veloity perturbations are spei�ally onsidered.
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(a) (b)Figure 4.9: Filtered amplitudes of perturbed veloity signals extrated at a distane ofone hord from the asade bak end in the omputational domain. Data are obtainedfor an inlet veloity modulation u′
∞

= 0.1 m s−1. (a) : f = 60 Hz. (b) : f = 100 Hz.Signal amplitudes Figure 4.9 displays amplitudes of veloity perturbations
u′ and v′ at a distane of one hord from the asade bak plane. Sub�gures(a) and (b) respetively orrespond to modulations at f = 60 Hz and f = 100Hz. In both ases the amplitude of the relative transverse veloity �utuation v′is slightly lower than the relative axial veloity disturbane u′. This is lose towhat was predited analytially. One also �nds that the amplitudes of the twosignals vary as a funtion of time indiating that a ertain amount of re�etiontakes plae at the omputational domain outlet.Aousti and onvetive mode The analysis of vortiity �elds is arried outby examining Fig. 4.10 presented for f = 100 Hz and for two phases in the yle0◦ and 180◦. Over one yle of modulation, one �nds that fully developed Kar-man vorties streets are established in the airfoil wakes. The global behavior isidential for eah phase of the yle : the thikness of the boundary layers aroundthe airfoil remains almost onstant with very small variations, the frequeny ofvortex-shedding is also onstant. It is di�ult to identify a periodi pattern or-responding to the imposed modulation frequeny f = 100 Hz for an input levelequal to u′

∞
= 0.1 m s−1. These results indiate that with a low input level, it isnot possible to detet the vortial mode assoiated to the modulation frequenybeause the amplitude of this mode is too low ompared to the amplitude of thehigh frequeny Karman vorties formed in the blade row wakes.Results of the data �ltering are plotted in Fig. 4.11 for two modulation frequen-ies f = 60 Hz and f = 100 Hz and for a small perturbation level u′

∞
= 0.1 m s−1.The �gure gathers the phases determined with signals extrated from numerialsimulations at 60 Hz and 100 Hz respetively in (a) and (b). It serves to identify
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0◦ 180◦
30◦ 210◦
60◦ 240◦
90◦ 270◦
120◦ 300◦
150◦ 330◦Figure 4.10: Vortiity �elds of the �ow with an aousti modulation of amplitude u′

∞= 0.1 m s−1 at the inlet and for a frequeny f = 100 Hz. The maximum level of vortiity5000 s−1 is in blak while the minimum level -5000 s−1 is in white.
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(a) (b)Figure 4.11: Evolution of the phase shift between relative �utuations of veloity u′ and
v′ in the linear regime. Data are extrated from numerial simulations for a modulationamplitude equal to u′

∞
= 0.1 m s−1. (a) : f = 60 Hz. (b) : f = 100 Hz.the two types of waves propagating in the downstream �ow. The axial veloitydisturbane has an essentially onstant phase and it is aousti. The phase shiftis negligible beause this wave propagates on a small distane at the speed ofsound. One an also say that the phase shift is small beause the distane isa small fration of the wavelength. The transverse disturbane is onvetive asthe phase shift inreases linearly with distane and frequeny and is inverselyproportional to the mean axial �ow veloity : ∆ϕ = 2πfx/u.The transverse perturbations v′ are out of phase with axial veloity �utuations

u′ at the trailing edge loation as expeted from linear theory v′2 = tan θ2u
′

2 (here
tan θ2 is negative). Results obtained at f = 60 Hz feature some spurious osilla-tions whih are less visible at f = 100 Hz. This may be attributed to the �lteringproedure whih does not fully eliminate the high frequeny omponents. As therelative foring amplitude is weak (u′

∞
/u∞ = 0.025), the perturbation signal islow and it is a�eted by residual high frequeny �utuations. Osillations aremore visible on the aousti veloity omponent near the omputational domainoutlet where some re�etions have already been mentioned. These di�erenes donot however sramble the general trend. It will be seen below that results ansigni�antly be improved by inreasing the modulation level.4.3.3 High amplitude modulationWe now examine the dynamis of the modulated �ow indued by an intenseaousti wave with an amplitude u′

∞
= 1 m s−1 at the inlet of the domain. Thisase is explored for the same modulation frequenies f = 60 Hz and f = 100 Hz.Amplitudes of veloity omponents u′ and v′ are investigated and the aousti to
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(a) (b)Figure 4.12: Filtered veloity signals extrated from the simulations at one hordlength downstream of the airfoil trailing edge (x = 0 mm) for an inlet veloity modulation
u′
∞

= 1 m s−1. (a) : f = 60 Hz. (b) : f = 100 Hz.onvetive mode onversion mehanism is highlighted with spae-time diagrams.Signal amplitudes The amplitude of veloity signals in the downstream �oware extrated from the numerial �elds of u and v. The mean veloity is sub-trated to get the �utuations u′ and v′. The low pass �ltering proedure de-sribed previously is used to separate the periodi oherent motion due to themodulation. This proess is �rst applied at a point loated at a distane of onehord from the asade bak plane. Signals are plotted in Fig. 4.12 for the twomodulation frequenies. One �nds that the ratio of amplitudes |v′|/|u′| is loseto 0.5 for both frequenies. This is in agreement with analytial preditions ob-tained in setion 2 whih give a value |v′|/|u′| = | tan θ2| = 0.47 for a trailingedge angle θ2 = 25◦.It is also found that the �utuation amplitude u′ ≃ 1.2 m s−1 is greater than thatof the inident wave amplitude u′
∞

= 1 m s−1. This is beause the axial �ow isaelerated due to the presene of the wakes in whih the axial veloity is redued.Aousti and onvetive modes The dynamis of the �ow �eld is now in-vestigated by examining the vortiity �elds over one yle of exitation shown inFig. 4.13. The �rst phase at 0◦ shows the lassial vortex-shedding beyond theairfoil followed by an intense vortex pairs. These two vorties are then onvetedby the mean �ow. At 60◦, a new vortex pair is formed at the trailing edge ofeah airfoil. This indues an inrease of the boundary layer thikness on thesution side near the trailing edge. At 180◦, this pair is shed and onveted by
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0◦ 180◦
30◦ 210◦
60◦ 240◦
90◦ 270◦
120◦ 300◦
150◦ 330◦Figure 4.13: Vortiity �elds of the �ow with an aousti modulation of amplitude u′

∞= 1 m s−1 at the inlet and for a frequeny f = 100 Hz. The maximum level of vortiity5000 s−1 is in blak while the minimum level -5000 s−1 is in white.
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(a) (b)Figure 4.14: Spae-time diagrams of �utuating veloity omponents beyond the air-foils asade for a modulation frequeny f = 60 Hz and an amplitude equal to u′
∞

=1 m s−1. Theses diagrams are obtained by �ltering raw veloity signals extrated fromnumerial simulations along a straight line downstream the asade and eah 5 mm overthree time periods. (a) : axial �utuation u′. (b) : transverse �utuation v′.the mean �ow. In the remaining part of the yle, the lassial high frequenyvortex shedding also present in the non modulated ase prevails.One an now investigate the �ow dynamis with spae-time diagrams. It is againneessary to �lter out veloity omponents orresponding to the vorties formedin the airfoil wakes. This is aomplished by applying the method desribed pre-viously. Beause the frequeny assoiated to the Karman vorties is muh largerthan the modulation frequeny, the orresponding veloity omponents an be�ltered out. It is then possible to extrat the oherent motion orrespondingto the modulation frequeny. Spae-time diagrams are obtained for three timeperiods for both frequenies suh that the total time observed is 50 ms at f =60 Hz and 30 ms at f = 100 Hz.For the modulation frequeny f = 60 Hz, the spae-time diagram is shown inFig. 4.14. The axial veloity �utuation u′ is plotted in Fig. 4.14(a) while thetransverse �utuation veloity v′ is displayed in Fig. 4.14(b). For the axial ve-loity, one �nds a pattern of alternating blak and white vertial stripes. Thismeans that the propagation of axial veloity perturbations is nearly instanta-neous indiating that propagation takes plae at the speed of sound. For thetransverse veloity omponent the white and dark stripes are inlined indiatingthat this omponent is onveted by the �ow. It it interesting to extrat the on-vetive veloity ucv whih an be dedued by estimating the slope of the stripes
a = ∆l/∆t ≃ 3.7m s−1. This value is lose to the �ow veloity u∞ = 4 m s−1imposed at the numerial domain inlet. These spae-time diagrams on�rm that



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 99 � #121
i

i

i

i

i

i

Chapter 4. Mode onversion proesses over asades and in swirlingflows 99

Times [ms]

Le
ng

th
 [m

m
]

u′

0 5 10 15 20 25 30
0

10

20

30

40

50

−1 0 1

Times [ms]

Le
ng

th
 [m

m
]

v′

0 5 10 15 20 25 30
0

10

20

30

40

50

−0.5 0 0.5

(a) (b)Figure 4.15: Spae-time diagrams of �utuating veloity omponents on the down-stream side of the asade for a modulation frequeny f = 100 Hz and an amplitudeequal to u′
∞

= 1 m s−1. Theses diagrams are obtained by �ltering raw veloity signalsextrated from numerial simulations on a straight line downstream the asade and eah5 mm over three time periods. (a) : axial �utuation u′. (b) : transverse �utuation v′.
axial and transverse veloity perturbations respetively propagate at the speed ofsound and at a onvetive veloity as predited by the analytial model derivedin Setion 2.
A similar analysis an be arried out for a modulation frequeny f = 100 Hz.The orresponding spae-time diagrams given in Fig. 4.15 are quite similar tothose examined previously. Note that the time sale in Fig. 4.14 and Fig. 4.15is slightly di�erent. One an also determine the onvetive veloity of transverseveloity perturbations with a = ∆l/∆t = 4 m s−1 whih is again equal to the inlet�ow veloity u∞. The phase shift between the two veloity omponents is shownin Fig. 7.15. In this ase too, the phase evolves in a nearly linear fashion with re-spet to distane and is essentially proportional to the modulation frequeny andinversely proportional to the onvetion veloity. At the origin, the phase shift isequal to π as expeted for a situation where the trailing edge angle θ2 is negative.
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(a) (b)Figure 4.16: Evolution of the phase between axial and transverse veloity perturbations
u′ and v′. Data are extrated from numerial simulations for a modulation amplitudeequal to u′

∞
= 1 m s−1. (a) : f = 60 Hz. (b) : f = 100 Hz.4.4 Experiments on a duted swirlerIt is now interesting to see if the previous features an be retrieved experimen-tally. This is aomplished in a ylindrial on�guration where the �ow is setin rotation by an axial swirler. This hoie is made beause experiments areeasier to perform in an axisymmetri system. Admittedly a asade experimentmight have been more onsistent with the numerial simulation. However sinewe intend to haraterize a mehanism the hange in on�guration is reasonable.4.4.1 Experimental setup

Loudspeaker

Swirler

Rod

Tube

 Laser 
Beams

D = 22 mm

d = 6 mm
X axis

x = 0 mm

Upstream manifold

Figure 4.17: Experimental setup used to de-termine veloity signals behind a swirler. Laserbeams of the laser Doppler veloimeter are usedto measure the axial and azimuthal veloity sig-nals eah 5 mm over a 50 mm range downstreamthe swirler. The �rst measurement point is a-quired 17 mm downstream this devie due to lim-itation in optial aess.

The experimental setup isskethed in Fig. 4.17. Thesystem omprises three ele-ments : a loudspeaker, aonvergent unit and a tubeontaining a swirler. The�ow injeted at the baseof the onvergent unit fromtwo ori�es diametrially op-posed traverses a honeyombto break the largest turbu-lent sales and produe a lam-inar �at veloity �ow pro-�le on the upstream side ofthe swirler. The gas is on-veted through the swirler



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 101 � #123
i

i

i

i

i

i

Chapter 4. Mode onversion proesses over asades and in swirlingflows 101
(a) (b)Figure 4.18: Swirler geometry used in the experiment. (a) upstream side. (b) :downstream side.whih imparts a rotating mo-tion to the �ow. Theswirling �ow obtained in thisway evolves in an annulartube made of quartz. Arod is loated at the enterof the tube in this experi-ment.The swirler omprises eightvanes periodially spaed. Theblades are formed by NACA8411 pro�les and their staggerangle with respet to the axialdiretion is 45◦. Upstream and downstream views of the swirler are displayed inFig. 4.18.A laser Doppler veloimeter is used to measure the veloity signals in the axialand azimuthal diretions. The data are reorded at 5 mm intervals on a vertialline loated in the middle of the setion between the tube and the rod. This setup was also used in experiments on ombustion dynamis reported in hapter 2.The bulk veloity in the tube is Ub = 2.67 m s−1 and the �utuation level of theaxial veloity disturbane was measured downstream the swirler, at a distane of17 mm from the swirler bakplane, and it is equal to u′rms/Ub = 0.5.4.4.2 ResultsResults gathered from measurements are plotted in Fig. 4.19 in the form of phaseevolutions for the veloity signals u(x, t) and v(x, t) for two modulation frequen-
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(a) (b)Figure 4.19: Experimental phase shift evolution of axial and azimuthal veloity om-ponents u′ and v′ for two modulation frequenies. Data are reorded from 17 mm to 67mm due to limitations in optial aess downstream of the swirler. The swirler bakplaneis loated at x = 0 mm. (a) : f = 60 Hz. (b) : f = 100 Hz.ies f = 60 Hz and f = 100 Hz. One immediately observes that the phase ofthe axial veloity signal u′ is nearly onstant when the distane from the swirlerinreases. This indiates that axial disturbanes propagate at a high phase velo-ity whih an only be the speed of sound. An azimuthal omponent is detetedby the laser Doppler veloimeter and this veloity omponent v′ features a phasewhih varies linearly with distane from the swirler. This re�ets the onvetiveharater of azimuthal perturbations originating from the swirler blades trail-ing edges. Using the slope of the phase funtion it is possible to determine theonvetion veloity whih is found to be ucv = 3.05 m s−1 for f = 60 Hz and
ucv = 3.19 m s−1 for f = 100 Hz. These two values are of the order of thebulk veloity in the hannel indiating that azimuthal perturbations reated atthe swirler are essentially transported by the �ow. It is also worth noting thatthe phase di�erene at the airfoil trailing edges x = 0 mm oinides with thetheoretial predition ∆ϕ ≃ 0 by extrapolating the phase urve (blak squaresymbols) to zero.4.5 Comparison between theory, numerial simulationsand experimentsAnalytial results, numerial simulations and experiments are now ompared inFig. 4.20. Blak symbols orrespond to experiments while open markers per-tain to numerial preditions. The horizontal axis indiates the distane fromthe swirler bakplane where veloity signals are analyzed to determine the phaseshift. Measurements are arried out at points separated by an interval of �vemillimeters. The evolution of the phase shift between u′ and v′ is spei�ally
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Figure 4.20: Comparison of simulations, theory and experiments with the reduedphase as a funtion of the length. Results of simulations indiate that the phase shift atthe asade trailing edge plane ϕ0 = π beause of the negative value of the blade trailingedge angle. Results of experiments indiate that ϕ0 ≃ 0 at the swirler bakplane.
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104 Part II. Flow and ombustion dynamisexamined. It is interesting to introdue a redued phase to ollapse the experi-mental data and numerial results and ompare with theory. This an be aom-plished by multiplying the phase by the onvetion veloity ucv and dividing bythe frequeny f :
ϕ∗ = (ϕ− ϕ0)

ucv

2πf
(4.32)where ϕ0 is the phase between axial and azimuthal veloity signals at the as-ade bakplane in 2D or at the swirler in 3D and is respetively equal to ϕ0= π and ϕ0 = 0. The redued quantity is plotted in Fig. 4.20 as a funtionof distane from the asade (simulations) and from the swirler bakplane (ex-periments). One �nds that numerial simulations and experimental data loselymath theory on�rming that the transverse perturbation are well desribed bythe model. Experimental results are in agreement with simulations in that thephase is found to be proportional to frequeny and distane and inversely pro-portional to a onvetion veloity. The onvetive veloity is lose to the mean�ow veloity. Numerial simulations also agree with theoretial preditions ofthis phase shift. There are however minors di�erenes in the phase determinedexperimentally whih are most probably due to the fat that the swirler bladeshave a variable angle at the trailing edge. This result an be used to preditthe phase of the transverse or azimuthal veloity perturbations with respet toinident aousti disturbanes but this requires an estimate of ucv whih an betaken equal to the mean �ow veloity.4.6 ConlusionThe major point of this study is that swirler units used to set a �ow in rotationat as mode onversion element. When aousti waves impinge on a swirler unitthey generate an azimuthal veloity perturbation. When the �ow is aoustiallyperturbed, interations with a swirler or an airfoil asade generates an azimuthalveloity disturbane (in the swirler ase) or a transverse veloity disturbane (inthe 2D asade on�guration). The main harateristis of this disturbane aredoumented in this hapter. Theory, simulation and experiments are used toshow that this wave is onveted by the �ow. The theoretial model based onatuator disk theory provides an estimate of the amplitude of this wave and linksits relative level to the relative axial veloity disturbane. It is then demonstratedthat this mode onversion proess is retrieved from numerial simulations of the�ow in a two dimensional asade and that the azimuthal veloity disturbane isobserved in experiments on an axisymmetri on�guration. It an be onludedthat the onversion proess will have a profound e�et on the dynamis of the�ow downstream of the swirler and that the ombination of axial and azimuthal
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Chapter 4. Mode onversion proesses over asades and in swirlingflows 105veloity perturbations will modulate the rate of rotation of the �ow. This in turnwill a�et the downstream �ow by hanging the rate of rotation of the �ow. Nowit is known that most pratial ombustors like those found in jet engines or gasturbines use swirlers to stabilize ombustion. The dynamis of the �ow will bein�uened by the proess desribed in the present hapter. It has been shownin a reent study of swirling �ame dynamis that the upstream �ow dynamisplays a entral role. The present study fouses on this point and doumentsthis fundamental proess with a ombination of theory, numerial simulation andexperimentation.
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108 Part II. Flow and ombustion dynamis
Chapter 5Combined dynamis of swirlerand turbulent swirling �ames

Abstrat : The dynamis of premixed on�ned swirling �ames is in-vestigated by examining their response to inident veloity perturbations.A generalized transfer funtion designated as the �ame desribing fun-tion (FDF) is determined from 0 to 400 Hz and for a veloity �utuationlevel between 0 and 72% of the bulk veloity. The unsteady heat releaserate is dedued from the emission intensity of OH∗ radials. This globalinformation is omplemented by phase onditioned Abel transformedemission images. By assuming that the light intensity from these imagesis proportional to the heat release rate, it is possible to dedue the distri-bution of unsteady heat release rate in W m−3 and see how it evolves withtime during the modulation yle and for di�erent foring frequenies. Itis found from experiments and demonstrated analytially that a swirlersubmitted to axial aousti waves originating from the upstream manifoldgenerates a vortiity wave on its downstream side. The �ame is thensubmitted to a transmitted axial aousti perturbation whih propagatesat the speed of sound and to an azimuthal veloity perturbation whihis onveted at the �ow veloity. The net result is that the dynamialresponse and unsteady heat release are determined by the ombinede�ets of these axial and indued azimuthal veloity perturbations. Theformer disturbane indues a shedding of vorties from the injetor lipwhih roll-up the �ame extremity while the latter e�etively perturbs theswirl number whih results in an angular osillation of the �ame root.The phase between inident perturbations is ontrolled by the onvetivetime delay between the swirler and the injetor. The onstrutive ordestrutive interferene between the di�erent perturbations is shown toyield the low and high gains observed for ertain frequenies.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 109Résumé : La dynamique de �ammes prémélangées swirlées est étudiéeen analysant leur réponse aux perturbations de vitesses inidentes. Unefontion de transfert généralisée est déterminée en balayant une gammede fréquenes allant de 0 à 400 Hz et en hangeant la �utuation devitesse entre 0 et 72 % de la vitesse débitante. Le taux de dégagementde haleur instationnaire est déduit de l'intensité d' émissions du radialOH∗. Cette information globale est omplétée par des transformées d'Abeld'images formées par moyenne synhronisée par la phase. On obtientainsi la distribution d'émission lumineuse. En supposant que l'intensitélumineuse est proportionnelle au taux de dégagement de haleur, il estpossible de déduire la distribution des taux de dégagement de haleur in-stationnaires en W m−3 et observer l'évolution de la distribution spa-tiale de ette quantité au ours du yle de modulation et pour di�érentesfréquenes de forçage. Ces données peuvent être utiles pour la détermi-nation des régimes d'instabilité mais aussi donnent des indiations surles méanismes qui ontr�lent la dynamique des �ammes swirlées. Il estmontré expérimentalement et analytiquement que le swirler soumis à desondes aoustiques provenant de l'amont génère une onde tourbillonnaireen aval. La �amme est don soumise à une perturbation aoustique axialetransmise au travers de la vrille qui se propage à la vitesse du son et à uneperturbation de vitesse azimutale qui est onvetée par l'éoulement. Il enrésulte que la réponse de la �amme est déterminée par les e�ets ombinésde es perturbations de vitesse axiale et azimutale. Les perturbations ax-iales provoquent l'enroulement d'un tourbillon à l'extrémité de �ammetandis que les perturbations de vitesses azimutales génèrent une osilla-tion angulaire de la base de la �amme. La phase entre les perturbationsinidentes est ontr�lée par le délai de onvetion des perturbations entrela sortie du swirler et la base de la �amme. L'interférene onstrutiveou destrutive entre les di�érentes perturbations provoque respetivementdes forts ou faibles gains dans la réponse de la �amme. On peut ainsiexpliquer les aratéristiques prinipales de la fontion de transfert des�ammes swirlées.5.1 IntrodutionRedution of NOx emissions while keeping other pollutants like CO at a low levelhas given rise to di�ult hallenges. Muh of the e�ort in the gas turbine indus-try has foused on advaned ombustion systems in whih reatants are injetedin premixed form at a relatively lean equivalene ratio. This lean premixed mode(LPM) of operation has many advantages but raises ombustion dynamis prob-lems. Lean premixed �ames are sensitive to �ow perturbations and premixed
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110 Part II. Flow and ombustion dynamisoperation near the lean blowout limit an lead to osillations, �ashbak or ex-tintion Plee and Mellor (1978); Culik (2001); Candel (2002); Lieuwen and Yang(2005).In most pratial LPM ombustors the �ame is stabilized by a swirling injetor.Combustion is established around a hot kernel formed by the swirling �ow. Thegas rotation indues a lower pressure zone in the entral region generating aninternal reirulation of burnt gases anhoring the �ame. When the rate of swirlexeeds a threshold the inner reirulation zone (IRZ) beomes hydrodynamiallyunstable and its development is intimately assoiated with a vortex breakdownproess Lilley (1977); Syred (2006); Huang and Yang (2009). The intensity andshape of the IRZ mainly depend on the rate of rotation indued by swirl andon the ombustor geometry. The rate of rotation is haraterized by the swirlnumber S (see for example Gupta et al. (1984)) de�ned as the ratio of thetangential to axial momentum �ux :
S =

∫ R
0 ρ u v 2π r2 dr

R
∫ R
0 ρ u2 2π r dr

(5.1)where ρ is the �uid density, u the axial, v the azimuthal veloity omponents, rthe radius and R a harateristi outer radius. In this expression, the pressureterm in the axial momentum �ux has been negleted. It is known that the in-ner reirulation zone is well de�ned for swirl numbers exeeding 0.6. In typialindustrial ombustors, the swirl number is generally hosen lose to this value.A seond stabilization mehanism is linked to an outer reirulation zone (ORZ)Lilley (1977); Syred (2006); Thumuluru et al. (2007) whih is formed by reir-ulation of hot gases trapped between the �ame, the ombustor walls and theombustor bakplane.The swirling �ow on�guration used in LPM ombustors in ombination withthe highly resonant �ame tube geometry employed in these systems gives rise tovarious kinds of ombustion instabilities, a problem whih has reeived onsider-able attention and is investigated in a large number of artiles and papers Brodaet al. (1998); Lee et al. (2000); Lawn (2000); Fritshe et al. (2007); Meier et al.(2007); Kang et al. (2007); Shuermans et al. (2009). A omprehensive reviewof many issues is due to Huang and Yang Huang and Yang (2009). The soureof instability is the resonant oupling between unsteady �utuations of heat re-lease rate and the pressure osillation in the hamber. This oupling is howeverindiret and one important element is the sensitivity and dynamial response ofswirling �ames to inoming disturbanes. This entral aspet is envisaged in thepresent artile whih spei�ally fouses on the dynamial response of the �ameto inoming aousti perturbations. Our objetives are (1) to provide systematimeasurements of the �ame desribing funtion (a transfer funtion depending on
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 111frequeny and amplitude of inident perturbations), (2) obtain spatial distribu-tions of heat release perturbations during the yle of osillation and (3) explainthe observed response of the �ame to inident perturbations. It is shown that the�ame dynamis annot be understood without onsidering the response of theswirler to inoming aousti perturbations and it is demonstrated analytiallyand experimentally that the swirler generates a vortiity wave whih is mani-fested in azimuthal veloity perturbations having the same order of magnitudeas the inoming aousti disturbanes. The �ame is then submitted to a ombi-nation of axial and azimuthal disturbanes whih in turn indue di�erent motionsand heat release perturbations. It is shown that these elements an be used toexplain the observed dynamial response.At this point, it is worth examining the existing literature and reviewing whatis already available on the previous aspets. It is �rst important to rememberthat perturbations of various types need to be onsidered. One lass is formed byveloity �utuations whih aompany pressure osillations Poinsot et al. (1987);Yu et al. (1991); Pashereit et al. (2000). Another type of perturbation on-sists in equivalene ratio disturbanes, whih an be reated by the di�erentialresponse of fuel and air injetors to pressure waves generated by unstable om-bustion Keller (1995); Lieuwen and Zinn (1998); Sengissen et al. (2007).In general, �ame dynamis issues an be treated by examining the �ame responseto well ontrolled externally imposed disturbanes. This aspet is already overedby some artiles whih onsider the dynamis of swirling �ames experimentallyBellows et al. (2007); Bellows et al. (2007); Weigand et al. (2006); Külsheimerand Bühner (2002); Kim et al. (2010) or numerially through RANS Mongia(2004); Armitage et al. (2006) or through the more advaned LES approahRoux et al. (2005); Grinstein and Fureby (2005); Huang and Yang (2005); Fre-itag and Janika (2007). Simulations are now widely used to optimize the steadystate performane of swirling injetors but the validation of unsteady numerialalulations in well ontrolled on�gurations is still a researh issue. Some ofthe previous studies show that it is essential to take into aount the frequenydependene and the nonlinearities assoiated with the �ame and ombustor re-sponses. Experimental work indiates that the IRZ is a sensitive region and thatits intensity and loation an be in�uened by inoming perturbations Thumu-luru et al. (2007); Bellows et al. (2007); Bellows et al. (2007). Previous studiesalso indiate that the dynamis of swirling �ames are linked to vortex roll-upproesses taking plae in the injetion region and involving the �ame tip Huangand Yang (2009); Kang et al. (2007); Bellows et al. (2007); Külsheimer andBühner (2002). This phenomenon is similar to the roll-up motion observed atthe tip of laminar and turbulent �V� �ames Durox et al. (2005); Balahandranet al. (2005). Vorties are shed from the injetor nozzle lip in response to the�ow pulsations and roll-up the �ame edge resulting in large heat release rate �u-tuations. When the �ow is rotating, one diret e�et of the swirl number is to
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112 Part II. Flow and ombustion dynamishange the �ame spreading angle modifying the distane between the nozzle andthe �ame front. In an unon�ned �ame study Külsheimer and Bühner (2002)it is onluded that at large swirl numbers (0.79) the �ame is more suseptibleto instabilities, and that its response an amplify the perturbation. When the�ame is unon�ned only the IRZ stabilizes the ombustion beause ambient airis entrained and it is di�ult to extend the results obtained to on�ned aseswhere the ORZ is also present. In a on�ned swirled burner submitted to ve-loity modulations with mixtures kept at a �xed equivalene ratio, Kim et al.Kim et al. (2010) have shown that the �ame length is redued as the modulationfrequeny inreases. In the linear regime and for a �xed perturbation level, theywere able to redue their data obtained for �ame transfer funtions at di�erentlean operating onditions into a single urve using a Strouhal number based onthe relative length sales ratio of the �ame length to the onvetive length saleof inlet veloity �utuation. As the magnitude of the inlet veloity �utuationinreases a saturation appears, due to nonlinear e�ets, and the gain of the �ametransfer funtions dereases. The amplitude of the perturbation where this sat-uration arises, depends on the frequeny. In this ase, saturation appears fasterwhen the frequeny is lower but the phase remains almost una�eted for relativeperturbation levels lower than 0.2. Other authors Thumuluru et al. (2007); Bel-lows et al. (2007) also evoke the nonlinear behaviour of swirling �ames submittedto inreasing levels of mass �ow �utuations. It is shown that the unsteady shapeof the �ame is a strong funtion of the mass �ow rate �utuation level as alsoobserved for non swirling �ames Balahandran et al. (2005); Durox et al. (2009).The main onlusions are that the �ame response saturates when the mass �owrate �utuation is augmented, and that it is not easy to determine a time delaybetween �ow rate �utuations and resulting perturbations in heat release rate.Furthermore, �ame transfer funtions are often not omplete or limited to linearperturbations Borghesi et al. (2009), with the exeption of referenes Thumuluruet al. (2007); Kim et al. (2010); Bellows et al. (2003). But theses results arelimited and it is neessary to ollet more data to understand the dynamis ofswirling �ames.Some previous investigations have onerned the in�uene of the swirler designon �ame transfer funtions (see for example Gentemann et al. (2004); Hirshet al. (2005)). It is found that the transfer funtions of radial and axial swirlersfeature the same behaviour at moderate and high frequeny but slight di�erenesare observed in the low frequeny range.A number of artiles Thumuluru et al. (2007); Bellows et al. (2007); Külsheimerand Bühner (2002); Kim et al. (2010); Kim et al. (2009) deal with the e�et of�ow modulations on the dynamis of on�ned swirling �ames and provide someof the data needed to predit thermo-aousti instabilities and limit yles inombustion hambers. In Kim et al. (2009), the laboratory-sale gas turbine
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 113ombustor used to measure �ame transfer funtions and predit instability fre-quenies is mainly used in the linear regime. Flame transfer funtions measuredwith this type of burner indiate that the Strouhal number onstitutes a relevantdimensionless parameter Kim et al. (2010). The present artile tries to �ll theneed for a nonlinear desription of the �ame dynamis by making use of transferfuntions for inreasing perturbation levels up to amplitudes approahing reverse�ow onditions. Another aspet whih is not well understood is how �ow per-turbations reated at the swirler outlet modify the �ame dynamis. This issueis disussed in a few reent studies Huang and Yang (2009); Stone and Menon(2002); Wang and Yang (2005); Komarek and Polifke (2010). It is onludedfrom LES alulations Huang and Yang (2009); Wang and Yang (2005) and in-diretly from transfer funtion measurements by Komarek and Polifke Komarekand Polifke (2010) that on the downstream side of the swirler the perturbationomprises an aousti and a onvetive omponent. While the presene of thisonvetive omponent is reognized Huang and Yang (2009); Wang and Yang(2005); Komarek and Polifke (2010) there are no diret measurements of theaxial and azimuthal veloity omponents whih support this onlusion and notheoretial attempt is made to obtain an estimate of the respetive levels of per-turbation. The impat of the aousti and onvetive perturbations on the �amedynamis is also not fully disussed. It is known that modulated �ames an bein�uened by interferenes between di�erent types of perturbations propagatingat di�erent veloities Shuller et al. (2003b); Preetham et al. (2008); Shanbhogueet al. (2009). The present paper emphasizes the ombined e�ets of the swirlerand �ame.The hapter is organized to deal with the previous issues. The �ame responseto axial veloity modulations is desribed in setion 5.2. Transfer funtions aremeasured for di�erent levels of inoming perturbations. This family of transferfuntions forms a ��ame desribing funtion� (FDF) whih depends on frequenyand amplitude of the inident disturbanes. Two sets of results orresponding todi�erent mass �ow rates are reported. Flame desribing funtions are determinedusing two methods by measuring axial veloity �utuations on the two sides ofthe swirler. This global analysis of the �ame response is ompleted in setion5.3 by a detailed examination of phase onditioned images of the �ame patternsduring the modulation yle. Distributions of heat release are obtained by takingthe Abel transform of phase onditioned emission data. These images provide aslie through the �ame and determine the evolution of the reation region as afuntion of time. Spae-time diagrams of heat release rate �utuations are thenused to understand the global response of the �ames at di�erent foring frequen-ies. Setion 5.4 disusses physial mehanisms driving the observed response.This requires a detailed examination of the perturbations on the downstream sideof the swirler. This analysis is then used in setion 5.5 to interpret the signalsobserved for two harateristi frequenies of the �ame desribing funtion or-
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114 Part II. Flow and ombustion dynamisresponding to low and high gains.
5.2 Flame Desribing FuntionsIt has been shown reently by Noiray et al. (2008), that the Flame DesribingFuntion gives aess to nonlinear features of ombustion dynamis. The FDF isdetermined for a range of frequenies and for di�erent levels of inoming veloityperturbations. It an be de�ned by :
F(ω, u′) =

Q̇′/Q̇

u′/u
(5.2)The heat release rate is generally estimated by reording the global emissionsignals of exited radials like CH∗ or OH∗ using a photomultiplier deteting thewhole light radiated by the �ame. In the present study, the heat release rate isdedued from OH∗ emission and the axial veloity disturbane is measured witha LDV system or a hot wire. One an then write this �ame desribing funtionas a funtion of the OH∗ hemiluminesene signal :

F(ω, u′) =
Q̇′/Q̇

u′/u
≃
I ′OH∗/IOH∗

u′/u
(5.3)This FDF an be expressed as a omplex number in terms of a gain G and aphase di�erene Φ whih depend on the frequeny and the inoming perturbationlevel. The lassial �ame transfer funtion (FTF) then orresponds to the �amedesribing funtion (FDF) obtained for a �xed perturbation level :

F(ω, u′) = G(ω, u′) eiΦ(ω,u′) (5.4)The gain G re�ets the level of response while the phase Φ de�nes the time delaybetween veloity and emission signals.The FDF is here determined in two ways whih di�er by the loation where axialveloity disturbanes u′ are measured. In the �rst ase, this veloity omponentis obtained by laser Doppler veloimetry at x = 2.9 mm above the bakplane ofthe on�nement tube and at a radial distane r = 8 mm from the axis. Thisde�nes a small measurement volume on the downstream side of the swirler in theturbulent swirling �ow, lose to the reation region. In the seond ase, the axialveloity �utuation is measured with a hot wire set in a small ylindrial piee(20 mm in height) plaed on the upstream side of the swirler. The alibration ofthis devie is made by using a premixture at an equivalene ratio φ = 0.7.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 115

(a) (b)

() (d)Figure 5.1: Flame desribing funtion based on LDV measurement for �ame A (a) and�ame B (b). Flame desribing funtion based on hot wire anemometry for �ame A ()and �ame B (d).The �ame response is determined �rst by using veloity measured with the laserDoppler veloimeter (LDV). The FDF obtained for ase A presented in Fig. 5.1(a) pertains to a �ow with a bulk veloity Ub = 2.67 m s−1 over a frequenyrange extending from 0 to 400 Hz and to four veloity modulation levels u′/Ub= 0.3, 0.41, 0.51 and 0.72 where u′ orresponds to the rms perturbation level de-termined at x = 2.9 mm from the injetor outlet and at r = 8 mm from the axis.The gain approahes one in the low frequeny limit. It dereases in a �rst rangebetween 0 and 60 Hz to a value of less than 0.5. From 60 to 100 Hz, eah urvefeatures a peak. For all veloity disturbane levels, this peak is the maximum inthe frequeny range of interest. At 100 Hz, the �ame response is highest. Beyond
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116 Part II. Flow and ombustion dynamis100 Hz and until 150 Hz, the gain drops again and reahes a value of 0.75 formost of the transfer funtion urves. From 150 Hz to 180 Hz, the gain inreasesbut reahes a loal maximum of about 1 (for the smallest modulation level) and0.75 (for the highest modulation level). Beyond 180 Hz the gain dereases in allases and reahes a value whih falls below 0.25. An inrease of the level of theperturbation generates a derease of the gain, espeially in the range 60 Hz - 180Hz. The phase, Fig. 5.1 (a), inreases nearly ontinuously with frequeny from 0to 250 Hz. Beyond 250 Hz, the phase is less smooth due to the low value of thegain in that frequeny range. Under these onditions phase estimates beomeless reliable. The phase signal an be used to determine a global delay of thedynamial interation between the inoming veloity modulation and the result-ing heat release rate perturbation. If the phase varies in an approximately linearway with respet to frequeny, it is possible to write Φ = ωτcv where ω = 2πfand determine the delay whih is in this ase assoiated to a onvetive time.One �nds τcv = 5 ms whih orresponds to the time required by a disturbaneto be onveted to the �ame and reah the �ame edge. This an be seen byalulating this delay for the �ame geometry under investigation : τd ≃ L/Ubwhere L is a harateristi length of the �ame under unsteady operation and Ubis the bulk veloity. In this partiular ase, L ≃ 1.5 m and Ub is 2.67 m s−1.The assoiated delay is 5.6 ms whih is lose to the harateristi delay deduedfrom the transfer funtion phase. While the phase evolution is roughly linear,there are also ripples and a slight derease around 70 Hz where the gain is small.But whatever the amplitude levels, phase urves ollapse well.The desribing funtion shown in Fig. 5.1 (b) obtained for �ame B orrespondsto a larger �ow veloity of 4.13 m s−1. This FDF was also measured with theLDV system. The response is determined in the same frequeny range, but onlythree veloity disturbane levels u′/Ub : 0.2, 0.4 and 0.53 are onsidered. Dataare laking for the highest veloity disturbane level in the range 0-100 Hz be-ause the �ame �ashes bak into the burner when fored by the loudspeaker.From 0 to 60 Hz, the gain is onstant and lose to a value of one. From 60 to100 Hz, the gain diminishes and reahes a low value of 0.3. From 100 to 150Hz, the gain inreases and reahes a loal maximum for the three urves. From150 to 200 Hz, the gain dereases and reahes a value of 0.6. This value re-mains onstant in the frequeny range 200-280 Hz. For the frequenies exeeding280 Hz and up to 400 Hz, the gain dereases �nally taking values below 0.2.The general trend for the phase is quasi-linear from 0 to 400 Hz but there areundulations. The di�erent urves omposing the FDF ollapse well up to 250 Hz.To evaluate the in�uene of the veloity measurement point, one may omparethe previous data with FDFs based on hot wire veloity measurements. Withthis omparaison, it is possible to see if the swirler adds a time delay to the �ame
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 117response. The resulting FDFs are plotted in Fig. 5.1 () and (d) for �ame A andB respetively. The modulation levels indiated in these �gures now orrespondto the rms perturbation level determined at the hot wire loation.For �ames A and B results are lose to those obtained previously with the LDVsystem. It is interesting to disuss the main di�erenes between the two kinds ofmeasured FDF. All FDF measured with the LDV or the hot wire have the sameglobal shape. The minimum and the maximum gains are loated at the samefrequeny independently of the measurement tehnique. The main di�erene isfound in the low frequeny range where the gain is slightly higher in the hot wirease than in the LDV ase for both �ames. Furthermore, peaks obtained withthe LDV take higher values than those observed with the hot wire system as anbe seen by omparising (a) and (b) versus () and (d) in Fig. 5.1. As deduedfrom measurements obtained with the LDV system, the gain dereases for highamplitude perturbations. The phase is roughly linear with a few undulations forboth measurements methods. There are small di�erenes in the slopes deter-mined with the two methods. For the hot wire FDF, slope of the phase urvesis slightly higher than the slope of the phase obtained with LDV. This is due tothe fat that the veloity perturbation is measured with the LDV system at 2.9mm from the base of the one and not exatly in the outlet plane. Then the timedelay determined with the LDV system is shorter than the time delay determinedwith the hot wire. From results presented in Fig. 5.1, it an be onluded thatthe swirler does not indue an additional time delay. And this di�erene is loseto the time delay obtained by dividing the distane 2.9 mm by the bulk veloity.Finally, measurements are smoother with the hot wire system.A entral issue in studying dynamis is to identify harateristi dimensionlessnumbers. In the ase of swirled �ames submitted to inoming veloity distur-banes in onstant equivalene ratio mixture, the Strouhal number mainly de-sribes the �ame response to veloity perturbations of onstant level, see Kimet al. (2010). It is then natural to transform previous data by using this dimen-sionless group based on the �ow veloity and de�ned as : St = fD/Ub where fis the frequeny, D the injetor outer diameter and Ub the bulk veloity. Resultsare presented in Fig. 5.2 where the �rst plot, marked (a) shows �ame transferfuntions for �ames A and B determined for a disturbane level u′/Ub of 0.5measured at the injetor outlet with the LDV system. The seond plot, marked(b), shows the same funtions but determined for a disturbane level of 0.5 insidethe burner upstream the swirler. Some data are missing in the top plot in thelow frequeny range but it is interesting to note that the gain and phase urvesollapse well from 0 up to 0.7 in terms of Strouhal number. Beyond this value,the two urves are distint but the di�erene remains small and the general trendis the same. This is also veri�ed for the other relative veloity amplitudes. The
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118 Part II. Flow and ombustion dynamis

(a)

(b)Figure 5.2: Strouhal number (St = fD/Ub) dependeny for FDF issued from twodi�erent measurement methods. Results obtained in (a) are based on LDV measurementand in (b) are based on hot wire anemometry.
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Figure 5.3: Gain and phase of the �ame desribing funtion for �ame A plotted as afuntion of the input veloity u′/Ub.Strouhal number an then be used to predit the transfer funtion behaviourfor a given geometry on�rming previous �ndings from Kim et al. (2010). Theollapse is imperfet probably beause, as suggested by a reviewer the Reynoldsnumber also hanges with the bulk �ow veloity.Some general trends an be mentioned for these FDFs. The gain an be higherthan unity indiating that the system behaves as an ampli�er. This feature mayfavor ombustion instabilities. Beyond a Strouhal number of 1.5 - 2, the gainis small, indiating that perturbations at high frequenies are less favor to trigsuh ombustion instabilities. By inreasing the perturbation amplitude, thegain regularly dereases. This nonlinearity in the �ame response is ruial to thepredition of limit yle osillations. The gain urves also feature also a loalminimum for a Strouhal number around 0.5 whih will be examined later in thepaper. With this burner, the phase slope does not depend on the perturbationlevel and then the time delay is always the same at a given frequeny. It is notfully independent of the frequeny but the satter around a mean value is rela-tively small.It is interesting to plot the gain and the phase versus the input veloity �u-tuations u′/Ub for two harateristis frequenies f = 60 Hz and f = 90 Hzrespetively blak and gray urves in Fig. 5.3. These plots obtained for �ame Ashow that there is a hange in gain and phase as the relative amplitude of theveloity inlet inreases and re�ets the nonlinearity of the system.
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120 Part II. Flow and ombustion dynamis

0 30 60 90 120 150 180 210 240 270 300 330Figure 5.4: Abel transform for �ame A at low amplitude u′/Ub ≃ 0.3.5.3 Unsteady �ame dynamis at low modulation am-plitudeFlame A Dynamis of �ame A is investigated with a low level of modulationorresponding to a veloity �utuation in the injetor tube of u′/Ub ≃ 0.3 and forthree frequenies f = 90 Hz, f = 170 Hz and f = 230 Hz. Results are presented inFig. 5.4. This is ahieved by aumulating one hundred instantaneous images fortwelve seleted phases in the yle. The resulting averages are then ompressedby binning adjaent pixels of two by two matries to derease the image size andaugment the signal to noise ratio. An Abel transform is then applied to eahbinned image to get the two dimensional �ame slie. This proessing is appliedto �ame A desribed previously.
0 30 60 90 120 150 180 210 240 270 300 330Figure 5.5: Abel transform for �ame B at low amplitude u′/Ub ≃ 0.2.Flame B Dynamis of �ame B is investigated with a low level of modulationorresponding to a veloity �utuation in the injetor tube of u′/Ub ≃ 0.2 andfor two frequenies f = 100 Hz and f = 150 Hz. Results are presented in Fig. 5.5
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 1215.4 Unsteady �ame dynamis at high modulation am-plitudeThe �ame motion indued by inoming perturbations is analyzed in this setionusing optial imaging tehniques to interpret �ame desribing funtions data.This an be ahieved by making use of OH PLIF methods as done by Thumuluruet al. (2007); Lee et al. (2000); Bellows et al. (2007) or by diretly reording the�ame emission with an ICCD amera as by Bellows et al. (2007); Külsheimer andBühner (2002). A diret analysis of instantaneous �ame emission images is notsuitable beause turbulent �utuations tend to hide the organized motion asso-iated with the periodi motion. It is also important to remember that emissionimages are formed by integrating �ame radiation over the line of sight. It is thenmore suitable to use a ombination of phase onditioned averaging of emissionimages followed by an Abel transformation. The main objetive is to apture thedynamis of the �ame at eah instant in the yle during the osillation. This isahieved by aumulating one hundred instantaneous images for twelve seletedphases in the yle. The resulting averages are then ompressed by binning ad-jaent pixels of two by two matries to derease the image size and augment thesignal to noise ratio. An Abel transform is then applied to eah binned image toget the two dimensional �ame slie. This proessing is applied to �ames A andB desribed previously. The Abel transform is illustrated in Fig. 2.8 on page 45for an external modulation frequeny f = 100 Hz. The proessed image indi-ates that ombustion is onentrated in a �ame brush with a �ame edge in theinjetor near �eld adjaent to a entral ore and redue the noise assoiated withthe Abel transform. A Gaussian �lter is used to smooth the data. This does notompletely redue the �utuations whih appear near the axis of symmetry.Phase onditioned Abel transformed images are now used to analyze the dynam-is of �ames A and B. Case A is illustrated with the dynamis observed for themodulation level u′/Ub = 0.5 seleted for the transfer funtion omparison ar-ried out previously. The �ame patterns over a full yle of osillation are shownin Fig. 5.6. Data orrespond to four di�erent foring frequenies f = 20, 60, 90and 230 Hz whih are harateristi points in the transfer funtion represented inFig. 9.2. In these �gures, results are displayed as a funtion of time expressed indegrees of phase. These data an be used to examine the evolution of the �amesurfae area by assuming that the volumetri rate of reation is a produt of theloal heat release rate per unit surfae multiplied by the surfae per unit volume.If the rate per unit surfae does not hange, then the Abel transformed imagesan be interpreted in terms of phase average surfae densities. Consider �rst thease where the �ame response is modulated at f = 20 Hz. This orresponds to again of about unity (on the left plot in Fig. 9.2). The �ame surfae is dereasingfrom 0◦ to 180◦ and inreasing from 180◦ to 300◦. The �ame motion essentially
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122 Part II. Flow and ombustion dynamis20 Hz 60 Hz 90 Hz 230 Hz
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Figure 5.6: Flame slie images obtained by phase averaging and Abel transformationof emission images reorded by an ICCD. Flame A - u′/Ub ≃ 0.5 and φ = 0.7. Imagesare saled in W m−3.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 12350 HZ 100 Hz 150 Hz 250 Hz
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Figure 5.7: Flame slie images obtained by phase averaging and Abel transformationof emission images reorded by an ICCD. Images are saled in W m−3. Flame B -
u′/Ub ≃ 0.5.
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124 Part II. Flow and ombustion dynamisorresponds to that of a bulk osillation, with minor �ame roll-up at the �ametip. It is also found that from 60◦ to 240◦ �ashbak takes plae and the �ameis seen to slightly move into the burner. It is now worth examining a ase at f= 60 Hz presented in Fig. 5.6, where the gain of the transfer funtion takes asmall value (0.25, on the left plot in Fig. 9.2). The �ame is now subjeted toa onvetive roll-up motion between 0◦ to 120◦, but the �ame surfae does nothange signi�antly during the yle. From 120◦ to 240◦ the onvetive motionis still present but the �ame surfae is a�eted and inreases slightly. After 240◦and up to 300◦, the �ame surfae is dereasing. For a modulation frequeny of f= 90 Hz, the gain of the FDF slightly exeeds unity (G ≃ 1.25). The �ame sur-fae now features large variations. The �ame surfae dereases from 240◦ to 120◦and then inreases in the remainder of the yle. Images in Fig. 5.6 show thatvortex roll-up ats on the �ame and spei�ally on its tips from 120◦ to about
240◦. At higher modulation frequenies, as for example in images presented inthe right part of Fig. 5.6 for f = 230 Hz, one �nds that the main vortex roll-upours at the �ame tips from 0◦ to 120◦. After that, the main vortex roll-upprogressively disappears while a seond roll-up wrinkles the �ame base from 180◦to 240◦. From 240◦ to 300◦, the seond vortex beomes dominant and propagatesalong the �ame. It should be noted that during the yle, the shape of the �ameis hanging but the surfae area remains nearly onstant. The gain found in thissituation approahes G ≃ 0.2.
E�ets of the mean �ow veloity are now examined with data obtained for �ameB and for a modulation level u′/Ub = 0.5 whih nearly oinides with that usedfor �ame A. The �ame patterns are shown in Fig. 5.7 for four frequenies f =50, 100, 150 and 250 Hz orresponding to harateristi points in the gain ofthe transfer funtion presented on the right plot in Fig. 9.2. Similar dynamis isobserved for �ame B and Flame A. The main di�erene is in the interation ofthe �ame with the walls of the �ame tube. Results reported in this setion givean indiation on the �ame motion indued by inoming perturbations and onthe di�erent response types whih an be observed when the frequeny is varied.These data omplement the desribing funtion measurements and they onsti-tute a database for future omparisons with unsteady simulations. One questionwhih annot be answered with the present hapter is that of the possible in�u-ene of a preessing vortex ore (PVC). This requires further experiments andlarge eddy simulations arried out in hapter 13. It is generally believed that thePVC is weaker under hot �re onditions. Its impat on the �ame response is notfully doumented.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 125

(a)Figure 5.8: View of the two interrogation windows superimposed on �ame A at 60 Hz.UW and LW respetively designate the upper and lower windows.5.5 DisussionThe underlying mehanisms leading to di�erent �ame dynamis are now exam-ined by analyzing emission images. This is ahieved by de�ning two interrogationwindows, an upper window noted UW and a lower window noted LW as indiatedin Fig. 5.8 for �ame A. In this �gure, the light intensity radiated by �ame A mod-ulated at f = 60 Hz is deteted separately in the two windows. The utting lineseparates an upper region where 70% of the heat is released from a lower regionwhere 30% of the heat is deposited. With this hoie, the relative �utuations inthese two regions have the same order of magnitude : Q̇′

lw/Q̇lw ≃ Q̇′

uw/Q̇uw. Forthe higher foring frequeny f = 90 Hz for �ame A and f = 150 Hz for �ame Bthe utting line de�nes upper and lower regions where 63% and 37% of heat isreleased. It is thus possible to dedue the ontribution to the heat release ratesignal from the light emission deteted in eah of the previous windows. This isobtained by summing the pixels in the two windows for eah phase-loked image.This proess is repeated for f = 60 Hz and f = 90 Hz for �ame A and for f = 100Hz and f = 150 Hz for �ame B. It is important to remember that these valuesorrespond to harateristi points where the gain of the FDF are respetivelyminimum and maximum. Results are displayed in Fig. 5.9 (a) and (b) for �ameA and in Fig. 5.9 () and (d) for �ame B.For �ame A and for a modulation frequeny f = 60 Hz, the signals detetedin the two windows are essentially out of phase and the sum of these signals issmaller than its upper and lower omponents. The global response of the �ameis low beause the lower and upper parts of the �ame respond in opposition. Inother words the proess leads to a anelation of their respetive ontributions.
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126 Part II. Flow and ombustion dynamis

(a) (b)() (d)

Figure 5.9: Heat release rate signals reonstruted from the light emission deteted inthe upper and lower windows. (a) f = 60 Hz, �ame A. (b) f = 90 Hz, �ame A. ()
f = 100 Hz, �ame B, (d) f = 150 Hz, �ame B.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 127At f = 90 Hz, the situation is quite di�erent. The signals from the lower andupper parts of the �ame are nearly in phase and the whole �ame ontributesoherently to the �utuation in heat release rate. The same observations an bemade for �ame B. At f = 100 Hz, the signals from the lower and upper windowsare out of phase while at f = 150 Hz, emissions from these two windows arenearly in phase. The main result is that the �ame response is a strong funtionof the response of eah part of the �ame. These observations indiate that thegain of the �ame is linked to the timing of the heat release perturbations in the�ame. When this timing orresponds to an out of phase motion, the gain is low.When the sum of the light intensity in both windows is in phase, the gain is high.It is also interesting to examine these data by plotting phase-spae diagrams.One uses a referene frame where the vertial axis is the phase and the horizon-tal axis orresponds to the axial oordinate in the �ame. Spae-phase diagramsorresponding to modulations at f = 60 and f = 90 Hz are plotted in Fig. 5.10(a) and (b) respetively for �ame A. These diagrams are formed by summingemission over the pixels in eah line of the phase average images. For a givenphase ψ one starts from the phase average image like Fig. 5.8 aquired with theICCD amera. Let I(j, l, ψ), j = 1, ..., 512, l = 1, ..., 512 be the loal pixel in-tensity on the CCD sreen. One forms a transversally averaged emission signal
< I > (j, ψ) and then subtrats the time average intensity from this signal. Theresult is then divided by this average to obtain a relative intensity �utuation
(< I > (j, ψ) − < I >)/< I >. For a given phase ψ, this quantity de�nes thespatial distribution of relative emission whih may be interpreted as the spatialdistribution of transversally integrated heat release rate. This operation is re-peated for a set of phases and results are gathered in the form of ontours. InFig. 5.10, the vertial gray line indiates the border of the two windows LW andUW de�ned in the previous setion.An examination of the diagram in Fig. 5.10 (a) orresponding to �ame A undera modulation at f = 60 Hz indiates the presene of alternate positive and neg-ative �utuations. For a given phase one �nds a region in the �ame where the�utuation is positive while in another region the �utuation is negative. Theseregions are onveted downstream and the proess is repeated periodially. Thisexplains observations made previously where the two regions loated in the LWand UW operate in phase opposition when the �ame is modulated at f = 60Hz. When this takes plae the total heat release �utuation in the �ame is low.For f = 90 Hz shown in Fig. 5.10 (b), both sides of the gray line are nearly inphase and both ontribute positively or negatively to the heat release �utuation.Under these irumstanes the global level of heat release �utuation is high. For�ame B, similar trends are observed for f = 100 Hz and f = 150 Hz. From thisanalysis it beomes lear that the �ame response an be weak when two regions
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128 Part II. Flow and ombustion dynamis

(a) (b)() (d)

Figure 5.10: Spae-time distributions of light emission. (a) : �ame A modulated at f= 60 Hz. (b) : �ame A modulated at f = 90 Hz. () : �ame B modulated at f = 100Hz. (d) : �ame B modulated at f = 150 Hz. These diagrams are formed by summingemission over the pixels in eah line of the phase average images. For a given phase thisquantity de�nes the spatial distribution of relative emission whih an be interpreted asthe spatial distribution of transversally integrated heat release. The gray line indiatesthe limit used to split both windows.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 129in the �ame operate sequentially and give rise to a destrutive interferene oftheir heat release rates. Furthermore, the patten orientation in these maps aredi�erent suggesting that the response is determined by a ombination of pertur-bations. In Fig. 5.10 (a) and (), onvetive propagation is learly visible whilein Fig. 5.10 (b) and (d), the motion is lose to a bulk mode.5.6 Physial mehanisms driving the responseIt is now interesting to onsider the physial mehanisms de�ning the �ame re-sponse and examine more spei�ally the mehanism whih gives rise to the loalminimum and maximum in the FDF gain urve. This requires an analysis ofperturbations on the downstream side of the swirler. It is known from hapter 7that a blade row interating with an inident aousti wave generates re�etedand transmitted aousti waves as well as a vortiity wave in the downstreamregion. This last wave features veloity omponents in the axial and transversediretions whih are onveted by the �ow. The same mehanism operates whena swirler is impinged by aousti waves induing a vortiity wave on its down-stream side. It is useful to develop an analysis of the mode onversion proesstaking plae at this omponent. This an be aomplished by employing an a-tuator disk desription of this devie and using the work of Cumpsty and Marble(1977b) to start the analysis. In the geometry shown in Fig. 4.3, page 81, theswirler is represented by a two dimensional asade. The inoming �ow veloity
w1 is oriented in the axial diretion while the outgoing �ow w2 makes an angle
θ2 with respet to the axis. To relate perturbations on the upstream (index 1)and downstream (index 2) sides of this asade one may use jump onditions pro-vided in Cumpsty and Marble (1977b) and adapted to a small Mah number �ow.It is thus possible to write the veloity omponents on the downstream side ofthe swirler in the following form :
u′2 =

A

ρ c
exp i

(
ω

c
x− ωt

) (5.5)
v′2 =

A

ρ c
tan θ2 exp i

(
ω

u2
x− ωt

) (5.6)The axial veloity omponent propagates at the speed of sound while the trans-verse veloity omponent is onveted at the loal �ow veloity u2 = w2 cos θ2in the axial diretion. The previous alulations indiate that the swirler ats asa mode onverter. When it is submitted to axial aousti waves it generates avortiity wave whih is onveted by the �ow in the axial diretion. This onve-tive wave is haraterized by a veloity omponent in the transverse diretion.These onlusions were obtained from a two dimensional asade model. Theappliation to a typial swirler is only approximate but su�ient for the present
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130 Part II. Flow and ombustion dynamispurpose. It is then possible to onsider that the azimuthal veloity �utuationan be identi�ed to the transverse omponent determined previously.Sine the �ow leaving the swirler is rotating around the x-axis, the presene of�utuations in the radial and azimuthal diretions will have an e�et on the in-stantaneous swirl number. In priniple, the swirl number is de�ned by assumingthat the �ow is steady. It is however informative to alulate this number byexpressing the veloity omponents in terms of a mean value and a small �utu-ation u = u + u′ and v = v + v′. If one assumes for simpliity that the relative�utuations are uniform over the �ow and that their amplitude is small, one mayexpand the swirl number given in Eq. (6.1) to �rst order. This yields :
S = S

[
1 +

v′2
v2

−
u′2
u2

] (5.7)where S is the mean value in the absene of �utuations. This expression indiatesthat �utuations in swirl number are due to the di�erene between the relative�utuations of azimuthal and axial veloities. Using expressions Eq. (5.6) andsubstituting in Eq. (5.7), one obtains :
S − S

S
=
S′

S
= a

[
exp i

(
ω

u2
x

)
− exp i

(
ω

c
x

)]
exp(−iωt) (5.8)where a designates the modulus of inoming relative �utuations in axial veloitydownstream the swirler.The axial and azimuthal �utuations propagate at signi�antly di�erent phaseveloities, the �rst being aousti in nature while the seond is onvetive. Thishas the onsequene that these two omponents will interat with the �ame on-strutively or destrutively depending on the distane between the swirler and theinjetor exhaust as an be seen by examining expression Eq. (8.13). The in�ueneof this distane was indeed notied previously by Huang and Yang (2009); Gen-temann et al. (2004); Wang and Yang (2005); Komarek and Polifke (2010) andthe resulting e�et was attributed to swirl number �utuations but the presentalulations provide estimates of these �utuations around its mean value andindiate that the amplitude of these �utuations is governed by the ombinationof inident axial perturbations with azimuthal veloity perturbations indued bythe swirler.This analysis indiates that the vortial mode generated on the downstream sideof the swirler gives rise to azimuthal veloity �utuations whih are onveted bythe �ow. These �utuations ombine with perturbations in axial veloity. Theimpat of this disturbed �eld on the �ame response depends on the phase shift.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 131This di�ers in nature from mehanisms invoking the PVC.It is worth noting that the present two-dimensional model only approximatesonditions prevailing near the swirler hub in the axial ase. Radial swirlers arewell represented by a asade. In addition, fully three dimensional alulationsnot shown here on�rm that the same mode onversion mehanism is at work.5.7 Data interpretationThe entire set of data orresponding to the FDF have provided the importantinformation that all transfer funtions omposing the FDF feature the loal min-imum and maximum and that the mehanisms produing these gains operatefor all levels of perturbation. The following analysis is arried out for a singlelevel of perturbation but is equally valid for others values. It turns out that themode onversion proess taking plae at the swirler is essentially linear. It is thenreasonable to use the highest modulation level to get the best signal to noise ratio.It is now possible to interpret the �ame desribing funtion measurements andspei�ally onsider the minimum and maximum gain of this funtion. Thisanalysis is arried out for �ame A, whih features a minimum and a maximumgain at f = 60 and f = 90 Hz respetively but similar results are found for �ameB. It is already shown in the previous subsetion that the perturbed veloity�eld omprises an axial and an azimuthal omponent. It is also known fromprevious studies that when the axial veloity perturbation reahes a maximuma vortex is shed from the injetor lips. This vortex is onveted by the �ow andeventually rolls up the �ame tip. This is a �rst mehanism of unsteady heatrelease whih indues large �ame surfae area �utuations whih mainly operatenear the end of the �ame and produes most of the heat release �utuationdeteted in the upper window UW de�ned in setion 6.4. The seond mehanismis here assoiated with the ombined axial and azimuthal veloity perturbations.This indues �utuations in swirl number as expressed in the linearized form byEq. (5.7) or more expliitly by Eq. (8.14) whih in return give rise to a breathingmotion of the entral reirulation region resulting in an angular de�etion ofthe �ame. The �ame angle hanges in response to the inoming perturbations ofaxial and azimuthal veloity omponents. It is interesting to estimate the relativeangular �utuation indued by this mehanism. This an be done by desribingthe normal propagation of the �ame in terms of a turbulent burning veloity ST .The �ame angle α is then de�ned by :
sinα =

ST

u
(5.9)
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132 Part II. Flow and ombustion dynamisThis expression an be linearized around the mean state assuming small varia-tions of the �utuating quantities :
sin(α+ α′) =

ST + S′

T

u+ u′
(5.10)After some simple alulations in whih one only retains �rst order terms, one�nds the following relation :

α′

α
≃

tanα

α

[
S′

T

ST

−
u′

u

] (5.11)It is reasonable to assume that the �utuations in turbulent burning veloity(ST ∼ vmax, see Ishizuka et al. (1998)) are linked to the axial and azimuthalveloity perturbations. A �rst order expansion onsists in assimilating S′

T /ST tothe weighted sum of relative �utuations in azimuthal and axial veloities :
S′

T

ST

= χ
v′

v
+ ζ

u′

u
(5.12)The relative �utuation of �ame angle then beomes :

α′

α
≃

tanα

α

[
χ
v′

v
+ (ζ − 1)

u′

u

] (5.13)To use the previous model one has to �x the oe�ients de�ning the relativeperturbations in turbulent burning veloity in Eq. (5.12). This information isadmittedly not easy to obtain. We use the following values : χ = −0.4 and
ζ = 0.4 dedued from a trial and error proess. These values are also obtainedfrom a separate analysis of the theoretial transfer funtion of swirling �ames,see hapter 8. The present hoie orresponds to a trade-o�.One expets from the previous analysis that swirl number �utuations will bere�eted in �ame angle �utuations. Also, the �utuations in burning veloityand �ame angle will diretly translate into �utuations in heat release rate. It isthen possible to onsider the mehanism whih de�nes the heat release perturba-tion near the root of the �ame, in the lower window and link these perturbationsto �utuations of �ame angle α and burning veloity ST . The heat released bythe �ame in the lower window is proportional to the burning veloity and �amesurfae area :
Q̇lw = ρSTAf∆hYFO (5.14)where ρ is the density of the fresh stream, Af is the �ame surfae, ∆h is theheat release per unit mass of fuel (50 MJ kg−1) and YFO is the mass fration of
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 133fuel in the premixed stream. Near the �ame anhor point the surfae may beassimilated to a trunated one :
Af =

π(r22 − r21)

sinα
(5.15)where r2 is the radius of the �ame at the top of the lower window, at a distane

dlw from the entral rod and r1 is the radius of the rod. Now, r2 = dlw tanα and
r1 << r2 so that Af is proportional to sinα/ cos2 α. The heat release �utuationin the lower region Q̇′

lw, may be obtained by expanding Eq. (8.31) :
Q̇′

lw = ρ∆hYFO(S′

TAf + STA
′

f ) (5.16)and the relative �utuation in heat release is then determined by :
Q̇′

lw

Q̇lw

=
S′

T

ST

+ α′
1 + sin2 α

cosα sinα
(5.17)To allow a omparison with experimental data, it is onvenient to obtain theratio of the heat release rate perturbation in the lower window to the total heatrelease in the �ame. This is obtained from the previous expression :

Q̇′

lw

Q̇
= η

[
S′

T

ST

+ α′
1 + sin2 α

cosα sinα

] (5.18)Here η = Q̇lw/Q̇ represents the ratio of mean heat release in the lower windowto the total mean heat release in the �ame and its value is approximately equalto η = 0.3 for �ame A. Expression Eq. (8.23) together with Eq. (5.12) and Eq.(5.13) fully determine the heat release �utuations deteted in the lower window(LW). The ombination of these �utuations with those indued at the �ame tipdetermines the �ame response to inident perturbations.This senario may now be veri�ed by examining signals deteted in the experi-ments and omparing these data to theoretial estimates based on the previousexpression. For this analysis one onsiders the following signals : v′/v, u′/u,
α′/α, Q̇′

lw/Q̇, Q̇′

uw/Q̇ and Q̇′/Q̇. All these signals are obtained from measure-ments. Radial pro�les of axial veloity �utuations were not measured but pre-vious experiments in other on�gurations indiate that the perturbation level isapproximately onstant exept near the boundaries where it diminishes. Thenthe measured level at a median point is representative of the state of modula-tion. In addition, it is also worth plotting the swirl number �utuations S′/Sdedued by subtrating the axial veloity �utuation from the azimuthal veloity�utuation Eq. (5.7) and theoretial estimates of α′/α dedued from expressionEq. (5.13) and Q̇′

lw/Q̇ obtained from Eq. (8.23). The signals orresponding to�ame A are plotted in Fig. 5.11 and Fig. 5.12 whih respetively orrespond to a
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134 Part II. Flow and ombustion dynamis

Figure 5.11: Charateristi signals desribing the response of the �ame A at f = 60Hz versus phase (in degrees) during two yles. Reonstruted signals are plotted assolid lines while experimental data are represented by symbols. (a) Relative veloity�utuations. Open squares : v′/v, dark squares : u′/u. (b) Relative swirl number�utuations S′/S dedued from the veloity signals. () Angular �utuations α′/α.Squares : experiment. Solid line : predition. (d) Relative heat release rate in the upperwindow Q̇′

uw/Q̇. (e) Relative heat release rate in the lower window Q̇′

lw/Q̇ symbols :experiment, solid line : predition. (f) Relative total heat release rate �utuation in the�ame Q̇′/Q̇.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 135minimum and a maximum response of the �ame at f = 60 and f = 90 Hz.We �rst examine signals at 60 Hz plotted in Fig. 5.11. The relative veloity �u-tuations displayed in the top sub�gure have the same order of magnitude (|v′|/v
≃ |u′|/u) in agreement with the atuator disk theory derived previously. The twosignals are nearly in phase opposition. Measurements of the phase between thetwo veloity omponents over a range of frequenies indiate that this quantityevolves linearly with frequeny ϕ = ωτc + ϕ0 as predited theoretially. Thereis however a phase o�set ϕ0 whih does not appear in the model. For �ameA one �nds τc = 12 ms and ϕ0 = −1 rad. The phase between u′/u and v′/vre�ets the delay indued by onvetion of azimuthal perturbations v′. This on-vetion takes plae at a veloity whih is lose to the maximum axial veloityin the injetion hannel. For �ame A this orresponds to 3.8 m s−1. The swirlnumber �utuations S′/S estimated from expression Eq. (5.7) in terms of therelative veloity �utuations are in this ase quite large (Fig. 5.11 (b)). These�utuations are almost in phase with the �ame angle �utuations displayed inFig. 5.11 (). The �ame angle α de�ned between the �ame sheet and the ver-tial axis inreases when the swirl number inreases. The next three sub�guresdisplay relative heat release �utuations. The heat release rate �utuation inthe upper window Q̇′

uw/Q̇ (Fig. 5.11 (d)) is delayed with respet to the axialveloity signal measured at the base of the �ame and displayed in Fig. 5.11 (a),blak square symbol. The phase di�erene ∆ϕ ≃ 60◦ between these two signalsorresponds to a delay τ ≃ 3 ms. This delay is that required for onvetion of avortex from the injetor lip to the �ame tip. The heat release in the lower win-dow follows the �ame angle �utuation Q̇′

lw/Q̇ ≃ α′/α. When the �ame angleis dereasing, the heat release rate observed in the lower window also dereases.The inverse mehanism ours when the �ame angle inreases (Fig. 5.11 (e)).The theoretial signal Q̇′

lw/Q̇ dedued from expression Eq. (8.23) and plotted asa solid line in Fig. 5.11 (e) is in good agreement with experimental data shownas blak symbols. The total heat release rate shown in Fig. 5.11 (f) is the sumof heat release rates measured in the lower and upper interrogation windows asdisussed in setion 4. In the present ase for a modulation frequeny f = 60 Hz,the two veloity signals at the �ame base are out of phase and their ombinationhas a relatively low amplitude and one may onlude that the two mehanismsperturbing the �ame interfere to redue the total response thus yielding a lowgain.The signals orresponding to f = 90 Hz for �ame A are displayed in Fig. 5.12.The relative axial and azimuthal veloity �utuations are still of the same orderof magnitude as expeted from the atuator disk theory but the signals are nownearly in phase. The swirl number �utuations dedued from experimental ve-loity signals are muh weaker than at 60 Hz Fig. 5.12 (b). The �ame angle is



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 136 � #158
i

i

i

i

i

i

136 Part II. Flow and ombustion dynamis

Figure 5.12: Charateristi signals desribing the response of the �ame A at f = 90Hz versus phase (in degrees) during two yles. Reonstruted signals are plotted assolid lines while experimental points are represented by symbols. (a) Relative veloity�utuations. Open squares : v′/v, dark squares : u′/u. (b) Relative swirl number�utuations S′/S dedued from the veloity signals. () Angular �utuations α′/α.Squares : experiment. Solid line : predition. (d) Relative heat release rate in the upperwindow Q̇′

uw/Q̇. (e) Relative heat release rate in the lower window Q̇′

lw/Q̇ symbols :experiment, solid line : predition. (f) Relative total heat release rate �utuation in the�ame Q̇′/Q̇.
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Chapter 5. Combined dynamis of swirler and turbulent swirlingflames 137also weakly perturbed by these �utuations Fig. 5.12 (). The alulated �ameangle �utuation Eq. (5.13) is larger than expeted and out of phase omparedto experimental data. Conerning the heat release rate in the upper window, themehanism involving �ame surfae �utuation is present in this ase and one ande�ne a time delay between the upper window heat release signal Q̇uw/Q̇ andthe axial veloity signal u′/u at the �ame base. The phase di�erene ∆ϕ ≃ 90◦yields a delay τ ≃ 3 ms whih nearly oinides with that found at 60 Hz. Aomparison between Fig. 5.12 () and (e) indiates that when the �ame angle in-reases, the heat release rate in the lower window inreases like in the 60 Hz ase.The alulated heat release �utuation in the lower window has the right orderof magnitude but the phase is less well reprodued. The experimental signals
Q̇′

lw/Q̇ and Q̇′

uw/Q̇ are nearly in phase yielding a maximum response in terms oftotal heat release rate �utuation.The previous theory provides some suitable estimates of the experimental signals.It on�rms the existene of two proesses of unsteady heat release assoiated withtwo types of veloity perturbations. While results are quite satisfatory at theminimum of the transfer funtion gain, some improvement is needed at the pointof maximum response.It is probable that the mehanism desribed in this artile will be equally im-portant in lean premixed injetors operating at higher bulk veloities. As theFDF an be saled in terms of Strouhal numbers one dedues that frequenieswill follow Strouhal saling rules. An inrease in bulk veloity by a fator of10 will multiply the harateristi frequenies by the same fator if geometrialdimensions are kept onstant.5.8 ConlusionThe dynamis of swirled premixed �ames is onsidered in this hapter leading tothe followings results :1. The �ame response is determined in terms of families of transfer funtionswhih onstitute a �ame desribing funtion (FDF). The FDF depends onthe frequeny and amplitude of the inoming perturbation and an be usedin nonlinear analysis of instabilities involving this type of �ame. Two meth-ods employed for the FDF determination yield similar values. Data indiatethat the transfer funtion gain depends on the input level most notably infrequeny ranges where this gain reahes an extremum. The phase is lessdependent on the input level and features a quasi linear behaviour with
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138 Part II. Flow and ombustion dynamisrespet to frequeny indiating that the �ame responds with a delay to theinoming perturbations.2. It is found that transfer funtions an be ollapsed for a �xed value of themodulation amplitude at least in the low frequeny range in terms of aStrouhal number on�rming previous �ndings.3. Systemati experiments indiate that the �ame response is ontrolled bytwo types of �utuations, the �rst being related to azimuthal veloity per-turbations generated by the swirler and onveted by the �ow, the seondbeing assoiated to axial veloity perturbations propagating to the injetorexhaust. Flutuations in the swirl number are generated and may ombinewith vortex roll-up induing large variations in �ame surfae area.4. An estimate of indued azimuthal veloity perturbations obtained from anatuator disk analysis is found to agree well with laser Doppler measure-ments of these omponents.5. At the frequeny orresponding to a loal minimum in the FDF gain, itis shown that the initial and downstream regions of the �ame operate inphase opposition giving rise to heat release omponents whih interferedestrutively and yield a low level for the global heat release signal. Atthe frequeny orresponding to a loal maximum in gain, the heat releasesignals indued by the two types of perturbations are in phase and theirombination yields a maximum level.
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Chapter 6
Swirler geometry and swirlnumber e�ets on FDF

Abstrat : This hapter deals with the response of swirling �amessubmitted to aousti veloity disturbanes when the rotation of the �owis produed by an axial or a radial swirler. The objetive is to ompareresponses obtained in these two ases. The response is haraterized interm of the �ame desribing funtion (FDF) whih generalizes the lassi-al �ame transfer funtion onept by onsidering not only the frequenybut also the amplitude of the veloity disturbanes. The FDF been shownto be relevant in studies of ombustion instabilities oupled by aoustis.Results indiate that for both types of swirlers, the dynamis is essentiallysimilar for the gains and the phases of the �ame desribing funtions. Itis also found that the swirl number value markedly in�uenes the gainresponse. The harateristi shape of the FDF, with a loal minimumand maximum are found in both ases and these features orrespondto the mehanisms desribed previously (swirl number �utuations andvortex roll-up of the �ame. Swirl number �utuations are indued by theinteration of the inident aousti disturbanes with the swirler. Thisgenerates in the two ases a transmitted aousti wave and a onvetivevortiity wave. This last wave is haraterized by azimuthal veloityperturbations. The mode onversion proess giving rise to the latter typeof disturbane was already demonstrated in the ase of an axial swirler.It is here examined in the radial swirler geometry. It is shown thatthe mode onversion proesses in the two geometries are quite similarand that they produe similar e�ets on the �ame dynamis and response.
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140 Part II. Flow and ombustion dynamisRésumé : Ce hapitre traite de la réponse des �ammes swirléessoumises à des perturbations de vitesses aoustiques lorsque la rotationde l'éoulement est produite par un swirler axial ou radial. L'objetifest de omparer les réponses obtenues dans es deux as. La réponseest aratérisée en terme de fontion de transfert généralisée, qui élar-git la fontion de transfert de �amme en onsidérant non seulement lafréquene mais aussi l'amplitude des perturbations de vitesses. Cet outila montré sa pertinene dans l'étude des instabilités de ombustion ou-plées par l'aoustique. Les résultats indiquent que pour les deux types deswirlers, la dynamique est essentiellement similaire pour les gains et lesphases de la réponse. Il est également onstaté que la valeur du nom-bre de swirl in�uene fortement la réponse en terme de gain. La formearatéristique de la fontion de transfert généralisée, ave un minimumet un maximum loal, se retrouve pour les deux as de swirlers. Cetteréponse aratéristique orrespond à des méanismes dérits préédem-ment (�utuations du nombre de swirl et enroulement d'un tourbillon àl'extrémité de la �amme). Les �utuations du nombre de swirl sont in-duites par l'interation des perturbations aoustiques inidentes ave leswirler. Cela génère dans les deux as (axial et radial) une onde trans-mise aoustique et une onde tourbillonnaire onvetée. Cette dernière estaratérisée par des perturbations de vitesses azimutales. Le proessusde onversion de mode à l'origine de e dernier type de perturbation adéjà été démontré dans le as d'une vrille axiale. Il est ii étudié dansla géométrie radiale. Il est montré que le proessus de onversion demode pour les deux géométries est très similaire et qu'il produit des e�etsidentiques sur la dynamique de �amme et don sur la réponse.6.1 IntrodutionIt has been shown in some reent studies that the response of �ames to veloityperturbations an be suitably haraterized by making use of the �ame desrib-ing funtion (FDF). This generalizes the �ame transfer funtion by taking intoaount the e�et of the modulation frequeny and of the amplitude of the in-oming veloity disturbanes as did Noiray et al. (2008); Durox et al. (2009).The FDF may be inluded in an aousti network analysis of ombustion systemsto predit regions of instability and estimate frequenies and amplitudes of limityle osillations. This analysis has been arried out for a set of onial �amesanhored to a perforated plate, see Noiray et al. (2008) and to a swirling �ame,see Kulkarni and Nioud (2010) and hapter 9 of the present manusript. The�ame dynamis and response plays a entral role in this framework.
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Chapter 6. Swirler geometry and swirl number effets on FDF 141In the ase of non-swirling �ames, the main physial mehanisms ontrollingthe shape of the �ame transfer funtion have been widely analyzed. For oni-al �ames, the aousti modulation produes wrinkles onveted along the �amefront resulting in a high response at low frequeny. The gain of the �ame transferfuntion approahes unity as the frequeny is redued and the ut-o� frequeny isreahed when one onvetive wavelength sets along the �ame front, see Duruixet al. (2000). It was also shown that the same type of response an be obtainedby modifying the dynamis of the �ame root, see Kornilov et al. (2007) andPreetham et al. (2008). �V" �ames are more reeptive to �ow perturbations andonvetive e�ets result in a gain exeeding unity, see Shuller et al. (2003b).The �ame response then results from onveted wrinkles along the �ame front,see Boyer and Quinard (1990b) also interfering with large vorties shed from theburner lips and synhronized by the aousti foring, see Durox et al. (2005).This latter mehanism is responsible for vortex rollup at the �ame tip produinglarge �ame extintions and peak values of the gain at harateristi frequenies.It has also been shown that the dynamis of the anhoring points of �V" �amesmay strongly modify their response, see Perterson and Emmons (1961), Dowling(1999) and Shanbhogue et al. (2009). The transfer funtion of premixed non-swirling �ames submitted to veloity perturbations is then mainly determinedby three ompeting mehanisms (a) �ame front wrinkling, (b) attahment pointdynamis and () interation with oherent strutures, whih may interfere on-strutively or destrutively. These mehanisms also operate for swirling �ames,see Thumuluru and Lieuwen (2009). There are indiations in Straub and Rihards(1999) and more reently in Hirsh et al. (2005) that the swirler has an in�ueneon the dynamis of the �ame when it is submitted to inident aousti perturba-tions. For example Straub and Rihards (1999) show that the axial position ofthe swirler in the injetor element hanges the instability harateristis of thesystem. It is indiated by Hirsh et al. (2005) that the swirling jet dynamisare de�ned by generation and strething assoiated with onvetive e�ets if theswirler is loated upstream. However this artile did not provide an estimate ofthe respetive levels of axial and azimuthal perturbations produing �utuationsin swirl strength.It is shown more reently (hapter 4) that the interation between an axial swirlerand inident aousti disturbanes generates a vortiity wave onveted by the�ow. This mode onversion proess plays a major role beause it gives rise toazimuthal veloity disturbanes whih are onveted by the �ow and in�uenethe �ame dynamis. It is then natural to inquire whether this will also our ina radial swirler on�guration and if the same unsteady �ow and �ame responsefeatures an be found in the radial on�guration. This issue is already addressedin a previous paper from Hirsh et al. (2005). This artile does not provide atheoretial estimate of the onversion proess taking plae in the swirler. Thisstudy was also arried out in the linear regime or at least for a single level of
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142 Part II. Flow and ombustion dynamismodulation. As in the present investigation, the equivalene ratio was not thesame for both swirler types due to �ame stabilization di�ulties. It was set to0.71 for the radial system and to 0.63 for the axial one. The swirl number wasnot expliitly given but it has been kept equal for both swirlers types and oneprevious study on the radial swirler indiates a value S = 0.73 by Gentemannet al. (2004) for the same ombustor. Results of this study indiate that phasesof the �ame transfer funtion are quite similar for both swirlers while amplitudesdi�er markedly in the low frequeny range. Spei�ally, the gain urve presentsa peak around 100 Hz for the axial swirler whereas the radial one exhibits twodistint maximum values at 40 Hz and 110 Hz. It is however worth noting thatthe axial and radial swirlers are not loated at the same distane from the dumpplane in this analysis. In the present study, we show that the two swirler geome-tries yield the same response when they are plaed at the same distane fromthe dump plane and that the mode onversion proess taking plae in the twogeometries are also quite similar.At this point it is worth brie�y reviewing the literature onerning �ame trans-fer funtions of swirling �ames generated by axial swirlers. It is abondant, seefor example Külsheimer and Bühner (2002), Bellows et al. (2007) and hap-ters 5 and 8 of the present manusript. These studies onsider the ombustiondynamis of swirling �ames and haraterize the role of vortex roll-up on the�ame response. Radial swirlers are less well doumented exept the study fromGentemann et al. (2004) where the �ame transfer funtion is experimentallymeasured and reonstruted by postproessing data from numerial simulations.The numerial simulations retrieve the shape of the swirling �ame gain and phaseresponse.The swirl number is reognized as a fundamental parameter de�ning the dynam-is of �ow and �ame as shown in the extensive review from Huang and Yang(2009). In the absene of ombustion, the dynamis of a turbulent swirling jetsubmitted to an aousti foring is onsidered by Alekseenko et al. (2008). It isfound that an inrease of the swirl intensity leads to a higher value of the turbu-lent kineti energy. When aousti foring amplitude is inreased the turbulentkineti energy inreases enhaning mixing. The in�uene of the swirl number Son the unsteady dynamis of the �ow in a swirl injetor is onsidered by Wanget al. (2005) who show that the size of the vortex breakdown region is stronglyaugmented when S takes higher values. The dynamis of two swirling �amesrespetively with swirl numbers equal to S = 0.44 and S = 1.1 is simulated byHuang and Yang (2005). It is shown that when the swirl number is inreasedthe �ow features a larger inner reirulation zone whih moves upstream mergingwith the reirulation zone of the entral blu� body. This spei� feature is alsoexamined experimentally in Vaniershot and Van den Bulk (2008) for di�erent
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Chapter 6. Swirler geometry and swirl number effets on FDF 143levels of swirl. Another aspet disussed by Huang and Yang (2005) is that aninrease in the swirl number strength diminishes the �ame length. It appearsthat a single referene ontains experimental data on the in�uene of the swirlnumber on the �ame transfer funtion, see Külsheimer and Bühner (2002). It isshown that an inrease in the swirl number leads to an augmented �ame responsewhen the frequeny is �xed. This is at variane with our own onlusions on thein�uene of the swirl number. But their analysis is onerned with unon�ned�ames whereas our work fouses on on�ned swirling �ames. In the ase of un-on�ned �ames, vortex rings develop in the shear layer between the ombustiblemixture and ambient air, their interation with the �ame front takes plae at the�ame tip where fresh ambient air is entrained within the reation zone. In thease of on�ned �ames, hot gases are entrained within the reation zone, thusmodifying the �ame vortex rollup.It has been reently shown that mode onversion ourring in swirl injetors isfundamental in the understanding of �ame dynamis, see hapter 5. Straub andRihards (1999) analyzed the in�uene of the axial swirler vane loation on the�ame response and showed that this ould be used to suppress self-sustainedosillations. The mehanism of mode onversion was evoked but only partiallyinvestigated. This proess is identi�ed by Wang and Yang (2005), where largeeddy simulations desribe e�ets of an external exitation on the swirling �owdynamis. It is shown that two di�erent propagation modes are involved in swirlinjetors : the �ow osillation in the axial diretion travelling aoustially whilethe osillation in the azimuthal diretion propagates at the loal �ow veloity.Perturbations reated at the swirler outlet whih modify the �ame dynamis aredisussed in a few reent studies from Huang and Yang (2009); Wang and Yang(2005); Komarek and Polifke (2010). It is onluded indiretly from transferfuntion measurements by Komarek and Polifke (2010) that on the downstreamside of the swirler the perturbation omprises an aousti and a onvetive om-ponent. While the presene of this onvetive omponent is reognized there areno diret measurements of the axial and azimuthal veloity disturbanes. Therelative levels of the di�erent perturbations propagating on the downstream sideof the swirler are not estimated in these previous referenes. This is analyzedmore reently in hapter 5 for an axial swirler. It is then useful to pursue thisanalysis by omparing radial and axial swirlers and by measuring the respetiveveloity disturbanes in the injetor tube.This hapter is organized as follows. The swirl-stabilized burner is �rst desribedand the axial and radial geometry are given. The veloity pro�les measured witha laser Doppler veloimeter are reported and the swirl number of eah on�g-uration is alulated. In a seond setion, swirling �ames desribing funtionsare ompared in the axial and radial geometries. Another point whih deserves
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144 Part II. Flow and ombustion dynamisattention is the e�et of the mean swirl number on the �ame response. Thisaspet is also onsidered in that setion.6.2 Experimental on�guration6.2.1 Combustor

(a) (b)Figure 6.1: Swirl-stabilized ombustor with the axial swirler. The experimental setupis the same with the radial swirler. (a) : Global experimental setup with the loudspeakergenerating veloity �utuations in the �ow and loated at the base of the burner. Thehotwire probe used to measure FDF is loated upstream the swirler. (b) : Close-up viewof the �ame tube with laser beams used to measure the veloity pro�les just downstreamthe injetor.The ombustor onsists in three setions : an upstream manifold, an injetor anda ombustion hamber or �ame tube as skethed in Fig. 6.1. A methane/air �owenters through two diametrially opposed apertures at the base of the upstreammanifold and then �ows through a honeyomb piee whih breaks the largestturbulent eddies in �ne sale �utuations. The bulk veloity in the injetor is
Ub = 2.67 m s−1. The swirler devie indues the rotating motion to the mixtureand a swirling �ame is anhored to a onial blu�-body stabilizing the �ame inthe ombustion hamber.
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Chapter 6. Swirler geometry and swirl number effets on FDF 145To ompare the in�uene of the geometry and swirl number on the �ame desrib-ing funtions, it is natural to try to work at a onstant equivalene ratio. Forthe axial swirler and the �rst radial swirler (S = 0.55), this parameter was set to0.7 while for the seond radial swirler (S = 0.65) we use an equivalene ratio of0.62 as the �ame was not well stabilized inside the burner. This small di�ereneis not fundamental as some previous studies indiate that the in�uene of theequivalene ratio does not signi�antly in�uene the �ame transfer funtion (seefor example Kang et al. (2007)).To measure the �ame desribing funtion, a loudspeaker generates the aoustiveloity disturbanes in the �ow for a range of frequeny from 0 up to 400 Hzand a photomultiplier aptures the light radiated by the �ame and When the�ame is submitted to a veloity �utuation u′ the heat release �utuates by anamount Q′ dedued from the light intensity �utuation I ′. It is assumed as inmany previous studies that Q′/Q = I ′/I. The laser Doppler veloimeter (LDV)provides the mean and root mean square veloity pro�les near the outlet of theinjetor as skethed in Fig. 6.1 (b).6.2.2 Axial and radial swirlers
(a) (b)Figure 6.2: Axial swirler geometry. (a) : upstream side. (b) : downstream side.Three swirler geometries are onsidered in this hapter : an axial and two ra-dial swirlers whih di�er by their swirl numbers. The axial swirler is skethedin Fig. 6.2 while the radial swirlers with S = 0.55 is skethed in Fig 6.3. Bothgeometries are widely used in industrial appliations like gas turbines or jet en-gines and in researh studies.The axial swirler omprises eight vanes periodially spaed by 45◦. Vanes aremade of NACA 8411 airfoils pro�les and the angle of eah vane hanges with the
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146 Part II. Flow and ombustion dynamisradius : the inner vane angle is 30◦ while the outer vane angle is 58◦.

(a) (b)Figure 6.3: Radial swirler geometry. (a) : upstream side. (b) : downstream side.The radial swirlers are made of eighteen vanes periodially spaed by 20◦. Vanesare made of NACA 8411 airfoils pro�les. Two parameters haraterize the radialgeometry : the thikness of the irular inlet setion of the swirler and the vanestrailing edge angle. The trailing edge angle is equal to 58◦ for the �rst geometryRS1 and 72◦ for the seond one (RS2). The thikness of the irular inlet setionis 6 mm for the �rst swirler and 4 mm for the seond one.6.2.3 Swirl numbersMean veloity pro�les measured by LDV at the outlet of the injetor for the threegeometries are now investigated. The swirl number alulation is done aordingto the following formulae Gupta et al. (1984). This is applied to the right sideof the veloity pro�les :
S =

∫ R
0 ρ u v 2π r2 dr

R
∫ R
0 ρ u2 2π r dr

(6.1)where ρ is the �uid density, u and v respetively the axial and azimuthal veloityomponents, r the radius and R the harateristi outer radius.The omparison is �rst ahieve between the axial and the radial swirlers andresults of measurements are skethed in Fig. 6.4. The alulated swirl numbersare lose to S = 0.55 for both swirlers. For the axial swirler, Fig. 6.4 (a), it isfound that veloity pro�les are not perfetly symmetri and this is probably dueto the vane wakes behind the swirler. The maximum of axial veloity is lose to4.1 m s−1 while the maximum of azimuthal veloity is near 2.4 m s−1. For theradial swirler RS1, Fig. 6.4 (b), one also distinguishes slight di�erenes in the
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(a) (b)Figure 6.4: Mean veloity pro�les of axial and azimuthal omponents at the injetoroutlet measured with a laser Doppler veloimeter for S = 0.55. (a) : Axial swirler (b) :Radial swirler RS1.symmetry of the pro�les. In this ase, the maximum axial veloity is lose to 3.8m s−1 and the maximum azimuthal veloity is 2.4 m s−1.
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(a) (b)Figure 6.5: Mean veloity pro�les of axial and azimuthal omponents at the injetoroutlet measured with a Laser Doppler Veloimeter for the radial swirlers. (a) Radialswirler RS1 : S = 0.55 (b) Radial swirler RS2 : S = 0.65One an now investigate the mean axial and azimuthal veloity pro�les generatedby the radial swirlers. They are both presented in Fig. 6.5. For RS1 (Fig. 6.4(a)), the swirl number is S = 0.55 while for the seond system RS2 (Fig. 6.5(b)) the swirl number is lose to 0.65. This an be seen by omparing azimuthalveloity pro�les where it is lear that in the RS2 ase, the maximum is 3 m s−1while this maximum is 2.4 m s−1 for RS1. In both ases, the maximum axialveloity reahes a onstant value of 3.8 m s−1. While the axial omponent of theveloity keeps a onstant value, the azimuthal omponent inreases re�eting an
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148 Part II. Flow and ombustion dynamisinrease in swirl number from 0.55 to 0.65.6.3 Swirling �ames desribing funtionsExperimental swirling �ames desribing funtions are now investigated by �rstomparing geometrial e�ets at onstant swirl number and then onsideringswirl number e�ets for the same radial geometry. All FDFs are presented fora frequeny range extending from 0 to 400 Hz and for four aousti veloity�utuation amplitudes u′/Ub lose to 0.075, 0.15, 0.3 and 0.4. These FDF arede�ned as the ratio of the relative heat release rate �utuation Q̇′/Q̇ to therelative veloity amplitude disturbane u′/u so that :
F(ω, u′) =

Q̇′/Q̇

u′/u
(6.2)These FDFs an also be written as a omplex number highlighting a gain G anda phase Φ :

F(ω, u′) = G(ω, u′) eiΦ(ω,u′) (6.3)The gain G re�ets the level of response while the phase Φ de�nes the time delaybetween veloity input and heat release rate output signals.

(a) (b)Figure 6.6: Flame desribing funtions for the axial swirler at S = 0.55. Gain G andphase Φ of the FDF are presented for a frequeny range from 0 to 400 Hz. Four distintamplitudes of the veloity disturbanes are investigated. (a) : Axial swirler. (b) : Radialswirler.
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Chapter 6. Swirler geometry and swirl number effets on FDF 149Flame desribing funtions obtained with the axial and radial swirlers are respe-tively presented in Fig. 6.6 (a) and (b) for a onstant swirl number equal to S =0.55.One an start by omparing the gain G of both responses at low relative velo-ity modulation amplitude u′/Ub = 0.075. For the axial swirler in Fig. 6.6 (a),the response presents a peak at 20 Hz where G exeeds 1.5 and then dereasesto 0.5 at 55 Hz. Then the gain inreases and reahes a seond peak at 90 Hzwhere the response is maximum over the whole frequeny range and G equals1.7. Beyond this frequeny value, the gain dereases ontinuously with slightundulations and above 250 Hz, the �ame response to aousti modulation essen-tially vanishes. This type of response haraterized by a minimum gain followedby a maximum an be predited by a kinemati desription of the �ame frontmotion whih ombines the e�ets of �ame speed �utuations resulting from swirlnumber �utuations with the transport of onveted disturbanes, see previoushapters. These two mehanisms prevail and interfere to determine the �ameresponse level. For the radial swirler in Fig. 6.6 (b), the gain highlights the sameglobal behavior with a less intense response. A peak is still present at 20 Hz, butits value is lose to 1.3, then the gain dereases and reahes a minimum loated atthe same frequeny as the axial swirler ( fmin = 55 Hz). Beyond this frequeny,the gain inreases reahing a seond peak at about 80 Hz but its intensity isnot as strong as in the axial ase with a value for G of 1.2. Then the responsediminishes ontinuously and it essentially vanishes beyond 250 Hz. To onlude,both minimum and maximum responses take plae at the same frequenies butintensities of theses responses are stronger in the axial swirler ase. It is �nallyimportant to note that the gain of the �ame response dereases when the rela-tive veloity modulation level is inreased. This is a key feature of the nonlinearresponse of suh �ames.The ase of the axial swirler in Fig. 6.6 (a) highlights the fat that for all ampli-tudes of veloity disturbanes, the phase Φ is almost the same from 0 up to 210 Hzwhere some slight di�erenes are observed. It is also found that some undulationsin the urves are present around 60 Hz. Conerning the radial swirler in Fig. 6.6(b), the urves are superimposed showing that the phase is not a funtion of theamplitude of the veloity disturbane. Here also, some undulations are visiblearound 60 Hz. To onlude, one may say that phase evolutions are very similarand that propagation of perturbations are following the same mehanisms for thetwo swirler geometries.Considering next the radial swirler geometry, one may investigate the in�ueneof the swirl number on the �ame desribing funtion. For this we ompare tworadial swirlers with a swirl number respetively equal to S = 0.55 and S = 0.65.
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150 Part II. Flow and ombustion dynamis

(a) (b)Figure 6.7: Flame desribing funtions for radial swirler. Gain G and phase Φ of theFDF are presented for a frequeny range from 0 to 400 Hz. Four distint amplitudesof the veloity disturbanes are investigated. (a) : Swirl number S = 0.55 (b) : Swirlnumber S = 0.65Results are respetively displayed in Fig. 6.7 (a) and (b). The response of theradial swirler RS1 with S = 0.55 is already desribed in the previous setion.The omparison is now made with results obtained for RS2 orresponding to S= 0.65 for an aousti veloity disturbane amplitude u′/Ub = 0.075. The gain
G, now reahes a maximum value at 10 Hz, with a value equal to 1.5. Then, asin the RS1 ase (S = 0.55), the gain drops reahing a minimum value of 0.25 at50 Hz. After that, the gain inreases and passes through a loal maximum at 80Hz with a value of 1.2. The gain then ontinuously dereases with respet to thefrequeny up to 160 Hz where a harateristi seond minimum is reorded whihis only observed in the RS2 ase (S = 0.65). Beyond 160 Hz, the �ame responseis weak. To onlude, the dynamis is similar to that found in the RS1 ase fora lower swirl number but intensities of minimum and maximum are stronger inthe RS2 and a seond minimum is reorded for the seond ase. One may alsodisuss about the in�uene of the amplitude of the veloity disturbanes u′/Ub.Here also, an inrease in amplitude implies a derease of the response but thee�et is stronger in the of RS2 ase an less pronouned in the RS1 ase.The phase evolution highlights a spei� behavior : for a threshold value of theratio u′/Ub lose to 0.3, a shift is observed and phase di�ers signi�antly fromthat reorded for the radial swirler RS1. In both ases, some undulations areseen in the phase, in regions where the gain response features minimum values.
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Chapter 6. Swirler geometry and swirl number effets on FDF 1516.4 Mode onversion proessThe response of swirling �ames formed by an axial swirler is examined in hapter6 in terms of gain and phase of the FDF. It was spei�ally shown that the gainurves are the onsequene of a ombination of proesses whih an be designatedas vortex roll-up of the �ame and perturbations indued by swirl number �utu-ations. The interferene of these two mehanisms was shown to be responsiblefor the weak and strong response of the �ame. This provided an explanation ofthe low gain value observed at f = 60 Hz and the high gain value at f = 90 Hzfor �ame A. This analysis is now extended to the radial swirler geometry. Onean still assume that the �rst mehanism involving vortex roll-up ats at the tipof the �ame due to the aousti wave transmitted downstream the swirler. It ishowever neessary to on�rm that mode onversion also takes plae in the radialase giving rise to induing swirl number �utuation. This is dedued in whatfollows from experimental measurements.We spei�ally onsider the onversion taking plae at the swirler when an aous-ti wave impinges on this devie. We already know from the axial swirl experi-ments (see hapters 5, 6 and 7) that this gives rise to a transmitted aousti wavepropagating at the speed of sound and to azimuthal veloity perturbations on-veted by the �ow. A phase shift exists between the axial u′ and the azimuthal
v′ veloity �utuations leading to swirl number �utuations.This frequeny shift is now examined by reording axial and azimuthal veloity�utuations in a tube mounted on the downstream side of the swirler. Measure-ments are arried out with an LDV system. To allow omparisons, results arepresented in Fig. 6.8 for the axial swirler at two frequenies of interest f = 60 Hzand f = 90 Hz for the ase where the swirl number is S = 0.55. The same mea-surements are arried out for the radial swirler RS1 in Fig. 6.9. Due to limitationin the optial aess, measurements annot be arried out between 0 and 59 mm,where 0 mm orresponds to the swirler outlet. It is found from these results thatin all ases, the axial veloity �utuation is aousti as the phase does not hangeas a funtion of the loation in the tube while the phase of the azimuthal veloity�utuation is ontinuously inreasing as a funtion of the measurement loation.One an also extrat from these data the onvetion veloity of the azimuthaldisturbane. Calulations from the slope of the urves leads to the results gath-ered in Table. 7.1. The onvetive veloities range between 3.5 and 3.8 m s−1.These data suggest that the onvetive veloity ucv of the azimuthal disturbanesis slightly higher than the bulk veloity in the injetor whih is Ub = 2.67 m s−1.Spei�ally, the onvetive veloity of azimuthal disturbanes is lose to the max-imum veloity (4.1 m s−1) determined at the measurement point with LDV. Theprevious measurements learly indiate that mode onversion takes plae in the
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152 Part II. Flow and ombustion dynamisTable 6.1: Convetive veloities of azimuthal disturbanes expressed in m s−1Axial swirler f = 60 Hz ucv = 3.7Axial swirler f = 90 Hz ucv = 3.8Radial swirler f = 60 Hz ucv = 3.5Radial swirler f = 90 Hz ucv = 3.6radial swirler ase and that one may expet the same e�ets on the �ame dynam-is as those found in the axial ase. This an be further analyzed by omparingthese results to those obtained by previous authors using a di�erent swirler and�ow onditions. To do so, a Strouhal number St = fL/ucv an be de�ned basedon the frequeny of the minimum �ame response, the onvetive veloity ucvof azimuthal disturbanes and the distane L between the swirler outlet and theombustor dump plane. One �nds here St = 0.67 for f = 55 Hz, L = 0.043 m and
ucv = 3.5 m s−1 in the ase of the radial swirler (RS1). The same type of analysisarried out on the on�guration explored by Hirsh et al. (2005) yields a valueSt = 0.66 for a di�erent radial swirler operated under di�erent �ow onditionsorresponding to L/ucv = 8.8 ms. These results obtained for di�erent burners,swirler geometries, swirler loations and operating onditions on�rm the meha-nisms taking plae downstream the swirler, where onvetive and aousti wavesinterfere to determine the swirling �ame response.
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(a) (b)Figure 6.8: Experimental phase evolution as a funtion of the tube length at S = 0.55for the axial swirler. (a) : f = 60 Hz. (b) : f = 90 Hz.6.5 ConlusionThis hapter fouses on the in�uene of the swirler geometry and swirl numbere�ets on the response of swirling �ames. The �rst onlusion is that the axial orradial swirler geometry lead to the same harateristi response. Slight di�erenes
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(a) (b)Figure 6.9: Experimental phase evolution as a funtion of the tube length at S = 0.55for the radial swirler. (a) : f = 60 Hz. (b) : f = 90 Hz.are found in the maximum and minimum levels in gain whih are slightly lowerin the radial geometry. Conerning the swirl number, it is shown here that amoderate inrease in the swirl number S = 0.55 to S = 0.65 leads to stronge�ets in the amplitude of the �ame desribing funtion. For the seond swirlnumber, there is a seond peak whih is signi�antly a�eted by the amplitudeof the inlet disturbane u′/Ub and the gain dereases substantially when therelative veloity disturbane level is augmented. This may possibly re�et amodi�ation in the relative importane of the mehanisms ontrolling the �ameresponse. Another important onlusion is that the minimum of the gain in theresponse is still loated at the same frequeny for both axial and radial swirlerson�rming the fat that mode onversion is also at work in the radial geometry.This is on�rmed by measurements of the phase between the axial and azimuthalveloity �utuations. This result is of importane in the design of gas turbineombustors and an be used to de�ne improved swirling injetors.
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156 Part II. Flow and ombustion dynamis
Chapter 7Large Eddy Simulations ofperturbed swirling �ames

Abstrat : The dynamis of a turbulent premixed on�ned swirling�ame is investigated using large eddy simulation. The �ame response isdetermined by introduing an external aousti foring at two modulationfrequenies orresponding to harateristi values of the �ame transferfuntion obtained experimentally. The underlying physial mehanismsidenti�ed experimentally are investigated numerially. Simulationson�rm that swirl number �utuations and vortex roll-up govern the�ame response. It is also on�rmed that the �rst mehanism is assoi-ated with a mode onversion proess taking plae when aousti wavesimpinge on the swirler unit. The axial aousti veloity disturbane onthe upstream side of the swirler generates an axial aousti wave andan azimuthal onvetive disturbane in the downstream �ow. Theseombined disturbanes are retrieved in the simulation and their e�eton the swirl number is extrated. Calulations also indiate that vortexshedding synhronized by the aousti foring takes plae at the injetorlip outlet. Vorties originating from this region are onveted in the jetshear layer, impinge on the �ame and roll-up the �ame tip. This proessinterferes with osillations in the �ame angle indued by swirl number�utuations. Phasing of the �ame angle with respet to the instant ofvortex shedding from the injetor lips determines the lifetime of thevortex before interation with the �ame and ontrols the strength of thisinteration. When this lifetime is redued, the vortex annot fully developand the �ame response remains weak. For larger lifetimes, the vortexan fully develop and produe larger heat release rate perturbations. Thisproess depends on the foring frequeny whih determines the phasingbetween swirl number �utuations and vorties generation.
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Chapter 7. Large Eddy Simulations of perturbed swirling flames157Résumé : La dynamique d'une �amme swirlée prémélangée turbulenteest étudiée au moyen de la simulation numérique aux grandes éhelles. Laréponse de la �amme est déterminée en introduisant un forçage aoustiqueexterne à deux fréquenes de modulation orrespondant à des valeurs ar-atéristiques de la fontion de transfert de �amme obtenues expérimen-talement. Ces valeurs aratéristiques de la réponse di�èrent en termede gain. Les méanismes physiques sous-jaents identi�és expérimen-talement sont étudiés numériquement. Les simulations on�rment queles �utuations du nombre de swirl et que le vortex rollup régissent laréponse de la �amme. Il est également on�rmé que le premier méan-isme est assoié à un proessus de onversion de mode qui a lieu lorsqueles ondes aoustiques impatent le swirler. La perturbation de vitesse axi-ale aoustique sur le �té en amont du swirler génère une onde aoustiqueaxiale et une perturbation onvetive azimutale en aval de elui-i. Cesméanismes sont restitués par les simulations numériques. Les alulsindiquent également que les tourbillons responsables du rollup sont syn-hronisés par le forçage aoustique à la sortie des lèvres de l'injeteur.Ces tourbillons sont ensuite onvetés dans la ouhe de isaillement dujet et interagissent sur la �amme en provoquant le roll-up de l'extrémitéde la �amme. Ce proessus interfère ave les osillations de l'angle de la�amme induite par les �utuations du nombre de swirl. La phase entrel'angle de la �amme et la formation des tourbillons au bord de l'injeteurdétermine la durée de vie du tourbillon avant son interation ave la�amme et ontr�le l'intensité de ette interation. Lorsque ette duréede vie est réduite, le tourbillon ne peut pas se développer pleinement etla réponse de la �amme reste faible. Pour les plus longues durées de vie,le tourbillon peut se développer pleinement et produire de plus grandesperturbations du taux de dégagement de haleur. Ce proessus dépend dela fréquene qui détermine la phase entre les �utuations du nombre deswirl et la génération des tourbillons.7.1 IntrodutionThe study is motivated by the dynamial problems enountered in pratial om-bustors and in partiular in devies using lean premixed ombustion where �ash-bak (see for example Plee and Mellor (1978)), �ame blowout and self-sustainedosillations (see Candel (2002); Lieuwen and Yang (2005)) may develop. In thisombustion mode, the �ame is often stabilized in swirling �ows featuring omplexunsteady interations between the �ame and the �ow. The aim of this hapteris to enhane the physial understanding of the proesses whih determine the�ame response to inident disturbanes. This is aomplished by suitably om-
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158 Part II. Flow and ombustion dynamisbining Large Eddy Simulations (LES) and analysis to retrieve the fundamentalmehanisms identi�ed in some reent experiments. The present work is fousedon swirling �ames perturbed by aousti disturbanes travelling in the upstream�ow. It spei�ally onsiders the proesses taking plae when these waves rossthe swirler unit and reah the injetor exhaust setion. This gives rise to di�er-ent types of disturbanes traveling in the downstream �ow diretion and produeompeting �ow interations perturbating the �ame response and generating heatrelease �utuations. These mehanisms are investigated with LES. Results ob-tained numerially are ompared with well ontrolled experiments arried outpreviously.Many elementary mehanisms an be responsible for heat release rate perturba-tions and have been the subjet of di�erent reviews from Candel (2002); Duruixet al. (2003); Lieuwen and Yang (2005). These mehanisms eventually operatesimultaneously and it is di�ult to sort the dominant ones for swirling �ames,see Thumuluru et al. (2007). Senarios have however been proposed to explainsome of the key elements and parts of the global �ame response. These di�erentontributions are examined below and are ombined to put in light two ompet-ing mehanisms determining the response of weakly turbulent swirling �ames.This analysis extends a work arried out in hapter 4 and 5 where it is shownthat aousti disturbanes impinging on the swirler generate transverse veloityperturbations whih are onveted by the �ow. The �ow downstream the swirlerfeatures then axial and azimuthal veloity perturbations propagating at di�erentspeeds. They indue swirl number �utuations at the burner outlet and as aresult the �ame exeutes a breathing motion with osillation of the �ame rootangle. Vortex roll-up takes also plae when the axial perturbations reah theinjetor exhaust setion. These vorties are onveted by the �ow and interatwith the �ame rolling up its tips. Vortex rollup and �ame root angle �utuationsombine onstrutively or destrutively depending on the foring frequeny ofthe inoming veloity perturbations leading to a low or a strong response of theswirling �ame, see hapter 5. Conditions under whih these �ame responses anbe obtained were not fully investigated yet and this is the purpose of the presentstudy. It is now worth reviewing the di�erent ontributing mehanisms.The impat of swirling strength �utuation on the �ame transfer funtion was�rst envisaged by Hirsh et al. (2005). This was used to explain some exper-imental observations for the �ame transfer funtion whih features amplitudesexeeding unity and di�erent behaviours for radial or axial swirler types. Thesenario proposed is based on �utuations of the �owrate and of the irulationindued by the swirling �ow inside the burner. It is shown that these latter per-turbations are onverted at the burner outlet into azimuthal vortiity �utuationswhih are then transported along a streamsurfae of the swirling jet downstreamthe annular exit. It is assumed that the azimuthal vortiity omponent is on-
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Chapter 7. Large Eddy Simulations of perturbed swirling flames159veted along a diverging onial shell of onstant angle α. The vortiity strengthinreases with the relative distane from the burner aused by the diverging jetand is superimposed with growing osillations. This reates additional veloity�utuations via the Biot-Savart law impinging on the �ame. In this senario,the �ame response then results from diret veloity perturbations due to �owrate�utuations at the burner outlet and vortex indued additional veloity pertur-bations. Using this model it is shown that the �ame transfer funtion mainlydepends on the loation of the swirler and less on the type of swirler used. Thepossibility of swirl angle �utuations is however not evoked in this study andthe relation between the di�erent veloity omponents at the burner outlet isdetermined heuristially using a onvetive time lag. In a reent analysis, it isonluded indiretly from transfer funtion measurements in Komarek and Po-lifke (2010) that on the downstream side of the swirler the perturbation omprisesan aousti and a onvetive omponent but the impat of the aousti and on-vetive perturbations on the �ame dynamis is not fully disussed.Dynamis of swirling �ames was reently reviewed by Huang and Yang (2009).The in�uene of the swirl number on the �ame dynamis is disussed by Huangand Yang (2005) for two swirling �ames haraterized by very di�erent swirl num-bers and respetively equal to S = 0.44 and 1.1. Simulations indiate that aninrease in this number results in a larger inner reirulation zone whih movesupstream to merge with the reirulation zone of the entral blu�-body. It isalso found that an inrease in swirl strength strongly redues the �ame length.The swirl number also in�uenes the unsteady dynamis of the �ow and the vor-tex breakdown region is enhaned with a higher value of this number, see Wanget al. (2005). The ase of aousti perturbations impinging swirlers has also beenexamined in Wang and Yang (2005). It is dedued from LES that axial and az-imuthal veloity disturbanes propagate at di�erent veloities on the downstreamside of the swirler.Many ontributions also onern the possible interferenes between di�erent typesof perturbations. Indeed, di�erent parts of the perturbed �ame may enhane oranel out loal heat release �utuations from other parts, see Shanbhogue et al.(2009); Shin et al. (2008), produing maximum and minimum responses in theglobal transfer funtion, see Preetham et al. (2008), depending on the phaserelationship of the di�erent e�ets. It is spei�ally shown that interferene phe-nomena both in the distribution of heat release and in the global transfer funtionarise beause the �ame is exited by multiple disturbanes propagating at di�er-ent speeds.Experiments reported by Kim et al. (2009); Kim et al. (2010) deal with the e�etof �ow modulations on the dynamis of on�ned swirling �ames and provide some
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160 Part II. Flow and ombustion dynamisTable 7.1: Experimental parametersEquivalene ratio 0.7Injetor bulk veloity [m s−1℄ 2.67Swirl number 0.55Reynolds number 3 500Aousti modulation level u′/Ub 0.51Flame tube diameter [mm℄ 70Injetor diameter [mm℄ 22of the transfer funtion data needed to predit thermo-aousti instabilities andlimit yles in ombustion hambers. A laboratory-sale gas turbine ombustoris used to measure �ame transfer funtions and predit instability frequeniesmainly in the linear regime, see Kim et al. (2009). Flame transfer funtionsmeasured with this type of burner indiate that the Strouhal number onstitutesa relevant dimensionless parameter and data show the e�et of the �ame angle,see Kim et al. (2010).Simulations reported in the present hapter are arried out to examine premixedswirling �ame dynamis in a well ontrolled experimental on�guration withthree objetives : (1) Compare numerial preditions with experimental datato validate the numerial approah; (2) Examine the mehanisms identi�ed ex-perimentally and see if they an be retrieved numerially; (3) Complement theavailable data with additional information generated by the simulation and pro-vide a simple mehanism explaining strong and low swirling �ame response toinoming perturbations. The experimental geometry is brie�y presented in se-tion 2 together with a typial �ame transfer funtion. The main features of theNavier-Stokes LES �ow solver are reviewed in setion 3 and initial results areobtained for the �ame in absene of modulation. Unsteady �ame dynamis isonsidered in setion 4. The last setion is foused on the mehanisms of modeonversion at the swirler and on the �ame / vortex interations. E�ets of swirlnumber �utuations and vortex roll-up are desribed and their interferene isinvestigated.7.2 Experimental onditions7.2.1 SetupThe experimental setup skethed in Fig. 7.1 onsists of four elements: (1) Anupstream manifold; (2) An injetor equipped with a swirler; (3) A quartz tube
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Chapter 7. Large Eddy Simulations of perturbed swirling flames161

Figure 7.1: Experimental setup with sizes in millimeters. It onsists in a upstreammanifold, a swirler, an injetor and a �ame tube in quartz.on�ning the �ame; (4) A loudspeaker loated at the bottom of the system. Apremixed �ow of air and methane with an equivalene ratio equal to 0.7 is in-trodued at the base of the upstream manifold through two diametrally opposedapertures. In order to break the largest turbulent eddies, this �ow passes througha grid and a honeyomb layer. The �ow then traverses a onvergent unit dereas-ing the boundary layer thikness and de�ning a �at veloity pro�le at the swirlerinlet. The swirler imparts a rotating motion to the �ow. It is made of eightNACA airfoil vanes periodially spaed. More details on the experimental setupan be found in hapter 2.7.2.2 Flame transfer funtionThe �ame transfer funtion de�ned as the ratio of relative heat release rate toveloity �utuation is here used to haraterize the response of the �ame toinident veloity disturbanes : Q̇′/Q̇ = G exp(iϕ)u′/Ub, where u′ is measured atthe burner outlet and Ub orrespond the bulk veloity in the injetor. This leadsto a gain G and a phase ϕ as a funtion of the frequeny. This response plottedin Fig. 7.2 for a relative veloity modulation equal to u′/Ub = 0.51 shows twodistint behaviors at f = 60 Hz and f = 90 Hz, whih respetively orrespondto low and high values of the gain. It is of interest to understand the underlyingdynamis de�ning these very di�erent �ame responses.
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162 Part II. Flow and ombustion dynamis
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Figure 7.2: Flame transfer funtion determined experimentally for a frequeny range of
0 to 400 Hz at a relative veloity modulation u′/Ub = 0.51 where Ub is the bulk veloityin the injetor dut and u′ the rms veloity �utuation level. The gain is plotted in thetop �gure while the phase between the veloity signal and the heat release rate signal isplotted in the bottom �gure.It is �rst worth examining time traes of relative heat release rate signals de-termined experimentally to reveal the di�erenes between the �ame response atthe two harateristi frequenies and get some insight on the nonlinearity ofthis response. The signals plotted in Fig. 7.9 indiate that with a modulationfrequeny f = 90 Hz, the amplitude of the relative heat release rate signal Q̇′/Q̇is muh higher than that observed at f = 60 Hz. The amplitude of the veloitymodulation was kept onstant at the two foring frequenies and it is essentiallysinusoidal with a very little harmoni ontent, but the two heat release rate ratesignals are nonlinear. The waveform determined at 60 Hz is markedly di�erentfrom a sinusoid.7.3 Numerial simulations7.3.1 Large Eddy Simulation odeSimulations are arried out with AVBP, a ode developed at Cerfas (see Shönfeldand Rudgyard (1999); Sta�elbah et al. (2009)) to solve the laminar or turbulentompressible Navier-Stokes equations in three spae dimensions. In the turbulentase, the LES balane equations for mass, momentum and energy are solved by
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Chapter 7. Large Eddy Simulations of perturbed swirling flames163the ode. The �ltered quantity f is determined while the subgrid sale �utuation
f ′ = f −f is modeled. As the density is variable, a mass-weighted Favre �lteringis adopted so that ρf̃ = ρf . One important di�ulty in reative �ows lies in therepresentation of the �ltered reation rates. It is shown in many previous studiesthat a suitable model for fully premixed laminar �ames is obtained by arti�iallythikening the reation layers, see Colin et al. (2000). In pratie and in orderto resolve the �ame on the relatively oarse mesh as used in LES, the �ame frontis thikened by modifying the preexponential fator and hanging the transportoe�ients but the loal burning veloity is onserved. In the ase of turbulentreating LES, the Thikened Flame Model (TFM) introdues modi�ations inthe interation of turbulene with the �ame front. It is thus neessary to om-pensate this missing distorsion by introduing a sub-grid sale wrinkling model.This is done with an e�ieny funtion determined from diret numerial simu-lations. This e�ieny funtion desribes e�ets of the sub-grid sale wrinklingas a funtion of the loal sub-grid turbulene veloity u′ and spatial �lter size ∆.After losure, one obtains the following set of �ltered modeled equations:

• Momentum
∂ρũi

∂t
+

∂

∂xj
(ρũiũj) = −

∂

∂xj

[
pδij − 2(µ+ µt)(S̃ij −

1

3
S̃llδij)

]
, (7.1)where ρ refers to the density, u to the veloity, p to the pressure, µ to thedynami visosity of the gas and Sij is the strain rate tensor. Subsripts

i, j and l refer to the three spatial dimensions while t denotes turbulene.The sub-grid sale turbulent visosity µt is modeled through the WALEmodel (see Duros et al. (1998)) whih provides a suitable desription ofthe sub-grid sale dynamis in free shear �ows and also reovers the salinglaws in wall regions.
• Energy
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j + Ṽ c,t

j )

)
h̃s,k

]

+
Eω̇T

F
. (7.2)
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164 Part II. Flow and ombustion dynamisIn this equation, E denotes the total energy per unit mass, E is the e�ienyfuntion, F is a �ame thikening fator (F = 3.3 in the present simulations),
T is the temperature and cp the spei� heat of the working �uid. Thequantity W indiates the mean moleular weight of the mixture, X and Yare the speies molar and mass frations respetively. The vetors Ṽ c

j +
Ṽ c,t

j are the di�usion veloities, the salars hs,k orrespond to the sensibleenthalpies per unit mass and ω̇T refers to the reation rate de�ned by anArrhenius expression.
• Speies
∂ρỸk

∂t
+

∂

∂xj
(ρỸkũj) =

∂

∂xj

[
EF

µ
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∂X̃k

∂xj
− ρỸk(Ṽ

c
j + Ṽ c,t

j )

]

+
Eω̇k

F
. (7.3)where ω̇k refers to the reation rate of eah speies omputed with the Ar-rhenius law.The �nite rate hemistry is modeled by a single step global reation involvingfour speies and a diluent CH4, O2, CO2, H2O and N2 :

CH4 + 2O2 → CO2 + 2H2O (7.4)The volumetri reation rate of this single step reation ω̇0 given in mol m−3 s−1is de�ned by an Arrhenius law :
ω̇0 = A

[
ρYCH4

WCH4

]nCH4

[
ρYO2

WO2

]nO2

exp(−Ea/RT ) (7.5)where the pre-exponential fator A is equal to 6.98×109 S.I. units, the ativationenergy Ea is 20 000 kJ mol−1, nCH4
is 1.0 and nO2

is 0.5. These values wereadjusted to yield a laminar burning veloity whih oinides with that determinedexperimentally, see Martin et al. (2006).7.3.2 Mesh and boundary onditionsA fully unstrutured mesh is used in the present alulations beause it is welladapted to the omplex experimental geometry. A part of this mesh is repre-sented in Fig. 7.3. The hoie was made to disretize the omplete burner fromthe upstream manifold to the end of the �ame tube. The mesh is made of 6 mil-lions tetrahedral ells and the minimum ell volume is 3.73 × 10−12 m3. Timeintegration is third order in time, see Coli and Rudgyard (2000), expliit and with
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Chapter 7. Large Eddy Simulations of perturbed swirling flames165

(a) (b)
()Figure 7.3: (a): View of a longitudinal ut in the mesh used to represent the burner,injetion dut and �ame tube. (b): Close-up view of the mesh with the utting linein blak where () is obtained. Note that a very large volume is used to simulate theambient atmosphere and onnets to the �ame tube (not shown in this �gure). () :transversal ut of the mesh at the enter of the swirler indiating ells around the eightvanes.a �xed time step equal to 1.25 10−7 s. All walls are treated as no-slip boundaryonditions. A very large volume is used to simulate the ambient atmosphere sothat the �ow and waves are suitably exhausted from the �ame tube. On thelarge volume downstream side, the boundary ondition is non-re�eting. Thisis also the ase for the system inlet allowing an easy modulation using an in-oming harateristi wave ondition, see Poinsot and Lele (1992); Kau�mannet al. (2002). The �ame tube walls are adiabati while the bakplane and theentral rod are isothermal with temperatures respetively �xed at 600 and 650 K.
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166 Part II. Flow and ombustion dynamis

Figure 7.4: Time and azimuthal averages of the axial veloity �eld plotted on a olorsale. The superimposed average veloity vetors orrespond to an axial slie throughthe system.

Figure 7.5: Top view of the time average axial veloity �eld. Instantaneous veloityvetors are superimposed.7.3.3 Modulation free �ameIt is natural to �rst onsider the modulation free �ame. A general view of themean �ow in the system determined from the simualtion is given in Figs. 7.4and 7.5. The annular jet �ow is diverging at the burner outlet separating anouter reirulation zone from a entral inner reirulation zone. The highestshear stresses are found on the external jet branhes as indiated by the veloitypro�les in right part of Fig. 7.4. The top view in Fig. 7.5 indiates that thegeometrial axis of the �ame tube and the enter of the vortex breakdown regionare idential whih on�rms that no preessing vortex ore is at work in thepresent experiment.One may now ompare results of simulation and measurements by examining
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Chapter 7. Large Eddy Simulations of perturbed swirling flames167
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Figure 7.6: Radial pro�les of time average and rms axial veloity omponent u in asetion loated at 4 mm downstream of the injetor outlet.
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Figure 7.7: Radial pro�le of time average and rms azimuthal veloity omponent vθ ina setion loated at 4 mm downstream of the injetor outlet.
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168 Part II. Flow and ombustion dynamisthe mean and rms pro�les of axial and azimuthal veloities plotted in Fig. 7.6and Fig. 7.7 respetively. One �nds that the simulation provides fairly auratemean veloity pro�les but that the rms distributions are slightly underestimatedwith LES. One explanation is that the alulated rms pro�les do not aount forthe subgrid sale �utuations. In addition, in the experimental setup, the �ow isintrodued through ori�es and the orresponding �utuations are not ompletelyeliminated by the honeyomb grid. This geometri spei�ity of the apparatus isnot modeled in the alulation. As a onsequene the �ow in the injetor featuresa higher level of �utuations than in the simulation. The grid size used in thesimulation is also perhaps too oarse to fully aount for the wakes formed by thetrailing edges of the swirler blades. It is also useful to examine the experimentaland numerial rates of swirl. This may be quanti�ed in terms of a swirl number
S =

∫ r2

r1
ρ u vθ 2π r2 dr

r2
∫ r2

r1
ρ u2 2π r dr

(7.6)
The swirl number measured in the experiment is 0.55 and the simulation yieldsa value of 0.58 whih is quite lose. Another important variable in reating�ows is the distribution of volumetri heat release rate. Experimental values ofthis quantity are dedued from images of light emission from free radials likeOH* and CH*. Average emission images are Abel transformed to obtain a sliethrough the �ame and a speial proedure (see hapter 2) is used to sale theresult in W m−3. Experimental data plotted in Fig. 7.8 features a ertain amountof noise assoiated with the Abel transform. If ompared to LES, one �nds thatthe distributions of volumetri heat release rate are similar. The �ame brushis slightly thiker in the experiment and the maximum rates are in agreementreahing in both ases a value lose to 180 MW m−3 whih is quite typial ofatmospheri premixed hydroarbon �ames at a moderate Reynolds number andan equivalene ratio of 0.7. One also remarks that the left part of the �ame is moreintense both in the experiments and in the simulations. Flame angle and �amebrush thikness are also in good general agreement. The main di�erene is foundat the extremity of the �ame where the simulated �ame shape is between a �V"and an �M" �ame and orresponds not stritly to a �V" �ame as in the experiment.These di�erenes may be explained in various ways. It is also possible that theboundary onditions used in the simulation do not quite math the experimentalvalues. The �ame tube is treated as an adiabati wall in the alulation whih itis not the ase in the experiment. The di�erene is however minor and one mayonlude that the natural �ame is well represented in the simulation.
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Chapter 7. Large Eddy Simulations of perturbed swirling flames169(a) (b)
Figure 7.8: Volumetri heat release rate distribution in W m−3. Experimental data onthe left are obtained by averaging hemiluminesene emission images, taking an Abeltransform and saling the result in terms of volumetri heat release rate. Numerial sim-ulations on the right are obtained by taking axial uts through the �ame and alulatingtime average distributions of volumetri heat release rate.7.4 Perturbed �ame dynamis7.4.1 Retrieving experimental signalsThe �ow is now modulated by a sinusoidal axial veloity perturbation introduedat the bottom of the burner. This produes �utuations in heat release rate whihare plotted in Fig. 7.9. Results of simulations are obtained by phase averaging the
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PM experiment(a) (b)Figure 7.9: Heat release rate signals Q̇′/Q̇. Solid lines orrespond to simulation resultsand are obtained by phase averaging over nine periods of modulation. Blak square urveis obtained by integrating the heat release rate in a window whih aptures the signal thatwould be reorded by a photomultiplier like in the experiment. This window exludespoints loated inside the injetor and does not aount for heat release assoiated withthe part of the �ame whih �ashes bak. Open square urve is obtained experimentallywith a photomultiplier apturing the light radiated by the �ame but not that originatingfrom the �ame inside the injetor. (a) f = 60 Hz. (b) f = 90 Hz.
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170 Part II. Flow and ombustion dynamisTable 7.2: Flame transfer funtion
f = 60 Hz f = 90 HzExperimental Gain 0.29 1.22Experimental Phase [rad℄ 1.98 2.66Numerial Gain 0.30 1.05Numerial Phase [rad℄ � 2.05instantaneous signal over nine periods. The relative �utuation Q̇′/Q̇ is shownas a funtion of phase angle during two periods for the harateristi frequenies

f = 60 Hz and f = 90 Hz. Before omparing these results with experimentaldata, it is important to note that the photomultiplier measuring heat release ratesignals in the experiment does not apture the whole light radiated by the �ameif the �ame travels into the injetor. This atually takes plae at f = 60 Hz. Itis then neessary to extrat the signal whih would be reorded by a photomulti-plier. This onsists in limiting the integration of heat release to a window similarto the experimental observation window (i.e. exluding the injetion dut). Re-sults are plotted as blak square symbols. These data an then be ompared withthe experimentally determined heat release rate signals also plotted in Fig. 7.9 (a)and (b). At f = 60 Hz, both experimental and numerial results agree in termsof signal amplitudes. The maximum and minimum responses are also found atthe same phase in the yle. The shape of the signal is however not perfetlyreprodued by the numerial simulation. One an also onlude that �ashbakhas no e�et on the amplitude of the heat release rate by omparing both signalsat f = 60 Hz but a strong e�et on the phase of these signals. At f = 90 Hz,the amplitude of experimental and numerial signals agree well with only a slightshift in phase. The shape of the signal is aurately reprodued by the numerialsimulation.From both numerial simulations performed in this hapter at respetively f = 60Hz and f = 90 Hz, it is possible to retrieve signals determined experimentally.This an be used to obtain estimates of the �ame transfer funtion and omparethe values obtained with those given in Fig. 7.2. The veloity signals are deter-mined at the loation used in the experimental setup and are used as inputs ofthe �ame transfer funtion while the global heat release rate signals are used asoutputs of the �ame transfer funtion to determine the numerial �ame response.Results are gathered in Table 7.2 whih ompares data for the gain and the phaseof the �ame transfer funtion determined experimentally and numerially. At themodulation frequeny of 60 Hz the global heat release rate signal is alulated inthe region whih an be observed experimentally with the photomultiplier. Thisexludes loations inside the dut whih are swept by the �ame during a smallpart of the yle. A reasonable agreement is obtained but the phases are less wellpredited than the gains.
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Chapter 7. Large Eddy Simulations of perturbed swirling flames1717.4.2 Combustion dynamisThe dynamis is now examined by onsidering the evolution of the volumetriheat release rate distribution during a modulation yle. Experiments were previ-ously arried out by generating a plane aousti wave with a loudspeaker loatedat the base of the burner. Light emission by the �ame was reorded with anICCD amera. Six phase-loked images were reorded during an osillation y-le to de�ne the motion of the �ame at the modulation frequeny. Eah image,separated by a phase angle of 60◦, was formed by aumulating one hundredinstantaneous images. An Abel transform was then applied to eah image to getthe two-dimensional �ame slie. The �nal images are saled in terms of volumet-ri heat release rate and the levels are given in W m−3. Results are plotted inFig. 7.10.Numerial simulations are also phase averaged by alulating the dynamis overnine periods and by spatially averaging the results over thirty two axial sliesaround the axis. Results are plotted in Fig. 7.11 for the two modulation fre-quenies. Comparison between experiments and numerial results indiate thatthe dynamis is well retrieved by LES and for both frequenies. Spei�ally, the�ame motion ombining large �ame angle �utuation at the �ame root and vor-tex rollup is aurately aptured at f = 60 Hz. At f = 90 Hz, the numerialsimulation retrieves previous experimental results where osillations in the �ameangle are redued during the modulation yle and the larger roll-up observedexperimentally is also well aptured.These results haraterize the �ame dynamis and an be used to interpret theheat release rate signals plotted in Fig. 7.9. The ase modulated at f = 60 Hz is�rst onsidered (Fig. HR3). From about 240◦ to 300◦ the �ame angle α, de�nedbetween the �ame sheet and the vertial axis, inreases suddenly while its rootpenetrates within the burner. This orresponds to a sudden drop in heat releaserate indiated by the ontinuous derease of the ratio Q̇′/Q̇ in Fig. 7.9(a) (squaresymbols, PM experiment). The �ame root is then pushed outside the injetiontube and reattahes to the anhoring entral rod for a phase orresponding tonearly 0◦. This instant also orresponds to the maximum �ame angle αm andone an identify the beginning of a roll-up proess at the �ame tip. This roll-upproess lasts from about 0◦ to a phase omprised between 180◦ and 240◦ andorresponds to an inrease of the �ame surfae area as indiated by Fig. 7.9with the regular augmentation of Q̇′/Q̇. When this mehanism ends the �ameretrats rapidly and begins to travel bak into the burner. This is aompaniedby a sudden drop of the heat release rate whih reahes its minimum value at
300◦. The net output of these ombined mehanisms examined over one yle ofosillation is that the �ame front exhibits a omplex motion with some �ashbak,
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172 Part II. Flow and ombustion dynamis
f = 60 Hz Phase f = 90 Hz

0◦

60◦

120◦

180◦

240◦

300◦Figure 7.10: Phase onditioned average heat release rate distribution in W m−3 ob-tained experimentally. Left : f = 60 Hz. Right : f = 90 Hz. The olorbar is the sameas in Fig. 7.8(a)
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Chapter 7. Large Eddy Simulations of perturbed swirling flames173
f = 60 Hz Phase f = 90 Hz

0◦

60◦

120◦

180◦

240◦

300◦Figure 7.11: Phase onditioned average heat release rate distribution in W m−3 ob-tained with LES. Left : f = 60 Hz. Right : f = 90 Hz. The olorbar is the same as inFig. 7.8(b)a strong �ame angle hange and roll-up of the �ame tips whih interfere destru-
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174 Part II. Flow and ombustion dynamistively to hinder heat release �utuations. For a modulation at f = 90 Hz thesituation is di�erent. From 90◦ to 270◦, the ratio Q̇′/Q̇ inreases ontinuously inFig. 7.9(b) (square symbols, PM experiment). During this period the �ame tipis progressively roll-up at the extremity while the angle at the �ame root reduesregularly but with a limited variation ompared to its maximal value αm reahedfor a phase omprised between 60◦ and 120◦ (Fig. 7.10). The remaining part ofthe yle, the �ame surfae area redues regularly while the distribution of heatrelease rate takes a ompat shape. No �ashbak ours during the yle andthe �ame remains attahed to the anhoring devie. In this ase, the �ame anglefeatures a redued osillation over a modulation yle and the �ame dynamis isessentially ontrolled by the roll-up mehanism at the �ame tip with large heatrelease �utuations.One an onlude this setion by underlining two points onerning the swirling�ame dynamis. At f = 60 Hz, the �ame features strong �utuations in the �ameangle and roll-up at the �ame tip while at f = 90 Hz, variations of the �ameangle remain limited and the tip roll-up determines the dynamis of the �amefront induing large variations in the heat release rate. The distint responsesobserved at these two frequenies an be attributed to the interferene betweentwo proesses. The �rst, responsible for the �ame angle variations, may be ausedby �utuations in swirl number. The seond orresponds to �ame tip roll-up andsubsequent aeleration of burning of reatants.7.5 Mode onversion at the swirler7.5.1 Theoretial modelingBefore examining two key proesses in�uening the �ame dynamis, it is worthrealling theoretial results obtained previously in hapter 4 in an analysis ofmode onversion taking plae when an aousti wave impinges on a swirler. Theanalysis relies on atuator disk theory and on jump onditions derived by Cump-sty and Marble (1977b) whih link �ow variables upstream and downstream of ablade row asade. One onsiders that on the upstream side of the asade theaxial veloity is determined by an aousti wave at an angular frequeny ω.
u(x, t) = u+ u′ exp(ikx− iωt) (7.7)When the jump onditions at the atuator disk are spei�ed for a low Mah �owone �nds that on the downstream side of the asade, the veloity �eld has twoomponents, an axial aousti veloity perturbation propagating at the speed of
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Chapter 7. Large Eddy Simulations of perturbed swirling flames175
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Figure 7.12: Veloity �utuation signals reorded at 28 mm downstream of the swirlerand at a radial distane of 5.7 mm from the axis. Modulation at f = 60 Hz.sound with the same amplitude as in the upstream �ow and a transverse veloityomponent onveted by the �ow.
u(x, t) = u+ u′ exp(ikx− iωt) (7.8)
v(x, t) = vθ + v′θ exp(i

ωx

u
− iωt) (7.9)The amplitude of the transverse veloity perturbation is diretly related to thatof the axial wave:

v′θ = u′ tan θ2 (7.10)where θ2 is the blade trailing edge angle with respet to the axial diretion.Noting that vθ = tan θ2u this ondition may also be ast in the form:
v′θ/vθ = u′/u (7.11)The axial veloity disturbane orresponds to the transmitted aousti wave andits amplitude remains unhanged. The transverse veloity perturbation travelsat the �ow veloity u. This perturbation is assoiated with a vortiity wave
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176 Part II. Flow and ombustion dynamisgenerated at the blade row trailing edges when the asade is submitted to ax-ial perturbations. Veloity disturbanes on the downstream side of the swirlerpropagate at di�erent veloities beause a vortial mode with an azimuthal om-ponent and a transmitted axial aousti wave are generated when the swirler isimpinged by an axial aousti wave. This mode onversion mehanism takingplae at the swirler outlet generates swirl number �utuations that should betaken into aount in the analysis of the response of the �ame. In a non-swirlingjet a �V" �ame would be rolled up by the vortex generated by the aousti-vortialonversion at the outlet of the injetor. In the present study, the swirling jet willbe submitted to two key proesses: the lassial vortex roll-up and e�et of theswirl number �utuation.7.5.2 Signal analysisFrom analytial modeling derived previously in hapter 4, it is possible to om-pare the amplitude of veloity signals in the downstream �ow with preditions.Figure 7.12 and Fig. 7.13 display veloity �utuation signals obtained for thetwo modulation frequenies f = 60 Hz and f = 90 Hz. The perturbed axial u′,azimuthal v′θ and radial v′r veloity �elds are reorded at a probing point loated
28 mm from the swirler and at a radial distane of 5.7 mm from the axis. Itis �rst interesting to note that the radial veloity �utuation is relatively smallompared to axial and azimuthal omponents. One �nds that the amplitude pre-dited theoretially Eq. (7.10) is in agreement with numerial results if one takes
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Figure 7.13: Veloity �utuation signals reorded at 28 mm downstream of the swirlerand at a radial distane of 5.7 mm from the axis. Modulation at f = 90 Hz.
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Chapter 7. Large Eddy Simulations of perturbed swirling flames177
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Figure 7.14: Axial evolution of phase shift between relative veloity �utuations u′/uand v′θ/vθ with respet to the axial veloity �utuation at the swirler outlet at x = 0.Modulation at f = 60 Hz.
θ2 equal to 30◦.Figure 7.14 and Fig. 7.15, orresponding to f = 60 Hz and f = 90 Hz respe-
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Figure 7.15: Axial evolution of phase shift between relative veloity �utuations u′/uand v′θ/vθ with respet to the axial veloity �utuation at the swirler outlet at x = 0.Modulation at f = 90 Hz.
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178 Part II. Flow and ombustion dynamis
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(a) (b)Figure 7.16: Spae-time diagrams of veloity signals reorded on the downstream sideof the swirler. These diagrams are obtained by low pass �ltering signals on a sidelineparallel to the burner axis at points separated by 5 mm. Modulation at f = 60 Hz. (a): u′. (b) : v′θ.tively, show the evolution of the phase shift between axial u′ and azimuthal v′θveloity �utuations. These urves are obtained by low pass �ltering the veloitydata obtained from the simulation. The proedure onsists in applying a FFT al-gorithm to the veloity �elds u′ and v′θ. This is used to �lter out higher frequenyomponents orresponding to vortex shedding in the swirler wakes. An inverseFFT is then applied to the result. This proess provides the �ltered �utuatingveloities. One an then investigate the evolution of the phase shift between theperturbed veloity signals u′ and v′θ with respet to the axial veloity signal u′measured at the swirler trailing edge x = 0 mm. The phase shift is obtainedby alulating ross power spetral densities of the �ltered veloity signals atdisrete points separated by a distane of 5 mm and loated on a sideline in thedownstream �ow. The phase shift between �ltered veloity perturbation signals isdedued from the omplex value of the ross power spetral density at the drivingfrequeny. For both modulation frequenies f = 60 and 90 Hz shown in Fig. 7.14and Fig. 7.15, one �nds that the phase shift of u′ is nearly onstant indiatingthat this omponent propagates at a high veloity whih is that of an aoustiwave. Results di�er for the transverse veloity omponent v′θ. In Fig. 7.14, thephase shift inreases roughly linearly with the distane to the swirler and reahesa value a bit lower than 2π at x = 35 mm for a modulation frequeny f = 60Hz. The value π taken at the swirler trailing edge x = 0 simply indiates thatthe the blade is inlined with a negative angle with respet to the axial diretion(θ2 = −30o). For a higher modulation frequeny f = 90 Hz, the phase shift alsoinreases linearly with the distane from the swirler but reahes a larger valuethan 2π at x = 35 mm (Fig. 7.15). The slope is proportional to the frequenyand the transverse veloity omponent v′θ travels at the �ow veloity u.
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Chapter 7. Large Eddy Simulations of perturbed swirling flames179
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(a) (b)Figure 7.17: Spae-time diagrams of veloity signals reorded on the downstream sideof the swirler. These diagrams are obtained by low pass �ltering signals on a sidelineparallel to the burner axis at points separated by 5 mm. Modulation at f = 90 Hz. (a): u′. (b) : v′θ.
It is now interesting to use spae-time diagrams to investigate the mode on-version taking plae at the swirler. Suh diagrams are plotted in Fig. 7.16 andFig. 7.17 for the two harateristi frequenies f = 60 and 90 Hz. The spae-timediagrams desribe the temporal evolution of axial and azimuthal veloity �utu-ations u′ and v′θ on a straight line parallel to the swirler axis at a radial distaneof 5.7 mm. Data are reorded at points separated by ∆x = 5 mm over a distane
x = 30 mm and for a time period of 40 ms. Figures 7.16 and 7.17 (a) show theaxial veloity omponent u′. One observes a periodi pattern of alternating highand low veloity stripes whih are near to perpendiular to the time axis andre�et the aousti nature of this perturbation. Figures 7.16 and 7.17 (b) displaythe azimuthal �utuating omponent. One �nds that the spae-time diagram iswell de�ned and the pattern is inlined forming oblique stripes. The slope anbe used to estimate the onvetion veloity of ucv = 3.3 m s−1 of the transverseomponent v′θ.
These diagrams learly demonstrate that the veloity �utuations travelling inthe injetion dut behind the swirler di�er in nature. The axial perturbation isaousti while the transverse omponent is onveted by the mean �ow with aveloity ucv ≃ 3.3 m s−1.
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180 Part II. Flow and ombustion dynamis

Figure 7.18: Experimental veloity signals and linearized swirl number �utuation
S′/S at the base of the �ame. f = 60 Hz.7.6 Contributing mehanisms7.6.1 Swirl number �utuationsThe veloity �eld haraterized in the previous setions indues swirl number�utuations. These variations may be determined diretly by alulating instan-taneous values of the swirl number S using expression Eq. 7.6 or a linearizedversion of this expression :
S′

S
=
v′θ
vθ

−
u′

u
(7.12)This form is approximate but easy to use and more physial. It was already

Figure 7.19: Experimental veloity signals and linearized swirl number �utuation
S′/S at the base of the �ame. f = 90 Hz.



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 181 � #203
i

i

i

i

i

i

Chapter 7. Large Eddy Simulations of perturbed swirling flames181

Figure 7.20: Numerial veloity signals and linearized swirl number �utuation S′/Sat the base of the �ame. f = 60 Hz.employed in the experimental analysis in hapter 5. The axial and azimuthalveloity signals at the base of the �ame are now used to determine the levelof swirl. The point where the veloity signals are determined is loated at 4.3mm from the ombustor bakplane and at one half of the injetor diameter (r =
8 mm). Experimental swirl number �utuations are plotted in Fig. 7.18 for
f = 60 Hz and in Fig. 7.19 for f = 90 Hz. Results dedued from numerialsimulations are displayed in Fig. 7.20 for f = 60 Hz and in Fig. 7.21 for f = 90Hz. These diagrams indiate that the numerial simulation suitably aptures theswirl number �utuations observed experimentally. The math is not perfet butthe veloity signals and resulting swirl number osillations are reasonably wellretrieved. The previous data on�rms that the pulsating veloity �eld induesswirl number �utuations. These variations are found in the experiments andthe simulations larger for a modulation at 60 Hz than at 90 Hz. This in turnprodues larger �ame angle �utuations at 60 Hz than at 90 Hz as it was observed

Figure 7.21: Numerial veloity signals and linearized swirl number �utuation S′/Sat the base of the �ame. f = 90 Hz.
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182 Part II. Flow and ombustion dynamis
f = 60 Hz Phase f = 90 Hz

0◦

60◦

120◦

180◦

240◦

300◦Figure 7.22: Axial veloity and veloity vetors: on the left, f = 60 Hz; on the right,
f = 90 Hz. The maximum veloity is 4 m s−1 and olored in red while the minimumveloity is −2 m s−1 and olored in blue.
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Chapter 7. Large Eddy Simulations of perturbed swirling flames183in Fig. 7.10 and Fig. 7.11.

Figure 7.23: Axial veloity �utuation u′/u extrated from LES on the burner sym-metry axis and 4.3 mm downstream the bakplane of the ombustor.It is next interesting to examine the proesses whih determine the �ame response.The �rst identi�ed mehanism is linked to the motion and strength of the InnerReirulation Zone (IRZ) whih is ontrolled by the swirl number and de�nes inturn the �ame angle with respet to the axial diretion. The seond proess isrelated to vortex shedding from the injetor outer lip. To examine the dynamisof the IRZ and the in�uene of the �utuating swirling �ow, one may rely onLES and plot the axial veloity �elds and veloity pro�les during one yle ofmodulation. Figure 7.22 shows the �ow on�guration at six phases during a ylefor the two modulation frequenies f = 60 and 90 Hz. For both frequenies, oneobserves a well de�ned entral inner reirulation zone where veloity vetorsindiate a reverse �ow. The strength of this IRZ hanges during the yle. Whenthe rotation rate is low, the IRZ is essentially formed by the blu� body and thenegative axial �ow veloities are low. When the rotation level is high the IRZ isstrong and the reverse �ow is more intense. This is in agreement with previousexperimental studies from Vaniershot and Van den Bulk (2008) in whih theswirl number is varied ontinuously.At f = 60 Hz, the maximum bakward veloity is reahed for a phase omprisedbetween 240◦ and 300◦ while at f = 90 Hz, this maximum is reahed between
300◦ and 0◦. These phases nearly math with maximum of the swirl number asindiated in Fig. 7.20 and Fig. 7.21. The veloity vetors plotted in Fig. 7.22indiate that similar levels of �utuation of reverse �ow our during a yle ofmodulation near the anhoring rod. This is better shown in Fig. 7.23 where therelative axial veloity �utuation ratio u′/u takes about the same level for bothmodulation frequenies in the viinity of the entral blu� body. It an howeverbe noted that the motion of the IRZ takes plae at a di�erent phase with respetto the inident axial veloity �utuations. The unsteady �ow around the rod alsohanges signi�antly for the two modulation frequenies. A large reversal �ow
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184 Part II. Flow and ombustion dynamistakes plae along the entral rod for phases omprised between 180◦ and 300◦ at
f = 60 Hz while this phenomenon remains very limited between 240◦ and 0◦ at
f = 90 Hz. This may indiate that a ertain swirl number �utuation level mustbe reahed to indue �ashbak along the entral blu� body.7.6.2 Interfering mehanismsOne may now try to see how the two dynamial proesses examined previouslyombine to de�ne the �ame response to inident veloity perturbations. It isfound from previous experimental work that the �ame motion is governed by amehanism where the swirl number is perturbed induing variations in �ame an-gle and a mehanism where vorties shed from the injetor lip interat with the�ame induing hanges in the �ame surfae area. These mehanisms were foundto at onstrutively or destrutively depending on the modulation frequeny.To examine the vortex shedding proess taking plae at the injetor lip and rollingup the �ame, one may �rst loate the vortex strutures in the �ow at variousinstants during a modulation yle. The identi�ation of vortex strutures isonveniently ahieved by post-proessing the LES and alulating a phase averageQ-riterion �elds. This quantity is de�ned by Hunt et al. (1988) as :
Q =

1

2

(
‖Ω‖2 − ‖S‖2

)
, (7.13)where S is the symmetri omponent of the veloity gradient while Ω is the an-tisymmetri part. Q-riterion �elds are plotted in Fig. 7.24 together with phaseaverage �ame ontours shown as blak solid lines at eah phase of the yle sep-arated by 60◦. These results are obtained by taking an average over nine yles.It is also possible to improve the result by taking azimuthal averages beause thephase average is rotationally symmetri. The olorbar for the Q-riterion is setfrom 2.106 s−2 in red to −2.106 s−2 in blue. The desription of the dynamis anbe analyzed by examining vortex patterns in the �ow and their interations withthe �ame front. Heat release rate ontours are also used to trak the �ame frontdynamis during one modulation yle. For the modulation frequeny f = 60Hz, one �nds that a vortex is shed from the injetor external lip near 300◦. Theorresponding swirl number determined at the base of the �ame is also lose toits maximal value (Fig. 7.20) and this indues a �ashbak along the anhoringrod due to the high value of the rotation rate. The �ame angle α is also largebeause of the high rotation rate (Fig. 7.11). In these onditions, the vortexgenerated at the injetor lip annot fully developed and rapidly interats withthe �ame tip for a phase near 0◦. Its size and strength remain thus limited andthe resulting �ame roll-up is weak during the remaining part of the yle. At
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Chapter 7. Large Eddy Simulations of perturbed swirling flames185
f = 60 Hz Phase f = 90 Hz

0◦

60◦

120◦

180◦

240◦

300◦Figure 7.24: Q riterion ontour in olor: the olorbar is set from 2 106 s−2 in red to
−2 106 s−2 in blue. Heat release rate ontours in blak are used to trak the �ame frontduring one yle of modulation. Left : f = 60 Hz. Right : f = 90 Hz.
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186 Part II. Flow and ombustion dynamis
f = 90 Hz and for a phase orresponding to 60◦, an annular vortex is shed fromthe injetor external lip. The orresponding �ame angle α at that instant in themodulation yle is signi�antly smaller than at f = 60 Hz beause swirl number�utuations are substantially redued in this ase (Fig. 7.21). This vortex is thusonveted by the �ow and inreases in size and strength before interating withthe �ame for a phase of about 180◦. At this instant in the yle, it is strongenough to roll-up the �ame tip from 180◦ to 300◦ thereby inreasing the �amesurfae area. Finally, during the next part of the yle, the vortex is dissipated,the �ame front extremities ollapse and the �ame spreads over a broad area andone observes the formation of a new vortex pattern in the dut due to the modeonversion proess taking plae at the swirler.The previous results indiate that a strong vortex rolls up the �ame at f = 90Hz whih is on�rmed by the experiments (Fig. 7.10). It is also found that vor-tex shedding is signi�antly less important at f = 60 Hz. The formation of thevortex is aneled by the important swirl number at f = 60 Hz while at f = 90Hz, its formation takes plae in a quasi non-swirling jet. This learly shows thatthe rate of rotation of the �ow has an impat on the annular vortex shedding.The present alulations also indiate that the �ame motion is determined bythe relative phasing between the IRZ strength �utuations ontrolling the �ameangle and the inident axial veloity �utuations. At 60 Hz, the phasing is suhthat the �ame angle hanges signi�antly and the vortex reated by the axial ve-loity �utuation rapidly interats with the �ame without possibility to gain insize and strength. At 90 Hz, the IRZ dynamis ombined with the axial veloity�utuations keep the �ame angle at an essentially onstant value and this let timefor the vortex generated by the axial veloity �utuation to fully developed andgain in strength before interating with the �ame. These interfering mehanismsan only be explained by taking into aount the mode onversion mehanismat the swirler outlet whih is at the origin of swirl number �utuations and thus�ame root angle �utuations.7.7 ConlusionThe dynamis of a swirling �ame submitted to inident aousti veloity per-turbations is investigated numerially. The inoming wave is initiated on theupstream side of a swirler unit. It is �rst on�rmed that mode onversion takesplae at the swirler and that this gives rise to azimuthal veloity �utuationswhih are onveted by the �ow. The numerial results also agree with theo-retial results obtained previously by making use of an atuator disk theory toevaluate the levels of �utuation in the �ow on the downstream side of a bladerow asade. The ombination of axial and azimuthal veloity perturbations in-
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Chapter 7. Large Eddy Simulations of perturbed swirling flames187due variations in swirl number on�rming previous experimental observationsof this proess. The alulations also indiate that vortex shedding taking plaeat the injetor lips an indue �ame roll-up and subsequently large variations in�ame surfae area. The two mehanisms of rotation rate �utuations and vortexroll-up ombine in one ase and lead to an intense �utuation in heat release. Ina seond ase, these mehanisms interfere destrutively induing a low level ofheat release rate �utuations. The outome depends on the inlet aousti wavefrequeny. Simulations indiate that vortex roll-up is strong when �utuations ofthe rotation rate are limited and the inner reirulation zone strength is weak. Inontrast, the shedding and roll-up proess is less intense when the IRZ strengthfeatures large �utuations and the rotation rate is high.
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Chapter 8
Modeling of �ame transferfuntions

Abstrat : An analytial model is derived for the linear response ofswirling �ames submitted to veloity disturbanes. The �ame dynamisis represented by a linearized version of the G-equation. Turbulent�utuations are �rst averaged in time to obtain a kinemati equation inwhih the �ame is represented by a wrinkled sheet. The variables are thenphase averaged to desribe aousti perturbations and obtain a perturbed
G-equation. It is �rst onluded that the �ame motion results from theombined e�ets of axial and azimuthal veloity perturbations. The latterdisturbanes formed at the swirler when this element is submitted toaxial veloity �utuations are onveted by the �ow and impinge on the�ame. In this disturbane �eld the swirl number is perturbed and thisis e�etively modeled by assuming that the turbulent burning veloityis modulated by the axial and azimuthal veloity perturbations. It isthen shown that the response of swirling �ames an be dedued from thetransfer funtion of inverted onial �ames submitted to axial veloityperturbations. It is however important to aount for the phase shiftresulting from the propagation of axial and azimuthal disturbanes on thedownstream side of the swirler. This phase shift, due to the di�erenein propagation veloity of aousti and onvetive perturbations, isdetermined experimentally. Theoretial transfer funtions are omparedwith measurements orresponding to two bulk veloities at a onstantswirl number S = 0.55. A good agreement is obtained. It is shown inpartiular that minima and maxima of the �ame response are suitablyretrieved and the Strouhal number an be used to ollapse the data.
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190 Part II. Flow and ombustion dynamisRésumé : Un modèle analytique est établi pour la réponse linéaire de�ammes swirlées soumises à des perturbations de vitesses. La dynamiquede la �amme est représentée par une version linéarisée de l'équationpour une variable de hamp G. Les �utuations turbulentes sont d'abordmoyennées pour obtenir une équation inématique pour le hamp moyen.Une moyenne de phase est ensuite appliquée aux perturbations aous-tiques pour obtenir une équation pour le hamp G perturbée. Il est d'abordonlu que le mouvement de �amme est dû aux e�ets ombinés des pertur-bations de vitesses axiales et azimutales. Les �utuations du nombre deswirl sont modélisées en supposant que la vitesse de ombustion turbulenteest modulée par es perturbations de vitesses. Il est ensuite montré que laréponse des �ammes swirlées peut être déduite de la fontion de transfertdes �ammes en �V� soumises à des perturbations de vitesses axiales. Ilest toutefois important de tenir ompte de la di�érene de phase résultantde la propagation des perturbations axiales et azimutales. Cette di�érenede phase, résultant de la di�érene des vitesses de propagation des per-turbations aoustiques et onvetives, est déterminée expérimentalement.Les fontions de transfert théoriques sont omparées aux mesures pourdeux vitesses débitantes di�érentes et pour un nombre de swirl �xé S =0.55. Un bon aord est obtenu. On montre en partiulier que le gainminimal obtenu pour un nombre de Strouhal de 0.5 est bien reproduit parle modèle théorique.8.1 IntrodutionA suitable desription of �ame dynamis and ombustion response to inidentperturbations is one important element for the predition of ombustion insta-bilities. It is onvenient to use a desription based on the transfer funtion torepresent this response in a ompat form. Theory, experiments and simulationshave been widely used to deal with this problem in various geometries. Resultsare available for simple �ames but the ase of swirling �ames is less well dou-mented. It is our goal to show that the dynamis of premixed swirling �amessubmitted to inoming veloity disturbanes results from a omplex interationinvolving initial axial veloity perturbations in ombination with azimuthal dis-turbanes indued by the swirler. By aounting for these two types of pertur-bations, it is shown that one an dedue a model for the swirling �ame responsewhih exhibits the main features of experimentally determined transfer funtions.Flame transfer funtions have been extensively studied in laminar on�gurationslike onial �ames by Baillot et al. (1992), inverted onial �ames by Durox et al.(2005) and multiple onial �ames by Kornilov et al. (2009). These data an be
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Chapter 8. Modeling of flame transfer funtions 191used to guide and validate the theoretial modeling but they also provide anunderstanding of the physial mehanisms ontrolling the ombustion response.The �ame transfer funtion gain of onial �ames behaves like that of a low pass�lter. For �V� �ames, the gain an exeed unity for a range of frequenies indiat-ing that this �ame geometry is more sensitive to inident perturbations. Vortexroll-up has been assoiated to this overshoot in the gain and depends on fre-queny for swirling �ames Lohrmann et al. (2003). The phase evolves in a nearlylinear fashion with frequeny indiating that veloity disturbanes are onvetedfrom the outlet of the injetor to the �ame. Turbulent �V� �ame on�gurationsare also onsidered by Balahandran et al. (2005); Armitage et al. (2006) andsome studies also fous on swirling �ames as Bellows et al. (2007); Thumuluruet al. (2007); Borghesi et al. (2009). Flame transfer funtions measured with aswirl-stabilized burner indiate that the Strouhal number is the relevant dimen-sionless group, see Kim et al. (2010).The transfer funtion may also be determined from simulations. In priniple,this requires an unsteady �ow solver and broadband modulations of the inom-ing �ow. The transfer funtion is then derived by post-proessing results of thesetime dependent alulations. This is exempli�ed by Gentemann et al. (2004);Kopitz and Polifke (2008) with Unsteady Reynolds Average Navier-Stokes odes.It is probably more adequate to use LES methods as illustrated in a numberof reent investigations from Borghesi et al. (2009); Kaufmann et al. (2002);Chang et al. (2009). The numerial approah however does not yield analytialexpressions and tends to hide the underlying mehanisms.The theoretial modeling of �ame transfer funtions (FTF) has also been pur-sued in laminar or turbulent on�gurations by Preetham et al. (2007). Mostderivations rely on the kinemati G-equation in whih the �ame front is repre-sented by a surfae G = G0 separating fresh gases G < G0 from burnt gases
G > G0. This is used for example by Flei�l et al. (1996); Shuller et al. (2003b);Lieuwen (2005). A uni�ed framework arried out by Shuller et al. (2003b) dealswith onial and �V� �ames submitted to uniform or onvetive disturbanes.The motion of the �ame anhor point is also onsidered for a duted �ame byDowling (1999). It is also shown in Preetham et al. (2008) that these transferfuntions an be very sensitive to the vortex onvetion veloity. In the ase of�V� �ames it is found that the transfer funtion gain is a strong funtion of theamplitude of the veloity perturbation. Modeling has been extended to turbulenton�gurations to study the nonlinear response of premixed �ames, see Lieuwen(2005). Turbulent �ame speed e�ets on �ame transfer funtion for suh �V��ames have also been investigated Lipatnikov and Sathiah (2005); Sathiah andLipatnikov (2007) but e�ets are signi�ant only for long �ames. The FTF ofonial �ames is lose to that found in the linear regime but the response of �V�
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192 Part II. Flow and ombustion dynamis�ames is in�uened by the amplitude of osillation, see Shuller et al. (2003b).Turbulent �ame speed e�ets on �ame transfer funtion for suh �V� �ames havealso been investigated by Lipatnikov and Sathiah (2005). Theoretial transferfuntions of swirling �ames are less ommon and do not fully reprodue har-ateristi features of the �ame response, see You et al. (2005); Borghesi et al.(2009); Komarek and Polifke (2010) even if a �tting is suggested by Komarekand Polifke (2010). There are multiple soures of onveting vorties in the ar-rangement of our present study. The main ontributing mehanisms are thosegenerating large vortex strutures. They an be produed by the swirler, thebakward faing step and the enterbody and are all synhronized by the modu-lation frequeny. Detailed haraterizations of the �ow dynamis however showthat in this setup the main ontributing mehanism is that due to the swirler.Studies from You et al. (2005); Borghesi et al. (2009) do not aount for thepresene of an azimuthal veloity disturbane onveted by the �ow in additionto the initial axial omponent propagating at the speed of sound a feature whihis reported in some reent investigations by Wang and Yang (2005); Komarekand Polifke (2010); Huang and Yang (2009). The e�et of this onvetive modeis however not inluded in most of these studies with the exeption of Komarekand Polifke (2010) whih provides a phenomenologial representation of the FTF.The presene on the downstream side of the swirler of a perturbation featuringaousti and onvetive omponents is doumented in previous setions in whihthe azimuthal disturbane veloity is fully haraterized from experiments andalso by onsidering the theoretial response of a blade row submitted to inidentaxial perturbations. It is neessary to represent this omplex perturbed �ow �eldif one wishes to determine the FTF of swirling �ames.The present study attempts to improve the modeling of the swirling �ame trans-fer funtion by suitably aounting for the perturbed �ow �eld indued by theswirler. It relies on a G-equation derived by �rst taking an ensemble averagewith respet to the turbulent �utuations. This equation is then separated intosteady and phase average omponents orresponding to imposed �ow modula-tions, a proess leading to a perturbed G-equation. It is then shown that theresponse of swirling �ames results from the diret e�et of axial veloity perturba-tions and from the ombined e�ets of axial and azimuthal veloity omponents.The latter are taken into aount by onsidering that the turbulent �ame velo-ity is perturbed by these disturbanes. It is shown that the transfer funtion ofswirling �ames an be dedued from the transfer funtion of �V� �ames submit-ted to onvetive �ow disturbanes. This is aomplished by taking into aountthe relative level of axial and azimuthal disturbanes and the phase shift betweenthese two omponents. This last quantity an be estimated theoretially or de-dued from measurements of the axial and azimuthal veloity signals.
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Chapter 8. Modeling of flame transfer funtions 193The geometry of the problem is desribed in setion 8.2. The perturbed G-equation is derived in setion 8.3. A theoretial expression is dedued for thetransfer funtion in setion 8.4. The modeling of inident veloity omponents isenvisaged in setion 8.5 inluding measurements of the phase di�erene betweenaxial and azimuthal veloity perturbations. Comparisons between preditionsand experimental data are also arried out in this setion.8.2 Experimental on�guration and problem geometry

Figure 8.1: Injetor and �ame tube sheme. The �ame is anhored at a one ending arod. Flame visualization is ahieved by a long time exposure without any exitation inorder to apture the mean �ame front.It is interesting to �rst examine the experimental on�guration. The burner om-prises three elements : an upstream manifold, an injetor and a �ame tube madeof quartz. A premixed methane/air stream (equivalene ratio 0.7) is introduedthrough the burner base and passes through a 2 m thik honeyomb layer tobreak the largest turbulent sales. The burner body is terminated by a onver-gent setion whih is �tted to the ylindrial injetion tube. The swirler plaedin this tube de�nes the rate of rotation of the �ow. A entral rod terminated bya small one is used to anhor the �ame and avoid �ashbak as shown in Fig. 8.1.The swirler represented in Fig. 8.2 omprises eight blades formed by NACA 8411airfoil setions. The vanes are periodially spaed with a stagger angle of 45◦.The vanes are twisted radially, so that the angle at the trailing edge evolves lin-early from 30◦ at the hub to a value of 58◦ at the vane tip. The measured swirl
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194 Part II. Flow and ombustion dynamisnumber is S = 0.55.

Figure 8.2: Axial swirler with eight vanes. The inner diameter d of the swirler is equalto the diameter of the injetor tube (22 mm). The rod passes through the enter holeof the swirler (6 mm in diameter).

Figure 8.3: Geometrial view of the on�guration : swirler (d = 22), injetor (d = 22,l = 43) and �ame tube (D = 70, L = 100). All dimensions are given in millimeters.The problem geometry is an idealized version of the previous on�guration shownshematially in Fig. 8.3. It is assumed for simpliity that the �ame is anhoredat the enter of the rod on the vertial axis. In the experiment, the �ame transferfuntion is determined by measuring the axial veloity disturbanes u′ generated
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Chapter 8. Modeling of flame transfer funtions 195by a loudspeaker plaed at the burner base and the total heat release rate per-turbation Q̇′ of the �ame. The veloity �utuation is obtained by laser Dopplerveloimetry at x = 2.9 mm above the bakplane of the on�nement tube and ata radial distane of r = 8 mm from the axis. This de�nes a small measurementvolume on the downstream side of the swirler in the turbulent swirling �ow, loseto the reation region. Heat release rate �utuations are estimated by reordingthe global emission signals of exited radials OH∗ using a photomultiplier ol-leting the light emitted by the �ame. The experimental �ame transfer funtion
Fs

exp is then obtained by taking the ratio of relative heat release rate �utuationsand relative axial veloity �utuations :
Fs

exp(ω) =
Q̇′

s/Q̇s

v′x/vx
(8.1)8.3 Derivation of the perturbed G-equationThe theoretial swirling �ame transfer funtion is de�ned as :

Fs
th(ω) =

A′/A

v′x/vx
(8.2)Where A is related to the �ame surfae area and assuming that for a lean pre-mixed �ame the ratio Q̇′/Q̇ is equivalent to A′/A.To start this analysis it is assumed that the �ame is instantaneously desribedas a surfae de�ned by a kinemati G-equation :

∂G

∂t
+ v·∇G = SD|∇G| (8.3)where one of the ontours of G de�nes the �ame front loation, v is the loal�ow veloity and SD designates the displaement veloity of the �ame surfaepropagating normal to itself. To obtain the equation governing the perturbed�ame front position one has to deal with two types of veloity disturbanes. It isnatural to distinguish turbulent �utuations whih wrinkle the front in a randomfashion and organized perturbations assoiated to the modulations imposed tothe �ow. It is then onvenient to begin by taking an ensemble average of the

G-equation to derive a Reynolds average equation. This equation is deomposedin a seond step by separating the mean �eld from the phase average �eld. Thisyields a perturbed G-equation.In the �rst step one uses an ensemble average and turbulent �utuations aroundthis average. Eah variable a is written as a sum of a mean value a(x, t) and of
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196 Part II. Flow and ombustion dynamisa turbulent �utuation a′(x, t) :
G(x, t) = G(x, t) +G′(x, t) (8.4)
v(x, t) = v(x, t) + v

′(x, t) (8.5)Inserting this deomposition in Eq. (8.3) one obtains :
∂

∂t
(G+G′) + (v + v

′)·∇(G+G′) = SD|∇(G+G′)| (8.6)This equation is now ensemble averaged yielding
∂G

∂t
+ v·∇G = SD|∇G| − v

′·∇G′ (8.7)The right hand terms of this equation an be replaed by introduing a turbulentburning veloity ST . Following Peters (1992), this is ahieved by de�ning thisquantity by :
ST |∇G| = SD|∇G| − v

′·∇G′ (8.8)It is however worth noting that this last expression is an approximate equationthat attempts to aount for turbulent wrinkling e�ets on the ensemble averaged�ame motion. This is still urrent ative researh topi Oberlak et al. (2001).This proess yields a heuristi generalization of the G-equation for the ensembleaveraged �ame front :
∂G

∂t
+ v·∇G = ST |∇G| (8.9)In the seond step, the variables appearing in this equation are written as asum of a mean �eld and phase average perturbations around this mean �eld

< a(x, t) > = a0(x) + a1(x, t) where a0(x) and a1(x, t) are the mean steadyvalue and its unsteady perturbation. The phase averages of G,v, ST are writtenin the following form :
< G(x, t) > = G0(x) +G1(x, t) (8.10)
< v(x, t) > = v0(x) + v1(x, t) (8.11)

< ST (x, t) > = ST0
(x) + ST1

(x, t) (8.12)Applying the average operator to Eq. (8.9) one �nds:
<
∂G

∂t
> + < v·∇G >=< ST |∇G| > (8.13)Introduing the deompositions de�ned previously one obtains :

∂G1

∂t
+v0·∇G0+v0·∇G1+v1·∇G0 +v1·∇G1 = (ST0

+ST1
)|∇(G0 +G1)| (8.14)
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Chapter 8. Modeling of flame transfer funtions 197The previous equation an be simpli�ed by onsidering that perturbations aresmall ompared to the mean quantities. Negleting seond order terms and in-troduing the normal vetor n to the mean �ame front n = −∇G0/|∇G0| one�nds after some alulations that
|∇(G0 +G1)| = [(∇G0)

2 + 2∇G0·∇G1 + (∇G1)
2]

1

2 (8.15)We neglet the term of seond order and we �nd :
|∇(G0 +G1)| = |∇G0|

[
1 + 2

∇G0

|∇G0|
·

∇G1

|∇G0|

] 1

2 (8.16)Then we introdue
|∇(G0 +G1)| ≃ |∇G0|

[
1 − n·

∇G1

|∇G0|

] (8.17)The right hand side in equation (8.14) beomes :
(ST0

+ ST1
)|∇(G0 +G1)| = ST0

|∇G0| + ST1
|∇G0| − ST0

n·∇G1 (8.18)Introduing this last expression in Eq. (8.14), retaining �rst order terms andusing the fat that the mean �ame front is de�ned by v0·∇G0 = ST0
|∇G0| oneobtains :

∂G1

∂t
+v0·∇G0+v0·∇G1+v1·∇G0 = ST0

|∇G0|+ST1
|∇G0|−ST0

n·∇G1 (8.19)And then :
∂G1

∂t
+ v0·∇G1 + v1·∇G0 = ST1

|∇G0| − ST0
n0·∇G1 (8.20)It is onvenient to rearrange this expression to get a perturbed G-equation for aturbulent �ame :

∂G1

∂t
+ (v0 + ST0

n)·∇G1 = −v1·∇G0 + ST1
|∇G0| (8.21)This expression may be rearranged by plaing the veloity perturbation on theright hand side, as n = −∇G0/|∇G0| so −v1·∇G0 = v1·n|∇G0|. Notingthat the steady front equation v0·∇G0 = ST0

|∇G0| an be ast in the form
−v0·n|∇G0| = ST0

|∇G0| one obtains the �nal form :
∂G1

∂t
+ (v0 + ST0

n)·∇G1 =

[
v1·n −

ST1

ST0

v0·n

]
|∇G0| (8.22)This expression indiates that the perturbed �ame motion is ontrolled by �owveloity perturbations v1 and turbulent �ame veloity perturbations ST1.
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198 Part II. Flow and ombustion dynamis8.4 Swirling �ame transfer funtionIt is interesting to modify Eq. (8.21) in order to be lose to the following equationstudied by Shuller et al. (2003b) for laminar V �ames :
∂G1

∂t
+ (v0 + SDn)·∇G1 = v1·n|∇G0| (8.23)Furthermore, we know that the normal to the �ame front is de�ned as n =

−∇G0/|∇G0| so −v1·∇G0 = v1·n|∇G1|. Furthermore, when the �ame front issteady without any �utuations, we have v0·∇G0 = ST0
|∇G0| and as a onse-quene −v0·n|∇G0| = ST0

|∇G0|. We �nally establish that :
∂G1

∂t
+ (v0 + ST0

n)·∇G1 =

[
v1·n −

ST1

ST0

v0·n

]
|∇G0| (8.24)Examining the perturbed G-equation one �nds that the two terms appearing inthe right hand side v1 and −(ST1

/ST0
)v0 at in a similar fashion. In other wordsperturbations in the turbulent �ame veloity and veloity disturbanes have simi-lar e�ets. It is then logial to extrat the transfer funtion for turbulent burningveloity perturbations from the transfer funtion for �ow veloity disturbanes.The latter transfer funtion denoted by Fv

th is known from previous studies, seeShuller et al. (2003b). The �V� �ame transfer funtion Fv
th is de�ned as the ratioof the relative �utuation of heat release rate Q̇′

v/Q̇v to the relative �utuationsof axial veloity v′x/vx where v′xex stands for v1.
Fv

th(ω) =
Q̇′

v/Q̇v

v′x/vx
(8.25)When v′x in this expression is replaed by −ST1

/ST0
vx, one obtains the �ametransfer funtion due to turbulent burning veloity perturbations :

Q̇′

ST

Q̇ST

= −Fv
th(ω)

ST1

ST0

(8.26)The previous results may be ombined to obtain the relative heat release �utu-ation orresponding to a swirling �ame :
Q̇′

s

Q̇s

=
Q̇′

v

Q̇v

+
Q̇′

ST

Q̇ST

(8.27)whih leads to :
Q̇′

s

Q̇s

= Fv
th(ω)

[
v′x
vx

−
ST1

ST0

] (8.28)
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Chapter 8. Modeling of flame transfer funtions 199This yields the global �ame transfer funtion Fs
th for a swirling �ame

Fs
th(ω) =

Q̇′

s/Q̇s

v′x/vx
= Fv −Fv

ST1
/ST0

v′x/vx
(8.29)or in a more ompat form :

Fs
th(ω) = Fv

th(ω)

[
1 −

ST1
/ST0

v′x/vx

] (8.30)To use this expression one has to relate the relative �utuations in turbulentburning veloity ST1
/ST0

to the inoming veloity modulations. This relation isnot known but it is natural to onsider that these �utuations are linked in alinear fashion to the inident perturbations and use the following model :
ST1

ST0

= χ
v′θ
vθ

+ ζ
v′x
vx

(8.31)where vθ is the azimuthal omponent and vx the axial omponent of the swirling�ow. This expression is based on the idea that the inident veloity modulationsmodify the swirl number and e�etively hange the turbulent burning veloity.It an be shown that the previous model provides a reasonable desription ofthe signals observed in perturbed swirling �ame experiments. The oe�ientsappearing in Eq. (8.31) are obtained from an adjustment proess and from ex-perimental data obtained for �ame A (see hapter 6). The same numerial valuesfor these oe�ients are kept to explore the response of �ame B featuring a higher�ow veloity. Coe�ients χ and ζ are respetively taken equal to -0.4 and 0.4.It is next important to speify the �eld of azimuthal veloity �utuations interms of the axial �eld. Experiments indiate that when the swirler is submittedto axial veloity modulations it generates an azimuthal veloity perturbation.By imposing the unsteady Kutta ondition at the trailing edge of the swirlerblades one �nds that the relative level of �utuations is the same. However axialveloity disturbanes are propagating at the speed of sound while azimuthalveloity perturbations are onveted at the speed of the �ow. As a onsequene,when the �ow is injeted into the �ame tube, all perturbations are onvetedbut a phase shift remains between the two veloity omponents. This phasehas to be taken into aount to establish a theoretial �ame transfer funtion.This is aomplished by using expression Eq. (8.31) for perturbations of theturbulent burning veloity and the following relation between axial and azimuthal�utuations, where φ de�nes the phase shift between these �utuations :
v′θ
vθ

=
v′x
vx

exp(iφ) (8.32)
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200 Part II. Flow and ombustion dynamis
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Figure 8.4: Evolution of the phase shift φ as a funtion of the frequeny for twooperating regimes A and B.Inserting Eq. (8.31 and Eq. (8.32) in Eq. (8.30) one obtains :
Fs

th(ω) = Fv
th(ω)

[
1 − (ζ + χ exp(iφ))

] (8.33)To use this result one has to provide an expression for Fv
th. This is obtained fromShuller et al. (2003b) and reprodued below for onveniene :

Fv
th(ω)(ω∗, α) =

2

ω2
∗

1

1 − cos2 α
×

[
exp(iω∗) − 1 −

exp(iω∗ cos2 α) − 1

cos2 α

]

+
2i

ω∗

1

1 − cos2 α
×

[
exp(iω∗ cos2 α) − exp(iω∗)

] (8.34)where ω∗ = ωR/ST0
cosα, ST0

being the turbulent burning veloity de�ned by
ST0

= vx sinα, R the injetor tube radius and α the �ame angle de�ned betweenthe �ame front and the vertial axis.The phase shift φ has been measured experimentally at the base of the �ame andresults are plotted in Fig. 8.4. Experiments arried out for two operating regimesorresponding to di�erent bulk veloities in the injetor tube : Ub = 2.67 m s−1(�ame A) and Ub = 4.13 m s−1 (�ame B). Results are : φA = ωτA + φ0
A with

τA = 12 ms and φ0
A = −1. For �ame B, the phase is given by : φB = ωτB + φ0

Bwith τB = 8.5 ms and φ0
B = −1.5.
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Chapter 8. Modeling of flame transfer funtions 201

Figure 8.5: Comparisons of experimental Fs
exp and theoretial Fs

th swirling �ame trans-fer funtions for �ame A (Ub = 2.67 m s−1).8.5 Theoretial estimates and experimental dataExperimental data are displayed in Fig. 8.5 and Fig. 8.6 together with theoretialpreditions. Flame A is analysed �rst by examining the evolution of the gain andthe phase of the �ame transfer funtion in Fig. 8.5. In the top sub�gure, the gainapproahes unity in the low frequeny limit. It dereases in a �rst range between0 and 60 Hz to a value of less than 0.5. From 60 to 100 Hz, the urve featuresa peak. This peak is the maximum in the frequeny range of interest. At 100Hz, the �ame response reahes its highest value. Beyond 100 Hz and until 150Hz, the gain drops and reahes a value of 0.75. From 150 Hz to 180 Hz, the gaininreases and reahes a loal maximum of about 1. Beyond 180 Hz the gain de-reases and eventually falls below 0.25. The phase, shown in the lower sub�gure,inreases nearly monotonially with frequeny from 0 to 250 Hz. Beyond 250 Hz,the phase is less well de�ned as the gain is low in that frequeny range. Underthese onditions phase estimates beome less reliable.Theoretial results losely math experimental data exept the phase whih isslightly overestimated. It is worth noting that the maximum and minimum gainvalues are well reprodued and that this is obtained at harateristi frequen-ies determined experimentally. Mehanisms giving rise to the minimum and
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202 Part II. Flow and ombustion dynamis

Figure 8.6: Comparisons of experimental Fs
exp and theoretial Fs

exp swirling �ametransfer funtions for �ame B (Ub = 4.13 m s−1).maximum gain amplitudes have been investigated previously by examining theswirling �ames dynamis. It was onluded that the level of �utuation in heatrelease rate is linked to two mehanisms orresponding to a large surfae varia-tion at the extremity of the �ame and swirl number �utuations induing anglevariation at the base of the �ame. These mehanisms are ating in phase oppo-sition at 60 Hz leading to a low value of the gain and are ating nearly in phaseat 90 Hz induing a strong response.The seond ase orresponding to �ame B is shown in Fig. 8.6. In the experi-mental data, the gain is nearly onstant and lose to a value of one between 0to 60 Hz. In the range from 60 to 100 Hz, the gain diminishes and reahes aloal minimum of 0.3. From 100 to 150 Hz, the gain inreases and reahes a loalmaximum. From 150 to 200 Hz, the gain dereases to a value of 0.6. It remainsonstant in the frequeny range 200-280 Hz. For frequenies exeeding 280 Hzand up to 400 Hz, the gain dereases �nally dropping below 0.2. The generaltrend for the phase is quasi-linear from 0 to 400 Hz but there are undulations.Theoretial predition agree with these data quite well for this ase with onlysome small di�erenes in the amplitude of the response around 150 Hz and 230Hz.
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Chapter 8. Modeling of flame transfer funtions 203

Figure 8.7: Flame transfer funtions expressed in term of Strouhal number. Flame A(Ub = 2.67 m s−1) and Flame B (Ub = 4.13 m s−1).It is �nally worth examining the evolution of the gain and phase of the alulatedtransfer funtion as a funtion of the Strouhal number St = fd/Ub where f isthe frequeny, d is the injetor tube diameter and Ub is the bulk veloity insidethe injetor tube. Fig. 8.7 displays transfer funtion gain and phase alulatedfor �ames A and B. The gain urves nearly ollapse over the low Strouhal num-ber range up to a value St = 1.3 but there are di�erenes indiating that thegain depends on other parameters. Phase urves ollapse in the useful rangeof Strouhal numbers below 1.6. These similarity features suitably re�et thosefound experimentally.
8.6 ConlusionThe transfer funtion of premixed swirling �ames submitted to veloity distur-banes is derived in this artile. The analysis is based on an ensemble averageperturbed G-equation whih desribes the dynamis of the mean �ame front whenit is submitted to external perturbations. It is important to aount for the pres-ene of azimuthal veloity perturbations generated by the swirler when this unitis impinged by axial veloity disturbanes. These disturbanes are propagatingat the speed of sound while azimuthal veloity disturbanes are onveted by
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204 Part II. Flow and ombustion dynamisthe mean �ow. This gives rise to a phase di�erene between these �utuations.The ombined axial and azimuthal unsteady veloity �eld modulates the swirlnumber and this is re�eted in perturbations of the turbulent burning veloity. Itis shown that the transfer funtion of swirling �ames an be extrated from thetransfer funtion of �V� �ames derived in a previous study. This is aomplishedby linking the relative variations of the turbulent burning veloity to the relativevariations of the axial and azimuthal veloity omponents and by taking intoaount the phase di�erene whih exists between these two omponents at theinjetor exit setion. This phase is here determined experimentally. The modelpreditions are ompared with experimentally determined transfer funtions. Agood agreement is reahed for two operating points. It is also shown that thealulated transfer funtions nearly ollapse when they are plotted with respetto a Strouhal number based on the bulk veloity inside the injetor. Conlusionsraised in this paper also apply on radial swirlers where it has been shown thatthe same mehanism of mode onversion operates for axial or radial swirlers.Spei�ally, the gain of the �ame transfer funtion for radial swirlers present alsothe same type of peak and small values at spei� frequenies.
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Chapter 9
Combustion instabilities

Abstrat : Thermoaousti instabilities are analyzed by making useof a nonlinear representation of �ame dynamis based on the desribingfuntion. In this framework, the �ame response is determined as afuntion of frequeny and amplitude of perturbations impinging on theombustion region. The �ame desribing funtion has been experi-mentally determined and is ombined with an aousti transfer matrixrepresentation of the system to provide growth rates and osillationfrequenies as a funtion of perturbation amplitude. These data an beused to determine regions of instability, frequeny shifts with respetto the aousti eigenfrequenies and they also yield amplitude levelswhen self-sustained osillations of the system have reahed a limit yle.This equilibrium is obtained when the amplitude dependent growth rateequals the damping rate in the system. This requires an independentdetermination of this last quantity whih is here based on measurementsof the resonane response urve. Results obtained are ompared withobservations from systemati experiments arried out by varying thetest ombustor geometrial parameters. The demonstration of the FDFframework in a generi on�guration indiates that this an be used inmore general situations of tehnologial interest.
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208 Part III. Combustion instabilities of swirling flamesRésumé : Les instabilités thermo-aoustiques sont analysées au moyend'une représentation non-linéaire de la dynamique de la �amme baséesur la fontion de transfert généralisée (�Flame Desribing Funtion"ou FDF). Dans e adre, la réponse de la �amme est déterminée enfontion de la fréquene et de l'amplitude des perturbations qui interagis-sent ave la �amme. Cette fontion de transfert généralisée, déterminéeexpérimentalement, est ombinée ave une représentation matriielle del'aoustique du système et permet un alul des taux de roissane et desfréquenes d'osillation en fontion de l'amplitude des perturbations. Cesdonnées peuvent être utilisées pour déterminer les régimes d'instabilité,les hangements de fréquene et les niveaux d'amplitude au yle lim-ite. L'osillation au yle limite est obtenue lorsque le taux de roissanedépendant de l'amplitude est égal au taux d'amortissement dans le sys-tème. Il faut pour ela déterminer la valeur du taux d'amortissement quiest ii déduit de mesures de la ourbe de résonane du brûleur. Les ré-sultats obtenus sont omparés à des données d'expérienes systématiquese�etuées en faisant varier la géométrie du brûleur. Un bon aord estobtenu entre les prévisions et les observations.9.1 IntrodutionCombustion instabilities researh has been quite intense during the reent periodin relation with the development of lean premixed ombustors but predition ofthese phenomena at the design stage still onstitutes a hallenge. It is knownthat high performane ombustors feature instabilities whih are mainly drivenby the unsteady heat release rate. In these modes, heat release rate �utuationsare delayed with respet to inident perturbations and give rise to an unstablegrowth of osillations Croo (1968); Putnam (1971); Culik (2001). These per-turbations an be generated in many di�erent ways, but in most ases they areassoiated with onvetion of hydrodynami perturbations Candel (2002) or �u-tuations of the reatant omposition Lieuwen and Zinn (1998).The standard analysis of ombustion instability ombines the transfer funtionof the �ame with a desription of the system aoustis to determine eigenmodesand growth rates. Previous investigations (for example Shuermans et al. (2009);Kim et al. (2010a)) indiate that it is possible to �nd the linear stability map ofvarious types of burners but this is restrited to small perturbations and annotaount for the limit yle osillations observed in pratie. It is well known thatnonlinear mehanisms dominate the dynamis of real systems. This is well illus-trated in the ase of �V" �ame on�gurations Lawn (2000); Durox et al. (2005);Balahandran et al. (2005); Külsheimer and Bühner (2002) where one nonlin-
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Chapter 9. Combustion instabilities 209ear interation takes plae between the �ame sheet and vorties shed from theinjetor lip. The �V" �ame ats as an ampli�er in the low frequeny range andthe response depends on the amplitude level Durox et al. (2009). Nonlinearitiesdetermine the limit yle amplitudes, instability triggering (the mehanism bywhih an unstable osillation appears when the system experienes a �nite am-plitude perturbation), mode swithing (the hange in frequeny observed duringoperation of pratial devies) and hysteresis Wiker and Yang (1996); Dowling(1997); Dowling (1999); Lieuwen and Neumeier (2002a). It has been shown re-ently that these nonlinearities assoiated with the ombustion dynamis ouldbe represented with a uni�ed framework Noiray et al. (2008) in whih the �ametransfer funtion (FTF) is replaed by a �ame desribing funtion onept (FDF)whih depends on the amplitude of perturbations impinging on the �ame. A fre-queny domain stability analysis then yields growth rates and frequenies whihdepend on amplitude. Appliation of the FDF to the analysis of the stability ofan unon�ned multipoint injetion laminar burner Noiray et al. (2008) indiatesthat it is possible to predit with reasonable auray many of the phenomenalisted previously.The FDF framework is here extended to deal with the dynamis of turbulent�ames formed by a swirling injetor in a on�ned geometry. Swirling injetionis used in many pratial systems like jet engines or gas turbine ombustors.The swirling �ow establishes a entral hot gas reirulation region whih stabi-lizes ombustion. Swirling injetion is usually adopted to anhor lean premixedombustion but the orresponding �ow is highly unsteady and sensitive to aous-ti perturbations eventually leading to ombustion instabilities. The analysisof these instabilities has been mainly arried out with linear models Lieuwenand Neumeier (2002b); Broda et al. (1998); Shuermans et al. (1999); Kopitzet al. (2005). One of the issues in a nonlinear treatment is to suitably desribethe swirling �ame dynamis when �ow perturbations have a variable level. Thedi�ulty is ompounded beause the �ame struture is omplex with a entralreirulation zone Syred (2006); Lilley (1977) and �ame folding phenomena takeplae at large amplitude levels Thumuluru et al. (2007). In this last referenethe swirl number is only estimated (S = 1). It is shown in this study that theunsteady shape of the �ame is a strong funtion of the �ow rate osillation level.There are some indiations Kang et al. (2007) that the dynamis of the �ame isonly weakly in�uened by the swirl number but it is also found Thumuluru et al.(2007) that ombustion dynamis of swirling �ames feature an osillation in theposition and strength of the vortex breakdown region.It is also indiated in Fritshe et al. (2007) that the ombustor inlet temperaturea�ets the �ame struture leading to di�erent shapes and �ame dynamis. Somedata indiate that the response saturates when the �ow rate �utuations areaugmented. Experimental and numerial transfer funtion of swirling �ames are
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210 Part III. Combustion instabilities of swirling flamesreported in Gentemann et al. (2004); Hirsh et al. (2005) for a frequeny rangeextending from 0 to 400 Hz but e�ets of veloity perturbation amplitude are notdoumented and nonlinear e�ets are not haraterized. It is however interestingto note that the transfer funtion features maximum and minimum gain valuesin the low frequeny range. This has been reently on�rmed experimentally byJones et al. (2010) and numerially by Chong et al. (2010). A theoretial modelbased on the vortiity transport equation Hirsh et al. (2005) yields transferfuntions whih apparently math those obtained with two di�erent swirlers ofradial and axial types. Another paper Kim et al. (2010a) onsiders ombustioninstabilities of swirling �ames to determine frequenies at the limit yle but itremains in the linear regime. This also disusses the ompat �ame assump-tion with respet to aousti wavelength. It is shown that in the ompat �ameregime, aurate preditions of eigenfrequenies and growth rate an be obtainedusing a global �ame transfer funtion. Referenes Thumuluru et al. (2007); Bel-lows et al. (2007) are dealing with the nonlinear e�ets of �ow modulations onthe dynamis of on�ned swirling �ames. It is found that as the amplitude of theinstability grows, nonlinear saturation limits the level of heat release rate �utu-ations and hanges the phase of these �utuations with respet to the inomingperturbations Thumuluru et al. (2007). Flame desribing funtion and swirling�ame dynamis were investigated in a reent paper Shimek et al. (2010) butthere are no preditions of frequenies and amplitudes of veloity disturbanesat the limit yle. Another reent paper Kim et al. (2010b) examines nonlinearresponse of swirling �ames to equivalene ratio disturbanes and shows that theamplitude and frequeny dependene of the �ame response to equivalene ratioosillations is almost the same in terms of gain and phase as the �ame responseto inlet veloity osillations.Well ontrolled experiments are reported in hapter 5 where the dynamis ofon�ned swirling �ames is haraterized by measurements of the FDF and by anexamination of �ame patterns during the yle of osillation at various levels ofexternal modulation. These data will be used in the next setions to develop anonlinear analysis of ombustion instabilities based on the FDF framework whihombines a standard aousti transfer matrix analysis of the di�erent omponentsforming the system with a nonlinear desription of the �ame response.At this point, it is interesting to brie�y review the possible approahes of om-bustion instability analysis and link the present framework to the other urrenttools. It is possible to distinguish three general lasses : (a) Methods based on anaousti analysis of the system relying on networks of ompat aousti elementsand employing a linear transfer funtion to desribe the �ame response. Thesemethods are doumented in books Poinsot and Veynante (2001); Munjal (1987)and their reent developments in papers by Nioud et al. (2007); Stow and Dowl-
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Chapter 9. Combustion instabilities 211ing (2001); Shuermans et al. (2009), (b) Methods based on a projetion on theeigenmodes of the system leading to a set of di�erential equations for the modalamplitudes Culik (1987), () Diret methods where Large Eddy Simulations ofthe omplete 3D, ompressible Navier-Stokes equations are integrated as illus-trated by Selle et al. (2004) where the stability of the system is determined byobserving the growth or deay of perturbations. The present approah extendsthe linear tehniques of the �rst group by making use of the desribing funtiononept in a manner introdued by Noiray et al. (2008). As in standard linearanalysis, the frequeny and growth rate are obtained from a dispersion relationand the alulation is arried out in the frequeny domain but the dispersionrelation here depends on the amplitude of perturbations impinging on the �ame.It is thus possible to see how the level a�ets the growth rate, determine thestability of the system by omparing this rate with the damping rate assoiatedwith dissipation proesses and �nd the level of osillation at the limit yle whenthe system is unstable.This hapter begins with a desription of the experimental on�guration (se-tion 9.2). Experimental data obtained for the desribing funtion of swirling�ames are reviewed in setion 9.3. The theoretial model is outlined in setion9.4. Experimental determination of the system aousti damping is desribed insetion 9.5 together with preditions of self-sustained ombustion osillations ofthe system. This setion also ontains a omparison between experiments andalulations.9.2 Experimental on�gurationThe ombustor omprises an upstream manifold inluding a settling hamber,a ontration ended by a onstant diameter dut equipped with the swirler, ahorizontal end piee and a ylindrial �ame tube (Fig. 9.1). A driver unit (loud-speaker) may be plaed at the bak end of this system to measure the �amedesribing funtion. An air/methane premixed �ow is delivered to the feedingmanifold unit through two diametrally opposed apertures. The �ow then rossesa grid and a honeyomb to break the largest turbulent sales. The gas thentraverses a onvergent unit to derease the boundary layer thikness, redue thelevel of turbulene and �atten the veloity pro�le at the swirler inlet. The �owrotation is generated by the swirler whih omprises eight twisted vanes arrangedperiodially around a entral rod (6 mm in diameter). This entral rod is termi-nated with a small one (10 mm in diameter at the top) whih stabilizes the �ameduring the unsteady motion of the �ow. More details on the swirler are given inprevious hapters. In this way, �ashbak is minimized. The outer diameter of theinjetor is 22 mm. The swirler geometry was designed to obtain a predeterminedvalue of the swirl number orresponding to a �ow featuring an inner reirulation
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212 Part III. Combustion instabilities of swirling flameszone. Experimental pro�les of axial and azimuthal veloities provide an estimateof the swirl number of about 0.55 (the radius is used in the de�nition of thisnumber). The tube on�ning the �ame is made of quartz allowing optial aessand transmitting the �ame radiation in the near ultraviolet. This is used to ol-let the OH∗ emission signal from the �ame. The tube diameter is 70 mm andthe length l3 an take di�erent values : 100 mm, 150 mm, 200 mm and 400 mmrespetively. There are also three lengths l1 available for the upstream manifold: short (96 mm), medium (160 mm) and long (224 mm). The upstream manifolddiameter is 65 mm. The length of the onvergent unit is 60 mm. Combinationof these elements yields twelve geometrial on�gurations. The equivalene ratiois set equal to φ = 0.7 in all experiments but the �ow veloity in the injetionunit an be varied. Two values are investigated in this study orresponding tobulk injetion veloities Ub = 2.67 m s−1 and Ub = 4.13 m s−1 determined in theinjetor pipe. The root mean square veloity disturbane u′ is measured witha hot wire anemometer. This devie is plaed in a ylindrial piee (20 mm inheight) loated on the upstream side of the swirler. The length between theswirler outlet and the bakplane of the ombustor is 43 mm.The response of the ombustor to external aousti perturbations is obtained

(a) (b) ()Figure 9.1: (a) : Experimental on�guration used to measure �ame desribing fun-tions. (b) : Without the loudspeaker, this setup is also used to obtain frequenies andamplitude of veloity disturbanes u′/Ub under self-sustained limit yle operation. () :Idealized representation of the burner geometry. Three lengths of the upstream manifold
l1 an be used together with three di�erent length of the �ame tube l3.
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Chapter 9. Combustion instabilities 213when it is operating in a steady regime with a loudspeaker plaed near the outletsetion. This is used to generate harmoni perturbations and osillations withinthe system are reorded with a mirophone (M0) loated at the base of the burner.A seond mirophone (M1) plaed in front of the loudspeaker provides a referenesignal. The response is then obtained by dividing the ross power spetral densityexamined at the driving frequeny of the signal deteted by mirophone M0 by thepower spetral density of the signal reorded by mirophone M1. This responseis then used to determine the damping rate by examining the quality fator atthe resonane peak.The FDF is obtained by modulating the �ame with a driver unit plaed at thebak end of the system and by simultaneously measuring the veloity osillationwith the hot wire anemometer plaed on the upstream side of the swirler andthe heat release rate perturbation by deteting the light intensity radiated byOH∗ radials in the �ame reation zone. It has been indiated in hapter 6 thatthe FDF determined using the axial veloity signal measured with laser Dopplerveloimeter downstream the swirler at the �ame base yields a similar result. Thesame onlusion was obtained by Kim et al. (2009) showing that the swirleris aoustially transparent. It is known that for premixed �ames at a onstantequivalene ratio, the heat release rate is nearly proportional to the light intensity
IOH∗. Light emission is olleted by a photomultiplier loated at 25 m from theburner axis whih integrates the global emission signal. This detetor is equippedwith a narrow bandpass �lter entered on the main OH∗ peak light radiation inthe near UV.9.3 Swirling �ame desribing funtionsThe �ame response is here haraterized by making use of the desribing funtionNoiray et al. (2008). This is aomplished by determining a set of transferfuntions onstituting the FDF. This quantity, de�ned by taking the ratio ofthe relative heat release rate �utuation to the relative veloity �utuation, isdetermined for a range of frequenies and for di�erent levels of inoming veloityperturbations :
F(ω, u′) =

Q̇′(ω, u′)/Q̇

u′(ω)/U
(9.1)The heat release rate is dedued from OH∗ emission intensity and the axial velo-ity disturbane is measured with a hot wire anemometer. The �ame desribingfuntion an be ast in the form of a omplex number in terms of a gain G anda phase di�erene ϕ and expressed as :

F(ω, u′) = G(ω, u′) eiϕ(ω,u′) (9.2)
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214 Part III. Combustion instabilities of swirling flamesThe gain re�ets the level of response while the phase de�nes the time lag betweenveloity and emission signals. The FDFs presented in Fig. 9.2 pertain to �owswith a bulk veloity Ub = 2.67 m s−1 and Ub = 4.16 m s−1 over a frequeny rangeextending from 0 to 400 Hz and to four veloity modulation levels u′/Ub where
u′ orresponds to the root mean square (rms) perturbation level determined bythe hot wire anemometer. Results are only presented for four disrete levels inFig. 9.2 but intermediate perturbation amplitudes were also investigated. Sys-temati experiments indiate that FDF measurements are repeatable and thatthe unertainty in the gain does not exeed 5 % at least in the range where thisgain takes values greater than 0.2. The same level of unertainty is found in therelative phase ∆φ/φ measurements.

(a) (b)Figure 9.2: Flame Desribing Funtions for two operating points and for a range ofperturbation veloities. Flame A on the left (Ub = 2.67 m s−1) and �ame B on the right(Ub = 4.13 m s−1). Gains and phases are expressed as funtions of frequeny and ratioof amplitude of the root mean square veloity disturbane to the bulk veloity u′/Ub.For the �rst operating point (Fig. 9.2 (a)), the gain approahes one in the lowfrequeny limit. It dereases in a �rst range between 0 and 60 Hz to a value ofless than 0.5. From 60 to 100 Hz, eah urve features a peak. For all veloitydisturbane levels, this peak is the maximum in the frequeny range of interest.At 100 Hz, the �ame response is high. Beyond 100 Hz and until 150 Hz, thegain drops again and reahes a value of 0.75 for most of the transfer funtionurves. From 150 Hz to 180 Hz, the gain inreases but reahes a loal maximumof about 0.7 for the smallest modulation level and 0.5 for the highest modulationlevel. Beyond 180 Hz the gain dereases in all ases and its value falls below0.25. The phase in the bottom plot in Fig. 9.2 (a) inreases nearly ontinuouslywith frequeny from 0 to 250 Hz.There is however a loal in�etion in the rangewhere the gain features a minimum. This behavior generally orresponds to an
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Chapter 9. Combustion instabilities 215interferene proess involving two kinds of �utuations as shown for example in areent theoretial modeling of the �ame transfer funtion, see previous hapters.Beyond 250 Hz, the phase is less smooth due to the low value of the gain in thatfrequeny range with the onsequene that phase estimates beome less reliable.The phase signal an be used to determine a global delay of the dynamial inter-ation between the inoming veloity modulation and the resulting heat releaserate perturbation. If the phase varies in an approximately linear fashion withrespet to frequeny, it is possible to write ϕ = ωτcv where ω = 2πf . This an beused to determine a global delay between a veloity perturbation measured at thehotwire loation and the �ame response whih is found hereby independent of thefrequeny. In a previous work, it was shown that the axial veloity �utuationmeasured by the hot wire is equivalent to the axial veloity �utuation at thebase of the �ame, see previous hapters. For operating point A, a onvetive timeestimated from : τcv = ϕ/2πf is approximately equal to 5 ms in the frequenyrange of interest. This value orresponds to the time required by a disturbaneto be onveted to the �ame and reah the �ame edge. The dynamis observedfor the seond operating point B in Fig. 9.2 (b) is quite similar to that found forpoint A shown in the left plot but with a shift in frequeny. The minimum isaround 90 Hz in the seond ase and the maximum around 130 Hz. It is possibleto show that the desribing funtions for these two veloities are similar whenthey are plotted with respet to a Strouhal number based on the bulk �ow ve-loity, see previous hapters.
9.4 Theoretial modelingIt is now interesting to show how the previous data an be inluded in a stabilityanalysis. For this one has to link the �ame desribing funtion to the aoustisof the system. The simpli�ed geometry of the burner is skethed in Fig. 9.1()whih onsist in three ylindrial parts. The �rst one has a length l1 and or-responds to the upstream manifold part and to the �rst third of the onvergentunit and its diameter is 65 mm. Three ases are examined for l1 : short, mediumand long upstream manifold respetively orresponding to 117.3 mm, 181.3 mmand 245.3 mm. The seond element has a length l2 and is assoiated to the twoothers thirds of the onvergent unit and to the injetor. Its length is 116.7 mmand the diameter is 21.17 mm. This diameter orresponds to the hydrauli diam-eter of the injetor pipe with the rod. Finally, the last element models the �ametube (70 mm in diameter and l3 in length). The �ame is established in a regionwhere the �ow area hanges abruptly. On its upstream side this area is de�nedby the injetion dut S2, on its downstream side the area is that of the �ametube S3. It is thus interesting to onsider this geometry and derive the jumpondition relating the upstream and downstream perturbed variables. This is a-
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216 Part III. Combustion instabilities of swirling flamesomplished by assuming that the �ame is ompat with respet to the wavelength.It is onvenient to start from a loal equation obtained by ombining mass andenergy balane equations for a reative medium. Sine the �ow veloities aresmall, the Mah number is low and the ombustion region is nearly isobari. Onemay also neglet the onvetive terms. Integrating the balane equation over the�ame volume V , noting that the produt ρ0c
2
0 (where ρ0 is the density and c0 thespeed of sound) is onstant aross the �ame and applying Green's theorem oneobtains an expression for the integrated volumetri �ux in terms of the global heatrelease �utuations in the ontrol volume. Using this expression between setions2 and 3 in the system (plot Fig. 9.1()) and assuming that veloity perturbationsare uniform in these setions one obtains the following jump ondition :

S3u
′

3 − S2u
′

2 =
γ − 1

ρ0c20
Q̇′ (9.3)This expression links veloity perturbations on the upstream and downstreamsides of the �ame to the unsteady heat release rate Q̇′ integrated over the �amevolume. The perturbed quantities appearing in this jump ondition are notneessarly small. It is now possible to express the integrated heat release rate Q̇′in terms of the �ame desribing funtion de�ned previously Eq. (9.1) and writethe jump ondition as a funtion of the gain and phase of the FDF. By ombiningEq. (9.1), Eq. (9.2) and Eq. (9.3), one �nds :

S3u
′

3 − S2u
′

2 =
γ − 1

ρ0c20
GeiϕQ̇

u′2
u2

(9.4)It is onvenient to express the integrated mean heat release rate in terms of thefresh and burnt gas temperatures whih in the present ase orrespond to T2 and
T3 : Q̇ = ṁcp(T3 −T2) where ṁ = ρ2u2S2 is the total mass �ow rate (we an ob-serve that u2 orresponds to Ub). Temperature T2 and T3 are respetively equalto 300 K and 1600 K. T3 is an estimation of the mean temperature in the �ametube taking into aount heat losses to the tube with respet to the adiabatitemperature of the �ame. The produt ρ0c

2
0 is a onstant through the ombus-tion region and an be evaluated in any of the setions belonging to the ontrolvolume V . It is onvenient to use setion 2 and express the sound veloity in thatsetion : ρ0c

2
0 = ρ2c

2
2 = ρ2γrT2. Gathering these various results it is possibleto obtain an expression for the ratio of the perturbed volume �ow rates on thedownstream and upstream sides of the �ame K(ω, u′2) = (S3u

′

3)/(S2u
′

2) :
K(ω, u′2) =

[
1 +Geiϕ

(
T3

T2
− 1

)] (9.5)Considering plane wave propagation in the di�erent omponents of the systemwith amplitudes Aj and Bj, it is then a simple matter to write that the pressure
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Chapter 9. Combustion instabilities 217and volume �ow rate perturbations are ontinuous at the suessive area hangesand use equation Eq. (9.5) to link the volumetri �ow rate perturbations throughthe �ame. These various equations ombine with the boundary onditions at thesystem bakplane (a rigid wall) and exhaust (an open end) to yield a system oflinear equations M × X = 0 where M is given by the following matrix :



eik1l1 e−ik1l1 −1 −1 0 0
1 −1 0 0 0 0

S1

ρ1c1
eik1l1 −S1

ρ1c1
e−ik1l1 −S2

ρ2c2
S2

ρ2c2
0 0

0 0 KS2

ρ2c2
eik2l2 KS2

ρ2c2
e−ik2l2 −S3

ρ3c3
S3

ρ3c3
0 0 0 0 eik3l3 e−ik3l3

0 0 eik2l2 e−ik2l2 −1 −1


where lengths l1, l2, l3 are de�ned in Fig. 9.1 (). kj is the wavenumber in the

jth setion and X is a vetor of waves amplitudes in the various omponents ofthe system :XT = [A1 B1 A2 B2 A3 B3℄This set of equations inludes the �ame desribing funtion in the fatorK de�nedpreviously Eq. (9.5). Nontrivial solutions of this system orrespond to a vanishingdeterminant. This de�nes the dispersion relation whih now depends on the levelof perturbations impinging on the �ame. The determinant of this matrix an bederived analytially and takes the form :
Det[M] =

S1

ρ1c1
sin(k1l1)

[
K(ω, u′2)S2

ρ2c2
cos(k2l2) sin(k3l3) +

S3

ρ3c3
sin(k2l2) cos(k3l3)

]

−
S2

ρ2c2
cos(k1l1)

[
S3

ρ3c3
cos(k2l2) cos(k3l3) −

K(ω, u′2)S2

ρ2c2
sin(k2l2) sin(k3l3)

](9.6)The omplex roots ω = ωr + iωi of the dispersion relation Det[M(ω,u′)℄ = 0 areobtained numerially as a funtion of the perturbation level. This yields an angu-lar frequeny ωr = ωr(u
′

2) and a growth rate ωi = ωi(u
′

2) whih both depend onthe amplitude of veloity perturbations impinging on the �ame. ωr orrespondsto 2πf where f is the osillation frequeny. Sine �ame transfer funtion weremeasured at disrete levels, FTF at intermediate osillation levels were interpo-lated linearly. One may thus trae the root lous as a funtion of the amplitudelevel in a diagram where the frequeny is used as ordinate while the growth rateis used as horizontal oordinate. In the absene of damping, the stability of thesystem is de�ned by the sign of ωi(u
′

2). If this quantity is positive the osilla-tion grows and the system is unstable. However, the real system also featuresa ertain amount of damping α. While this quantity is di�ult to determinetheoretially it an be estimated experimentally by measuring the resonane re-sponse of the system when it is submitted to an external foring as explained in
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218 Part III. Combustion instabilities of swirling flames

Figure 9.3: Experimental setup used to determine the resonane response of the burnerunder hot �re onditions. The external exitation is generated with the loudspeakerloated at the outlet of the �ame tube. Two mirophones are used to measure theaousti response M0 and M1 respetively loated at the base and at the outlet of theburner.the experimental on�guration setion. The damping oe�ient is then dedued(see the next setion) from the frequeny bandwidth of the aoustial responseof the system to external modulations. Stability is then governed by the sign of
ωi(u

′

2)−α. In other words when the growth rate ωi(u
′

2) exeeds the damping rate
α, the osillation amplitude inreases. One also dedues that when ωi(u

′

2) = αthe system reahes a limit yle. This is used in what follows to analyze stabilityand determine the amplitude level at the limit yle when the system featuresself-sustained osillations.9.5 Experimental results and omparison with predi-tionsExperimental measurements of the system damping As indiated in theprevious setion, the growth rate must be ompared to the damping oe�ientto determine the stability of the system. This oe�ient an be estimated froma resonane response by imposing an external modulation under hot �re ondi-tions and measuring the resonane sharpness. The setup used to haraterize theresponse is plotted in Fig. 9.3.This aousti response is plotted in Fig. 9.4 and obtained for �ame A. Fromthe frequeny response one �nds the half power points whih give the frequenybandwidth ∆f of the quality fator. Assuming that the system is analogous to a
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Chapter 9. Combustion instabilities 219harmoni osillator, one dedues the damping oe�ient α ≃ π∆f . The dampinghas been determined with the burner equipped with the short upstream manifoldand the 100 mm �ame tube. In this on�guration, ombustion is stable. In whatfollows, it will be assumed that the damping does not hange with the geometrialharateristis. There are four distint ontribution to the damping depending onthe boundary layers, the bulk veloity, the radiated losses and the vortex rollup.The main ontribution identi�ed in a separate investigation orresponds to vortexrollup and subsequent dissipation. This ontribution to damping will not dependon the size of the upstream manifold and �ame tube. The typial value of thedamping rate is α ≃ 55 s−1. This value is muh larger than that found for thesame on�guration but in the absene of �ow and reation. The measurement it-self is imperfet and one should take into aount a possible error bar of ± 10 s−1.Self-sustained osillations Self-sustained osillations are haraterized bythe level of the root mean square of the pressure �utuation at the base of theupstream manifold. The signal is obtained with the mirophone M0, see Fig. 9.1(b). When the rms pressure level is low and broadband, the system is operatingin a stable mode. It is osillating when most of the power is onentrated in anarrow band of frequenies and when the rms pressure exeeds a threshold valuewhih orresponds to the typial noise level in the system and in the present asean be taken equal to 10 Pa. This is illustrated in Fig. 9.5 whih displays tem-poral evolutions of heat release rate �utuation and pressure inside the upstreammanifold for one stable and one unstable ase. The geometry is based on theshort upstream manifold for the operating point A and the length of the �ame

Figure 9.4: Experimental aousti response of the ombustor from f = 0 to f = 200Hz obtained under �re ondition for �ame A with the short upstream manifold and the100 mm �ame tube. This urve is used to determine the damping oe�ient α with
α = π∆f . Result indiates a damping oe�ient equal to α ≃ 55 s−1.



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 220 � #242
i

i

i

i

i

i

220 Part III. Combustion instabilities of swirling flamestube is varied from l3 = 100 mm to l3 = 400 mm. These signals indiates that thelong �ame tube leads to an unstable osillation while the �ame is stable when the�ame tube is short for the operating point A. One an observed that the pressuresignal is quasi sinusoidal meaning that the aoustis remains linear in the system.Results of systemati experiments are plotted in Fig. 9.6 for �ames A and inFig. 9.7 for �ame B. The stars are displayed as a funtion of geometrial pa-rameters of the on�guration : �ame tube length and upstream manifold size.Results are given for operating points A and B orresponding to two di�erentbulk veloities in the injetion unit. Gray irles indiate stable on�gurationswhile blak stars indiate self-sustained instabilities. Gray stars orresponds toslightly unstable ases. Both �gures indiate when the system is stable or un-stable for �ames A and B. When the system is equipped with a 400 mm �ametube, it is unstable for all sizes used for the upstream manifold and for bothoperating points A and B. One observes that for some ases, the amplitudes ofveloity u′/Ub is very high. Some fairly high values are reahed for u′/Ub and itis possible that a reverse �ow ours during some parts of the modulation yle.Limit yles Results of alulations are plotted in Figs. 9.8, 9.9 and 9.10.Eah plot shows the root lous ωi(u
′

2), f(u′2) when the relative veloity �utua-tion level upstream of the �ame is progressively inreased. The error bar on thedamping rate is also shown in the form of a vertial gray region entered around
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(a) (b)Figure 9.5: Root mean square pressure in Pa measured at the base of the ombustorwith the mirophone M0 and heat release rate �utuation Q̇′ measured with the photo-multiplier. The geometrial on�guration is based on the short upstream manifold for�ame A and two lengths of the �ame tube are mathed : (a) : stable ase with l3 = 100mm, (b) : unstable ase with l3 = 400 mm.
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Chapter 9. Combustion instabilities 221

Figure 9.6: Combustor stability map for �ame A. The stable on�gurations are in grayirles while blak stars indiate a high level of rms pressure whih orresponds to a self-sustained osillation of the system. Gray stars indiate a slightly unstable on�guration.

Figure 9.7: Combustor stability map for �ame B. The stable on�gurations are in grayirles while blak stars indiate a high level of rms pressure whih orresponds to a self-sustained osillation of the system. Gray stars indiate a slightly unstable on�guration.55 s−1. When the trajetory is on the left of the estimated damping, the systemis stable. This orresponds to negative values of ωi(u
′

2) − α meaning that thepressure �utuation is damped as a funtion of time. When the trajetory beginson the right of the region orresponding to the estimated damping the system isunstable and reahes a limit yle at the ross point between the lous root andthe vertial region orresponding to α with the error bar in gray.The root lous is plotted as a funtion of frequeny f expressed in Hz and growthrate ωi given in s−1 as a funtion of the veloity disturbane amplitude. Six asesare desribed, four orresponds to �ame A and the others to �ame B. The �rstases, in Fig. 9.8 (a) and (b), start with a growth rate whih is below α = 55 s−1
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222 Part III. Combustion instabilities of swirling flames

(a) (b)Figure 9.8: Frequeny - Growth rate trajetories plotted as a funtion of the veloitydisturbane level u′/Ub. The value of the damping oe�ient α is shown in the formof a gray region representing the error bar on this quantity. The stable and unstableregions are loated respetively on the left and on the right of the gray region. The rootlous is plotted on a olor sale as a funtion of the relative �utuation u′/Ub. (a) and(b) respetively orrespond to a system equipped with the medium and long upstreammanifold and for a on�nement tube length l3 = 100 mm. Flow onditions are those of�ame A.and at frequenies near 111 Hz and 104 Hz. The trajetory always remains onthe left of the damping value indiating that the system is stable. This is indeedwhat is observed experimentally as shown in Fig. 9.6.In Fig. 9.9 (a) and (b), both ases are unstable beause trajetories start on theright of the gray zone assoiated to the damping oe�ient. But these traje-tory are not rossing the damping limit �xed for a value equal to α = 55 s−1.Nevertheless, one may get an estimate of the limit yle. For ase (a), this limityle is predited with a frequeny f equal to 116.5 Hz and a veloity disturbaneamplitude lose to 0.8. Experimental values (Fig. 9.6) indiate a frequeny equalto 116 Hz and an amplitude level of 0.9 for this operating point. Preditions andexperiments are then in good agreement. For ase (b), the predited frequenyis f = 103 Hz and the veloity amplitude level u′/Ub is 0.8 while experimentalresults give a frequeny of 102 Hz and an amplitude level of 0.78 on�rming pre-ditions.For �ame B with the medium upstream manifold and l3 = 400 mm, Fig. 9.10(a) indiates that the trajetory begins on the right of α and that it rosses thedamping boundary for a relatively high value of u′/Ub. The limit yle is reahedfor a frequeny of 130 Hz for u′/Ub ≃ 0.55. This is onsistent with experimentalobservations indiating that the system osillates at f = 126 Hz and that the
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Chapter 9. Combustion instabilities 223

(a) (b)Figure 9.9: Frequeny - Growth rate trajetories plotted as a funtion of the veloitydisturbane level u′/Ub. The value of the damping oe�ient α is shown in the formof a grey region representing the error bar on this quantity. The stable and unstableregions are loated respetively on the left and on the right of the gray region. The rootlous is plotted on a olor sale as a funtion of the relative �utuation u′/Ub. (a) and(b) respetively orrespond to a system equipped with the medium and long upstreammanifold and for a on�nement tube length l3 = 400 mm. Flow onditions are those of�ame A.

(a) (b)Figure 9.10: Frequeny - Growth rate trajetories plotted as a funtion of the veloitydisturbane level u′/Ub. The value of the damping oe�ient α is shown in the formof a grey region representing the error bar on this quantity. The stable and unstableregions are loated respetively on the left and on the right of the gray region. The rootlous is plotted on a olor sale as a funtion of the relative �utuation u′/Ub. (a) and(b) respetively orrespond to a system equipped with the medium and long upstreammanifold and for a on�nement tube length l3 = 400 mm. Conditions are those of �ameB.amplitude at the limit yle is u′/Ub = 0.71. For �ame B with the long up-stream manifold and l3 = 400 mm, in Fig. 9.10 (b), the growth rate also exeeds
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224 Part III. Combustion instabilities of swirling flamesthe damping oe�ient α but the trajetory rosses the damping boundary ata muh lower value of the relative veloity disturbane u′/Ub ≃ 0.05. This isunderestimated with what is shown in Fig. 9.6 where the level of osillationreahes u′/Ub = 0.4. One explanation of the di�erene between predited esti-mates and experimental amplitude is that the rms value u′ is determined in thepredition with pure harmoni signals while bakground noise is superimposedin the experiments due to turbulent �ow. This may lead in the experiments toslight di�erenes with higher rms values for limit yles at moderate amplitudes.The predited frequenies at the limit yle (130 Hz for ase (a) and 122 Hzfor ase (b)) are also in good agreement with experimental measurements whihrespetively indiate 126 Hz and 125 Hz.All results are gathered in Table 9.1. These results support onlusions of areent work Kim et al. (2010a) whih disusses the ompat �ame assumptionwith respet to aousti wavelength. In the ase of a �ame in the ompat �ameregime, aurate preditions of eigenfrequenies and growth rate an be obtainedusing a global �ame transfer funtion.It is interesting to determine the evolution of the growth rate minus the damp-ing oe�ient ωi − α as a funtion of the veloity amplitude and the length ofthe �ame tube. When the value of ωi − α is equal to zero, the system reahesthe limit yle. In Fig. 9.11, the stability maps for �ame A are plotted for twosizes of the upstream manifold. These plots an be used to predit the stable orunstable behavior of a on�guration. With the medium size upstream manifold(Fig. 9.11(a)), one �nds that for a �ame tube of 170 mm in length the ombustoris stable. Inreasing the �ame tube length, the amplitude of the veloity distur-bane at limit yle inreases to reah very high levels. It appears that these highamplitude levels have a limit lose to 0.8.Similar results are obtained for �ame B in Fig. 9.12, respetively (a) for themedium upstream manifold and (b) for the long one. The ase (b) presents awide stability range for all �ame tube sizes. This explains why the limit yleOperating point A A B BUpstream manifold (burner) Medium Long Medium LongExperimental frequeny 116 Hz 102 Hz 126 Hz 125 HzPredited frequeny 116.5 Hz 103 Hz 130 Hz 122 HzExperimental veloity amplitude 0.9 0.78 0.71 0.4Predited veloity amplitude 0.8 0.8 0.55 0.05Table 9.1: Comparison between preditions and experiments at limit yle for operatingpoints A and B and for a �ame tube length l3 = 400 mm.



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 225 � #247
i

i

i

i

i

i

Chapter 9. Combustion instabilities 225with the 400 mm �ame tube is weakly unstable with �ame A (see Fig. 9.10(b)).
9.6 ConlusionThis hapter fouses on the analysis of ombustion instabilities of swirling �amesin a on�guration idealizing typial situations enountered in pratie. The ge-

(a)

(b)Figure 9.11: Stability maps of the burner for �ame A as a funtion of the �ametube length varying between 100 and 400 mm. The olorbar indiates values of ωi −
α in s−1 (negative values in the gray region). The line separating gray and whiteregions orresponds to points where ωi −α = 0 meaning that the limit yle is reahed.(a) orresponds to the medium upstream manifold while (b) orresponds to the longupstream manifold.
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226 Part III. Combustion instabilities of swirling flames

(a)

(b)Figure 9.12: Stability maps of the burner for �ame B as a funtion of the �ametube length varying between 100 and 400 mm. The olorbar indiates values of ωi −
α in s−1 (negative values in the gray region). The line separating gray and whiteregions orresponds to points where ωi −α = 0 meaning that the limit yle is reahed.(a) orresponds to the medium upstream manifold while (b) orresponds to the longupstream manifold.ometry an be varied by hanging the lengths of the upstream manifold and �ametube. The �ame desribing funtion determined experimentally is used to repre-sent the nonlinear response of the ombustion proess to veloity perturbationsof various levels. These data are used in ombination with an aousti transfermatrix analysis to derive a nonlinear dispersion relation (a relation whih de-pends on the amplitude of osillation). This is then exploited to determine thefrequeny and growth rate of perturbations in the system as a funtion of theamplitude of veloity perturbations on the upstream side of the �ame. Values ofthe growth rate are then ompared to the damping oe�ient of the system ob-
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Chapter 9. Combustion instabilities 227tained from separate experiments to determine stability or instability and obtainthe amplitude when the system osillates at a limit yle. Theoretial preditionsretrieve well experimental observations validating the FDF methodology appliedto the ase of on�ned swirling �ames.
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Conlusion and perspetives
This investigation is onerned with swirling �ames dynamis and ombustioninstabilities indued by the resonant oupling between suh �ames and systemaoustis. This important sienti� and tehnologial problem is examined inthe ase of a turbulent premixed on�ned swirling ombustor. This study maybe onsidered as a ontinuation of work arried out in four previous dotoraldissertations by (Duruix (1999), Shuller (2003), Birbaud (2006) and Noiray(2007)) and supervised by Daniel Durox and Sébastien Candel. These previousstudies and the present investigation have in ommon the general method ofapproah whih relies on a ombination of experimentation, theoretial modelingand numerial simulation but there are also many novel features leading to anumber of new �ndings :

• The turbulent swirling �ame on�guration onstitutes the main topi ofthis researh (there are some preliminary tests in the work arried out byBirbaud (2006) but the present investigation is more systemati).
• A novel analysis onerning mode onversion taking plae in an airfoil as-ade or in a swirler is arried out to explore the generation of a vortiitywave when the asade interats with aousti disturbanes. The result-ing axial and transverse veloity perturbations are haraterized and theirphase veloities are shown to orrespond to the sound veloity and mean�ow veloity respetively. The di�erene in phase veloities of disturbanespropagating on the downstream side of the swirler has an important impaton the �ow dynamis.
• It is demonstrated that the mode onversion proess in the swirler stronglya�ets the �ame response.
• The dynamis of the �ame is examined in a uni�ed framework. It is foundthat the �ame response to aousti disturbanes an be suitably representedwith a nonlinear method based on the desribing funtion framework. The�ame dynamis is investigated experimentally. It is then shown that itre�ets the presene of the mode onversion mehanism taking plae in theswirler. Saling rules are derived for the �ame response whih indiate thatthe Strouhal number an be used as a fundamental dimensionless group to
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230 Conlusion and perspetivesollapse data gathered at various points of operation.
• The understanding of the fundamental mehanisms is used to propose amodel for the �ame transfer funtion of swirling �ames.
• Self-sustained instabilities are analyzed systematially by hanging the sizeof the upstream manifold and the size of the �ame tube. The nonlinearstability analysis is shown to provide veloity amplitudes and frequeniesat limit yles whih are in fairly good agreement with experimental data.
• It is possible to infer that the understanding of the mehanisms driving theresponse of the �ames an be used to develop passive ontrol strategies andobtain an essentially neutral response to inident perturbations.The present study is arried out in a on�ned geometry to reprodue onditionsprevailing in appliations like jet engines or gas turbines. The experimentallayout omprises a swirler designed to anhor a turbulent swirling �ame, anupstream manifold and a �ame tube featuring adjustable sizes and enabling easyhanges in the burner aoustis. Stable or unstable operation is shown to dependon the �ame tube length. When the system operates in an unstable regimethis orresponds to a oupling by the Helmholtz mode induing large amplitudeosillations. The self-indued osillations observed experimentally are retrievedtheoretially.Another novel aspet is a study of the �ame dynamis based on Large EddySimulations and subsequent omparisons between experimental data and alu-lations. This study is arried out with the AVBP ode. The distributions of heatrelease rate at various instants during the yle ompare well with experimentalmeasurements. The simulations are used to gain a better understanding of theunderlying proesses and on�rm that the swirler generates a azimuthal veloitydisturbanes when it interats with aousti perturbations.These studies open new perspetives and an be pursued in various diretions.
• Muh remains to be done to fully doument the dynamis of swirling �ames.It has been found that the FDF of swirling �ames is sensitive to swirlnumber level. In this thesis, it has been shown that a slight inrease inthe swirl number redues the gain of the FDF and then ould be used asa novel passive ontrol strategy. One may try to explore this point bysystematially investigating the FDF for a range of swirl numbers.
• The interation of a vortex with a swirling �ow may enhane the under-standing of rollup mehanism during self-sustained osillations. This shouldbe onsidered theoretially, numerially and experimentally in order to showwhat one expet physially : inreasing the level of swirl might dereasethe strength of the vortex.
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Conlusion and perspetives 231
• The oupling between swirling �ames and transverse aousti modes is im-portant in many appliations. This is now being onsidered in the MICCAprojet. Further work is being planned to study this oupling in an an-nular hamber equipped with multiple injetors. Knowledge aquired inthe present researh an be used to design this hamber and obtain self-sustained azimuthal instabilities.
• A point whih needs further examination is the question of damping. Itwould be useful to pursue the quanti�ation of the damping levels in om-plex geometries under old �ow and hot �re onditions taking into aountdissipation proesses assoiated to rollup, boundary layers, mean �ow, pres-ene of hot gases and radiation losses.
• Large Eddy Simulations of perturbed swirling �ames need to be developedmore systematially to see if the transfer funtion an be derived fromsimulations without further need for experiments. This will require a largeamount of omputer resoures whih are progressively beoming available.
• The knowledge developed in this researh ould be used to devise novel on-trol methods for swirling �ames. It seems feasible to use the data to adjustthe �ame dynamis so that the response to disturbanes is minimized.
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Appendix AModeling of interation betweenswirling jet and vortex
A.1 IntrodutionThe objetive of the present appendix is to derived a simple model to haraterizethe interation of a vortex with a swirling jet. Spei�ally, two soures of vortiityare identi�ed : the �rst due to the vortex generated by aousti waves impingingthe swirler (ωθ), the seond due to the swirling �ow (ωz). It is shown that bothontributions are linked with a simple model. It has been demonstrated in themanusript that an inrease of the swirl number redues the gain of the �ameresponse. And one reason maybe due to the damping of the rollup mehanismwhen the level of swirl is inreased.A.2 Equation of motionThe mass balane equation is :
1

r

∂rvr

∂r
+

1

r

∂vθ

∂θ
+
∂vz

∂z
= 0 (A.1)One assumes a onstant density �ow and invisid suh that the vortiity equationan be written as :

∂w

∂t
+ (v·∇)w = (w·∇)v (A.2)The radial vortiity omponent is given by :
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238 Appendix A. Swirling jet/vortex interationThe azimuthal vortiity omponent is given by :
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(A.4)The axial vortiity omponent is given by :
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(A.5)One onsiders an axysymetri �ow and no radial veloity omponent vr.One obtains then for the radial vortiity omponent :

∂wr

∂t
+ vz

∂wr
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= 0 (A.6)For the azimuthal vortiity omponent :
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∂wθ

∂z
= wr
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∂vθ
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(A.7)For the axial vortiity omponent :

∂wz

∂t
+ vz

∂wz

∂z
= wr

∂vz

∂r
+ wz

∂vz

∂z
(A.8)This set of three equations are the starting point of the theoretial derivation.A.3 Model derivationThere is two main soures of vortiity in the present ase :

Figure A.1: Example of geometry with swirling jet / vorties interation. Vorties areshed from the outlet of the swirler and interat with the swirling �ow.
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Appendix A. Swirling jet/vortex interation 239
• the �rst ontribution is the vortiity assoiated to the vortex shed at thetrailing edge of the swirler generating a azimuthal vortiity omponent wθ

• the seond is the vortiity assoiated to the swirling �ow with an axialomponent wzOne assumes that wr is zero.Furthermore, aording to Eq. (A.1) and previous hypothesis, one has :
∂vz

∂z
≃ 0 (A.9)Finally, it remains for the azimuthal vortiity omponent Eq. (A.7) :

∂wθ

∂t
+ vz

∂wθ

∂z
= wz

∂vθ

∂z
(A.10)And for the axial vortiity equation Eq. (A.8) :

∂wz

∂t
+ vz

∂wz

∂z
= 0 (A.11)One an sum these two equations, respetively Eqs. (A.10) and (A.11) to obtain:

∂
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∂

∂z
(wθ +wz) = wz

∂vθ

∂z
(A.12)One an also assume that vθ = vθ(r) and so :

d

dt
(wθ + wz) = 0 (A.13)This last equation balanes e�ets of vortiity due to the vortex (ωθ) and theswirling jet (ωz).One an determine both ontributions wθ and wz.It is known that wθ is de�ned as :

wθ =

[
∂vr

∂z
−
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]eθ (A.14)While wz is de�ned as :
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240 Appendix A. Swirling jet/vortex interationTaking into aount previous hypothesis, respetively no radial �ow and axisym-metri on�guration, one obtains :
wθ = −

∂vz

∂r
eθ (A.16)whih re�ets the vortiity term ωθ indued by the vortex. While wz is induedby the swirling jet :

wz =
1

r

[
∂

∂r
(rvθ)

]ez (A.17)One an use a vortex model, the isentropi vortex to ontinue the analysis. Theexpression of the veloity vz for an isentropi vortex is given by :
vz(r) =

Γv

Rc
exp

(
−

r2

2R2
c

) (A.18)where Rc is the radius of the vortex, r the urrent radius and Γv the irulationof the vortex. Then, one has :
wθ =

rΓv

2R3
c

exp

(
−

r2

2R2
c

) (A.19)The expression of the veloity vθ for a swirling �ow an be modeled as a solidbody rotation with : vθ(r) = Ωs r. Then : wz = 2Ωs. Aording to Eq. (A.13),one has :
wθ + wz = K (A.20)where K is a onstant. By substituting expressions for both vortiity terms ωθand ωz in Eq. (A.20), one has :
rΓv

2R3
c

exp

(
−

r2

2R2
c

)
+ 2Ωs = K (A.21)One obtains �nally :

Γv = 2
R3

c

r
[K − 2Ωs] exp

(
r2

2R2
c

) (A.22)This last expression shows that inreasing the rotation rate Ωs of the �ow resultsin a derease of the inident vortex strength Γv.
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Appendix BReonstrution de signaux
Problématique Cette annexe a pour objetifs de présenter deux méthodes dereonstrution de signaux utiles pour aéder à la valeur de la �utuation depression aoustique en un point où ette quantité ne peut être mesurée expéri-mentalement. La première méthode utilise une représentation fréquentielle ets'appuie sur la transformée de Hilbert. On passe ainsi par le signal analytique.La seonde méthode réalise une extrapolation direte dans le domaine temporel.Dans les deux as, la reonstrution est valide pour une distane ∆x, entre lepoint 1 de mesure et le point 2 de reonstrution, su�samment faible et telle que: k∆x << 1 où k représente un nombre d'onde typique k = 2π/λ. Ce ritèreindique que la distane ∆x ne doit pas être trop grande par rapport à la longueurd'onde. Lorsqu'il est respeté, l'extrapolation des hamps d'onde est failementréalisée au moyen d'un développement en série de Taylor. Nous étudions parsimulation numérique les deux méthodes pour deux as onnus : une onde planeprogressive et une onde stationnaire. Ces deux situations génériques vont per-mettre de valider la méthode.On suppose que la pression et la vitesse aoustique sont onnues au point 1. Ilest alors naturel de faire appel à l'équation de bilan de quantité de mouvementlinéarisée dans un milieu au repos. Celle-i est donnée sous la forme :
ρ0
∂v
∂t

= −∇p (B.1)On peut alors travailler sur ette équation en supposant des solutions harmoniquespour les hamps de pression et de vitesse. Celles-i prenant alors la forme anon-ique a(x, t) = a(x)e−iωt. L'expression suivante relie le gradient de pression à la�utuation de vitesse au point de mesure.
ρ0 i ω v1 =

∂p

∂x
(B.2)
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242 Appendix B. Reonstrution de signauxEn utilisant un développement de Taylor à l'ordre 3 pour le alul de la �utuationde pression, on obtient :
p2 = p1 + ∆x

∂p

∂x
+

∆x2

2

∂2p

∂x2
+

1

6
(∆x)3

∂3p

∂x3
+ o[(∆x)4] (B.3)Méthode fréquentielle Pour obtenir la dérivée seonde de la pression, onpeut partir de l'équation d'onde :

1

c20

∂2p

∂t2
−
∂2p

∂x2
= 0 (B.4)qui devient dans le as harmonique :

∂2p

∂x2
= −k2p (B.5)La dérivée troisième s'obtient failement en dérivant ette expression puis enutilisant le bilan de quantité de mouvement linéarisé.

∂3p

∂x3
= −k2 ∂p

∂x
= −ρ0iωk

2v (B.6)Dès lors, la ombinaison des équations Eqs. (B.3), (B.5) et (B.6) donne :
p2 = p1 +

∂p

∂x
∆x−

1

2
(k∆x)2p1 −

1

6
k2(∆x)3

∂p

∂x
(B.7)En injetant alors l'expression du gradient de pression de l'équation Eq. (B.2)dans l'équation Eq. (B.7), on obtient :

p2 = ρ0 i ω v1∆x

[
1 −

1

6
(k∆x)2

]
+ p1

[
1 −

(k∆x)2

2

] (B.8)Cette dernière expression donne bien la pression à reonstruire en 2 en fontion dela �utuation de vitesse et de la pression au point 1. Pour utiliser ette expressionen partant de signaux réels, il faut d'abord realuler des signaux analytiques enappliant la transformée de Hilbert. L'équation Eq. (B.8) est alors diretementappliable aux signaux analytiques p̂1, p̂2 et v̂1. On obtient alors en prenantla partie réelle de l'équation Eq. (B.8) le signal temporel de pression p2. Onapplique dans les deux paragraphes suivants la méthode à un signal onnu : uneonde plane progressive.On onsidère don maintenant une onde plane progressive. Le hamp de pressiona dans e as pour expression :
p(x, t) = p0 cos(kx− ωt) (B.9)
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Figure B.1: A gauhe, amplitudes des signaux de pression, à des absisses séparésd'une distane ∆x = 5 m. A droite, reonstrution du signal de pression au point 2suivant l'équation Eq. (B.8). On utilise les signaux de pression et de vitesse détetés aupoint 1. f = 750Hzoù p0 est une amplitude. La �gure B.1 montre l'évolution de ette onde auxabsisses x1 et x2. En d'autres termes, on observe le déphasage des signauxassoiés à p(x, t). La �gure donne le signal déteté en x2 et le résultat obtenuen reonstruisant e signal à partir de la pression et de la vitesse au point 1. Onprésente sur le seond graphique la reonstrution du signal en omparaison avele signal réel.On observe ainsi que la reonstrution du signal est d'une très bonne qualité. Ilest di�ile de faire apparaître une di�érene entre les signaux réel et reonstruit.Méthode temporelle
• GénéralitésUne autre approhe onsiste à déterminer l'expression de p2 en utilisant uneformulation temporelle. Cette méthode est plus générale que la méthodefréquentielle ar elle s'applique à des signaux dont les variations temporellessont arbitraires. On part la enore des équations de l'aoustique et onutilise des approximations entrées des dérivées. Pour ela, on représentela pression au point 2 sous la forme d'un développement de Taylor (B.3)omme préédemment et on alule haque terme du développement ens'appuyant sur l'équation d'onde et le bilan de quantité de mouvementlinéarisé :
∂p

∂x
= −ρ0

∂v

∂t
(B.10)

∂2p

∂x2
=

1

c20

∂2p

∂t2
(B.11)
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244 Appendix B. Reonstrution de signaux
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Figure B.2: A gauhe, amplitudes des signaux de pression, alulés à des absissesséparés d'une distane de ∆x = 5 m. A droite, reonstrution du signal de pression àpartir des signaux de pression et de vitesse détetés au point 1.On a alors :
p2 = p1 − ρ0

∂v

∂t
∆x+

1

2

∂2p

∂x2
∆x2 (B.12)Il est ensuite néessaire de aluler les dérivées temporelles des termes degauhe. Il vient :

∂v

∂t
=
v(t+ ∆t) − v(t− ∆t)

2∆t
(B.13)

∂2p

∂t2
=
p(t+ ∆t) − 2p(t) + p(t− ∆t)

(∆t)2
(B.14)En substituant es expressions dans le développement en série de Taylor(B.3), on obtient :

p2 = p1 − ρ0
v(t+ ∆t) − v(t− ∆t)

2∆t
∆x+

1

2

1

c20

∂2p

∂t2
∆x2 (B.15)

• Onde plane progressive et onde stationnaireOn peut à nouveau omparer les résultats d'extrapolation au hamp exate.La �gure [B.3℄ donne une représentation du hamp de pression p2 et duhamp de pression estimé dans le as d'une onde plane progressive. La �guredonne les signaux extrapolé et théorique pour le as d'une onde stationnaire.Ces deux �gures montrent que la méthode d'extrapolation est bien adaptée.
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Figure B.3: A gauhe, reonstrution du signal de l'onde plane progressive au point 2ave la méthode temporelle pour une distane de 5 m entre les deux absisses x1 et x2.A droite, reonstrution du signal de pression au point 2 ave la méthode temporellepour une distane de 3 m.
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Appendix CConvergent e�et on the swirlnumber
We now investigated the e�et of a hange in the setion area downstream theswirler. We assume that the �uid partiule as the following veloity vetorsomponents v(r, t) = vθ eθ + vz ez. The swirl number is still :
S =

∫ R
0 ρvθvz2πr

2dr

R
∫ R
0 (ρv2

z + p)2πr dr
(C.1)The mass balane for a �xed ontrol volume V enompassing the ross setionhange is :

d

dt

∫

V
ρ dV +

∫

A
ρv.n dA = 0 (C.2)The surfae A an be divided in three boundary surfaes of the ontrol volume

V where A1 is the inlet surfae, A2 the outlet surfae and Σ the lateral surfae.The only non zero ontributions ome from the inlet and the outlet surfaes. We�nally obtain for an inompressible �ow :
vz2 = vz1

A1

A2
(C.3)To understand the e�et of a geometrial hange on the swirl number, we alsoneed to analyze the evolution of the azimuthal omponent vθ through the hangein ross setion. So we used the azimuthal momentum equation under its on-servative form :

∂ρvrvθ

∂r
+
∂ρvθvz

∂z
+ 2ρ

vθvr

r
= 0 (C.4)
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248 Appendix C. Convergent effet on the swirl numberOne an assume that the radial veloity omponent is small ompared to theother omponents and neglet terms ontaining vr :
∂ρvθvz

∂z
= 0 (C.5)This expression an be integrated in the z diretion :

∫ z2

z1

∂ρvθvz

∂z
dz = 0 (C.6)This yields :

vθ2vz2 = vθ1vz1 (C.7)Whih is also :
vz1

vz2
=
vθ2

vθ1
(C.8)One an onsider a onvergent unit where the setion A2 is smaller than A1. As

vz2 is stronger than vz1, one dedues that vθ2 is lower than vθ1. One an thenexamine the di�erent terms of the swirl number. In the numerator :
∫ R2

0
ρvθ2vz2 2πr2 dr <

∫ R1

0
ρvθ1vz1 2πr2 dr (C.9)As R2 is smaller than R1, the produt of the axial veloity by azimuthal veloityis onserved. In the denominator, one �nds :

R

∫ R

0
(ρv2

z + p) 2πr dr (C.10)We used the axial momentum equation under it onservative form :
∂ρvrvz

∂r
+
∂ρv2

z

∂z
+ ρ

vzvr

r
= −

∂p

∂z
(C.11)Eliminating terms ontaining vr :

∂ρv2
z

∂z
= −

∂p

∂z
(C.12)and integrating this equation along the z axis.

∫ z2

z1

∂(ρv2
z + p)

∂z
dz = 0 (C.13)One obtains :

ρv2
z2

+ p2 = ρv2
z1

+ p1 (C.14)



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 249 � #271
i

i

i

i

i

i

Appendix C. Convergent effet on the swirl number 249The denominator only depends on the square of the setion area. Furthermore,as the outlet radius R2 is smaller than the radius R1, one has :
R2

∫ R2

0
(ρv2

z2 + p2) 2πr dr < R1

∫ R1

0
(ρv2

z1 + p1) 2πr dr (C.15)We observed �nally that both numerator and denominator have the same behav-ior dereasing proportionally with the radius. As their ratio is linearly propor-tional to the radius R, the swirl number dereases in a onstrition.It is also possible to show this result by making use of swirl number orrelationslike those given by Gupta et al. (1984) and de�ning tanφ = vθ/vz.
S = tanφ

∫ R
0 r2 dr

R
∫ R
0 r dr

(C.16)Suh that :
S = tanφ

R3/3

RR2/2
(C.17)One �nds that S = (2/3) tan Φ and �nally : S = (2/3)(vθ1/vz1).The ratio of the swirl numbers between the inlet and the outlet is then :

S1

S2
=
vθ1/vz1

vθ2/vz2
(C.18)This an be expressed in terms of ross setion area by making use of Eq. (C.3)and Eq. (C.8) :

S1

S2
=
vθ1

vθ2

vz2

vz1
=

(
vz2

vz1

)2

=

(
A1

A2

)2 (C.19)This last expression shows that a hange in the setion area indues a hange inswirl number.
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Appendix DFormulaire
Cette annexe réapitule quelques formules utilisées pour determiner la rihessed'un mélange et les frations massiques des espèes.La réation de ombustion du méthane et de l'air s'érit dans des proportionsstoehiométriques omme :
CH4 + 2 (O2 + 3.76N2) → CO2 + 2 (H2O + 3.76N2) (D.1)Pour une rihesse inférieure à la stoehiométrie, ette équation devient :
φCH4 + 2 (O2 + 3.76N2) → φ(CO2 + 2H2O) + 2 [(1 − φ)O2 + 3.76N2] (D.2)où φ est la rihesse du mélange. Celle-i est dé�nie omme le ratio des rapportsde mélange loal α et stoehiométrique αs. Le rapport de mélange étant dé�nipar : α = ṁCH4

/ṁair où ṁCH4
et ṁair sont les débits masses de ombustible etd'air. Le alul du rapport de mélange αs est donné par :

αs =
MC + 4MH

2(MO2
+ 3.717N2)

(D.3)Les masses molaires de l'hydrogène, du arbone, de l'azote et de l'oxygène sontrespetivement : 1, 12, 14 et 16 g.mol−1. Le rapport de mélange αs a don pourvaleur 0.059. Par dé�nition de la rihesse, on peut érire :
ṁCH4

= φαsṁair (D.4)De plus, le débit massique total ṁ s'exprime omme la somme du débit de om-bustible et d'air :
ṁ = (1 + φαs)ṁair (D.5)
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252 Appendix D. FormulaireEn e qui onerne les frations massiques des espèes, elles-i s'érivent :
YCH4

=
ṁCH4

ṁ
=

φαs ˙mair

(1 + φαS)ṁair
(D.6)et

YO2
=
ṁO2

ṁ
=
ṁO2

ṁair

ṁair

ṁ
(D.7)Or le rapport ṁO2

/ṁair est la fration massique de d'oxygène dans l'air :
YO2

=
2MO2

2MO2
+ 3.717MN2

(D.8)Cette fration massique d'oxygène dans l'air a pour valeur 0.235. Ainsi, leséquations (D.6) et (D.7) onduisent à :
YCH4

=
φαs

1 + φαs
(D.9)et

YO2
=

0.235

1 + φαs
(D.10)Il est intéressant de réapituler, dans le tableau D.1 les valeurs numériques préé-dentes pour ensuite les utiliser dans un ode de alul.Rihesse 0.7 0.8 0.9 1

YCH4
0.0397 0.0451 0.0504 0.0558

YO2
0.2257 0.2244 0.2231 0.2219Table D.1: Évolution des frations massiques en fontion de la rihesse
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Referenes 2571477�1485. (p. 111)Fritshe, D., M. Füri, and K. Boulouhos (2007). An experimental investi-gation of thermoaousti instabilities in a premixed swirl-stabilized �ame.Combustion and Flame 151, 29�36. (p. 6, 110, 209)Galley, D. (2006). Etude de la stabilisation de �ammes turbulentes prévapor-isées prémélangées pauvres. Ph. D. thesis, Laboratoire EM2C, Eole Cen-trale Paris. (p. 18, 21)Gentemann, A., C. Hirsh, K. Kunze, F. Kiesewetter, T. Sattelmayer, andW. Polifke (2004). Validation of �ame transfer funtion reonstrution forperfetly premixed swirl �ames. In ASME Paper GT2004-53776, ASMETurbo Expo 2004, Vienna, Austria. (p. 112, 130, 142, 191, 210)Glegg, S. (1999). The response of a swept blade row to a three-dimensionalgust. Journal of Sound and Vibration 227 (1), 29�64. (p. 8, 79)Greitzer, E., C. Tan, and M. Graf (2004). Internal Flow - Conepts and Ap-pliations. Cambridge University Press. (p. 8, 79)Grinstein, F. and C. Fureby (2005). LES studies of the �ow in a swirl gasombustor. Proeedings of the Combustion Institute 30, 1791�1798. (p.111)Gupta, A., D. Lilley, and N. Syred (1984). Swirl �ows. Abaqus Press. (p. 12,26, 28, 33, 34, 43, 110, 146, 249)Harrje, D. and F. Reardon (1972). Liquid roket ombustion instabilities. SP-194. (p. 5)Hirsh, C., D. Fanaa, P. Reddy, W. Polifke, and T. Sattelmayer (2005). In�u-ene of the swirler design on the �ame transfer funtion of premixed �ames.In ASME Paper GT2005-68195, ASME Turbo Expo 2005, Nevada, USA.(p. 8, 21, 80, 112, 141, 152, 158, 210)Horlok, J. (1978). Atuator disk theory - Disontinuities in thermo-�uid dy-namis. MGraw-Hill International Book Co. (p. 8, 79)Howe, M. S. (1975). Contributions to the theory of aerodynami sound, withappliation to exess jet noise and the theory of the �ute. Journal of FluidMehanis 71 (4), 625�673. (p. 76)Huang, Y. and V. Yang (2005). E�et of swirl on ombustion dynamis in alean-premixed swirl-stabilized ombustor. Proeedings of the CombustionInstitute 30, 1775�1782. (p. 13, 111, 142, 143, 159)Huang, Y. and V. Yang (2009). Dynamis and stability of lean-premixed swirl-stabilized ombustion. Progress in Energy and Combustion Sienes 35,293�384. (p. 5, 6, 13, 79, 110, 111, 113, 130, 142, 143, 159, 192)Hunt, J., A. Wray, and P. Moin (1988). Eddies, stream, and onvergene zonesin turbulent �ows. Tehnial Report CTR-S88, Center for Turbulene Re-searh. (p. 184)Iaona, E., J. Taine, and B. Tamain (2009). Les enjeux de l'énergie. Dunod.(p. 4)Ishizuka, S., T. Murakami, T. Hamasaki, K. Koumura, and R. Hasegawa



i

i �These_Palies_V3� � 2010/11/8 � 17:18 � page 258 � #280
i

i

i

i

i

i

258 Referenes(1998). Flame speeds in ombustible vortex rings. Combustion andFlame 113, 542�553. (p. 132)Ivani, T., E. Fouault, and J. Peheux (2003). Dynamis of swirling jet �ows.Experiments in Fluids 35, 317�324. (p. 26, 33, 34)Janardan, B. A., B. R. Daniel, and B. T. Zinn (1976). Measurements of Aous-ti responses of Gaseous Propellant Injetors. Journal of Sound and Vibra-tion 47 (4), 559�569. (p. 54)Jones, B., J. Lee, B. Quay, D. Santavia, K. Kim, and S. Srinivasan (2010).Flame response mehnanisms due to veloity perturbations in a lean pre-mixed gas turbine ombustor. In ASME Paper GT2010-22380, ASMETurbo Expo 2010, Glasgow, Sotland. (p. 210)Kaji, S. and T. Okazaki (1970). Propagation of sound waves through a bladerow. 1. Analysis based on semi-atuator disk theory. Journal of Sound andVibration 11 (3), 339. (p. 8, 79)Kang, D. M., F. E. C. Culik, and A. Ratner (2007). Combustion dynamis ofa low-swirl ombustor. Combustion and Flame 151, 412�425. (p. 110, 111,145, 209)Kau�mann, A., F. Nioud, and T. Poinsot (2002). Flow foring tehniquesfor numerial simulations of ombustion instabilities. Combustion andFlame 131 (4), 371�385. (p. 165)Kaufmann, A., F. Nioud, and T. Poinsot (2002). Flow foring tehniquesfor numerial simulation of ombustion instabilities. Combustion andFlame 131, 371�385. (p. 191)Külsheimer, C. and H. Bühner (2002). Combustion dynamis of turbulentswirling �ames. Combustion and Flame 131, 70�84. (p. 5, 7, 45, 111, 112,121, 142, 143, 208)Keller, J. (1995). Thermoaousti osillations in ombustion hambers of gasturbines. AIAA Journal 33 (12), 2280�2287. (p. 7, 111)Kendrik, D., T. Zsak, and E. Zukoski (1996). Unsteady Combustion, Chapter3. An experimental and numerial investigation of premixed ombustionin a vortex in a laboratory dump ombustor, pp. 33�69. Kluwer AademiPublishers. (p. 54)Kim, D., J. G. Lee, B. D. Quay, D. Santavia, K. Kim, and S. Srinivasan(2010). E�et of �ame struture on the �ame transfer funtion in a pre-mixed gas turbine ombustor. Journal of Engineering for Gas Turbines andPower 132 (2), 757�765. (p. 5, 7, 111, 112, 117, 159)Kim, K., H. Lee, J. Lee, B. Quay, and D. Santavia (2009). Flame transferfuntion measurements and instability frequeny predition using a ther-moaousti model. In ASME Paper GT2009-60026, Proeedings of ASMETurbo Expo 2009, Orlando, USA. (p. 112, 159, 160, 213)Kim, K., J. Lee, H. Lee, B. Quay, and D. Santavia (2010). Charateriza-tion of fored �ame response of swirl-stabilized turbulent lean-premixed�ames in a gas turbine ombustor. Journal of Engineering Gas Turbines
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