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RESUME 

Les vibrations asynchrones represented un phenomene d'aeroelasticite identifie au 

cours des vingt dernieres annees pouvant causer des problemes de fatigues, notamment 

dans les aubes de compresseurs axiaux et soufflantes des moteurs d'aeronefs a turbines. 

L'objectif de cette recherche consiste a elucider le mecanisme physique sous-jacent aux 

vibrations asynchrones afin d'en deriver des regies de conception. Les travaux sont 

divises en trois etapes, chacune d'elle visant a verifier les hypotheses de recherche 

emises au prealable. 

La supposition principale, dont decoule le reste de la recherche, est que les vibrations 

asynchrones sont causees par la resonance de l'ecoulement de jeu. La resonance se 

produit par le couplage entre l'interface de melange des ecoulements de jeu et principal 

des aubes avec une onde acoustique de retroaction provenant des aubes adjacentes en 

vibration. Le mecanisme est similaire a la resonance d'un jet impactant avec la 

particularite que l'onde acoustique de retroaction est ralentie par la vitesse de 

l'ecoulement. Ce phenomene de couplage entre l'interface de melange du jet avec la 

retroaction provenant d'une surface en vibration dans l'ecoulement n'avait jamais ete 

demontre avant cette recherche. 

Le travail est divise en trois parties, chacune d'elles ayant pour but de verifier les trois 

hypotheses de recherche afin de fermer la boucle sur l'objectif de recherche qui consiste 

a demontrer que la resonance de l'ecoulement de jeu est le phenomene sous-jacent aux 

vibrations asynchrones. La premiere hypothese stipule qu'un jet impactant entre en 

resonance a une vitesse de jet inferieure a celle requise pour la resonance d'un jet 

impactant sur une surface rigide. La deuxieme hypothese enonce que les vibrations 

asynchrones sont causees par la resonance de l'ecoulement de jeu. La troisieme 

hypothese specifie qu'une solution analytique complete, capturant le mecanisme de 
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couplage d'une interface de melange avec une source d'excitation localisee en aval dans 

l'ecoulement haute-vitesse, existe. 

La premiere etape de la recherche consiste en la demonstration du mecanisme de 

couplage aeroelastique. Ceci pour verifier la premiere hypothese qui stipule que la 

resonance d'un jet impactant se produit a des vitesses de jets inferieures a celles jamais 

demontrees lorsque le jet impacte sur une plaque flexible en vibration au lieu d'une 

plaque rigide. La methode privilegiee est experimentale. L'essai consiste en la 

caracterisation de la reponse dynamique d'un jet impactant sur une plaque dont la 

vibration est forcee par un oscillateur mecanique. Les caracterisations obtenues ont 

permis de confirmer la resonance et le mecanisme de couplage propose. 

Les resultats contribuent au domaine de la mecanique des fluides qui etudie les 

oscillations d'interfaces de melange impactantes en fournissant des donnees 

experimentales sur un cas d'interface de melange impactant sur une surface mobile. Les 

resultats et analyses fournissent egalement le mecanisme de resonance associe base sur 

un modele simple d'onde de retroaction se propageant en amont dans l'ecoulement, et 

dont la vitesse de propagation est reduite par ce dernier. 

La seconde etape consiste a verifier la deuxieme hypothese de recherche qui stipule que 

la resonance de l'ecoulement de jeu constitue le phenomene physique sous-jacent aux 

vibrations asynchrones. La methode de demonstration est egalement experimentale mais 

cependant plus complexe puisqu'elle implique de 1'instrumentation sur des pieces 

mecaniques en rotation a grande vitesse. Le compresseur a l'etude est monte dans une 

section d'essai permettant d'isoler les effets de l'ecoulement de jeu sur le rotor. Des 

etudes de sensibilite sont conduites sur le jeu d'assemblage, la charge aerodynamique 

des aubes, la temperature et la vitesse d'operation du compresseur. Les resultats ont 

permis de verifier 1'hypothese de recherche. Les conditions critiques de vibrations 

asynchrones sont predites d'apres le mecanisme couple de resonnance propose. 
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Les contributions de cette etape de recherche sont majeures dans le domaine de 

l'aeroelasticite lie aux vibrations asynchrones. D'abord, le phenomene physique du 

comportement du fluide sous-jacent aux vibrations asynchrones a ete identifie. 

L'industrie peut utiliser cette connaissance pour predire les croisements potentiels de ces 

vibrations sur le diagramme de Campbell au stade preliminaire de la conception des 

rotors et ainsi minimiser les niveaux de contraintes vibratoires associees tres tot dans le 

developpement du produit. Des regies d'evitement, defmissant la variation des 

parametres de rigidite et de distance inter-aubes requis afin d'amener les croisements de 

vibrations asynchrones hors du regime d'operation, peuvent aussi etre derivees a partir 

des resultats. 

Jusqu'a ce point, le couplage entre la retroaction acoustique dans l'ecoulement haute-

vitesse est assume comme se produisant de facon naturelle lorsqu'un maximum de 

l'onde de retroaction atteint le bord de fuite emetteur de l'interface de cisaillement. La 

supposition est basee sur plusieurs donnees empiriques concernant les oscillations des 

interfaces de melange impactantes. La derniere etape de la recherche consiste a capturer 

analytiquement le mecanisme de couplage d'une interface de melange forcee par une 

source localisee en aval dans l'ecoulement haute-vitesse et causant la resonance de 

l'interface pour ainsi en ameliorer la comprehension fondamentale. Ceci en demontrant 

la periodicite spatiale de la reponse resonante de l'interface observee 

experimentalement. Cet enonce constitue la troisieme hypothese de recherche. La 

methode de verification de cette hypothese est analytique. Elle consiste a solutionner le 

probleme de la reponse de l'interface de melange a une excitation situee en aval dans 

l'ecoulement haute-vitesse. Une relation analytique entre la frequence d'excitation, la 

distance de la source et la vitesse de l'ecoulement identifiant la resonance de l'interface 

a ete etablie a partir de la methode de resolution proposee. Les conditions critiques de 

resonance predites par la relation analytique sont en accord avec les resultats 

experimentaux des deux essais precedents. 
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Les contributions principals de ces derniers travaux sont la determination d'un critere 

spatial de resonance de l'interface ainsi qu'une formulation analytique de la prediction 

des distances critiques de la source causant la resonance. La solution analytique capture 

ainsi le mecanisme de couplage causant les resonances observees experimentalement. 

De plus, le domaine de la mecanique des fluides trouve dans ces resultats un cadre 

theorique et une methode de resolution pour etudier la reponse des interfaces de melange 

forcees par une excitation localisee en aval dans l'ecoulement haute-vitesse. 
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ABSTRACT 

x 

Asynchronous vibrations, or, as more commonly called, Non-Synchronous Vibration 

(NSV), are an important branch of aeroelasticity identified within the last two decades. 

The phenomenon is believed to be the cause of fatigue issues of the rotor blades in aero 

gas turbines axial compressors and fans. The main objective of this research is to 

elucidate the underlying physics behind compressor asynchronous vibrations. The work 

is divided into three major steps, each of them to verify their related research hypothesis. 

The overall assumption, driving the research work, is that the asynchronous vibrations 

are caused by the resonance of the tip clearance flow. The latter is proposed to be caused 

by the coupling of the mixing layer emanating from the tip clearance and the main 

passage flows with an acoustic feedback wave emitted by the adjacent blade's vibration 

and propagating upstream in the tangential direction within the tip clearance flow. The 

proposed coupling mechanism is similar to the one causing the resonance of an 

impinging jet on a vibrating plate, which had never been demonstrated prior to this 

research. 

The work is divided in three parts, each of them verifying one of the three research 

hypotheses to bring closure on the general assumption that compressor asynchronous 

vibrations are caused by the resonance of tip clearance flow. The first hypothesis states 

that an impinging jet on a vibrating structure resonates at a lower jet velocity than when 

impinging on a rigid structure. The second hypothesis stipulates that the resonance of tip 

clearance flow is underlying asynchronous vibrations. The third hypothesis specifies that 

a closed form analytical solution, which captures the coupling mechanism of a mixing 

layer to a source located downstream in the high-speed flow, exists. 

So the first step of the research consists of demonstrating the coupling mechanism 

causing the resonance of an impinging jet on a flexible plate. This demonstration, in 

essence, aims at verifying the first research hypothesis by demonstrating the resonance 
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of an impinging jet at stream velocities where the resonance has never been observed 

before when the jet impinges on a flexible plate in vibration rather than on a rigid plate. 

The chosen approach is experimental. It consists of characterizing the unsteady pressure 

response of a jet impinging on a flexible plate, whose vibration is induced by a 

mechanical shaker. 

The experimental results confirm the proposed coupling mechanism between the mixing 

layer and the stream acoustic feedback when one of the wave crests reaches the 

separation edge. The results contribute to the field of fluid mechanics by providing a set 

of new experimental data on the oscillation of impinging layers on flexible moving 

surfaces. The results also provide the field of research with a coupling mechanism based 

on a simple ID model of a feedback wave traveling upstream with its propagation speed 

reduced by the high-speed flow. 

The following step of the research consists of verifying the second hypothesis which 

stipulates that the resonance of the tip clearance flow, based on the same coupling 

mechanism as the resonant jet-on-flexible-plate, is the fundamental fluid-structure 

phenomenon behind asynchronous vibrations. The demonstration method is also 

experimental, though more complex since it involves high-speed rotation of the 

geometries and instrumentation. The rotor under study is installed in a test-section which 

isolates the effect of the tip clearance on the blades. Sensitivity studies are conducted 

with respect to the tip clearance, the blade aerodynamic loading, the inlet temperature 

and the compressor rotating speed. The results support the second research hypothesis 

and the critical asynchronous vibration conditions of occurrence are predicted from the 

proposed coupling mechanism. 

The contribution of this part of the research project is deemed major in the field of 

aeroelasticity concerned with asynchronous vibrations. First, the underlying physics are 

identified, from which, the industry can predict the asynchronous vibration crossings on 
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the blade Campbell diagram at the early stages of the design process and subsequently 

run the appropriate analyses to minimize the associated vibratory stresses. Avoidance 

rules can also be derived from the improved understanding of the phenomenon, for 

example, by adjusting the inter-blade distance or blade stiffness to bring the NSV 

crossings outside of the compressor/fan running range. 

Until this point, the resonances were predicted by an empirical model of a planar 

feedback wave travelling upstream towards the separation edge. The coupling 

mechanism between the mixing layer and the acoustic feedback was assumed to occur 

when a crest of the sound wave reached the separation edge. This assumption was based 

on a number of historic empirical observations on oscillating shear layers. The final part 

of the research aims at analytically capturing the coupling mechanism of a mixing layer 

to a source forcing located downstream in the high-speed flow stream. The coupling 

mechanism is fundamental to the resonances observed experimentally. The 

demonstration is made by capturing the spatial periodicity of the mixing layer resonance 

under stream forcing with respect to the downstream source location. This is the last 

research hypothesis and the demonstration method is analytical. It consists of solving the 

2D problem of a mixing layer interface excited by an acoustic point source located 

downstream in the axial direction on the planar jet centerline. An analytical relationship 

linking the excitation frequency and the source axial location to the stream velocity is 

derived. The critical resonance conditions, predicted by the analytical solution are in 

good agreement with the resonances obtained in the two experiments presented above. 

The main contributions of this last part of the work are to provide an analytical criterion 

for the spatial resonance of stream forced mixing layers along with a closed form 

prediction relationship for the critical source locations. The analysis captures the 

coupling mechanism of a mixing layer to a forcing source located downstream in the 

high-speed flow stream, which is fundamental to the experimentally observed 

resonances. Also, the field of fluid mechanics benefits from the research by being 
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provided an analytical framework and a resolution method in the study of mixing layers 

forced response excited by a source located downstream in high-speed flow. 
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INTRODUCTION 

Problematique de la recherche 

Le marche tres competitif des moteurs a turbines pour les aeronefs impose une pression 

enorme sur les manufacturiers afin de continuellement augmenter le rapport puissance-

poids des produits. Pour y arriver, on doit sans cesse repousser les limites de la 

technologie. En ce qui a trait aux vibrations il faut, en plus de tres bien maitriser les 

marges de contraintes disponibles, tenter de comprendre et controler les sources 

d'excitations du fluide sur les elements structurels. Arriver a supprimer, ou du moins a 

eviter, ces sources d'excitation aerodynamiques, ceci des la conception initiale du 

produit, represente un avantage competitif evident. La figure II situe le contexte de la 

presente recherche. Les figures lib et IIa illustrent respectivement une vue en coupe 

d'un moteur a turbine typique ainsi qu'un exemple d'application aeronautique. Le 

compresseur, axial dans le cas presente, est situe a l'avant du moteur et est encercle sur 

la figure lib. Ce dernier est generalement compose de plusieurs etages de compression 

afin de rencontrer les specifications de debit, de pression, d'efficacite et de stabilite. 

Chaque etage est compose de deux parties, le rotor, qui effectue le travail sur le fluide, et 

le stator qui recouvre la pression statique. La figure lie montre le rotor type d'un des 

etages du compresseur. 

La presente recherche porte sur les vibrations des aubes d'un rotor de compresseur, 

celles-ci sont illustrees en cascade tri-dimensionnelle sur la figure lid. L'aube est un 

profil aerodynamique typique avec le bord d'attaque (leading edge, LE), le bord de fuite 

(trailing edge, TE), l'intrados (pressure side, PS), et l'extrados (suction side, SS). Ces 

quatre composantes sont identifiees sur la figure lid egalement. Le rotor de compresseur 

opere en milieu confine dans le carter. Ceci cree un autre parametre geometrique 

important; le jeu en bout d'aube. Je jeu est identifie sur les coupes bi-dimensionnelles 

meridionale (figure He) et planaire (figure I If) de la cascade. Pour situer le lecteur, le 

jeu typique est de l'ordre de 1% de la longueur de la corde (ch) du profil en bout d'aube. 
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Figure II . Cadre theorique et contexte de la recherche a) Application finale b) Compresseur c) Rotor 
d'un etage de compression d) Deux aubes de rotor en cascade e) Coupe meridionale de la cascade 
f) Coupe planaire de la cascade 
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Les vibrations les plus typiques rencontrees dans aubes de compresseurs axiaux sont 

synchrones, c'est-a-dire que la frequence de vibration correspond a un multiple entier de 

la vitesse de rotation de l'arbre. Une aube en rotation sera dynamiquement excitee 

lorsque qu'elle croise les sillages des aubes statiques en amont, ou encore les ondes 

potentielles des aubes statiques en aval. Par exemple, si l'arbre tourne a une vitesse de 

100 revolutions par seconde (100 Hz), et que l'aube est situee en aval de 5 supports dans 

l'ecoulement, celle-ci sera excitee periodiquement a une frequence de 5 fois la vitesse de 

rotation (5th engine order, 5EO). Dans l'exemple presente, cela correspond a une 

excitation de 500 Hz sur l'aube. Si cette derniere comprend un mode de vibration a cette 

frequence naturelle a l'interieur du regime d'operation, il y a un probleme potentiel et 

des analyses plus poussees de la reponse forcee (forced response) de 5EO sont requises. 

La distribution inegale des sillages et ondes potentielles peut aussi introduire des 

excitations des sous- et super-harmoniques de la frequence fondamentale, la frequence 

fondamentale etant le 5EO dans l'exemple donne, mais celles-ci demeureront 

synchrones a la rotation de l'arbre. 

La figure 12 depeints l'outil principal permettant d'identifier les sources d'excitation 

synchrones; le diagramme de Campbell (Campbell Diagram). II s'agit d'un graphique 

ayant pour abscisse la vitesse de rotation de l'arbre et pour ordonnee la frequence de 

vibration. Les frequences naturelles des differents modes de vibration des aubes sont 

tracees sur le graphique. Elles forment les lignes quasi-constantes en vitesse, leur legere 

pente represente 1'augmentation de rigidite des aubes due a la force centrifuge de 

rotation. Ensuite, les lignes d'excitation synchrone potentielles sont tracees sur le 

diagramme. Elles sont representees par les droites de pente croissante 1EO, 2EO, 3EO... 

On conduit des analyses plus poussees de reponse forcee lorsqu'un ou plusieurs de ces 

droites d'excitation croisent les frequences naturelles (croisements ou EO crossings) des 

aubes a l'interieur du regime d'operation du moteur. Les croisements critiques sont 

identifies par les points sur la figure. Le regime d'operation (running range) s'etend de 
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la vitesse au ralenti {idle) a la vitesse au decollage {take-off) qui sont generalement 

associees a la plus faible et a la plus haute puissance possible du moteur respectivement. 

Regime 

Ralenti Decollage 

Figure 12. Diagramme de Campbell et croisements critiques de reponses forcees 

La problematique de cette recherche concerne un certain type de vibrations asynchrones, 

communement identifiees par l'acronyme NSV provenant du terme anglais «Non-

Synchronous Vibrations ». Ces vibrations sont asynchrones, c'est-a-dire qu'elles ne sont 

pas directement liees a un multiple entier de la vitesse de rotation de l'arbre. Afin d'en 

identifier les sources potentielles d'excitation, on doit considerer des phenomenes autres 

que les sillages et ondes potentielles des aubes statiques environnantes au rotor de 

compresseur. En fait, on s'interesse a des phenomenes plus ou moins independants de la 

vitesse de rotation de l'arbre. Par exemple, on evalue les possibilites comme le 
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decrochage rotatif et les instabilites rotatives liees a sont etablissement, les coincidences 

avec des modes acoustiques du carter ou des cavites environnantes, les reflexions 

d'ondes acoustiques avec les aubes statiques en amont ou en aval ou encore les 

instabilites fluide-elastiques plus conventionnelles comme le flottement. Ce qui 

distingue les NSV du flottement classique, c'est qu'elles prennent la forme d'un 

croisement critique sur le diagramme de Campbell, c'est-a-dire une resonance qui 

d'abord augmente pour ensuite diminuer alors que le regime de puissance la traverse, 

plutot que d'une divergence, caracteristique au flottement classique, qui ne fait 

qu'augmenter avec le regime de puissance du moteur. La particularite du croisement 

critique des NSV est qu'il se situe entre les pentes d'excitations forcees comme l'illustre 

la figure 13. La reponse forcee typique ainsi que le flottement classique sont aussi 

montres sur la figure en guise de comparaison. Les modes associes aux NSV sont 

generalement de frequence plus elevee que ceux du flottement classique. La largeur du 

croisement des NSV illustre leur sensibilite aux conditions d'operation, comme la 

temperature par exemple. Une autre particularite des NSV est le changement soudain du 

mode et de la frequence de vibration qu'on observe parfois a des conditions d'operation 

similaires. Jusqu'a maintenant, de facon generate, les croisements NSV sont difficiles, 

voir meme impossible, a prevoir sans donnees experimentales. 

La recherche recente sur les NSV se concentre a developper des methodes de re-

conception des aubes une fois la condition critique de NSV connue. Cette derniere est 

generalement identifiee par des problemes de fatigues apparaissant apres les essais 

experimentaux ou plus tard apres un certain nombre d'heures en service. Une fois la 

condition critique identifiee, la re-conception de l'aube est possible avec des outils 

d'analyses similaires a ceux utilises dans le cas de flottement conventionnel par 

exemple. La presente recherche vise a elucider le mecanisme fondamental de la 

mecanique des fluides, influence par le mouvement vibratoire de la structure, sous-jacent 

aux NSV. Cette comprehension permettra d'identifier les conditions critiques de NSV 

tres tot dans les processus de conception. On pourra en tirer des regies de conception 
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permettant d'eviter les croisements NSV a l'interieur du regime d'operation ou encore, a 

tout le moins, de connaitre les conditions critiques de NSV a priori et ainsi effectuer la 

conception de l'aube pour minimiser les contraintes liees aux NSV bien avant le debut 

du developpement experimental du produit. 

Frequence 

Figure 13. Diagramme de Campbell et croisements critiques de NSV 
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But de la recherche proposee et objectif general 

Done le but principal de cette recherche est de combler une lacune fondamentale de 

l'industrie quant aux NSV, e'est-a-dire la comprehension des mecanismes physiques 

associes arm de les predire et d'en tirer des regies simples de conception avancee. 

La question de recherche principale de ce travail est la suivante : 

Quel phenomene de la mecanique des fluides peut expliquer l'excitation principale liee 

au phenomene de NSV? 

On en tire 1'objectif principal qui est de developper un modele physique, sous-jacent aux 

NSV, pour permettre l'elaboration de regies et methodes de conception afin d'en 

minimiser l'impact dans le developpement de nouveaux moteurs a turbines. 

Approche generate de solution et hypotheses de la recherche 

Le mecanisme que Ton propose est base sur le couplage entre l'ecoulement de jeu, a des 

conditions d'operation ou ce dernier se developpe tangentiellement entre deux aubes, et 

une onde acoustique de retroaction emanent de la vibration des aubes et se propageant 

en amont dans la direction tangentielle de l'ecoulement de jeu. 

La figure 14 depeint les elements essentiels de l'ecoulement de jeu et son interaction 

avec l'ecoulement principal dans les aubes. 



Ecoulement 
Principal 

Ecoulement db jeu 

Interface de melange des ecoulements 
principal et de jeu 

Structure vorticielle 

Figure 14. Interaction des ecoulements principal et de jeu 

Le melange entre 1'ecoulement de jeu et 1'ecoulement principal produit une region de 

cisaillement dans le fluide, l'interface. Cette derniere se developpe en une structure 

vorticielle dont la direction de convection est liee a l'equilibre de quantite de 

mouvement entre les ecoulements de jeu et principal dans la region du bout de l'aube. 

Plus 1'ecoulement de jeu est important, plus la direction de convection de la structure 

vorticielle devient tangentielle. L'ecoulement de jeu devient important lorsque la charge 

aerodynamique en bout d'aube est d'autant plus grande. La charge aerodynamique vient 

du differentiel de pression entre l'intrados et l'extrados de l'aube. A charge moyenne, le 

cisaillement en bout d'aube produit un tourbillon qui est rapidement convecte en aval 

avec l'ecoulement principal. Lorsque la charge aerodynamique atteint un certain niveau, 

la structure vorticielle evolue tangentiellement de facon telle qu'elle impacte sur 

l'intrados des aubes adjacentes, creant une excitation instationnaire sur l'aube. Les 

conditions de haute charge aerodynamiques en bout d'aubes sont courantes dans 

l'operation des compresseurs de moteurs a turbine, surtout lorsque ce dernier opere a des 

vitesses eloignees de la condition principale de conception. La figure I5a illustre 

revolution de l'interface de melange entre les conditions relatives de faible et haute 

charge aerodynamiques. Ces conditions sont illustrees sur la caracteristique typique d'un 

etage de compression, soit de la pression en fonction du debit, pour un gaz compressible 
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comme l'air. A mesure que Ton impose une restriction, ou charge, sur le compresseur, 

par la fermeture d'une valve en aval par exemple, il s'ensuit une elevation de pression 

combinee a une reduction de l'ecoulement principal due a la compressibilite du fluide. 

Dans cette derniere condition, l'ecoulement de jeu se developpe dans la direction 

tangentielle au rotor et fournit un support pour la propagation d'une onde acoustique de 

retroaction emanant du mouvement vibratoire de la pale. Cette onde est propagee a la 

vitesse sonore locale soustraite de la vitesse moyenne de convection tangentielle de 

l'interface. Cette derniere, bien que subsonique, est tres elevee, typiquement de l'ordre 

de la moitie de la vitesse du son (Mach 0.5) dans l'axe de reference rotatif. 

Lorsque la demi-longueur fondamentale de l'onde de retroaction correspond a la 

distance entre les deux aubes, il y a couplage entre celle-ci et l'interface de cisaillement 

qui devient synchronised avec la frequence de vibration de l'aube. Le mecanisme est 

schematise sur la figure I5b sur une vue en coupe planaire entre deux aubes adjacentes. 

La retroaction est modelisee par une onde acoustique unidimensionnelle se propageant 

en amont dans l'ecoulement de jeu tangentiel. C'est ce phenomene, que Ton a identifie 

comme la resonance de l'ecoulement de jeu, sous-jacent aux vibrations asynchrones, qui 

fait l'objet principal de cette recherche. 

La supposition principale, dont decoule le reste de la recherche, est que les vibrations 

asynchrones sont causees par la resonance de l'ecoulement de jeu. Comme mentionne 

precedemment, la resonance se produit par le couplage entre l'interface de melange des 

ecoulements de jeu et principal des aubes avec une onde acoustique de retroaction 

provenant des aubes adjacentes en vibration. 

Ce mecanisme est similaire a la resonance d'un jet impactant avec la particularite que 

l'onde acoustique de retroaction est ralentie par la vitesse de l'ecoulement. Ce 

phenomene de couplage entre l'interface de melange du jet avec la retroaction provenant 
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d'une surface en vibration dans Pecoulement n'a jamais ete demontre avant les travaux 

et resultats de la presente recherche. 

a) Rotation 

c o 
"35 <n 
9) 

Charge 
aerodynamique 

elevee 

Charge 
aerodynamique 

moyenne 

Debit 

5 ^ Impact 

Tourbillon en 
bout d'aube 

K^^cbulement 
Principal 

b) Cisaillement Onde de retroaction 

Rotation 

Figure 15. a) Direction de I'interface de melange vs. charge aerodynamique b) Mecanisme de 
resonance de l'ecoulement de jeu (axe de reference rotatif) 
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La premiere etape de la recherche consiste ainsi en la demonstration du mecanisme de 

resonance enonce ci-haut. Ceci pour verifier la premiere hypothese de recherche 

enoncant la resonance d'un jet impactant, sur une plaque flexible en vibration, a des 

vitesses de jets inferieures a celles jamais demontrees. L'enonce detaille de l'hypothese 

de recherche est le suivant: 

Hypothese de recherche no. 1 

Un jet impactant sur une structure flexible en vibration entre en resonance a une vitesse 

de jet inferieure a celle causant la resonance du jet impactant sur une structure rigide. 

Justification de I'originalite 

La resonance d'un jet impactant sur une structure rigide a ete demontree et se produit 

seulement pour une vitesse du jet superieure a Mach 0.65. La resonance d'un jet 

impactant sur une structure flexible en vibration, qui selon le mecanisme propose a la 

figure 5b devrait se produire a des vitesses inferieures a Mach 0.65, n'a jamais ete 

demontree. 

Refutabilite 

L'hypothese est refutee si le jet n'entre pas en resonance a une vitesse inferieure a Mach 

0.65 lorsqu'il impacte une structure flexible en vibration. 

La prochaine etape des travaux consiste a verifier la deuxieme hypothese de recherche 

qui stipule que la resonance de l'ecoulement de jeu constitue le phenomene physique 

sous-jacent aux vibrations asynchrones des aubes de compresseurs axiaux des turbines a 

gaz. L'ecoulement de jeu entre en resonance par un mecanisme similaire a celui 

demontre par l'experience precedente d'un jet sur une plaque ne vibrations. L'enonce de 

l'hypothese est detaille ici: 

Hypothese de recherche no. 2 
La resonance de l'ecoulement de jeu est le phenomene fondamental sous-jacent aux 

NSV. 
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Justification de I 'originalite 

L'existence de la resonance de l'ecoulement de jeu d'aubes lors du phenomene de NSV 

n'a jamais ete demontree. 

Refutabilite 

L'hypothese sera refutee si aucune evidence de la resonance de l'ecoulement de jeu lors 

du phenomene de NSV ne peut etre observee. 

Jusqu'a ce point, le couplage entre la retroaction acoustique dans l'ecoulement haute-

vitesse est assumee comme se produisant de facon naturelle lorsqu'un maximum de 

l'onde de retroaction atteint le bord de fuite emetteur de l'interface de cisaillement. La 

supposition est basee sur plusieurs donnees empiriques concernant les oscillations des 

interfaces de melange impactantes. La derniere etape de la recherche consiste a capturer 

analytiquement le mecanisme de couplage d'une interface de melange forcee par une 

source localisee en aval dans l'ecoulement et causant la resonance de l'interface et ainsi 

en ameliorer la comprehension fondamentale. Ceci en demontrant la periodicite spatiale 

de la reponse resonante de l'interface observee experimentalement. Cet enonce constitue 

la troisieme hj^pothese de recherche qui est elaboree ici: 

Hypothese de recherche no. 3 

II existe une solution analytique du couplage d'une interface de melange et d'une 

excitation localisee en aval, dans l'ecoulement haute vitesse. 

Justification de Voriginalite 

La periodicite spatiale de la reponse forcee resonante de l'interface de melange, pour 

une excitation en aval dans l'ecoulement haute-vitesse, n'a jamais ete demontree 

analytiquement. 

Refutabilite 

L'hypothese sera refutee si la solution analytique du modele simplifie n'est trouvee en 

accord avec les resultats experimentaux des deux montages mis a l'essai. 
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Objectifs specifiques de la recherche 

Les objectifs specifiques de la recherche sont les suivants: 

1- Demontrer experimentalement les resonances d'un jet impactant sur une 

structure flexible en vibration a des vitesses inferieures a Mach 0.65 et de 

l'ecoulement de jeu lors du phenomene de NSV. 

2- Developper un modele des elements fondamentaux de la mecanique des fluides 

en lien avec les resonances observees experimentalement. 

3- Valider le modele a partir des resultats experimentaux dans le cas d'un rotor de 

compresseur. 

Methodologie de la recherche et organisation du memoire 

L'essence de la presente recherche consiste a demontrer l'existence de la resonance de 

l'ecoulement de jeu, telle que proposee, aux conditions critiques de NSV. L'approche 

utilisee, qui en fait repose sur la verification des trois hypotheses de recherche enoncees 

precedemment, est resumee par la figure 16. La figure I6a reprend le contenu de la figure 

I5b pour mettre en contexte les analogies utilisees. 

D'abord, a la connaissance de l'auteur, la demonstration du couplage entre une interface 

de melange et une onde acoustique de retroaction, provenant d'une surface d'impact 

flexible en vibration, se propageant dans un ecoulement a haute vitesse n'a jamais ete 

faite. La premiere etape des travaux consiste done a demontrer ce phenomene. Pour ce 

faire, une premiere experimentation est conduite en laboratoire. L'experience consiste a 

caracteriser la reponse instationnaire en pression d'un jet impactant sur une plaque dont 

la vibration est forcee par un oscillateur externe. La mecanique de 1'experimentation est 

schematisee sur la figure I6b et on remarque que les elements principaux de 

l'ecoulement sont similaires a ceux proposes par la resonance de l'ecoulement de jeu de 



14 

la figure I6a. Les caracterisations obtenues ont permis de confirmer la resonance et le 

mecanisme de couplage propose. 

Une fois la mecanique confirmee sur un modele experimental simplifie, la deuxieme 

etape de la recherche consiste a trouver experimentalement, sur le rotor de compression 

exhibant le phenomene de NSV, des evidences de la resonance de l'ecoulement de jeu 

telle qu'illustree sur la figure I6a. La methode de demonstration est done aussi 

experimentale mais cependant plus complexe puisqu'elle implique de 1'instrumentation 

sur des pieces mecaniques en rotation a grande vitesse. Le compresseur a 1'etude est 

monte dans une section d'essai permettant d'isoler les effets de l'ecoulement de jeu sur 

le rotor. Des etudes de sensibilite sont conduites sur le jeu d'assemblage, la charge 

aerodynamique des aubes, la temperature et la vitesse d'operation du compresseur. Les 

resultats ont permis de verifier la deuxieme hypothese de recherche. Les conditions 

critiques de vibrations asynchrones sont predites d'apres le mecanisme couple de 

resonnance propose. 

La derniere etape consiste a simplifier le probleme davantage en le resumant a ses 

principaux elements de la mecanique des fluides. En solutionnant de facon analytique le 

probleme simplifie de la figure I6c, qui consiste en une interface de melange excitee par 

une source acoustique localisee en aval dans l'ecoulement haute-vitesse, on confirme 

clairement le phenomene de couplage entre l'interface et l'onde de retroaction. Ce 

phenomene est 1'element fondamental de la mecanique des fluides qui est a la base des 

resonances observees experimentalement, sur la plaque flexible et dans les aubes de 

compresseur. Une relation analytique entre la frequence d'excitation, la distance de la 

source et la vitesse de l'ecoulement identifiant la resonance de l'interface est etablie a 

partir de la methode de resolution proposee. Les conditions critiques de resonance 

predites par la relation analytique sont en accord avec les resultats experimentaux des 

deux essais precedents. 
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Figure 16. a) Resonance de l'ecoulement de jeu dans les aubes de compresseurs b) Resonance d'un 
jet impactant sur une plaque flexible en vibration c) Modele analytique d'une interface de melange 
excitee par une source acoustique localisee dans l'ecoulement a haute vitesse 
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Cette these est organisee de la facon suivante. Une revue de litterature critique sur le 

sujet de recherche est presentee au chapitre 1. Le chapitre 2 fait la synthese de 

l'ensemble des articles, publies ou soumis a des revues specialises, qui sont exposes de 

facon integrate en annexe. La synthese porte tant sur les aspects methodologiques que 

sur les resultats obtenus. Un exemple d'application des aspects fondamentaux lies aux 

NSV et elucides par cette recherche dans une proposition de methode de conception 

conclut le chapitre 2. La methode decrite fait partie d'un autre article, soumis et accepte 

a une conference et dont les travaux ont ete supervises par l'auteur au cours de la 

presente recherche. La reference en est donnee au chapitre 1. Une discussion generate 

est elaboree au chapitre 3 avant de conclure et d'enoncer des recommandations suite a 

cette recherche. 
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CHAPITRE 1: 

REVUE CRITIQUE DE LA LITTERATURE 

Le phenomene de NS V a ete « plus ou moins » observe au cours des vingt dernieres 

annees par plusieurs manufacturiers de turbines a gaz. « Plus ou moins » parce que la 

distinction avec les differents types de flottement rencontres dans les compresseurs 

axiaux de moteurs a turbines est parfois vague. Le cas du flottement classique a ete traite 

en introduction et sa distinction avec les NSV est assez claire. Cependant, plusieurs 

autres types de flottement ont ete rapportes dans l'histoire de rindustrie (Dowell E.H., 

Crawley E.F., Curtiss, Jr.H.C, Peters D.A., Scanlan R.H., Sisto F., 1995) comme le 

flottement lie au decrochage ou encore a l'etranglement des aubes. II est done possible 

que certains cas de NSV aient ete confondus avec les differents types de flottement dans 

le passe. C'est au cours des quinze ou vingt dernieres annees que les NSV ont ete 

caracterisees et distinguees du flottement. Un des premiers cas documented de vibrations 

asynchrones provient de Baumgartner, Kameier, Hourmouziadis (1995). Les auteurs 

proposent un lien entre le phenomene d'Instabilites Rotatives (IR) et les vibrations 

asynchrones observees experimentalement sur le premier rotor d'un compresseur multi­

stage a haute pression. Les IR represented un sujet de recherche assez populaire initie 

par les chercheurs allemands au cours des annees 1990. Elles ont ete etudiees surtout 

comme sources de bruit mais aussi soupconnees d'etre une source potentielle 

d'excitation pour les aubes de compresseurs (Liu, J.M., Holste, F., Neise, W., 1996; 

Kameier & Neise, 1997a; Kameier & Neise, 1997b; Mailach, R., Lehmann, I., Vogeler, 

K., 2001; Mailach, R., Sauer, H., Vogeler, K., 2001; Marz, J., Hah, C , Neise, W., 2002). 

Les IR sont modelisees comme etant une source de bruit instationnaire (p = p(t)), 

emanent du vortex en bout d'aube, qui est convectee dans la direction oppose a la 

rotation dans le repere relatif lie au rotor. Ce modele general de 1'excitation percue par 

les aubes est illustre sur la figure 1.1a (Baumgartner et al. 1995). 
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Figure 1.1. a) Modele general des IR (Baumgartner et al. 1995) b) Modele Specifique des IR 
(Mailach et al. 2001) c) Reponse frequentielle en pression des IR (Baumgartner et al. 1995) 
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La figure Lib illustre le modele plus specifique des IR elabore par Mailach et al. 

(2001). A haute charge aerodynamique, on concoit le phenomene comme la modulation 

spatiale, sur deux aubes, de la trajectoire du tourbillon en bout d'aube en fonction du 

blocage induit par ce dernier. Finalement, la figure Lie illustre la signature en frequence 

de la pression instationnaire mesuree au carter en bout d'aubes. Les Instabilites 

Rotatives produisent un niveau d'energie sur une plage de frequence assez large autour 

d'une valeur moyenne a environ la moitie de la frequence liee au passage des aubes 

{blade passing frequency ou BPF). 

Kameier & Neise (1997a) ont propose une frequence reduite, ou nombre de Strouhal, 

des IR. II s'agissait d'une premiere ebauche qui permettait de capturer certaines 

sensibilites. En effet, la frequence reduite elaboree varie en fonction du jeu et de la 

charge aerodynamique. Mailach, Sauer et Vogeler (2001) ont plus tard raffine le calcul 

de la frequence reduite des IR en une constante unique reliee aux conditions 

d'ecoulement et aux parametres geometriques de l'aube. Le modele des IR ne considere 

pas le couplage avec le mouvement de l'aube. Les IR constituent en fait une evidence de 

la premiere caracteristique du phenomene de resonance a l'etude, e'est-a-dire le 

caractere instable de l'ecoulement de jeu. La frequence reduite des IR represente en fait 

le mode principal de l'instabilite en bout d'aube un peu a la facon du mode naturel d'un 

jet libre (Lucas, 1997). La figure 1.2 montre les principales caracteristiques visuelles et 

frequentielles d'un jet libre sur un graphique de visualisation tire de Culick (2001). A 

1'embouchure du jet, de tres petites instabilites tourbillonnaires se forment a des 

frequences reduites a l'echelle de l'epaisseur de la couche limite, generant une 

instationarite a haute frequence, autour de un ordre de grandeur plus grande que les 

frequences du mode privilegie. Ces petits tourbillons se melangent rapidement pour 

former de plus grosses structures tourbillonnaires, observables sur toute la longueur du 

noyau potentiel du jet, de 5 a 7 fois sont diametre pour un jet circulaire. II s'agit du 

mode privilegie du jet, encercle sur la figure, oscillant sur une plage de frequence 

reduite, basee sur le diametre, entre 0.3 et 0.5. Le mode privilegie du jet est analogique 
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aux IR de l'ecoulement de jeu. D'ailleurs, leurs reponses frequentielles sont d'allures 

generates tres similaires comme en temoigne les figures 1.1c et 1.2. Le mode privilegie 

du jet peut potentiellement etre force par une excitation, quelle qu'elle soit, qui parvient 

a atteindre 1'embouchure de la tuyere pour synchroniser la formation des grosses 

structures vorticielles. L'excitation peut provenir d'une source forcee, comme un haut 

parleur en amont du jet dans les etudes de Tihon et al. (2005), ou d'une onde de 

retroaction dans l'ecoulement au repos (Ho & Nosseir, 1981), ou d'une structure en 

vibration dans l'ecoulement en aval comme demontre dans cette recherche. A une 

distance du jet plus eloignee que la region de melange, l'ecoulement devient 

completement developpe et turbulent avec une bande frequentielle tres large comme 

illustre sur la figure. 

INITIAL VORTEX SHEDDING FREQUENCY 

JET PREFERRED MODE FREQUENCY 

Figure 1.2. Caracteristiques visuelles et frequentielles du jet libre (Culick, 2001) 
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Comme le jet libre, les IR a elles seules n'entrent pas en resonance, un couplage avec la 

structure, comme pour un jet impactant sur une plaque (Ho & Nosseir, 1981) est requis. 

Done, le modele base sur les IR ne peut expliquer le phenomene des NSV en soi, en 

particulier les changements soudains de modes et frequences de vibration observes 

durant les NSV. 

C'est un peu plus tard que les vibrations asynchrones, similaires a celles etudiees par 

Baumgartner et al. (1995), ont ete identifiees par Kielb, Barter, Thomas et Hall (2003) et 

donnees l'appellation de «Non-Synchronous-Vibration» (NSV). Les auteurs ont 

identifie, de facon experimentale, la sensibilite des NSV aux conditions d'operation et 

ont aussi etablit un lien avec une instabilite provenant de l'ecoulement de jeu a partir de 

simulations numeriques. L'observation la plus importante de ces derniers travaux a ete le 

changement soudain du mode et de la frequence de vibration, mesuree de facon 

experimentale, pour des conditions d'operation similaires du compresseur durant le 

phenomene de NSV. Une methode d'analyse, pour des fins de conception des aubes, 

basee sur des simulations numeriques simplifiees par la methode « harmonic balance », 

a aussi ete proposee par cette equipe de chercheurs (Spiker, M.A., Kielb, R.E., Hall, 

K.C., Thomas, J.P., 2008). En fait, on s'attend a ce que les codes modernes, avec 

mouvement du maillage, capturent le phenomene de couplage que Ton propose en autant 

que la simulation est conduite a la condition critique de NSV. C'est la determination de 

cette derniere condition critique, au niveau de la conception avancee, qui constitue le 

defi premier de l'industrie et que cette recherche tente de solutionner. 

Plusieurs auteurs ont etudie l'instationarite de l'ecoulement de jeu relativement aux 

fluctuations de pression et de vitesse qui y sont associees toujours en lien avec le bruit 

ou comme excitation potentielle des structures. Entre autres Marz et al. (2002), Fukano 

& Jang (2003) anisi que Zhang, Lin, Chen, Deng & Huang (2006) ont tous identifie des 

evidences d'interaction entre la structure vorticielle de l'ecoulement de jeu et les aubes 

adjacentes. A cet effet, Vo (2006) a observe une correlation entre l'instationarite des 
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solutions numeriques avec le refoulement de l'ecoulement de jeu, ce dernier est un des 

criteres trouves necessaires a l'initiation du decrochage tournant dans les compresseurs 

axiaux. Ce phenomene est observable lorsque la charge aerodynamique est elevee. Dans 

cette condition, la structure vorticielle de 1'interface de melange en bout de pale impacte 

les aubes adjacentes. Suite a ces observations, Vo (2006) propose d'etudier la 

dynamique des jets impactants afin d'elucider les fondements des vibrations 

asynchrones. La dynamique de l'ecoulement, telle que proposee par Vo, a ete egalement 

observee de facon experimentale dans le cadre du decrochage tournant par Deppe, 

Saathoff& Stark (2005). 

D'autres chercheurs se sont concentres a identifier des coincidences entre les frequences 

naturelles des aubes avec des modes acoustiques des geometries environnantes comme 

les carters, les cavites ou les cascades. Owczarek (1984, 1992) suggere que les 

vibrations asynchrones sont liees a la reflexion d'ondes avec les stators en amont et en 

aval du rotor. Un tres grand nombre de coincidences peut ainsi etre identifie. Dans 

l'experience du rotor de compression decrit dans cet ouvrage, on s'assure que le rotor 

soit monte en isolation des stators normalement localises en amont et en aval afin 

d'eliminer les possibilites de couplage, pour ainsi cerner le probleme en lien avec les 

hypotheses de recherche. D'autres auteurs ont etudie les resonances des cascades bases 

sur les modes de Parker (Franklin, R.E., 1972; Koch, W., 1983). Leur theorie a ete 

elaboree, plus tard, pour inclure les effets d'incidence et de compressibilite, s'identifiant 

comme la resonance aerodynamique (Dowell et ah, 1995). Plus recemment, Helmich & 

Seume (2006) ont trouve des evidences de resonance du carter dans un compresseur 

axial haute-pression. Le mode du carter en question necessite d'etre reflechi sur les 

stators en amont ou en aval afin de s'etablir de facon permanente dans le carter. La 

plupart des theories basees sur les resonances acoustiques des geometries environnantes 

sont basees sur l'hypothese que l'apport d'energie provient du bruit large bande ou 

encore des emissions tourbillonnaires presentes de facon naturelle dans les 
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turbomachines. Le mecanisme de couplage entre les geometries resonantes et la source 

d'energie instationnaire semble mal compris. 

Tel que suggere par Vo (2006), une revue des travaux anterieurs sur la dynamique des 

jets impactants est conduite. Ho & Nosseir (1981) ont caracterise le phenomene de 

resonance des jets impactants. Essentiellement, lorsqu'un jet est ejecte dans un domaine 

au repos, une interface de melange s'etablit a la surface de cisaillement entre le noyau 

potentiel du jet et le fluide ambient. Pres du jet, sur la longueur du noyau potentiel du jet 

(environ 7 fois le diametre du jet pour un jet cylindrique), cette interface s'enroule pour 

former des anneaux vorticiels. Ces derniers sont plus ou moins definis et leur dimension 

suit une distribution relativement large autour d'une certaine valeur moyenne. Comme 

ces anneaux sont convectes a une certaine vitesse, et que les proprietes du fluide varient 

avec leur passage, il s'ensuit une fluctuation de ces memes proprietes du fluide. Cette 

fluctuation produit une instationarite a une frequence donnee, il s'agit du mode 

privilegie du jet. La frequence du mode privilegie du jet libre est definie sur une bande 

frequentielle relativement large. La frequence reduite, St = fD/U, du mode privilegie 

s'etend typiquement entre 0.3 et 0.5 avec/la frequence, D le diametre de la tuyere du jet 

cylindrique et U la vitesse moyenne du jet. Comme mentionne plutot, on determine la 

frequence du mode privilegie du jet de facon similaire a la determination de la frequence 

des Instabilites Rotative (Mailach et al. 2001). Ces dernieres represented ni plus ni 

moins que le mode privilegie de l'ecoulement de jeu. 

Dans le cas du jet, lorsqu'on introduit une plaque rigide pres de la sortie, c'est-a-dire a 

une distance inferieure a la longueur du noyau potentiel, l'impact des anneaux vorticiels 

sur la plaque genere des fluctuations acoustiques a la frequence du mode privilegie du 

jet. Ces dernieres se propagent dans le fluide ambient a la vitesse du son et vont 

eventuellement atteindre la sortie de la tuyere. Cette onde acoustique forme en fait une 

retroaction entre la plaque et le jet. Lorsque la frequence du jet et la distance entre la 

plaque et la sortie de la tuyere font en sorte que la fluctuation de l'onde de retroaction est 
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maximum a l'embouchure du jet, il y a synchronisation de l'interface de melange et de 

fortes amplifications de pression sont observees. Cette condition se produit lorsque la 

distance entre le jet et la plaque correspond a la longueur de l'onde retroaction. On 

appelle ce phenomene la resonance du jet (Ho & Nossier, 1981). 

La resonance du jet impactant constitue en fait un cas particulier d'oscillations 

d'interface de melange impactant. Ces dernieres existent dans un eventail de geometries 

et de configurations d'ecoulements. Les oscillations d'interface de melange impactants 

ont fait l'objet de plusieurs etudes experimentales. Un sommaire exhaustif des resultats 

est presente par Rockwell (1983) et le cas de la resonance de jet impactant, selon les 

travaux de Ho & Nossier (1981), en fait partie. Tous ces phenomenes font d'ailleurs 

partie integrante du livre de Lucas (1997) qui traite specifiquement de l'acoustique des 

cavites courantes dans les turbomachines. Howe (1997) a etudie une variete d'interfaces 

de melange impactantes de facon analytique en assumant le nombre de Mach du jet 

infinitesimal (M« 1). Son modele lineaire arrive a predire les frequences reduites des 

differentes configurations en accord avec les resultats experimentaux disponibles. 

Cette revue du sujet des interfaces de melange, et plus particulierement des jets 

impactants, s'est averee tres prometteuse quant a notre sujet de recherche. Le 

phenomene est si general et facile a predire qu'il peut tres bien etre lie aux NSV. 

Cependant, on se rend compte rapidement par un calcul simple que la resonance ne peut 

exister en bout d'aubes, du moins pour le rotor a l'etude, si l'onde de retroaction se 

propage a la vitesse du son. 

Dans tous les travaux precedents, la retroaction est toujours dans un ecoulement 

relativement lent, ce qui n'est pas le cas de 1'ecoulement de jeu. La composante 

tangentielle de ce dernier est de l'ordre de Mach 0.5, dans l'axe de reference rotatif, aux 

conditions de NSV, ou plus generalement aux conditions des IR. II faut done considerer 

la vitesse de l'ecoulement de jeu dans le calcul de l'onde de retroaction. De plus, comme 
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la vibration de l'aube adjacente induit elle-meme la retroaction acoustique, la contrainte 

de dephasage nul entre la source acoustique et 1'embouchure du jet requise dans le cas 

de la plaque rigide (Ho & Nossier 1981) disparait. Ainsi, d'apres le mecanisme propose 

d'un jet impactant sur une plaque flexible en vibration, une demi-longueur d'onde de 

retroaction, se propageant en amont de l'ecoulement, suffit a causer la resonance. En 

modelisant ainsi la mecanique du fluide aux conditions de NSV, on arrive a en predire la 

vitesse critique d'occurrence pour le rotor a 1'etude. 

Aucune recherche prealable documented sur la resonance de jets, ou plus generalement 

sur les oscillations d'interface de melange impactant sur des structures flexibles n'a pu 

etre soulevee. Au mieux, la litterature nous permet de se convaincre qu'une interface de 

melange est sensible a une excitation acoustique localisee dans l'ecoulement en amont 

de l'embouchure du jet. Ceci a ete demontre experimentalement par Hwang & Cho 

(2003) et Tihon, Vejrazka, Marty, Sobolik (2005) lors d'etudes portant sur 

l'optimisation du transfert de chaleur des jets impactants par le controle de la turbulence. 

La sensibilite du jet, ou de l'interface de melange, a l'excitation d'une source dans 

l'ecoulement est aussi confirmee par les etudes analytiques et numeriques respectives de 

Kerschen (1997) et de Barone & Lele (2005). Selon leurs resultats, la reponse du jet a 

l'excitation est possible, pour une source dans l'ecoulement, lorsque cette derniere est 

localisee pres de l'embouchure du jet. Ces etudes ne capturent pas la periodicite spatiale 

de la reponse forcee resonante de l'interface en fonction de la distance en aval de la 

source. 

Finalement, ce n'est que suivant les resultats et conclusions de la presente recherche que 

Drolet, Thomassin, Vo et Mureithi (2009) proposent une methode de conception qui met 

en application les principes physiques sous-jacents aux NSV combines a une simulation 

numerique instationnaire avec maillage actif. 
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CHAPITRE 2: 

VERIFICATION DES HYPOTHESES DE RECHERCHE 

C'est a partir de l'etat de l'art decrit au chapitre precedent que les travaux de cette 

recherche ont ete conduits afin de faire progresser la comprehension sur la reponse 

forcee des interfaces de melange a une excitation localisee en aval dans l'ecoulement. 

L'application de cette mecanique de base permet en plus d'elucider les fondements de la 

dynamique des fluides lies au probleme de vibrations asynchrones. Des methodes 

d'analyses et des regies de conception pourront etre tirees de cette comprehension plus 

approfondie de la physique sous-jacente au probleme. 

2.1 - Reponse resonante d'un jet impactant sur une structure en vibration 

Les details complets de la methode, des resultats et conclusions de cette premiere etape 

de la recherche sont presentes a 1'annexe 1 dans un article, d'abord presente a la 

conference ASME Turbo Expo 2007 et publie dans le «ASME Journal of 

Turbomachinery » et intitule « Blade Tip Clearance Flow and Compressor NSV : The 

Jet Core Feedback Theory as the Coupling Mechanism », dont un sommaire est presente 

ici. 

II est opportun a ce stade-ci, d'effectuer un retour sur le mecanisme de resonance des jets 

impactants. Lorsqu'une plaque rigide est inseree pres de l'embouchure, l'impact des 

structures vorticielles du mode privilegie genere une onde acoustique de retroaction. La 

longueur de cette derniere est inversement proportionnelle a sa frequence d'oscillation, 

qui elle est proportionnelle a la vitesse du jet (f=StU/D). Comme l'illustrent les figures 

2.1a et 2.1b, pour une distance entre l'embouchure du jet et de la plaque donnee (L), le 

jet doit atteindre une certaine vitesse critique (M) pour que la longueur d'onde de 

retroaction (Xc) egale la distance de la plaque. L'angle de propagation de l'onde de 

retroaction, par rapport a l'axe du jet (Ho & Nosseir, 1981), relativement faible, est omis 

dans la demonstration pour des raisons de simplicity. La figure 2.1c montre la reponse 
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frequentielle de la pression instationnaire mesuree sur la plaque a l'endroit marquee par 

le point de la figure 2.1a pour le jet a Mach 0.5. II s'agit d'un cas non-resonant, et le 

spectre de frequence demeure assez large autour de la frequence du mode privilegie du 

jet. La figure 2.Id montre la reponse frequentielle resonante de la pression instationnaire 

mesuree au meme endroit pour le jet a Mach 0.8. On remarque l'importante 

amplification de pression a la frequence de resonance alors que l'energie des frequences 

environnante a diminue en comparaison a la reponse en pression du cas non-resonant a 

Mach 0.5. 

L'energie totale du syteme demeure done a peu pres constante que le jet soit resonant ou 

non. L'onde de retroaction synchronise la generation des structures vorticielles a 

l'embouchure du jet et concentre l'energie de cisaillement sur une bande frequentielle 

tres etroite causant ainsi la resonance du jet. Ho & Nosseir (1981) ont aussi demontre 

1'importance de la relation de phase entre la fluctuation des structures impactantes et de 

l'onde de retroaction a l'embouchure du jet. En effet, les auteurs on demontre que ces 

deux fluctuations, dont les frequences sont liees par la vitesse du jet, doivent etre en 

phase, e'est-a-dire qu'une longueur complete de l'onde de retroaction et de ses super-

harmoniques correspond a la distance de la plaque, pour generer la resonance. Ceci 

impose une contrainte sur l'onde de retroaction, et par le fait meme sur la vitesse critique 

du jet a une distance de plaque donnee, qui doit etre complete. En d'autres termes, le 

couplage n'a pas ete demontre pour une combinaison de vitesse de jet et de distance de 

plaque lorsque qu'une demi-longueur de l'onde de retroaction correspond a la distance 

de la plaque. 

Comme mentionne precedemment, en appliquant l'analogie du jet impactant sur une 

plaque rigide a la vitesse tangentielle de l'ecoulement de jeu et a la distance inter-aubes 

du compresseur, on n'arrive pas a predire les conditions de NSV. Ces dernieres 

surviennent avec une vitesse de jet equivalent de la vitesse de l'ecoulement de jeu 

d'aube, qui est typiquement de l'ordre de Mach 0.5 dans l'axe de reference rotatif. 
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Figure 2. l.a) Jet non-resonant a M0.5 (L/D=4) b) Jet resonant a M0.8 (L/D=4) c) Reponse 
frequentielle du jet non-resonant M0.5 d) Reponse frequentielle du jet resonant a M0.8 comparee a 
la reponse non-resonante a M0.5. 

On peut par contre supposer que la plaque est flexible et en vibration, selon un mode 

ayant un maximum de deplacement en son centre, son mouvement induirait egalement 

une onde acoustique pouvant se propager dans le noyau potentiel du jet, ce qui n'est pas 

le cas pour une plaque rigide, son centre etant un point de stagnation sans aucune 

fluctuation. Dans cette situation, une toute autre dynamique de couplage prendrait place. 

D'abord, la vitesse de propagation de l'onde de retroaction serait reduite par la vitesse 

du jet, contrairement au cas d'une plaque rigide ou l'onde acoustique de retroaction se 

propage dans le fluide au repos. De plus, la contrainte de phase sur la retroaction 

disparait egalement et une demi-longueur d'onde suffit a causer la resonance puisque la 
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frequence des fluctuations, generee par la vibration de la plaque, ne depend pas 

directement de la vitesse du jet comme dans le cas d'une plaque rigide. 

En utilisant ces hypotheses appliquees a l'ecoulement de jeu et a la geometrie du 

compresseur a 1'etude, on arrive a predire les conditions critiques de NSV. 

Avant de se lancer dans un essai experimental sur le rotor de compresseur lui-meme 

base simplement sur ce calcul, une experimentation simplified pouvant demontrer le 

couplage d'une interface de melange impactant sur une structure en vibration est requise. 

Le jet impactant sur une plaque en vibration, qui est un cas particulier d'une interface de 

melange impactant sur une structure flexible en vibration, semble tout designe pour y 

arriver. La resonance d'un jet sur une plaque flexible en vibration n'a jamais ete 

observee. Ceci nous amene a la premiere etape de ces travaux qui consiste a verifier la 

premiere hypothese de recherche formulee en introduction et reprise ici: 

2.1.1 Hypothese de recherche no. 1 et resultats attendus 

Un jet impactant sur une structure flexible en vibration entre en resonance a une vitesse 

de jet inferieure a celle causant la resonance du jet impactant sur une structure rigide. 

La figure 2.2 illustre le comportement attendu. La vitesse de propagation de l'onde de 

retroaction dans l'ecoulement est reduite a la difference entre la vitesse sonore locale et 

la vitesse du jet (UB=CO-U OU U=MCO). 

II est done possible que sa longueur d'onde corresponde a la distance de la plaque {AB -

L) a une vitesse du jet inferieure a la vitesse critique causant la resonance du jet sur une 

plaque rigide (M< Mc) pour une distance de la plaque donnee. La longueur de l'onde de 

retroaction dans le fluide stagnant est representee par le symbole Ac pour fin de 

reference. Comme l'excitation provient de la plaque, la contrainte de phase nulle entre la 

source de l'onde de retroaction et la formation des tourbillons a l'embouchure du jet ne 
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devrait plus s'appliquer. On s'attend done a observer la resonance du jet pour une 

distance de plaque d'une demi-longueur d'onde de retroaction, a une vitesse donnee du 

jet. La demi-longueur d'onde de retroaction est aussi illustree par la ligne hachuree sur la 

figure 2.2. 

4, 

Figure 2.2. Comportement resonant attendu du jet impactant sur une plaque flexible en vibration 

2.1.2 Methodologie 

La methode experimentale consiste a caracteriser la reponse aerodynamique d'un jet 

impactant sur une plaque flexible en vibration forcee. Les elements du montage 

physique sont illustres sur la figure 2.3. 

Le montage consiste en une plaque circulaire installee sur le mur d'une chambre d'essai. 

La plaque est flexible mais assez rigide pour supporter la force du jet. La plaque est 

attachee de facon rigide a son support circonferentiel. L'epaisseur et la methode 

d'attachement de la plaque sont choisies pour obtenir un mode de vibration d'assez large 

amplitude en son centre. Ceci afin de generer la retroaction sur la ligne centrale de 
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l'ecoulement et aussi pour que la frequence naturelle de la plaque soit rapprochee de 

celle du mode privilegie du jet autour d'une vitesse de Mach 0.4. La vibration de la 

plaque est forcee par un oscillateur mecanique monte de facon a exciter le mode 

d'interet. 

Coussinage 
laque 

Flexible 
Jet 

'f^mv* 

Support 
Rigide .Oscillateur 

mecanique 

Capteur de 
Pression, pp' 

Capteur de. 
Pression, p/ 

Accel ero metre 
(derriere), z' 

Figure 2.3. Montage experimental jet-plaque-flexible 
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Le jet utilise a une embouchure de 63.5 mm. II est precede d'une chambre ou les 

conditions de stagnation de pression et temperature sont mesurees. Deux stations de 

redressement de l'ecoulement sont egalement installees en amont de la chambre. La 

distance entre le jet et la plaque est ajustee en variant le point d'encrage du jet. 

L'instrumentation principale est relativement simple. Elle consiste en des mesures de 

pressions instationnaires, une localisee sur la plaque et l'autre a l'embouchure du jet. Un 

accelerometre est aussi monte au centre de la plaque. Le tableau 2.1 donne les details de 

1'instrumentation de l'essai jet-plaque-flexible. 

Description/Rayon/Position Angulaire/Location Axiale 

Microphone au dessus du jet /(D/2)/07(L/4) 
Microphone au dessus du jet /(D/2)/07(L/2) 
Microphone au dessus du jet /(D/2)/07(3L/4) 
Jauge de contrainte plaque/2.15D/457L 
Jauge de contrainte plaque/2.15D/1357L 
Jauge de contrainte plaque/2.15D/2257L 
Jauge de contrainte plaque/2.15D/3157L 
Pression instationnaire plaque/1.25D/2407L 
Pression instationnaire jet/(D/2)/l 8070 

Plage 

150 dB 
150 dB 
150 dB 
1000 us 
1000 us 
1000 (.is 
1000 us 
25 psia 
25 psia 

Bande 
passante 
10 kHz 
10 kHz 
10 kHz 
10 kHz 
10 kHz 
10 kHz 
10 kHz 
10 kHz 
10 kHz 

Tableau 2.1. Instrumentation de l'essai jet-plaque-flexible 

L'essai consiste a varier la vitesse du jet en maintenant la plaque en vibration. On 

mesure 1'amplification de pression sur la plaque relativement a la pression a 

l'embouchure du jet. La vitesse critique de resonance du jet est etablie au point 

d'amplification maximum. L'essai est repete a differentes distances de la plaque. Les 

evidences de l'onde de retroaction sont obtenues en comparant la phase entre 

1'accelerometre et la pression de l'embouchure du jet. La pression de l'onde de 

retroaction sur la plaque est necessairement en phase avec son mouvement mesure au 

point central de stagnation et ou la condition de non-glissement s'applique. 



2.1.3 Resultats et discussion 

33 

D'abord, la resonance a ete observee pour les trois distances jet-plaque evaluees, soit 

L/D = 2.52, 4.75 et 4.92. Les vitesses de jet respectives de resonance etaient toutes 

inferieures a Mach 0.65 soit Mach 0.36, 0.38 et 0.37. Les resultats obtenus sont repris 

sur la figure 2.4. 

Ensuite, la phase mesuree entre le mouvement de la plaque et la pression instationnaire a 

l'embouchure du jet etait conforme avec la prediction. Celle-ci obtenue a partir du calcul 

de la longueur d'onde de retroaction se propageant a la vitesse du son moins la vitesse 

du jet. La phase pour le cas de distance L/D = 2.52 etait de 180° (demi longueur d'onde) 

alors qu'elle etait de 0° pour les 2 autres cas plus eloignes. La figure 2.5 illustre les 

resultats des mesures de phase de l'onde de retroaction en fonction de la prediction 

basee sur la propagation a vitesse reduite de l'onde acoustique. Ceci demontre que 

lorsque l'onde acoustique de retroaction provient d'une structure en vibration, la 

resonance est possible lorsque la distance entre le bord de fuite de separation et la 

structure d'impact correspond a une demi-longueur de l'onde de retroaction. Ceci est 

contraire au cas d'un jet impactant sur unes structure rigide ou seulement la distance 

entre le jet et la plaque equivalente a une longueur complete de l'onde de retroaction se 

propageant dans le fluide au repos cause la resonance du jet (Ho & Nosseir, 1981). 
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Figure 2.4. Reponse resonante du jet impactant sur un plaque flexible en vibration 

Ces observations permettent de verifier la premiere hypothese de recherche, soit que 

le jet impactant sur une structure flexible en vibration entre en resonance a une 

vitesse de jet inferieure a celle causant la resonance sur une plaque rigide. II 

s'agissait en fait de la premiere demonstration de la resonance d'un jet impactant a 

une vitesse inferieure a Mach 0.65. Le corollaire de l'hypothese, concernant la 

relation de phase entre la source d'excitation du jet, a aussi ete demontre en 

observant la resonance avec la distance jet-plaque diminue de moitie et ou une 

evidence du dephasage de 180° a ete mesuree. 
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Figure 2. 5. Prediction et mesure de la phase de l'onde de retroaction propagee a vitesse reduite 

A partir des resultats, le modele de resonance de l'ecoulement de jeu, tel que presente a 

la figure I5b, a ete elabore selon l'analogie de l'ecoulement de jeu, aux conditions de 

NSV, avec un jet impactant sur une plaque flexible en vibration. L'interface de melange 

entre les ecoulements de jeu et principal est similaire a celle formee a l'embouchure du 

jet tandis que la distance inter-aubes du rotor de compresseur est analogique a la 

distance jet-plaque. L'ecoulement de jeu est analogique au jet avec la nuance que, par 

Parrangement geometrique, sa vitesse moyenne correspond a une fraction de la vitesse 

en bout d'aube (UtiP), typiquement Utip/2, dans l'axe de reference rotatif. Le modele est 

par la suite valide de facon statistique non seulement avec le rotor a 1'etude mais aussi 

avec le rotor de Baumgartner et al. (1995) pour lequel les donnees sur la geometrie, 

frequence de vibration et vitesse critique d'occurrence des vibrations asynchrones 

etaient disponible. Le mecanisme propose peut aussi expliquer les changements soudains 

de mode et de frequence de vibration observe par Kielb et al. (2003) a des conditions 

d'operation tres rapprochees. II s'agit que les frequences naturelles de vibration des 

differents modes soient separees d'un facteur entier et on peut tres bien imaginer les 
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super-harmoniques de l'onde de retroaction s'etablir dans la distance inter-aubes et 

synchroniser l'interface de melange a cette frequence. II s'agit en fait d'un phenomene 

assez commun rencontre dans les oscillations d'interface de melange impactants appele 

« staging » (Rockwell, 1983). 

Ces resultats ont fourni assez d'assurance pour proceder a la verification de la deuxieme 

hypothese de recherche et dont le montage experimental est plus complexe puisqu'il 

implique des pieces et de 1'instrumentation en rotation rapide. 

2.2 - Resonance de l'ecoulement de jeu sous-jacente aux vibrations asynchrones 

Les details complets de la methode, des resultats et conclusions de cette deuxieme etape 

de la recherche sont elabores a 1'annexe 2 dans un article, d'abord presente a la 

conference ASME Turbo Expo 2008 sous le titre « Experimental Demonstration of the 

Tip Clearance Flow Resonance behind Compressor Non-Synchronous Vibration». 

Apres quelques corrections, l'article a ete accepte pour publication par le « ASME 

Journal of Turbomachinery » avec le titre « Tip Clearance Flow Resonance behind Axial 

Compressor Non-Synchronous Vibration », dont un sommaire est presente ici. 

Cette seconde etape importante de la recherche vise a verifier la deuxieme hypothese de 

recherche elaboree en introduction et dont l'enonce est repris ici: 

2.2.1 Hypothese de recherche no. 2 et resultats attendus 

La resonance de l'ecoulement de jeu est le phenomene fondamental sous-jacent aux 

NSV. 

Le phenomene de vibrations asynchrones est initialement apparu sur le rotor installe 

dans le moteur complet. Dans l'essai du rotor isole, plusieurs interactions hypothetiques, 

comme le couplage avec les stators en amont et en aval par exemple, sont absentes. Ceci 

est voulu afin d'isoler la resonance de l'ecoulement de jeu comme cause principale du 
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probleme. Done, le fait de generer des niveaux de contraintes vibratoires sur les aubes, 

comparables a ceux observes dans le moteur, represente en soi un accomplissement 

majeur. 

Une fois les hautes vibrations reproduites, on s'attend a mesurer les plus hautes 

vibrations aux conditions predites selon le mecanisme de resonance elabore et demontre 

au cours de la premiere etape de la recherche. La condition de resonance, pour l'onde de 

retroaction fondamentale (n=l), est decrite par l'equation 2.1. En principe, les plus hauts 

niveaux de vibration mesures devraient l'etre lorsque le point d'operation du 

compresseur est tel que la condition de resonance est verifiee, e'est-a-dire que la vitesse 

de propagation de l'onde de retroaction (co-UF) egale au double du produit de la distance 

inter-aube et de la frequence de vibration de l'aube, 2sf selon l'equation 2.1a. Cette 

derniere peut aussi etre reformulee pour predire la vitesse critique d'occurrence des NSV 

selon l'equation 2.1b. L'equation fait intervenir les parametres de vitesse tangentielle de 

convection de 1'interface de melange en bout d'aube, la frequence naturelle de vibration 

de l'aube, la temperature dans la region du bout d'aube et la distance inter-aube. 

fe—Vfl = l (2.1a) 
2sfb 

U, f . . \ 
2sfb b 

V nJT* J 
(2.1b) 

ou Utipc est la vitesse critique, en bout d'aube, d'occurrence de NSV, Ttip est la 

temperature de Pecoulement en bout de l'aube, k est l'inverse de la vitesse tangentielle 

de convection de l'interface de melange normalisee par la vitesse du bout de l'aube 

Utip/UF, y le ratio des chaleurs specifiques de l'air, R la constante des gaz, s la distance 

inter-aube, ft la frequence de vibration de l'aube et n un entier qui definit le numero 

d'harmonique de l'onde de retroaction. 
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On s'attend aussi a trouver des evidences du phenomene de « staging » de l'onde de 

retroaction, en lien avec ses super-harmoniques. 

2.2.2 Methodologie 

La methode experimentale consiste a conduire des etudes de sensibilite des parametres 

principaux infiuencant la resonance selon l'equation 2.1. Ces parametres sont en fait le 

jeu d'aube (k), la vitesse de rotation (UtiP), la charge aerodynamique des aubes et la 

temperature d'operation (TtiP). La figure 2.6a illustre une vue en coupe meridionale de la 

section d'essai. Le rotor est monte en isolation des stators normalement environnants. 

On prend avantage de l'angulation en bout d'aube pour varier le jeu en deplacant le 

carter axialement. La charge aerodynamique est variee en modulant le debit avec une 

valve en aval a la sortie du compresseur. La temperature d'operation est controlee par un 

systeme de chauffage dans les conduits d'entree. Le systeme de chauffage et la valve ne 

sont pas montres sur la figure. On prevoit aussi 1'installation optionnelle de doigts de 

distorsion qui seront utilisee pour exciter d'autres frequences naturelles de l'aube et ainsi 

obtenir des evidences du phenomene de « staging ». 

L'instrumentation principale consiste en des jauges de contraintes et des capteurs de 

pression instationnaire montes sur les aubes en rotation. Les signaux rotatifs sont 

transmis par des anneaux de contact. Le carter comprend aussi des capteurs de pression 

instationnaire ainsi que des thermocouples pour obtenir la temperature du fluide en bout 

d'aube. Les tableaux 2.2 et 2.3 presentent les details respectifs de 1'instrumentation 

statique et rotative de la section d'essai. Les numeros d'aubes instrumentees, les 

positions des jauges de contraintes liees au mode de vibration d'interet ainsi que la 

position des capteurs de pression sur une des aubes sont illustres en exemple sur la 

figure 2.6a. La figure 2.7 montre la realisation physique du montage sur laquelle les 

elements important visibles sont identifies. 
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a) 

Doigts Jeu Variable 
Optionnels 

b) 
Rotation Pression instationnaire 

V 
Bord 

d'attaque 

Jauges de 
contraintes 

Bord de 
fuite 

Figure 2. 6. a) Coupe meridionale de la section d'essai b) Instrumentation rotative 
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Figure 2. 7. Montage experimental du rotor de compresseur 



Description/Alignement Axial/Position Angulaire 

Pression statique au carter/Bord d'attaque/0° 
Pression statique au carter/Milieu de corde/0° 
Pression statique au carter/Bord de fuite/O0 

Pression statique au carter/Bord d'attaque/90° 
Pression statique au carter/Milieu de corde/90° 
Pression statique au carter/Bord de fuite/90° 
Pression statique au carter/Bord d'attaque/180" 
Pression statique au carter/Milieu de corde/180° 
Pression statique au carter/Bord de fuite/180° 
Pression statique au carter/Bord d'attaque/240° 
Pression statique au carter/Milieu de corde/240° 
Pression statique au carter/Bord de fuite/2400 

Pression statique instationnaire/Bord d'attaque/O0 

Pression statique instationnaire/Milieu de corde/0° 
Pression statique instationnaire/Bord de fuite/O0 

Pression statique instationnaire/Bord de fuite/3° 
Pression statique instationnaire/Bord de fuite/6° 
Pression statique instationnaire/Bord de fuite/90 

Pression statique instationnaire/Bord de fuite/12° 
Pression statique instationnaire/Bord d'attaque/1800 

Pression statique instationnaire/Milieu de corde/180° 
Pression statique instationnaire/Bord de fuite/1800 

Pression statique instationnaire/Bord de fuite/183° 
Pression statique instationnaire/Bord de fuite/1860 

Pression statique instationnaire/Bord de fuite/189° 
Pression statique instationnaire/Bord de fuite/192° 

Plage 

15 psia 
25 psia 
50 psia 
15 psia 
25 psia 
50 psia 
15 psia 
25 psia 
50 psia 
15 psia 
25 psia 
50 psia 
15 psia 
25 psia 
50 psia 
50 psia 
50 psia 
50 psia 
50 psia 
15 psia 
25 psia 
50 psia 
50 psia 
50 psia 
50 psia 
50 psia 

Bande 
passante 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
20 Hz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 

Tableau 2. 2. Instrumentation statique de la section d'essai 
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Description/#Aube/C6te/%Hauteur/Bord(Attaque-Fuite) 

Jauge de contrainte/#3/Intrados/10/BA 
Jauge de contrainte/#15/Intrados/10/BA 
Jauge de contrainte/#3/Extrados/60/BA 
Jauge de contrainte/#15/Extrados/60/BA 
Jauge de contrainte/#3/Intrados/60/BA 
Jauge de contrainte/#15/Intrados/60/BA 
Jauge de contrainte/#3/Intrados/50/BF 
Jauge de contrainte/#15/Intrados/50/BF 
Jauge de contrainte/#3/Extrados/50/BF 
Jauge de contrainte/#15/Extrados/50/BF 
Jauge de contrainte/#2/Intrados/50/BF 
Jauge de contrainte/#2/Extrados/50/BF 
Jauge de contrainte/#14/Intrados/50/BF 
Jauge de contrainte/#14/Extrados/50/BF 
Jauge de contrainte/#l/Intrados/50/BF 
Jauge de contrainte/#l/Extrados/50/BF 
Jauge de contrainte/#13/Intrados/50/BF 
Jauge de contrainte/#13/Extrados/50/BF 
Jauge de contrainte/#4/Intrados/50/BF 
Jauge de contrainte/#4/Extrados/50/BF 
Jauge de contrainte/#6/Intrados/50/BF 
Jauge de contrainte/#6/Extrados/50/BF 
Jauge de contrainte/#8/Intrados/50/BF 
Jauge de contrainte/#8/Extrados/50/BF 
Pression instationnaire/#l/Extrados/95/BF (Kulite LQ-062) 
Pression instationnaire/#2/Extrados/95/BF (Kulite LQ-062) 
Pression instationnaire/#13/Extrados/95/BF (Kulite LQ-062) 
Pression instationnaire/#14/Extrados/95/BF (Kulite LQ-062) 

Plage 

30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
30ksi 
25 psia 
25 psia 
25 psia 
25 psia 

Bande 
passante 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 
25 kHz 

Tableau 2. 3. Instrumentation rotative de la section d'essai 

La premiere etape consiste a determiner la vitesse de convection de 1'interface de 

melange lorsque la charge aerodynamique est elevee. On utilise une methode similaire a 

celle de Kameier & Neise (1997a, 1997b) qui consiste a correler les signaux de pression 

instationnaires des aubes en rotation. 
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Ensuite, on augmente la charge aerodynamique en fermant la valve d'etranglement en 

aval a differentes vitesses, jeux d'aubes et temperatures d'operation. On utilise les 

niveaux de contraintes vibratoires comme element mesurable indiquant la proximite de 

la condition critique de vibration asynchrone. On correle ensuite les predictions de 

1'equation 2.1 avec les niveaux de contraintes pour en tirer des conclusions quant a 

l'hypothese de recherche. 

Finalement, on verifie l'impact sur la resonance de forcer la vibration d'un different 

mode de l'aube. Ceci a une condition d'operation ou le mode de vibration principal a 

1'etude exhibe normalement de hauts niveaux de vibration. 

2.2.3 Resultats et discussion 

D'abord les methodes de reduction de donnees sont choisies afin de minimiser 

Pincertitude des mesures. Le but principal de l'analyse etant d'observer les tendances 

des niveaux de contraintes en fonction des conditions d'operations, la moyenne des 

donnees des jauges de toutes les aubes, detaillees dans le tableau 2.3 et pour le mode de 

vibration d'interet, est utilisee, determinant ainsi le niveau moyen de vibration de 

l'ensemble du rotor. Ainsi, le parametre S\ utilise ulterieurement, represente le niveau 

moyen de contrainte de vibration du mode de NSV d'interet pour l'ensemble des aubes 

instrumentees. La vitesse de convection de l'interface de melange est obtenue avec la 

methode de correlation croisee des pressions rotatives instationaires. La correlation 

croisee consiste a rechercher la relation temporelle, entre deux mesures de pression, pour 

laquelle les signaux sont la representation du meme phenomene physique. Le 

phenomene physique, utilise ici comme«trace» servant a mesurer la vitesse 

tangentielle moyenne de l'ecoulement de jeu, est la vitesse de l'interface de melange qui 

transporte des structures tourbillonnaires par convection. L'erreur sur le niveau de 

pression des capteurs est non pertinente puisque qu'on s'interesse a la similitude dans le 

temps des signaux compares. L'echantillonnage rapide (131kHz) rend la precision sur la 

mesure du temps de l'ordre de 0.08% des grandeurs geometriques et vitesses d'interets 
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(=10 Hz). L'incertitude de la mesure reside ainsi principalement dans la variabilite 

meme du phenomene physique instationnaire observe. Similairement au cas des 

contraintes vibratoires, les donnees de vitesse sont aussi moyennees pour plusieurs cas 

de conditions de charge aerodynamique similaires, aux conditions de NSV. L'incertitude 

sur la mesure de vitesse de convection de 1'interface de melange s'en trouve reduite a 

l'ecart-type de la distribution, soit de l'ordre de 3% de la vitesse moyenne mesuree. 

Done, en premier lieu, notons que des niveaux de contraintes vibratoires de l'ordre de 

ceux rencontres dans le moteur ont ete mesures. Ce qui, en soit, represente un 

accomplissement majeur demontrant que les vibrations asynchrones sont liees aux 

parametres du rotor meme et non aux interactions avec les aubes statiques 

environnantes. 

La vitesse de convection de l'interface de melange est normalisee a la vitesse en bout 

d'aube. Son ratio, pour le jeu de 2% de la corde, est de l'ordre de 0.6. Ce ratio diminue 

autour de 0.55 avec le resserrement du jeu a 1% de la corde. Les resultats obtenus sont 

en accord avec les mesures de Kameieir & Neise (1997a, 1997b) lors d'etudes sur les 

instabilites rotatives (IR). Ces resultats sont resumes sur la figure 2.8. Le parametre <f> 

represente la mesure de la charge aerodynamique sur les aubes. 

Pour verifier l'hypothese de recherche, on compare d'abord les niveaux relatifs de 

vibration a la proximite d'operation du rotor de la condition de resonance de l'equation 

2.1a. La figure 2.9 illustre que la correlation entre les niveaux de contraintes vibratoires 

et la proximite d'operation a la resonance selon l'equation 2.1a a ete etablie. Tel que 

mentionne precedemment, le parametre S' indique le niveau de contrainte vibratoire. II 

est normalise par le niveau le plus eleve obtenu lors des essais. On considere le niveau 

de vibration relatif eleve lorsqu'il excede 0.6 (S'/S^mwc > 0.6). 
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Comme deuxieme methode de verification, on calcule le parametre k a partir d'une seule 

condition de NSV a un jeu de 2% de la corde, celle correspondant au niveau de vibration 

le plus eleve rencontre au cours de l'experience. On predit ensuite la vitesse critique de 

NSV selon l'equation 2.1b pour tous les autres cas du meme ajustement de jeu. En 

comparant les vitesses theoriques predites par l'equation 2.1, formulee selon 2.1b, aux 

vitesses reelles mesurees, on peut verifier la justesse de l'equation 2.1 et, aussi, de la 

theorie de la resonance de l'ecoulement de jeu. La figure 2.10 montre la correlation entre 

les niveaux de contraintes vibratoires et la prediction de la vitesse critique d'apparition 

selon l'equation 2.1b. On remarque que les niveaux de vibration eleves correspondent 

aux cas ou la vitesse predite par l'equation 2.1b se rapproche de la vitesse d'apparition 

mesuree experimentalement. 
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Figure 2.10. Niveaux de vibration eleves aux vitesses de rotation predites par l'equation 2.1b 

Enfin, les NSV du premier mode de vibration a 1'etude ne s'etablissent pas, aux 

conditions normales de NSV, lorsqu'un mode de vibration different est excite par les 

doigts installes a 1'entree du compresseur. 
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Ces resultats permettent de verifier la deuxieme hypothese de recherche, soit que la 

resonance de l'ecoulement de jeu est le phenomene fondamental sous-jacent aux 

vibrations asynchrones observees sur le rotor de compresseur a l'etude. En effet, les 

conditions critiques de vibrations asynchrones observees experimentalement sont 

predites de facon tres juste (< 5%) par les equations derivees du modele propose, ce qui 

est, de facon generate, tres precis pour des analyses de vibrations. 

Suite a cette importante conclusion, des methodes et regies de conception peuvent deja 

etre elaborees. Tout d'abord, la comprehension de la physique du comportement du 

fiuide permet d'identifier, tres tot lors de la conception des rotors, les zones d'operations 

a risque en termes de NSV. L'equation 2.1 peut aussi etre utilisee pour modifier la 

distance inter-aube (par le nombre d'aubes) ou la rigidite des aubes pour amener les 

vitesses critiques hors du regime d'operation du moteur. 

Finalement, les resultats precedents suggerent que la resonance de l'ecoulement de jeu, 

ainsi que la resonance du jet sur la plaque flexible en vibration, soient des applications 

pratiques d'un phenomene plus fondamental de la mecanique des fluides. Ceci nous 

amene a la troisieme et derniere etape de cette recherche ou le probleme de la resonance 

de la reponse forcee d'une interface de melange excitee dans l'ecoulement en aval est 

solutionne analytiquement. 

2.3 - Reponse forcee resonante de l'interface de melange 

Les details complets de la methode, des resultats et conclusions de cette troisieme etape 

de la recherche sont presenters a l'annexe 3 dans un article soumis au « Journal of Fluid 

Mechanics » et intitule « Mixing Layer Resonance under High-Speed Stream Forcing », 

dont un sommaire est presente ici. 
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Jusqu'ici, les conditions critiques de resonances des cas experimentaux ont ete obtenues 

d'apres la coincidence des maximums de l'onde de retroaction avec le bord de fuite ou a 

lieu la separation. Le couplage entre l'onde acoustique et l'ecoulement est suppose se 

produire de facon naturelle tel qu'observe dans plusieurs etude empiriques sur le sujet 

(Rockwell 1983, Ho & Nosier 1981). 

Cette derniere etape de la recherche vise a verifier la troisieme hypothese de recherche 

elaboree en introduction et dont l'enonce est repris ici: 

2.3.1 Hypothese de recherche no. 3 et resultats attendus 

II existe une solution analytique du couplage d'une interface de melange et d'une 

excitation localisee en aval, dans l'ecoulement haute vitesse. 

On s'attend a ce que la solution analytique, en termes de prediction des vitesses et 

distances critiques causant la resonance, du probleme simplifie d'une interface de 

melange, forcee dans l'ecoulement haute-vitesse avec source en aval, soit en accord avec 

les donnees experimentales recueillies dans les deux experiences decrites 

precedemment. Dans l'etude analytique, l'interface de melange est induite par un jet 

planaire s'ecoulant dans du fluide au repos. Done l'analyse est bi-dimensionnelle telle 

que schematised par la figure I6c de 1'introduction. 

2.3.2 Methodologie 

La methode analytique consiste a solutionner le probleme de la reponse de l'interface de 

melange a une excitation situee en aval dans l'ecoulement. Le probleme a solutionner est 

presente sur la figure 2.11. L'interface est induite par l'ecoulement d'un jet planaire de 

largeur infinie, done bi-dimensionnel, dans de l'air au repos. Le jet a une largeur 2a, et 

s'ecoule a la vitesse U. L'excitation provient de la source localisee transversalement, 

selon la direction X2', sur la ligne centrale du jet en %2 '=-y>2 '=-a et axialement, selon la 

direction xj', en xj '= yi'. 
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x2' Interface 

yi' »i \ 
' Source 

Figure 2.11. Modele analytique de l'interface de melange force. 

Le probleme est en premier lieu developpe mathematiquement selon les suppositions 

suivantes. Les applications d'interets sont des ecoulements a haut nombre de Reynolds, 

done l'ecoulement est considere non-visqueux. On suppose de petites perturbations 

permettant de lineariser les equations d'Euler et ainsi les potentiels de vitesse de chaque 

cote de l'interface obeissent a l'equation d'onde convectee. 

On impose ensuite les conditions aux limites. Le domaine de resolution s'etend de 

l'origine a l'infmi axialement et de l'axe de symetrie au centre du jet a l'infini 

transversalement. Axialement, le probleme etant solutionne dans le domaine de Laplace, 

on applique les conditions de vitesse constante et d'acceleration nulle du fluide a 

l'origine seulement. Transversalement, les conditions de symetrie et de radiation de 

Sommerfeld sont appliquees respectivement au centre du jet et a l'infini. Les conditions 

d'equilibre de pression et de vitesse transversale sont appliquees a l'interface. Apres le 

changement de variables ou les dimensions sont normalisees par l'epaisseur du jet, a, on 

obtient le systeme d'equations aux differentielles partielles non-homogene de l'equation 

2.2 et les conditions aux limites des equations 2.3 a 2.7. 
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(v2+k2
0)f(Xl,x2)=0 

( f 
v2 + 

V 
k0 + i 

Md 
,2\ 

V 
8x \) 

g(xl,x2) = S(x, -yx)5(x2 -y2) 
(2.2) 

ou ko = coa/co est la longueur d'onde acoustique de l'excitation, M le nombre de Mach 

de l'ecoulement, / et g les potentiels reduits des fluides au dessus et en dessous de 

l'interface respectivement, <5 la fonction impulsion de Dirac, xt = xj '/a, X2 = X2 7a, 

yi = yi'/a ety2 = y2'/ct les distances de la figure 2.11 rendues adimensionnelles par la 

demie largeur du jet, a. 

Conditions limites axiales a I 'origine 

/(0,x2) = 0 

^ - / ( 0 , x 2 ) = 0 
oxx 

g{0,x2) = Uxl\xr_0=0 

_d_ 

fix, 
g(0,x2) = U 

(2.3) 

Equilibre depression a l'interface 

"•o / lxi»"/ _ "•o 1 + / 
Md 

dx, 
g M) 

i J 

(2.4) 
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Equilibre de vitesse transversale a I 'interface 

dx. 
-g(xl,0) = k0 l + i 

Md 

dx \J dx. 
-/fo,o) (2.5) 

Sommerfeld a X2—*» 

d 

ydX2 

• lKn J v*i' x2 - • 0 (2.6) 

Symetrie au centre dujet 

8 

dx. 
g ( * i - l ) = 0 (2.7) 

Comme on cherche a correler les vitesses et distances critiques de la source a une 

frequence donnee d'excitation aux resultats experimentaux, on veut simplement 

identifier les formes de modes spatiaux causant la resonance. On modelise done 

lineairement la reponse par une serie d'ellipses complexes, dans la direction axiale, par 

la transformee de Laplace. On obtient un systeme d'equations differentielles ordinaire 

dans la direction transversale qui est solutionne en appliquant les conditions limites dans 

cette direction. On conserve la solution dans le domaine modal pour la direction axiale. 

L'equation 2.8 montre la solution obtenue pour la vitesse transversale de l'interface. 
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a 
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)(l - M2 )fc0
2 + (Vl -M2kx + iMk0 J 

(Vl - M2 A:, + /M:0 (l - Vl - M2 jsgn(lmfe ))) 

(2.8) 

ou v est la vitesse transversale de l'interface et kj le mode spatial complexe de la reponse 

de l'interface. 

Un nouveau critere definissant la resonance spatiale est elabore. La resonance, dans ce 

probleme analytique, est definie comme etant la condition ou la reponse spatiale s'etend 

a l'infini dans les deux directions. On utilise ce critere afin d'identifier les modes 

critiques causant la resonance de la reponse de l'interface de melange. Celle-ci se 

produit aux distances critiques en aval dans l'ecoulement haute-vitesse selon l'equation 

2.9 qui correspond aux maximums tels que predits par la solution de la reponse forcee de 

l'interface selon l'equation 2.8. 

- i>ilm(^) _ e-inn 

yx Im(/?)= nn 

(2.9) 
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Les conditions de resonance obtenues experimentalement avec le jet impactant sur la 

plaque flexible en vibration sont identifiees par les points d'amplification de pression 

maximum a partir des mesures de pression instationnaire sur la plaque et a l'embouchure 

dujet. 

Les conditions de resonance obtenues experimentalement avec l'essai de compresseur 

sont identifiees par les points de vibration maximum des aubes a partir des jauges de 

contraintes. 

Finalement, les conditions de resonance predites par la solution analytique proposee sont 

comparees aux conditions critiques de resonance obtenues experimentalement. 

2.3.3 Resultats et discussion 

D'abord la solution analytique au probleme a pu etre calculee a partir du modele, des 

suppositions, des conditions limites et de la methode de resolution proposes. La solution 

est dans le domaine spatial pour la direction transversale et demeure dans le domaine 

modal axialement selon 1'equation 2.8. Le critere de resonance spatiale applique a la 

solution permet d'identifier les modes critiques de la reponse de l'interface de melange. 

En appliquant l'equation 2.9 aux modes critiques ainsi identifies, la relation entre la 

position axiale de la source au centre du jet, la vitesse de l'ecoulement et la frequence 

d'excitation de la source est etablie. La relation obtenue est donnee par l'equation 2.10. 

coL (l - M 2 ) 

nnc o M 2 + V l - M 2 i—v (2'10) 
- 1 

V M JJ 

ou co est la frequence angulaire d'excitation, L = yi' la distance dimensionnelle axiale 

de la source sur l'axe de symetrie, n un entier 0, 1, 2, 3.. . , Mle nombre de Mach de 

l'ecoulement et CQ la vitesse du son. 
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Ensuite, les parametres de l'ecoulement aux conditions de resonance experimentales des 

deux essais sont compares aux predictions de la relation de Pequation 2.10. Les donnees 

sont disponibles pour les deux premiers harmoniques, n = 1, 2, dans le cas de l'essai du 

jet sur plaque flexible en vibration et pour le premier, n = 1, dans le cas du compresseur. 

La comparaison est illustree graphiquement sur la figure 2.12. Pour le jet, la frequence 

de vibration est normalisee a la distance jet-plaque et la vitesse du son calculee d'apres 

la temperature ambiante. Le nombre de Mach du jet est calcule d'apres le rapport de 

pression total sur statique du jet. Quant au compresseur, la frequence de vibration des 

aubes est normalisee a la distance inter-aubes et la vitesse locale du son calculee a partir 

des mesures de temperature pres du carter. Le nombre de Mach est derive a partir de la 

vitesse mecanique du bout de l'aube et de la vitesse de convection tangentielle de 

l'interface de melange obtenue experimentalement d'apres la figure 2.8. Deux 

conditions de resonance des essais de compresseur sont illustrees, une pour chaque 

condition de temperature d'entree. L'abscisse de la figure 2.12 represente le nombre de 

Mach de l'ecoulement et l'ordonnee la frequence reduite de resonance, (oL/nnco. Les 

droites pointillees represented les predictions des conditions de resonance, basees sur le 

modele initial d'une onde uni-dimensionnelle de retroaction se propageant en amont 

dans l'ecoulement, qui a ete utilise de facon empirique pour valider les deux premieres 

hypotheses de recherche. Les courbes de prediction de la solution analytique, du modele 

d'onde uni-dimensionnelle de retroaction et les donnees experimentales concordent en 

dedans de 5%. 
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Figure 2. 12. Comparaison de la solution analytique au modele d'onde ID de retroaction et aux 
donnees experimentales. 

La comparaison illustree par la figure 2.12 demontre la validite de l'approche proposee 

pour capturer les conditions de resonance d'une interface de melange forcee dans 

l'ecoulement en aval de l'embouchure du jet. Les resultats confirment aussi que le 

modele propose d'interface forcee ainsi que la nouvelle condition de resonance spatiale 

elaboree permettent de capturer le phenomene de couplage entre l'onde de retroaction 

dans l'ecoulement et l'interface de cisaillement. L'approche utilisee a aussi permis de 

solutionner la periodicite des localisations critiques causant la resonance de l'interface 

forcee dans l'ecoulement haute-vitesse telle qu'observee experimentalement. Les 

contextes d'application des deux essais sont tres differents, illustrant la generalite du 

phenomene modelise et qui apparait done fondamental a la mecanique des fluides. 

Les resultats eclairent un peu plus la comprehension du phenomene physique sous-jacent 

aux vibrations asynchrones. Par exemple, pour un mode et une frequence de vibration 

des aubes donnes, seul le nombre de Mach tangentiel moyen de l'ecoulement de jeu 
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reste a estimer, calculer numeriquement ou mesurer pour predire la resonance de 

l'ecoulement de jeu, et done les croisements de NSV sur le diagramme de Campbell. 

Ceci explique, entre autres, pourquoi la vitesse de rotation mecanique d'occurrence des 

vibrations asynchrones est sensible a la temperature et a la charge aerodynamique de 

l'aube. Aussi, a nombre de Mach constant, les harmoniques superieurs, n=2, 3, 4..., 

peuvent entrer en resonance si les frequences naturelles des modes de vibration 

superieurs des aubes correspondent a des multiples entiers de la frequence du premier 

mode de vibration. Ceci explique aussi les changements soudains de mode et de 

frequence de vibrations observes experimentalement lors de vibration asynchrones 

(Kielb et al. 2003). 

Finalement, la figure 2.13 propose une methode de conception basee sur l'utilisation des 

phenomenes elucides par cette recherche combines a une simulation numerique 

instationnaire avec mouvement de l'aube. Si les croisements NSV du diagramme de 

Campbell ne peuvent etre evites, ils sont a tout le moins predit par la methode proposee. 

Ainsi, les contraintes vibratoires associees aux NSV peuvent etre minimisees des la 

conception des pieces avec des methodes plus ou moins standard d'analyse de 

flottement, tant que les effets de l'ecoulement de jeu sont captures par l'analyse. Notons 

que les parametres importants comme le nombre ou la rigidite des aubes peuvent aussi 

etre ajustes pour eviter les croisements NSV dans le regime d'operation. La partie de la 

methode constituant la contribution de cette recherche et des travaux de Drolet et al. 

(2009) est encerclee sur la figure 2.13. Cette derniere est reprise, a quelques details pres, 

dans l'article de Drolet et al. (2009) cite en reference et ou la methode, les resultats, les 

observations et les conclusions des simulations numeriques en lien avec les resultats 

experimentaux de cette recherche sont donnes. 
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Figure 2.13. Methode de conception proposee a partir de cette recherche et des travaux de Drolet et 
al. (2009). 
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Les resultats et conclusions de la recherche sont repris de facon sommaire dans cette 

section en lien avec l'etat de l'art prealable obtenu par la revue de litterature des 

domaines principaux de la science et du genie concernes. 

D'abord dans le domaine des oscillations des interfaces de melanges impactants, ou 

plus particulierement de la dynamique des jets impactants sur une structure rigide. Avant 

cette recherche, l'etat de l'art sur le phenomene etait que sa resonnance n'avait jamais 

ete observee a une vitesse de jet inferieure a Mach 0.65. Aussi, la nature du couplage 

impose une contrainte de dephasage nul entre les oscillations du fluide au bord de fuite 

emetteur de l'interface de melange et au bord d'attaque recepteur des structures 

vorticielles impactantes. II a ete demontre experimentalement par les travaux initiaux de 

la presente recherche que la resonance d'un jet impactant sur une structure flexible en 

vibration est possible a des vitesses de jet inferieures a Mach 0.65. Ceci est du a une 

onde acoustique de retroaction emise par le mouvement de la plaque et se propageant 

dans l'ecoulement a la difference de la vitesse du son et de la vitesse du jet. La recherche 

a aussi demontre le couplage possible entre remission de l'interface et l'onde de 

retroaction a un dephasage de 180°. 

Les travaux de cette recherche contribuent egalement au genie mecanique applique a 

l'aeroelasticite, plus particulierement dans le cas des vibrations asynchrones. Selon l'etat 

de l'art, toujours avant la publication des travaux de cette recherche, il existe un lien 

possible entre l'ecoulement de jeu et les vibrations asynchrones. D'autres phenomenes 

lies a des resonances et reflexions acoustiques avec les geometries environnantes au 

rotor exhibant les vibrations asynchrones font aussi partie des hypotheses plausibles. 

Cette recherche a demontre, selon le mecanisme de couplage elucide lors des travaux 

initiaux mentionnes precedemment, que la solution reside dans la jonction des deux 

lignes de pensees. II a ete en effet demontre experimentalement, au cours de la deuxieme 
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etape des travaux, que les conditions critiques d'apparition des vibrations asynchrones 

sont predites par la resonance de l'ecoulement de jeu. Cette derniere consiste dans le 

couplage entre 1'interface de melange des ecoulements de jeu et principal avec une onde 

de retroaction emise par les aubes adjacentes en vibration. Le mecanisme de couplage de 

la resonance de l'ecoulement de jeu est tres similaire a celui de la resonance du jet 

impactant sur une plaque flexible en vibration. Ce dernier etait en fait une simplification 

experimentale voulue afin de confirmer la dynamique de couplage avant de se lancer 

dans les essais de compresseur plus complexes. 

Finalement, les travaux de cette recherche contribuent de facon importante au domaine 

plus theorique de la mecanique des fluides. L'etat de l'art prealable nous enseignait que 

les interfaces de melange initiees par des jets pouvaient etre synchronisers par une 

source acoustique exterieure localisee dans l'ecoulement en amont de l'embouchure du 

jet. Les etudes theoriques confirment que la sensibilite de l'interface est maximum 

lorsque 1'excitation atteint l'embouchure du jet avec la source situee dans l'ecoulement. 

Les travaux theoriques de cette recherche ont demontre que l'interface, forcee par une 

source localisee dans l'ecoulement haute-vitesse en aval, est non seulement sensible a 

l'excitation, mais certains modes de sa reponse peuvent aussi entrer en resonance. Celle-

ci survient periodiquement dans l'espace, pour une vitesse d'ecoulement, temperature et 

frequence d'excitation donnes, avec le deplacement axial de la source sur l'axe de 

symetrie de l'ecoulement jet. Comme le modele etudie d'interface de melange forcee 

correspond a une simplification analytique des phenomenes de resonance observes 

experimentalement dans cette recherche, les predictions du modele avec les resultats 

experimentaux ont pu etre compares. Les predictions analytiques de positions critiques 

de la source ont ete trouvees en accord avec les resultats experimentaux en dedans de 

5%. 

En resume, les travaux de cette recherche ont d'abord elucide un mecanisme de 

couplage entre une interface de melange et la vibration de la structure d'impact. Le 
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mecanisme a ete applique pour comprendre la physique sous-jacente a un important 

probleme d'aeroelasticite des aubes de compresseurs axiaux de moteurs d'aeronefs a 

turbines; les vibrations asynchrones. Finalement le probleme de la reponse de l'interface 

de melange a une excitation forcee provenant de l'ecoulement en aval, phenomene 

directement associe au mecanisme de couplage observe dans les deux essais precedant, 

a ete solutionne analytiquement. 
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Les resultats et conclusions decoulant des travaux de cette recherche font progresser la 

connaissance dans deux domaines particuliers de la science et du genie. D'abord en 

mecanique des fluides ou des donnees supplementaires sur les jets impactants ainsi 

qu'un modele theorique sur la reponse resonante de l'interface forcee dans l'ecoulement, 

sa methode de resolution et sa solution sont fournis. Le domaine de l'aeroelasticite 

beneficie egalement de cette recherche par le lien experimental qui est etabli entre les 

vibrations asynchrones et la resonance de l'ecoulement de jeu, qui est un cas particulier 

de resonance d'interface de melange impactante a haute vitesse sur une structure en 

vibration. Le commanditaire industriel beneficie de la recherche en obtenant des 

methodes de conception derivees des phenomenes physiques elucides au cours de la 

recherche. 

La demarche de recherche a consiste, suivant l'etablissement de l'etat de l'art par la 

revue de litterature, a resoudre trois hypotheses de recherche principales. L'intuition de 

depart etait qu'il existait un lien entre l'ecoulement de jeu et les vibrations asynchrones, 

ce que la litterature suggere. Aussi que la dynamique de l'ecoulement de jeu est similaire 

a un jet impactant aux conditions de NSV. Les jets impactants ont la particularite 

d'entrer en resonance sous certaines conditions et dans ces cas, de hautes amplifications 

de pression sont observees, ce qui est assez pour augmenter les risques de problemes de 

fatigue. L'ecoulement de jeu, aux conditions de NSV, a ete analyse par analogie a un jet 

impactant. Les caracteristiques de l'ecoulement de jeu durant les NSV ne 

correspondaient cependant pas a celles d'un jet impactant resonant selon le mecanisme 

connu. 

Le point tournant de la recherche a ete le calcul de la resonance de l'ecoulement de jeu 

du rotor a l'etude en supposant que la vibration des aubes induise une retroaction se 

propageant en amont dans la composante tangentielle de l'ecoulement. La vitesse de 
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propagation de l'onde de retroaction se trouvant reduite par la composante tangentielle 

significative de la vitesse de l'ecoulement de jeu. Ce calcul arrivait a predire les 

conditions de vibrations asynchrones, non-seulement pour le rotor a l'etude, mais aussi 

d'un second provenant de la litterature. 

Pour se convaincre de la physique du couplage, un essai experimental d'un jet impactant 

sur une plaque flexible en vibration a ete conduit pour demontrer la premiere hypothese 

de recherche. L'experience a demontre que le couplage est possible lorsque l'onde de 

retroaction, emise par la vibration de la plaque, synchronise l'enroulement de l'interface 

de melange a 1'embouchure du jet. Ce phenomene de resonance arrive a des distances 

jet-plaque tres precises, c'est-a-dire a des entiers multiples de la demi-onde de 

retroaction. Le jet etant a haute vitesse, celle-ci se propage a la difference de la vitesse 

du son et de la vitesse du jet. Les resultats ont aussi demontre que, dans le cas du jet 

impactant sur une structure en vibration, le couplage est possible meme lorsque la 

relation de phase entre les bords d'enroulement de l'interface et de generation de l'onde 

de retroaction est inversee. Ce qui n'est pas le cas dans la resonance classique des jets 

impactants sur une surface rigide ou le mecanisme de resonance impose une contrainte 

de dephasage nul entre l'onde de retroaction, qui se propage a l'exterieur du jet dans le 

fluide au repos et dont la frequence est liee a la vitesse du jet, et le bord de separation. 

Cet essai fournit done des donnees experimentales supplementaires au domaine de la 

mecanique des fluides etudiant les oscillations d'interfaces de melange impactantes. Les 

resultats et analyses en fournissent egalement le mecanisme de resonance associe base 

sur un modele simple d'onde de retroaction se propageant en amont dans l'ecoulement, 

et dont la vitesse de propagation est reduite par ce dernier. 

Base sur ce mecanisme, la deuxieme hypothese de recherche a ete formulee, c'est-a-dire 

que la resonance de l'ecoulement de jeu, dont le mecanisme de couplage est tres 

similaire a la resonance du jet sur une plaque flexible, est le phenomene physique 
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fondamental sous-jacent aux NSV. La methode de demonstration a aussi ete 

experimentale. Elle consistait a tenter de reproduire le probleme de vibration sur l'etage 

de compression concernee montee en isolation du reste du moteur afin de capturer 

exclusivement l'effet de l'ecoulement du jeu d'aube. Non seulement les vibrations ont-

elles ete reproduites mais les conditions critiques d'apparition ont ete predites par le 

mecanisme de resonance de la deuxieme hypothese de recherche. 

Les contributions de cette etape de recherche sont majeures dans le domaine de 

l'aeroelasticite lie aux vibrations asynchrones. D'abord, le phenomene physique du 

comportement du fluide sous-jacent aux vibrations asynchrones a ete identified 

L'industrie peut utiliser cette connaissance pour predire les croisements potentiels de ces 

vibrations sur le diagramme de Campbell au stade precoce de la conception des rotors et 

ainsi minimiser les niveaux de contraintes vibratoires associees tres tot dans le 

developpement du produit. Des regies d'evitement, permettant de definir comment 

varier les parametres de rigidite et de distance inter-aubes pour amener les croisements 

NSV hors du regime d'operation, peuvent aussi etre derivees a partir des resultats. Un 

exemple de methode de conception basee sur les resultats de recherche est d'ailleurs 

donne en conclusion du chapitre 2. 

Comme les deux contextes experimentaux precedents semblaient etre des applications 

pratiques du meme mecanisme fondamental de resonance d'une interface de melange 

sous 1'influence d'une excitation provenant d'un point en aval dans l'ecoulement, un 

modele theorique de ce phenomene a ete elabore. Sa solution a constitue la derniere 

etape de cette recherche. Le but premier de cette tache etait de demontrer 

analytiquement le mecanisme de couplage entre l'onde de retroaction acoustique et 

l'interface de melange observe experimentalement. Une nouvelle condition de resonance 

spatiale a ete elaboree permettant d'identifier les modes resonants de l'interface forcee a 

partir d'une source localisee en aval dans l'ecoulement haute-vitesse. La periodicite de 

la reponse resonante en fonction de la position de la source, telle qu'observee 
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experimentalement, a aussi ete capturee avec le modele analytique de cette etude. Une 

relation analytique entre la frequence d'excitation, la distance de la source et la vitesse 

de l'ecoulement identifiant la resonance de 1'interface a ete etablie a partir de la methode 

de resolution proposee. Les conditions critiques de resonance predites par la relation 

analytique sont en accord avec les resultats experimentaux des deux essais presentes. 

La contribution principale de ces derniers travaux est la confirmation du caractere 

fondamental du mecanisme de couplage causant les resonances observees 

experimentalement. De plus, le domaine de la mecanique des fluides trouve dans ces 

resultats un cadre theorique et une methode de resolution pour etudier la reponse des 

interfaces de melange forcees par une excitation localisee en aval dans l'ecoulement. 

Au cours de toute cette recherche, la comprehension de 1'aspect fluide du probleme de 

vibrations asynchrones a ete privilegiee. Ceci permet d'identifier les croisements NSV 

potentiels sur le diagramme de Campbell et represente une percee importante. 

Cependant, plusieurs croisements peuvent ainsi survenir pour une geometrie donnee. II 

serait opportun que des etudes subsequentes considerent l'elasticite de l'aube dans 

l'analyse, a savoir qu'il est possible que le couplage favorise des formes de modes de 

vibration particulieres. Ceci permettrait d'eliminer certains croisements NSV avant de se 

lancer dans une analyse fluide-elastique pour chacun d'eux. 

Une piste de depart serait de raffiner le modele analytique en incluant des elements de 

dynamiques de masse et de rigidite a la source. On devrait arriver a deriver une equation 

de dispersion pour le systeme fluide-elastique dont les instabilites devraient etre 

identifiables par ses poles. L'amortissement pourrait subsequemment etre facilement 

incorpore au systeme. 

Une autre avenue possible est 1'etude detaillee de la distribution de pression sur les 

aubes aux conditions de vibrations asynchrones afin de mieux comprendre le phenomene 
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en termes d'amortissement aerodynamique. Comme les conditions critiques de NSV 

sont maintenant identifiables, l'etude numerique couplee a l'aide des codes 

commerciaux d'interaction fluide-structure maintenant disponible pourrait etre 

prometteuse. 

En retrospective, les travaux de cette recherche ont permis de demontrer que les 

vibrations asynchrones sont une instability fluide-elastique causee par la resonance de 

l'ecoulement de jeu. Le phenomene est generique et peut s'appliquer a plusieurs 

geometries de compresseurs axiaux. Les resultats obtenus montrent egalement que la 

resonance de l'ecoulement de jeu est elle-meme un cas particulier du phenomene de 

resonance d'une interface de melange forcee en aval dans l'ecoulement haute-vitesse. 

L'application de cette derniere, observee experimentalement dans deux contextes tres 

differents d'un jet impactant sur une plaque flexible en vibration et des vibrations 

asynchrones dans un compresseur axial, illustre le caractere fondamental du mecanisme 

de la dynamique des fluides maintenant explique, soit la resonance de l'interface de 

melange excitee en aval dans l'ecoulement. 

En terminant, les contributions de ces travaux de recherche sont les suivantes: 

Le mecanisme physique sous-jacent aux vibrations asynchrones a ete elucide. L'atteinte 

de cet objectif a permis de demontrer la resonance d'un jet impactant a une vitesse 

inferieure a MO.65 ainsi que le couplage de la retroaction a 180° lorsque le jet impacte 

une structure en vibration. La resonance de l'ecoulement de jeu, similaire a celle du jet 

impactant sur une plaque en vibration, a ete egalement demontree comme 1'element 

principal derriere les vibrations asynchrone. Une approche analytique bi-dimensionnelle 

a ete developpee faisant usage d'une condition de resonance spatiale novatrice. Les 

travaux ont fait l'objet de deux presentations de conferences et ont ete acceptees pour 

publications dans une revue de l'ASME. La demonstration et les resultats analytiques 

font l'objet d'une troisieme publication soumise a la prestigieuse revue specialisee 

« Journal of Fluid Mechanics ». La premiere methode « a priori » de prediction et 
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d'evitement des vibrations asynchrones est aussi issue des travaux et resultats de cette 

recherche. Une demande de brevet est en evaluation par le commanditaire principal a cet 

effet. 

r ^ . . 
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ABSTRACT 
This paper investigates the role of tip 

clearance flow in the occurrence of non-
synchronous vibrations (NSV) observed in the 
first axial rotor of a high-speed high-pressure 
compressor (HPC) in an aero-engine. NSV is an 
aero-elastic phenomenon where the rotor blades 
vibrate at non-integral multiples of the shaft 
rotational frequencies in operating regimes where 
classical flutter is not known to occur. 

A physical mechanism to explain the NSV 
phenomenon is proposed based on the blade tip 
trailing edge impinging jet like flow, and a novel 
theory based on the acoustic feedback in the jet 
potential core. The theory suggests that the 
critical jet velocity, which brings a jet impinging 
on a rigid structure to resonance, is reduced to the 
velocities observed in the blade tip secondary 
flow when the jet impinges on a flexible 
structure. The feedback mechanism is then an 
acoustic wave traveling backward in the jet 

potential core, and this is experimentally 
demonstrated. 

A model is proposed to predict the critical tip 
speed at which NSV can occur. The model also 
addresses several unexplained phenomena, or 
missing links, which are essential to connect tip 
clearance flow unsteadiness to NSV. These are the 
pressure level, the pitch-based reduced frequency, 
and the observed step changes in blade vibration 
and mode shape. The model is verified using two 
different rotors that exhibited NSV. 

NOMENCLATURE 
c : Local speed of sound 
CFD : Computational Fluid Dynamics 
D : Jet diameter, Cylinder diameter 
EO : Engine order (1,2,3,...) 
/ : Natural frequency 
G : Power Spectral Density 
H : Planar jet width 
HPC : High pressure compressor 
N : Rotor speed 
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INTRODUCTION 
Non-Synchronous Vibrations (NSV) have 

been observed in an axial compressor rotor blade. 
NSV are characterized by being asynchronous to 
the rotor speed, i.e. the rotor blades vibrate at 
non-integral multiples of the shaft rotational 
frequencies, and they occur in operating regimes 
not associated with classical flutter. This type of 
vibration was previously reported by 
Baumgartner et al. [1] and Kielb et al. [2]. 

Figure 1 shows the rotor blade under study. 
The observed NSV mode is the first torsion (IT) 
illustrated on the figure. Figure 2a shows engine 
experimental blade strain gauge data during NSV. 
The significant vibratory amplification is clearly 
evident. Figure 2b shows the unsteady pressure 
simultaneously measured on the casing of which 
the level is in agreement with the case reported 
by Baumgartner et al. [1]. 
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Figure 1: Rotor Blade and NSV Mode 
Shape 

a) Blade Vibratory Response 

Figure 2: NSV Blade Vibrations and Casing 
Pressure 

Several authors have studied tip clearance 
flow unsteadiness as the source of noise and NSV, 
both using computational simulations and 
experimentation. Examples of work in this area 
can be found in Kameier and Neise [3,4], Mailach 
et al. [5], and Liu at al. [6], who studied the tip 
flow unsteadiness, known as rotating instabilities 
(R.I.), inferred to excite the casing acoustic 
modes, which in turn can excite the blades. The 
reported acoustic wave to structure coupling 
mechanism is somewhat similar to the work of 
Yamaguchi et al. [7] who found NSV due to 
surrounding bleed cavity acoustic resonance, with 
the difference that the excitation source is 
attributed to a tip vortex interaction that increases 
with tip clearance. Fukano et al. [8], Marz et al. 
[9], and Zhang et al. [10] all identified an 
interference of the tip clearance flow instability 
with the adjacent blade pressure face at high stage 
loading. Vo [11] showed that significant tip 
clearance flow unsteadiness exists at large tip 
clearance when only one of the two criteria for 
spike stall inception, namely the trailing edge 
backflow, is met. 
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Incoming flow 
impingement 

clearance flow End of endwall backflow below 
region separation region blade tip 

Figure 3: Impinging Trailing Edge 
Backflow [11] 

This work suggested that the trailing edge 
backflow acts as an impinging jet on the pressure 
face of the second adjacent blade, and this is 
related to the known R.I. phenomenon. 

Figure 3 from Vo [11] illustrates the 
impinging jet-like blade tip trailing edge flow 
feature, which laid the base for this work. This 
backflow is essentially a recirculation zone, as 
described by Kameier et al. [3], with a 
circumferential velocity component. At large 
clearance, and under high blade loading, the tip 
clearance flow develops in a jet-like pattern that 
reaches below the blade tip in the adjacent 
passage to finally impinge on the pressure side 
near the trailing edge. 

The trailing edge backflow described by Vo 
[11] and Vo et al. [18] has been verified 
experimentally by Deppe et al. [12] both in 
cascade and compressors. 

Figures 4 and 5 show additional evidence of 
blade pressure side impingement both calculated 
by Marz et al. [9] and measured by Fukano et al. 
[8], respectively, at conditions where R.I. exist. 

Figure 4: Tip Velocity Vector during 
R.I. [9] 

Figure 4 shows the velocity vectors for a span 
cut just below the blade tip seen during a R.I. 
cycle [9]. The velocity field circled on the figure 
is in good agreement with the impinging jet like 
flow described on Figure 3. 

Figure 5 presents the measured rotor 
trailing edge velocity fluctuations (VJ) at large tip 
clearance and high stage loading [8], which are 
the typical conditions for R.I. The presence of 
large velocity fluctuations (circled) is consistent 
with a flow impingement below the trailing edge 
tip. 

Increasing Stage Loading 

Blade (at TE) 

Figure 5: Pressure Side Velocity Fluctuation 
[8] 

The recent work cited points to the study of 
the dynamics of an impinging jet to elucidate the 
mechanism behind NSV Furthermore, although 
tip clearance flow instabilities (R.I.) are generally 
accepted as the cause for NSV, some unexplained 
phenomena, or missing links, are noted between 
the R.I. only based NSV mechanism and the 
available experimental data on NSV. 

First, the amplitude of the tip pressure 
fluctuation during actual NSV conditions are 
experimentally measured to be between one and 
three orders of magnitude higher than during R.I. 
conditions of the fixed blade cases. Baumgartner 
et al. [1] reported NSV pressure fluctuations in 
the order of 150 dB, while typical near field R.I. 
induced noise data, with non-vibrating blades is in 
the order of 110 to 120 dB [3]. The rotor 
considered in this study also exhibited casing 
pressure fluctuations in the order of 150 dB as 
shown on Figure 2. 

Second, there seems to be a physical 
inconsistency on the scaling length for the 
reduced frequency of R.I. The flow emanating 
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from the tip clearance essentially involves a shear 
layer. Based on typical observations of shear 
layer induced instabilities, one would expect the 
reduced frequency to scale with geometric 
lengthscales related to the body such as the chord 
or the tip clearance from which the jet like shear 
layer emanates. For example, the reduced 
frequency of a cylinder in cross-flow scales with 
the diameter (StD=p/U) [13]. Similarly for 
circular and planar jets, the reduced frequencies 
are, respectively, found to be StD=JD/U and 
StH=fH/U where D and H are the circular jet 
diameter and the planar jet width [14]. However, 
Kameier and Neise [3] deduced a reduced 
frequency from observations on R.I. that scales 
with the blade pitch when using half the blade tip 
velocity (Utip/2) as the velocity term. 

Third, there is nothing in the R.I. based NSV 
mechanism to explain the frequency shift 
phenomena observed by Kielb et al. [2] where the 
blade vibration mode switched from the first 
torsion to the second torsion mode, which 
vibrated at around twice the first torsion mode 
frequency during NSV. 

In this paper, a mechanism and associated 
model based on a resonant jet analogy is 
proposed to explain NSV and resolve the above 
three missing links. 

A jet core acoustic feedback theory is 
developed. The theory is verified on a simple 
experimental apparatus. A model is formulated, 
based on this theory, to predict the critical rotor 
speed at which NSV may occur at high stage 
loading. 

The model is validated against two different 
rotor blades that exhibited NSV. Additional 
implications of the inferred NSV mechanism are 
subsequently presented. 

IMPINGING JET RESONANCE 
In observing R.I.-type flow unsteadiness 

when the flow condition depicted in Figure 3 
arises at stable (unstalled) compressor operations, 
Vo [11] suggested that an explanation into the 
flow unsteadiness associated with NSV may lie in 
the dynamics of an impinging jet as studied by 
Hoetal. [15]. 

Ho et al. [15] conducted experimental work 
on high-speed subsonic jets impinging on a rigid 
flat plate. The shear layer, around the jet, 
produces vortical flow structures that scale with 

the jet velocity and diameter. When a rigid plate is 
introduced in the potential core of the jet, these 
impinging structures produce an acoustic 
reflection. As the jet velocity is increased, it 
eventually reaches a critical value where the 
acoustic feedback wavelength matches the jet-to-
plate distance. The jet is then said to be resonant 
and significant amplification of the pressure 
unsteadiness is observed on the plate. The 
resonant jet conditions were found to occur at 
Mach numbers higher than 0.65, whereas jet 
velocities associated with NSV are often lower 
than this threshold. In fact, R.I. have been 
measured to rotate at around half the rotor speed, 
depending on the stage loading condition, by 
Kameier and Neise [3,4]. At off-design 
conditions, where NSV are often observed, the 
blade tip velocity (Utip) is generally subsonic, and 
thus the inferred tip jet emanating from the tip 
clearance is expected to be below Mach 0.5 in the 
relative frame of reference. 

Jet Resonance when Impinging on a Rigid Plate 
Figure 6 shows a simplified view of Ho's [15] 

rigid plate acoustic feedback and resonant 
impinging jet observations. 
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Figure 6: Resonant Jet on a Rigid Plate - Ho 
[15] 
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The exact details such as the reflecting wave 
angle, presented in reference [15], are omitted 
here for clarity. 

When the fluid first exits the nozzle, small 
structures proportional to the thin shear layer 
thickness are produced. Those small structures 
merge very soon after leaving the nozzle lip into 
larger vortical structures that scale with the jet 
diameter (D). The structures are convected 
downstream at around half the jet velocity 
(Figure 6a) and induce pressure fluctuations on 
the plate. If the rigid plate is inserted within the 
jet potential core (L/D «< 7), peak pressure 
fluctuations are observed on the plate at 1 < r/D < 
1.5. The pressure fluctuation is also null at the 
plate center (r/D = 0), which is a stagnation point. 
The fluctuation reduced frequency (Stj =JD/U) is 
a constant at a given ratio of the plate distance to 
the jet diameter (L/D) [15]. The pressure 
fluctuations produce a sound wave that is 
reflected outside the jet potential core at the 
speed of sound (c). The reflected wave frequency 
is proportional to the jet velocity, and it is also 
equal to the ratio of the speed of sound over its 
wavelength (f= StjU/D = c/Xc). Thus, there exists 
a critical value of the jet velocity (U) for which 
the reflected wavelength (/Lc) equals the jet-to-
plate distance (L), as depicted in Figure 6b. At 
this critical condition, the jet vortical structures 
lock-on to the acoustic wave frequency and 
significant amplification of the pressure 
fluctuations is measured on the plate (Figure 6c). 
Figure 6d presents the possible Strouhal number 
range of resonant impinging jets. It also shows 
that resonance on a rigid plate has not been 
reported below Mach 0.65 [14]. 

Jet Core Feedback Theory 
This paper introduces the jet core feedback 

theory whose essence is shown in Figure 7. When 
a jet impinges on a flexible plate, in contrast to 
the rigid plate case, the plate vibration (z') 
induces a velocity, and thus a pressure fluctuation 
at r/D = 0 (Figure 7a). This in turn produces a 
pressure wave that propagates back inside the jet 
potential core at velocity UB, where 

with c being the local speed of sound. This 
implies that for the jet-on flexible-plate system, 
there exists a critical velocity (U), for which the 
jet becomes resonant at the plate natural 
frequency. The critical condition is then 

/ = fb = St/J/D = UBIXB = (c - U)IXB (2) 

withy^ being the plate vibration frequency and XB 

the reflected wavelength. According to equation 
(2), and as shown on Figure 7b, the critical jet 
velocity at which the jet resonance can occur is 
when the feedback wavelength (XB) equals the 
distance between the jet lip and the plate (JL). In 
parallel, this also implies that the core feedback 
wavelength (XB = (c-U)/f) is smaller than the 
acoustic wavelength (Xc = c/f) for any U > 0. In 
the context of a compressor rotor, the critical jet 
velocity then becomes in the order of magnitude 
of the R.I. reported velocities [3,4]. Such a 
locked-on system will induce significant pressure 
amplification. Note also that the blade pitch (s) 
will naturally appear as the equivalent of the jet-
to-plate distance (L) in the critical frequency 
calculation. 
a) , I 

U,,=c-U (1) Figure 7: Jet Core Feedback Theory 

The reflected wave will cause velocity and 
pressure fluctuation at the jet lip. A wave crest, 



oscillating at the plate natural frequency, exists at 
the jet lip under the following condition: 

L = nXB/2 (3) 

where n is an integer. 

Jet lip forced oscillation was also used in 
external impinging jet excitation studies to 
optimize the system heat transfer [16,17]. The 
excitation usually takes the form of a 
speakerphone located in a plenum upstream of 
the jet nozzle. It was found that the jet vortical 
structure formation can lock onto the external 
excitation provided that the forced oscillation 
frequency is close enough to the impinging jet 
natural frequency. 

JET-FLEXIBLE-PLATE EXPERIMENT 
An experiment was conducted with a jet 

impinging on a flexible plate to demonstrate the 
proposed jet core feedback theory. Figure 8 
shows the experimental apparatus. 

Figure 8: Experimental Set-Up 

The diameter of the circular jet (D) was 
0.0635 m (2.5"). In order to obtain a peak 
displacement at r/D = 0, and good frequency 
agreement between the plate and the jet, the 
circular plate was designed such that the first 
nodal circle mode (mode 01) natural frequency 
coincided with the jet oscillation around Mach 
0.4 per equation (2). The plate was made of mild 
steel with an outside diameter of 0.273 m 
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(10.75") and a thickness of 1.59 mm (0.0625"). 
The plate was clamped to the support at its 
circumference. Figure 9 shows the plate first two 
nodal circle modes, 00 and 01, which have their 
peak displacement at r/D = 0. 

The jet core feedback demonstration consists 
of setting the plate into vibration using an external 
shaker at the mode 01 natural frequency. The jet 
velocity is then varied from Mach 0.2 to Mach 0.5 
to locate the resonant jet condition. The resonant 
jet is characterized by the peak response of the 
plate pressure fluctuation (p'p) located at r/D = 
1.25 to the jet lip pressure fluctuation (p'j). Once 
the resonant jet Mach number is located, dwells 
are conducted around that point determine the 
resonant conditions more accurately and to derive 
the backward propagating speed using the 
pressure and vibration signal phase relationships 
and equations (1) and (2). 

'</ , \ \ . | Mode 00 
4 I i \ h Mode 01 

Figure 9: Plate Nodal Circle Mode Shapes 

The experiment was conducted at different jet 
to plate distances (L/D) of 4.92, 4.75 and 2.52, 
where the nozzle lip pressure fluctuation is 
expected near a maximum per equation (3). 

Figure 10 shows the acoustic response 
\p'p/p)\ to a slow jet Mach number sweep through 
the resonance at L/D = 4.75. The strong 
amplification, 1000 times, shows the evidence of 
the jet acoustic lock-on at the plate natural 
frequency of 687Hz. 

This is the first time, to the author's 
knowledge, that jet resonance has been shown to 
occur below Mach 0.65, and it confirms our 
hypothesis of a resonant impinging jet on a 
flexible structure. The speed of sound during the 
test ambient conditions was 345 m/s. The jet 
reduced frequency (Stj) at the resonant condition 
(Mach 0.37) was 0.342. 
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Figure 10: Mach Sweep Through Resonance 

Dwells were conducted in the vicinity of the 
localized resonant Mach number to conduct the 
phase analysis. The magnitude response seen 
during the dwells is used to accurately locate the 
resonant peak frequency for the phase analysis. 
The best accuracy of the resonant peak 
amplification is obtained from the sweep through, 
as shown on Figure 10, since it is hardly possible 
to dwell at the exact maximum response, and thus 
steady-state running is always slightly off on 
either side of the resonant peak. On the other 
hand, best accuracy of the resonant frequency and 
Mach number is obtained from the dwells due to 
the inherent averaging of the response spectrum 
generation, which is more accurate in steady state 
than in transient. This is also true for a slow 
maneuver such as the slow sweep through used to 
generate Figure 10. 

Figure 11 shows the forward wave transfer 
function (\p'p/p'j\) for the three distance (L/D) 
configurations at their respective peak responses. 

It confirms the acoustic amplification at the 
plate natural frequency of 687 Hz and is used to 
accurately determine the resonance conditions. 

No pressure measurement is available at 
r/D=0 where the accelerometer is installed. 
However, the pressure fluctuation at r/D = 0 and x 
= L are in phase with the plate displacement due 
to the no slip condition of the flow adjacent to the 
surface. Thus, the phase component of the plate 
vibration-to-jet lip pressure transfer function 
(z'/p'j) is used to derive the backward wave 
resulting propagation speed and wavelength at the 
plate resonant frequency. 

Figure 12 shows the measured phase 
component of the backward wave transfer 
function (Zz Vp }) compared to the prediction at a 
given distance to wavelength ratio (X/As). The 
dashed line on Figure 12 is the predicted phase of 
the backward wave. The prediction is obtained 
from the resulting distance to wavelength ratio 
(L/1B) when assuming the wave propagating speed 
per equation (l)and calculating the wavelength 
(AB) per equation (2). 
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Figure 11: Forward Wave Transfer Function 

Figure 12: Backward Wave Phase Results 

The experiment was conducted near acoustic 
resonances as per equation (3) with (n « 1) and (n 
« 2). The measured phase (square symbols), 
corresponding to three different nozzle-to-plate 
distances, agree well with the prediction. 

The above results experimentally confirm the 
jet core feedback theory, in which a plate 
vibration induces a feedback wave traveling 
upstream in the jet potential core at a velocity that 
is the difference between the local speed of sound 
and the jet forward velocity. This feedback wave 
then couples with the jet lip convected 
unsteadiness to cause an acoustic resonance at the 
plate natural frequency, and at jet velocity below 
Mach 0.65. 
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APPLICATION TO ROTOR BLADING 
As described by Vo [11] and Vo et al. [18], 

and shown in Figure 3, the trailing edge backflow 
impinges on the blade tip at the adjacent blade 
passage. This impinging flow, shown from a 
radially inward perspective above the blade tip in 
Figure 13, travels forward, that is from left to 
right on the figure, at velocity (UF). 

The forward wave velocity (UF) is linked to 
the trailing edge backflow and in turn to the R.I. 
velocity [11] and has been established to be at 
around half the blade tip speed [3,4]. This is also 
confirmed with a single blade passage steady 
CFD simulation of the rotor under study which 
shows that the average normalized tip clearance 
tangential velocity (Uf/Utip) is 0.484. Therefore 
the general approximation (UF = Utip/2) will be 
used. 

The jet core feedback wave, traveling 
backward at velocity UB per equation (1), with U 
= UF, is also shown on the figure. The critical 
NSV condition arises when the feedback 
wavelength equals twice the blade pitch (s) as 
illustrated on Figure 13 by the full wavelength 
within two pitches. 

As also shown on Figure 13, the blade; 
convected vortical structures, synchronized to the 
feedback wave, will impinge on the blade^ 
pressure side. This in turn initiates strong 
amplification of both the pressure fluctuation and 
blade vibration, at the blade natural frequency, 
and can cause fatigue problems. 

Ulip, 

Blade, Blades Blade,.? 

Figure 13: Jet Core Feedback - NSV 
Application 

It should be noted that the resulting forward 
wavelength is not an integer multiple of two 
blade pitches, this condition being met only for 
the backward wave which travels at a different 

velocity, and thus its instantaneous phase may not 
appear synchronized to the blade movement. The 
forward wave is convected, that is its velocity 
fluctuates around the mean jet velocity (UF) and 
therefore does not require to either be an integer 
of a half or of a full blade pitch to generate the 
unsteady forcing on the blade. In contrast, an 
equivalent acoustic wave velocity would fluctuate 
around zero mean (an acoustic wave is 
propagated), thus requiring phase matching as 
does the feedback wave. 

Equation (4) is derived to predict the critical 
tip velocity (Utipc) at which NSV may occur at 
the blade natural frequency (fb). 

Utipc = if-lsfbln) (4) 

where c is the blade tip speed of sound, s the 
blade pitch and n an integer that accounts for the 
super-harmonics of the acoustic feedback wave, 
which results from the impinging flow "staging" 
phenomenon [14] and is discussed in the 
subsequent section. 

Critical Tip Speed Validation 
Equation (4) is now verified against the rotor 

under study along with Baumgartner et al. [1] 
rotor for which relevant information is available. 

i) Rotor Under Study 
Based on the rotor blade characteristics, the 

blade pitch (s) is 0.042 m. The blade vibration 
frequency (fb) was found to be around 2260 Hz 
during NSV. The blade tip region local speed of 
sound (c) was about 356 m/s during the NSV 
event. Substituting these values into equation (4), 
with n = 1, the critical NSV tip velocity (Utipc) 
predicted by equation (4) is 332 m/s and NSV 
were actually measured at (Utip) between 310 and 
335 m/s. The critical NSV velocity is therefore 
accurately predicted by the proposed theory. 

ii) Baumgartner et al. Rotor [1] 
Based on the rotor blade characteristics, the 

blade pitch (s) is 0.053 m. The blade vibration 
frequency (fb) was found to be around 1372 Hz 
during NSV. The blade tip region local speed of 
sound (c) is estimated at 357 m/s, assuming 
standard day inlet, 30K 1st stage off-design 
temperature rise from the given 400K over 10 
stages at design speed, during the event. 
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Substituting these values into equation (4), with n 
= 1, the critical NSV tip velocity (Utipc) 
predicted by equation (4) is 423 m/s and NSV 
were actually measured at (Utip) near 411 m/s. 
Equation (4) prediction thus falls within 3% of 
the reported [1] NSV speed. 

Unfortunately, for the rotor used by Kielb et 
al. [2], relevant characteristics are not available, 
and equation (4) cannot be verified against this 
supplementary case. 

NSV MODEL IMPLICATIONS 
NSV Zone Prediction and Avoidance 

Equation (4) constitutes a straightforward 
tool to predict the critical NSV zones in the rotor 
operating envelope, and the above results show 
that it leads to a reasonable prediction of the 
critical NSV speed even with an approximation 
of the blade tip local speed of sound. This is 
explained by the speed of sound being 
proportional to the square root of the 
temperature. 

There is some analytical work in determining 
more accurately the local speed of sound. If, 
however, the stage characteristic is known, either 
by analytical or experimental means, the tip 
temperature at the NSV condition can be 
approximated from the near stall temperature rise 
characteristic as a function of the corrected rotor 
speed and the inlet temperature. The inlet 
temperature can be derived from the ambient 
conditions and the upstream compression stages 
when applicable. 

Equation (4) can be used to design the blade 
away from potential NSV. The critical NSV 
speed (Utipc) can be designed outside the 
operating range, or at least matched at low stage 
loading. For example, the front and rear stage 
Utipc should cross the blade modes, respectively, 
at the high and low end of the operating speed 
range. 

Initial Blade Vibration 
The proposed model is based on the 

feedback wave from the blade vibration, and it 
assumes that the blade is actually vibrating when 
the NSV tip flow condition occurs. This is a 
reasonable assumption since in practice, NSV 
inevitably occurs between two integer Engine 
Order (EO) crossings on the blade Campbell 
diagram. The Campbell diagram is a plot of the 

blade natural frequencies versus rotational speeds 
where potential crossings are represented by 
straight lines of slope EO, an integer, as shown on 
Figure 14. 

Frequency 

Rotor Speed 

Figure 14: NSV Region on Campbell Diagram 

Small forced response residual vibration from 
the near EO crossing can initiate the feedback 
wave that in turn will synchronize the generation 
of the tip clearance flow shear layer vortical 
structures to the blade natural frequency with 
which the self-sustained NSV will lock-on as 
depicted on Figure 14. This is also well illustrated 
by Figure 15, which shows actual engine blade 
strain gauge response during NSV just following 
EO 6 crossing on a slow engine deceleration. 

Figure 15: NSV near E06 on Engine 
Deceleration 

Close inspection of Kielb [2] engine strain 
gauge data also shows the NSV occurrence in the 
vicinity of the 12EO crossing, of which some 
activity can be seen in the strain gauge data. More 
research work is required to determine the actual 
minimum blade vibration threshold to initiate the 
jet core feedback wave. It is possible that typical 
engine running small blade movement at their 
natural frequencies, or the R.I. condition itself, is 
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enough to trigger the acoustic feedback 
phenomenon. 

Resonant Jet Staging and Vibration Frequency 
Shifts 

The general behavior of impinging shear 
layers has been characterized by Rockwell [19] 
and his work is summarized by Lucas [14]. One 
of the principal features common to impinging 
shear layers is the amplification of the pressure 
fluctuations in a narrowband of frequencies, as 
shown on Figure 6c, caused by the acoustic 
feedback (also known as the upstream influence) 
of the unsteady pressure from impingement on 
the downstream body. The frequency of the 
impinging shear layer oscillations increases 
quasi-linearly with the mean jet velocity over a 
limited range. It eventually "switches" from one 
feedback harmonic to the next in order to 
preserve the phase relationship between the 
source instability and the feedback wave. This 
phenomenon, causing discontinuities in the 
frequency versus jet velocity characteristic, is 
known as "staging" of the impinging shear layer. 

The proposed mechanism is a particular type 
of impinging shear layer developing in the blade 
tip region for which the "jet" velocity is constant 
but the feedback wave is generated by the blade 
vibratory motion. The phase relationship between 
the shear layer source blade and the adjacent 
vibrating blade will be preserved for any shorter 
feedback wavelength that is a super-harmonic of 
the fundamental feedback wave. This will occur 
at frequencies that are integer multiples of the 
fundamental. This phenomenon could explain the 
observation by Kielb et al. [2] where NSV 
switches from the blade IT to 2T vibration 
modes. In this case the two blade vibration mode 
natural frequencies are apart by about a factor of 
two. According to the proposed mechanism for 
NSV, the step change can be explained by the 
"staging" of the feedback wave as illustrated on 
Figure 16. 

The staging causes the acoustic wave to 
switch from its first to second harmonic within 
the blade pitch. Its traveling speed remaining 
constant, the resulting frequency would double 
and lock-on to the 2T mode, which coincidentally 
is vibrating at a frequency around twice the IT 
mode frequency. 

a) 1 Feedback Wave Harmonic 

/ . = ftMode\ 

Vibrating 
Blade 
fhModel = 2f,Model 

Figure 16: Feedback Staging & Vibration 
Frequency Shift 

CONCLUSION 
The link between tip clearance flow 

unsteadiness (R.I.) and NSV has been explained 
with a mechanism based on a novel impinging 
resonant jet theory. Moreover, a simple model to 
predict the critical rotor speed of NSV occurrence 
has been introduced and verified against the rotor 
under study and the rotor studied by Baumgartner 
etal. [1]. 

The proposed jet core feedback theory shows 
the possibility of having impinging jet acoustic 
resonance below Mach 0.65 when the jet 
impinges on a flexible structure. 

Experimental work was conducted to 
demonstrate the jet core feedback theory using an 
impinging jet on a flexible plate apparatus. The 
results demonstrate the presence of the jet core 
acoustic wave traveling at c-U and its coupling 
with the shear layer vortical structures at the 
nozzle lip causing jet resonance below Mach 0.65. 

The proposed model and associated physical 
NSV mechanism address the three missing links 
between R.I. and NSV that are identified from 
current knowledge: the required pressure 
unsteadiness amplification, the blade pitch as a 
main driving parameter, and the occasional 
vibration frequency and mode shift. 

Equation (4) can be used to design a rotor 
critical NSV speed and blade mode crossings 
outside the operating range, or at least at low 
stage loading conditions. 

This work suggested that damping the NSV 
surrounding EO crossing responses may prevent 
NSV occurrence. Further research is required to 
confirm the minimum blade vibration threshold 
that can trigger the acoustic feedback. 
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The Tip Clearance Flow Resonance behind Axial 
Compressor Non-Synchronous Vibration 
Non-Synchronous Vibration (NSV) is a particular type of aero-elastic 

phenomenon where the rotor blades vibrate at non-integral multiples of the shaft 
rotational frequencies. NSV behaviour appears similar to off-design stall flutter 
but with a particular blade tip flow evolution. This paper demonstrates the link 
between NSV and the resonance induced by the tip clearance flow, based on a 
proposed hypothesis and experimental confirmation. 

At off-design operating conditions, the rotor blade tip clearance shear layer flow 
can evolve tangentially. It is proposed that this tangential flow becomes a support 
for an acoustic feedback wave that settles between rotor blades. The feedback 
wave is driven by the blade vibratory motion and synchronizes the shear layer 

J. Thomassin vortical structures with the blade vibration frequency. Depending on the blade tip 
local temperature, and when the feedback wavelength matches within one or two 

H.-D. Vo blade pitches, the system becomes resonant and very high vibrations can occur on 
the blade. 

N. Mureithi An axial stage compressor test rig is set up to look into the underlying 
mechanism behind NSV through targeted measurements using both static and 
rotating instrumentation. The experimental apparatus consists of the first stage of 
a High Pressure Compressor (HPC) driven by an electric motor. The test section 
is built to minimize the effects of the adjacent stator blade rows in order to isolate 
the role of rotor blade tip clearance flow on NSV. Sensitivity studies are carried 
out to assess and demonstrate the effects of the rotor blade tip clearance and inlet 
temperature on NSV and validate the predicted resonance for NSV occurrence 
under various conditions. Vibrations and surface pressure data from adjacent 
blades are collected to demonstrate the predicted interactions between 
neighboring rotor blades. Finally, evidence of the staging phenomenon, inherent 
to the proposed NSV mechanism, is experimentally obtained. All the data obtained 
are consistent with and thus in support of the proposed mechanism for NSV. 

Introduction 
Non-Synchronous Vibrations (NSV) is a type 

of aero-elastic phenomenon encountered in modern 
turbomachinery. The symptoms are very similar to 
blade flutter, sometimes encountered at off-design 
operation, in the sense that the airfoil blades 
vibrate at non engine order frequencies to levels 
that can cause fatigue problems. The main 
differences between flutter and NSV are the 
vibration frequency and mode shape step changes 
that sometimes occur as a function of speed and 
temperature variation during NSV. The physical 
mechanism behind NSV has yet to be fully 
understood. For the more common engine order 

synchronous blade vibration, engineers can at least 
identify the excitation sources by the number of 
surrounding vanes. In the case of non-synchronous 
vibrations, aero-elastic specialists need to consider 
more complex phenomena such as fluid-elastic 
instability (flutter), vortex shedding or acoustic 
resonances. 

Many hypotheses have been proposed in an 
attempt to explain the underlying physical 
mechanism behind NSV. Owczarek [1, 2] 
suggested that the blade vibration was due to 
forcing by waves reflected from neighboring blade 
row. In the 60's and 70's, researchers also 
investigated the resonance of cascades based on the 
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Parker modes [3, 4]. This theory was later 
elaborated to include incidence and compressibility 
effects encountered in turbomachines. The 
proposed mechanism was then called aerodynamic 
resonance [5]. More recently Helmich and Seume 
[6] found evidences of duct acoustic resonance in a 
high-speed axial compressor. The modes in 
question required to be reflected by the 
downstream blade row in order to be trapped in the 
annulus. Most of the acoustic resonance theories 
rely on the assumption that the acoustic excitation 
comes from some sort of blade vortex shedding or 
overall broadband noise from the turbomachinery 
components. The actual interaction between these 
acoustic modes and the vortex shedding or 
background noise is often not understood. 

The link between blade vibrations and fan or 
compressor noise has been established [7]. Some 
authors studied the role of tip clearance flow in fan 
and compressor noise [8, 9] through an instability 
phenomenon interpreted as a Rotating Instability 
(R.I.). Baumgartner et al. [10] suggested that non-
engine order compressor blade vibrations were 
induced by such a Rotating Instability. Mailach et 
al. [11] proposed a reduced frequency for the R.I. 
based on the blade tip clearance and other 
geometric parameters including the blade pitch. 
Kielb et al. [12] suggested that NSV were driven 
by a blade tip instability that interacts with the 
suction side vortex. Vo [13] also suggested that 
NSV were linked to the tip clearance flow 
instability at high blade loading, where the tip 
clearance flow starts to evolve tangentially and 
impacts below the blade tip adjacent blades. He 
then proposed to study the dynamics of an 
impinging jet to shed some light into the NSV 
mechanism. 

More recently, Thomassin et al. [14] have 
proposed a novel theory to explain the NSV 
mechanism that essentially couples both tip 
clearance flow and acoustic wave phenomena. The 
model is based on the fundamental mechanism 
behind the oscillations of impinging shear layers. 
This type of fluid dynamic instability is quite 
common and exists for various geometries as 
studied by many authors and reported in detail by 
Rockwell [15] and summarized by Lucas [16]. 

Figure 1 depicts the general features of a self-
oscillating impinging shear layer. The key 
mechanism that inspired the hypothesis [14] is the 
upstream influence, or acoustic feedback, that 
synchronizes the formation of the vortical 
structures that grow from the separation edge as 
shown in the figure. As illustrated, the typical 
behavior of the shear layer, as it leaves the 
separation edge, is to roll-up into a vortical 
structure. This structure is convected downstream 
at some average velocity. The vortices thus formed 
will impact the impingement edge inducing 
pressure fluctuations which are propagated 
upstream as shown. The feedback will locally 
influence the vortex formation or, in other words, 
the shear layer instability. This phenomenon is 
called the upstream influence. There exist critical 
conditions for which the feedback wavelength is 
near the inter-edge distance causing the system to 
resonate. A vortical structure is essentially the 
geometric expression of a given shear layer. 
Therefore, since they are directly related, the 
terminology shear layer and vortical structures are 
used to describe the same unsteady phenomenon of 
interest in the following discussions. 

Nomenclature 
c 
EO 

/ 
FOR 
FR 
k 

n 

N 
NSV 

: Local speed of sound 
: Engine order 

(1,2,3,...) 
: Frequency 
: Frame Of Reference 
: Forced Response 
: Instability 
Convection Constant 

: Harmonic Integer 
Number 

: Rotor speed 
: Non-Synchronous 
Vibrations 

P' 
PR 
PS 
R 
s 
S' 
SS 
T 

u 

U 
utip 

: Pressure fluctuation 
: Pressure Ratio 
: Pressure side 
: Gas Constant 
: Blade pitch 
: Vibration Level 
: Suction side 
: Torsional, 
Temperature 

: Instantaneous 
velocity 

: Average Velocity 
: Blade tip velocity 

W 
z' 
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7 
X 

: Mass air Flow 
: Plate Vibration 
: Flow Coefficient 
: Specific Heat Ratio 
: Wavelength 

Subscripts 
b 
c 

B 
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: Blade 
: Speed of sound, 
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: Backward Wave in 
Rotating Frame 

: Forward Wave in 
Rotating Frame 
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Figure 1: General Feature of Oscillating Shear 
Layer [15] 

We studied the case where the vortical 
structures are convected at high velocity and the 
impingement edge is in vibratory motion at a 
frequency near the preferred mode (natural 
frequency) of the shear layer. The shear layer was 
obtained from a jet exit and the impingement 
'edge' was a vibrating plate as depicted in Figure 
2. Our work [14] demonstrated that the acoustic 
feedback, induced by the impingement 'edge' 
motion, can propagate upstream, in the jet potential 
core, at the speed of sound minus the jet mean 
velocity, UB, and synchronize the shear layer into a 
resonance. 

The resonance was found to occur at a lower 
critical jet velocity than normally encountered 
when the acoustic feedback (upstream influence) is 
propagated at the speed of sound, c, outside the jet 
potential core and also illustrated in Figure 2. 

. ^ ^ \ Q ^ 

777 
Figure 2: Oscillating Shear Layer Impinging on 
a Vibrating Structure [14] 

The findings were applied to axial compressor 
rotor blade tip clearance flow. At low rotor blade 
loading, the tip clearance flow immediately rolls up 
into a tip vortex. However, at high blade tip 
loading, typical of NSV conditions, the tip 
clearance flow starts to evolve tangentially and 

reaches the pressure side of the adjacent blade, and 
there is no clearly defined tip vortex. When this 
happens, there is a clear shear layer between the tip 
clearance flow and the almost perpendicular core 
flow that inevitably leads to vortical structures as 
illustrated in figure 3. 

This blade tip tangential flow then becomes a 
waveguide for the acoustic reflection to settle 
within one or two blade pitches. The feedback 
wave, forced by the blade vibration, propagates 
against the flow stream that convects the shear 
layer vortices. When the resulting feedback 
wavelength matches the interblade distance, or 
pitch, the tip clearance flow becomes "resonant" 
and can potentially induce high blade vibration. 

The detailed NSV model, based on the 
resonance of tip clearance flow, which is a 
particular case of an oscillating shear layer 
impinging on a vibrating structure, is presented in 
the next section of this paper. Then, the rotor under 
study is briefly described along with the details of 
the test-section and instrumentation. The results 
and discussion section is finally presented in which 
the data analysis is conducted. 

NSV Model Review 

Before the experimental results and data 
analysis are presented, it is appropriate to conduct 
a more detailed review of the NSV mechanism as 
proposed by Thomassin et al. [14]. Figure 3 depicts 
the physics of the phenomenon. 

Figures 3a and 3b show the relevant fluid 
mechanics occurring at the blade tip when the 
aerodynamic loading of the compressor stage is 
increased by mass flow reduction, through a 
downstream throttle for example. At high 

Z aerodynamic loading, a recirculation zone develops 
in the blade tip area as shown in Figure 3a [8]. This 
recirculation zone is in fact a vortex sheet of tip 
clearance flow with a large tangential velocity 
component. The tip clearance flow can develop in 
two flow paths as shown in Figure 3b. The solid 
line illustrates the mean flow path of the tip 
clearance backflow evolving around the blade 
trailing edge to eventually reach below the adjacent 
blade tip. The dashed lines illustrate the blade tip 
clearance flow that can leak through the next tip 
clearance. 

Figures 3c and 3d show the 2D axial plane cut 
of Figure 3b. The tangential tip clearance flow 
evolution is driven by the difference in pressure, 
AP, across the blade and the casing shear as 
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illustrated in Figure 3c. The tip clearance shear 
layer is shown in the rotating frame of reference, as 
if the wall was moving at the blade tip speed U,ip. 
The vortical flow structures, associated with the tip 
clearance flow, are convected at the average 
velocity Up, which is linked to the tip clearance 
flow velocity and is a fraction of the blade tip 
speed. This convection velocity is driven by many 
factors such as the blade loading, as mentioned 
above, and the tip clearance size [8, 9, 11]. The 
novel element that was brought to the study of 
NSV by Thomassin et al. [14] is the feedback wave 
shown in Figure 3d. It is this feedback wave that 
brings the tip clearance flow into resonance, 
inducing high enough unsteady pressure to explain 
the high vibration level observed during NSV. It is 
also this feedback wave that imposes the NSV 
critical condition and allows its prediction. As the 
blade vibrates, it produces a sound pressure wave 
that propagates in all directions. In the tip 
clearance "flow channel" area, shaded on Figures 
3c and 3d, it encounters the tip vortical flow 
structure relatively high mean convection speed 
UF. The feedback wave is thus compressed and 
propagates upstream, in the tangential direction, at 
the local speed of sound minus the mean vortical 
structure convection speed, (c-UF). 

a) Recirculation Zone at Blade Tip 

The adjacent blade interaction is shown in the 
figure but the initial work from the authors was 
inspired by the earlier studies on the topic 
conducted by Vo [13]. The latter suggested that 
the NSV region on the compressor map coincides 
with the apparition of one of the two tip stall 
inception criteria, namely the trailing edge 
backflow which actually reaches the second 
adjacent blade tip as illustrated by the solid line in 
Figure 3b. The later work by Thomassin et al. [14] 
demonstrated that both cases can in fact occur and 
would lead to the same prediction equation. The 
authors found that the shear layer instability, such 
as shown in Figure 3 c at the blade tip, can couple 
to an acoustic feedback wave at either 360° or 
180°, when the acoustic wave is induced by a 
downstream vibrating structure. This means that 
the resonance of the oscillating impinging shear 
layer can occur for a full wave trapped within two 
blade pitches or for a half wave trapped within a 
single blade pitch as depicted in Figure 3d, 
depending on the system's preferred flow path. In 
both cases though, the feedback wavelength is two 
blade pitches and the resonance condition, detailed 
in this work, is the same. 

b) Tip Clearance Flow Paths 

Airflow 

c) Blade Tip Vortex Sheet Tangential Direction at d) Acoustic Feedback Propagated against Vortex 
High Blade Loading - Rotating FOR Sheet Mean Convection Velocity - Rotating FOR 
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Figure 3: Thomassin et al. NSV Model Summary [14] 
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Eq. 1 was derived in reference [14] to predict the 
NSV critical speed based on the blade tip local 
speed of sound, c, natural blade vibration 
frequency, fb, and pitch, s, with n the wave 
harmonic integer. The integer n captures the 
staging phenomenon that is inherent to impinging 
shear layers. It occurs when the higher harmonics 
of the feedback wave settle between the blades. 
The staging phenomenon is believed to explain the 
frequency and mode shape shifts sometimes 
encountered during NSV [12, 14]. 

"-•{'-¥) <•> 
The constant 2, outside the bracket of the right 

hand side term of Eq. 1, stands for the ratio of the 
blade tip speed, U,ip, to the tip clearance flow 
instability mean convection velocity, UF. In the 
absence of more accurate data, it can be 
approximated using the general approximation 
U,ip/UF = 2 [14]. A good prediction for this 
parameter, along with the blade tip temperature to 
estimate the local speed of sound, c, can also be 
obtained, at design level, from the stage 
performance and CFD simulations. Eq. 1 was 
statistically verified against a number of cases 
where compressor blades had exhibited NSV [14]. 

Figure 4 illustrates an example of the 
application of the derived equation to the F100 fan 
blade Campbell diagram. The diagram data is taken 
from Jeffers et al. [17]. 

The challenge in trying to model Fluid Elastic 
Instabilities (FEI), like off-design flutter or NSV, is 
to conduct the analysis at the proper operating 
condition. The latter is most of the time known 
once the engine ran and the blade failed flutter 
strain gauge testing. We believe that our proposed 
model brings a missing element into the "a priori" 
prediction of off-design FEI like NSV. NSV can 
appear quite similar to stall flutter, except for the 
sometimes observed frequency and mode shape 
step changes [12]. The F100 fan blade was 
reported to exhibit flutter during its development in 
the mid 70's [17]. The vibration was found in both 
the rig at approximately 800 Hz and the full engine 
testing at around 1000 Hz. The high vibration 
regions experimentally obtained are circled in 
Figure 4. Eq. 1 makes it possible to draw lines for 
the prediction of NSV like FEI occurrence on the 
Campbell diagram. These are the negative slope 
lines in Figure 4. The line on the left was 

calculated for cold day operation (-65 °C) while the 
line on the right was calculated for hot day 
operation (+65°C). The extreme temperatures are 
arbitrarily chosen for typical operating conditions 
of an aircraft inlet first fan stage. All the reported 
vibration conditions fall within the prediction lines. 

The critical NSV speeds are calculated for both 
the rig and the engine conditions, which illustrates 
that the proposed mechanism can explain different 
vibration modes and frequencies at similar critical 
rotor speeds based on the fundamental coupling 
mechanisms of impinging shear layers [14, 16]. 

1 i i i i i 1 • . 
0 2k 4k 6k 8k 10k 12k N(RPM) 

Figure 4: NSV Critical Speed Prediction 

The above discussion essentially summarizes 
the work presented in reference [14]. In what 
follows our complementary effort to 
experimentally support the conclusions of [14] is 
presented. 

With the availability of more accurate data on 
the blade tip instability convection speed, as for the 
present study, the prediction Eq. 1 can be 
reformulated by introducing a constant, k, as per 
Eq. 2 below. UF is the tip instability, or tip vortical 
structures, convection speed and U,ip the blade tip 
speed. 
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The critical NSV blade tip speed prediction 

takes the form of Eq. 3 with the left hand term 
being the NSV critical blade tip velocity corrected 
to the blade tip local temperature, y the specific 
heat ratio assumed constant at 1.4, R the gas 
constant, s the blade pitch, fb the blade natural 
vibration frequency, T,ip the local blade tip 
temperature, and n an integer that accounts for the 
"stage" or harmonic of the feedback wave of 
Figure 3d. 

iV=J^__2tfU (3) 

This paper presents an experimental 
investigation into the NSV phenomenon. A 
virtually isolated compressor rotor test rig 
experiment is conducted with unsteady 
instrumentation in both the rotating (rotor blades) 
and fixed (casing) frames of reference. 
The objectives are the following: 

- Demonstrate that NSV is tip clearance flow 
driven and does not require interactions with 
other blade rows. This is achieved by building 
the test section without static vanes in the rotor 
vicinity. 

- Demonstrate the NSV mechanism where the 
blade tip clearance shear layer instability is 
synchronized by an acoustic feedback 
emanating from the vibration of adjacent 
blades. 

- Verify that the critical NSV speed prediction 
can be obtained accurately with Eqs. 2 and 3. 

- Conduct studies on NSV sensitivity with 
respect to tip clearance and inlet temperature. 

- Obtain evidence supporting the staging 
phenomenon proposed in [14]. 

Experimental Set-up 

The rotor considered in this case study is the 
first stage of a high pressure compressor that 
exhibited NSV under particular operating 
conditions. It is installed as a single stage in a 
compressor rig test-section. The IGV's are not 
installed and the de-swirl vanes are installed more 
than four blade chords downstream of the rotor to 
eliminate the effects of the surrounding vane 
interactions and focus purely on tip clearance flow 
effects. The rotor under study has 23 blades. The 
blade aspect ratio and hub-to-tip ratio are 
approximately 1.4 and .5 respectively. Two tip 

clearance settings are investigated, 1% and 2% of 
the tip chord (cold static condition). 

Figure 5 shows a side view of the test section 
with its major components. Air flows from left to 
right in the figure. Engine order excitation is 
possible through the optional inlet fingers. Tip 
clearance variation is achieved by moving the rotor 
shroud axially, taking advantage of the blade tip 
meridional angle. De-swirl vanes are installed 
downstream the rotor to minimize the exhaust 
pressure losses. The air exits the section in a scroll 
plenum, and flows outside through a butterfly 
valve that controls the stage loading (back 
pressure). The plenum and exhaust valves are not 
shown in the figure. The gas path is designed to 
keep the entry flow accelerating up to the blade 
leading edge in order to minimize the entry 
boundary layer thickness. 

Figure 5: Rotating Rig Test-Section 

There are two sets of instrumentation, static and 
rotating. The signals, from the rotating 
instrumentation on the rotor blades, are transmitted 
through a slip-ring which provides static contacts 
for the spinning instruments. 

Figure 6 shows a picture of the installed 
compressor rig. The inlet fingers, the slip-ring that 
transmit the rotating instrument data and the rotor 
under test are identified on the figure. 

Figure 7 shows the details of the static 
instrumentation. Unsteady static pressure sensors 
are flush mounted on the shroud per Figure 7a. The 
pressure probes are also distributed 
circumferentially, in the blade trailing edge plane, 
to capture the convected vortical structures. Their 
angular locations are depicted in Figure 7c. Two 
sets of seven pressure probes, as shown relative to 
the blade tip geometry, are mounted 180° apart to 
capture small (-half a blade pitch) and large (~11 
blade pitches) convected flow structures. 
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Figure 6: Installed Compressor Test Rig 

NSV mode of interest. Also shown in Figure 8b are 
the locations of the unsteady flush mounted 
pressure probes installed on the suction side of 
blades 1 and 13. 
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Figure 7: Static Instrumentation (Casing) 

Temperature measurements, as shown in Figure 
7b and 7d, are taken at various axial and 
circumferential locations essentially to obtain the 
local speed of sound in the blade tip region. This 
sensing location is found adequate since it is 
mounted in the well mixed flow region, as shown 
in Figure 3a, of the blade tip at the NSV operating 
conditions. 

Figure 8 depicts the details of the rotating 
instrumentation. A total of nine blades are 
instrumented with strain gauges. The instrumented 
blades are identified in Figure 8a. Figure 8b shows 
the strain gauge locations selected to capture the 

The test procedure essentially consists of 
b) Blade Tip Temperatures Axiai conducting NSV sensitivity studies to tip 

clearances, stage loading, inlet temperature and 
Thermocouples surrounding engine order vibration levels. 

Results and Discussion 

NSV Zone and Vibration Levels 
Several types of Fluid-Elastic Instability (FEI) 

can occur in a compressor depending on the 
operating regime. The instability that is 
characterized in the present study is based on the 
criterion that it is sensitive to tip clearance and is 
defined as NSV. Figure 9 summarizes the method 
used to obtain NSV data. Based on the proposed 
model, NSV relies on three simultaneous 
conditions to occur. The relatively large tip 
clearance, the tangential flow direction at the blade 
tip and the appropriate blade tip temperature that 
defines the local speed of sound. It also generally 
occurs at non-integral multiple of the rotating 
speed. The method that was used to generate the 
data was to map the compressor speed lines at 
every 1% speed, N, in the NSV off-design regime 
as shown in Figure 9. 
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- Example of Blade Vibration Amplification (2% Clearance/ 
No Heat Condition) 
- Peak found to occur at various conditions in NSV Region, 
not necessarily at stability limit 

PR/ 
'PR Design 

N = 72% 

Investigated 
NSV Region N = 66% 

.57 .65 W/ 
'Wn 

Figure 9: NSV Region and Vibration Amplification 

Many maps were generated for various tip 
clearance and temperature configurations. The 
NSV region was found to occur at around 60% and 
75% of the rotor design flow and pressure ratio, 
respectively. The NSV region, relative to the 
compressor map, is shaded in the figure. The map 
in Figure 9 corresponds to the 2% cold tip 
clearance case. 

The blade vibration levels are obtained from the 
strain gauges installed on the blade to capture the 
first torsional, IT, mode of interest. The modal 
natural frequency of the IT mode is used as the 
reference frequency f1T. Also shown in the figure is 
an example of the amplification levels of the blade 
vibration going through the NSV regime. The data 
is normalized to the vibration level measured just 
prior to the NSV zone. High amplification occurred 
in the NSV region as seen on the figure. The peak 
NSV levels, observed during the experiment, were 
found to occur at various conditions within the 
NSV region, not necessarily near the compressor 
stability limit as for the example shown. 

Many blades were instrumented to obtain a 
good statistical basis for the vibration data. They 
all showed similar amplification levels such as 

shown in Figure 9 during NSV. Their values were 
blade-to-blade averaged to obtain a reference of the 
vibration level per NSV condition. The vibration 
data of each NSV condition were also normalized 
to the maximum vibratory stress level encountered 
during the experiment. Figure 10 summarizes the 
normalized vibratory data thus obtained. The x-
axis is the compressor speed corrected to the inlet 
temperature. The y-axis represents the normalized 
vibratory stresses as defined above. The figure 
captures at a glance the inlet temperature, built tip 
clearance and speed effects. It can be noted that the 
peak vibrations occurred for the larger clearance 
case. The data also shows that the phenomenon 
does not occur at constant corrected speed. The 
critical NSV corrected speed of occurrence was in 
fact found to increase with inlet temperature as 
most clearly shown by the 2% clearance cases for 
which the peak vibration shifted to higher 
corrected speed with inlet heating. 

It is appropriate at this point to make a few 
remarks. First the NSV region was found in an area 
of the compressor map for which the speed line 
slopes are still negative, as shown in Figure 9. In 
other words, it can occur in an aerodynamically 
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stable region in terms of system operability. So 
taking this compressor in an engine application for 
example, the identified NSV region could be 
crossed in normal off-design operation. More 
fundamentally, the NSV phenomenon itself was 
reproduced in this test-section configuration which 
was specifically designed to capture solely the 
influence of the tip clearance flow (without the 
effect of surrounding vanes). 

Moreover, Figure 10 illustrates that the 
vibration is quite sensitive to tip clearance. It 
suggests that no inlet or outlet vane interactions are 
required for the phenomenon to occur. 
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Figure 10: Normalized NSV Vibration vs. 
Corrected Speed 

Finally, if the vibration was only due to an 
aerodynamic instability, one would expect to see it 
happening at constant compressor speed when 
corrected to the inlet temperature. The data of 
Figure 10 suggests that the NSV physical 
mechanism is not purely aerodynamic since the 
NSV corrected critical speed moves to the right 
with inlet heating. 

Blade Tip Vortical Structures Convection Velocity 
UF 

The first parameter to determine in order to 
predict NSV per the proposed model is the constant 
k of Eq. 2. The constant is directly related to the 
blade tip flow vortical structures convection 
velocity, UF, around the rotor annulus. 

The method used to calculate UF is depicted in 
Figure 11. The tip perturbation can be detected in 
both fixed and rotating frames of reference. The 
casing (fixed FOR) is instrumented with unsteady 
pressure probes that are located 180° apart. Blades 
1 and 13 (rotating FOR) are also instrumented with 
unsteady pressure probes. As shown in Figure 11a, 
the perturbation above blade 1 will reach blade 13 
after a given time. Using the pressure signal cross-
correlation, the traveling time can be calculated 
from the correlation peak time delay. The same 
method is used in both FOR. 

a) Rotor & Casing Instrumentation to Capture 
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Figure 11: Unsteady Pressure Correlation Method 
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Figure l ib shows an example of cross-
correlation calculation giving the perturbation 
traveling time in the fixed FOR. UF in the rotating 
FOR is then obtained by subtracting the blade tip 
speed. Figure l i e shows an example calculation of 
the perturbation traveling time in the rotating FOR. 
This one provides a direct measurement of the 
velocity UF which travels over 12 blade passages 
from blade 1 to blade 13 within ATJ seconds, and 
11 passages from blade 13 to blade 1 within Ax2 

seconds. The traveling times were compiled for all 
the NSV conditions of Figure 10. The summary is 
presented as a function of the stage flow 
coefficient, <j> in Figure 12. 

The ratio of the convection velocity to the blade 
tip speed, UF/U,ip, was found to be more dependent 
on the tip clearance size than on the operating 
temperature. The slight difference observable 
between two inlet temperature conditions, at a 
given clearance, in Figure 12 may be related to 
clearance tightening due to the running at higher 
mechanical speed with inlet heating. The UF/U,ip 

ratio is approximately 0.6 for the 2% clearance 
case and 0.53 for the 1% clearance case. This is in 
good agreement with the experimental 
observations made by Kameier and Neise [8, 9] 
who investigated the Rotating Instability 
phenomenon in similar operating conditions. The 
Rotating Instabilitiy, as described by the authors, is 
essentially the same phenomenon as the one 
termed blade tip instability, tip clearance flow 
instability or blade tip vortical structure in the 
present work. 
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Figure 12: Convection Velocity UF 

The Resonance Condition 
The key to vibration amplification during NSV 

is when the acoustic feedback from the vibrating 
blade can settle within a blade pitch. The tip 

clearance shear layer with the vibrating blades, as 
depicted in Figure 3d, then forms a system very 
similar to an organ pipe. The system energy comes 
from the shear layer momentum of the organ pipe 
jet and, in this case, from the blade tip clearance 
flow. 

In both cases the flow structures impinge on a 
downstream structure, the edge for the organ pipe 
and the blade tip for the compressor rotor. The 
acoustic resonance that paces the system frequency 
is set by the pipe natural modes in the organ pipe 
case, and in this case by the harmonic motion of 
the vibrating blade in the compressor rotor passage. 

The resonance condition for NSV has been 
established by Thomassin et al. [14]. It occurs 
when the feedback wave length matches the inter-
blade distance, or pitch, s. The propagation 
velocity of the acoustic feedback is the difference 
between the local speed of sound, c, and the tip 
instability convection speed UF obtained in the 
previous section. The first harmonic of the 
feedback, n = 1, that coincides with the blade 
natural frequency of interest is considered here. 
The resonance occurs when the feedback velocity 
equals the sound propagation velocity from the 
blade vibration per Eq. 4. 

fe^l = i (4) 
2sfb 

The normalized vibration levels measured at the 
various operating conditions are plotted against the 
resonance condition of Eq. 4 in Figure 13. It 
clearly shows that the high amplification points 
gather within a narrow band around the resonance 
condition at (c-UF)/2sfb = 1. The tip clearance acts 
as an open channel for the acoustic feedback. Also, 
the blade tip clearance flow is tri-dimensional and 
relatively complex. It is therefore likely that the 
acoustic feedback wave path may be slightly 
skewed. This can thus explain the slight offset 
between the baseline and heated inlet cases actual 
resonance conditions, where their respective peak 
vibrations are observed. 
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Figure 13: Resonance Condition 

NSV Prediction 
The constant k of the NSV model (Eq. 3) is 

adjusted, for the 2% clearance case, to the 
condition of the maximum NSV vibration 
measured during the experiment. 

Introducing the measured data of that particular 
condition into Eq. 3, we obtain the constant 
k=1.65. This corresponds to the ratio UF/Ulip = 
.606 per Eq. 2. This result is in good agreement 
with the data of Figure 12 for the 2% clearance 
case in the NSV region. The calibrated model is 
then used to calculate the critical NSV blade tip 
speed per Eq. 3 for all the 2% clearance cases at 
any temperature. The actual critical NSV speed 
measured during the experiment is compared to the 
prediction and the results are presented in Figure 
14. The data shows the good correlation between 
the proximity of the operating speed to the 
predicted critical speed and the associated vibration 
level. Significant vibration amplification is found 
when the compressor operates in the NSV region, 
as identified in Figure 9, at a speed within a 2% 
band around the predicted critical speed per Eq. 3. 
This data demonstrates that the critical NSV speed 
can be predicted based on the proposed tip 
clearance flow resonance model of Figure 3. 

Equation 3 gives good prediction accuracy 
provided that the tip instability propagation 

velocity and the blade tip local temperature are 
known. 
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Figure 14: Critical NSV Speed Prediction 

Influence of the Feedback Wave Harmonic 
Observations of frequency and mode shape 

shifts were reported during NSV [12]. 
A possible explanation was provided by 

Thomassin et al. [14] where the feedback wave 
could "switch" from one harmonic to the next 
through the staging mechanism of the resonant 
impinging shear layer [15, 16]. 

The feedback harmonic is captured by the 
integer n in Eq. 3. For the staging to occur at 
similar speeds, the frequency of the second blade 
mode must also be an integral multiple of the first 
NSV blade mode. To demonstrate the staging 
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mechanism, the inlet temperature was adjusted to 
have the NSV crossing at a speed where the second 
torsional, 2T, blade mode, which vibrates at around 
twice the first mode frequency, could be excited by 
an integral forced response, 13EO in this particular 
case. The compressor speed was slowly varied 
while keeping the operating line constant well into 
the NSV zone that is shaded in Figure 9. 
Figure 15a shows the normalized vibration from 
one strain gauge signal during the operating line 
sweep through the NSV crossing between the 6th 

and 7th engine orders (EO). Very low vibration of 
the second mode, 2T, can also be seen on the 
figure. Figure 15b shows the corresponding 
frequency content of the unsteady pressure 
measured by one of the blade pressure probes. The 

peak unsteady pressure is oscillating at the blade 1st 

torsional NSV mode. 
Figure 15c shows the normalized vibration of 

the same strain gauge during the same operating 
line sweep, for the same tip clearance setting and 
for the same ambient conditions but with a set of 
13 fingers in the inlet to generate a 13EO 
excitation to the second torsional mode. 
Although the strain gauges are not perfectly 
located to measure this second mode, more activity 
can still be detected at the 13 EO forced response 
crossing of the 2T mode. Most importantly, the 
first torsional mode vibration level was 
significantly reduced. 
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Figure 15: Influence of the Feedback Wave Harmonic 
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As previously mentioned, the gas path is 
designed to accelerate the flow from the inlet 
finger to the rotor leading edge to minimize the 
outer casing boundary layer thickness and its 
potential interaction with the tip clearance flow. 
The principal impact of the fingers on the rotor is 
thus expected to be their wakes in order to excite 
the appropriate blade modes. Also, the rotor blade 
unsteady pressure frequency content is compared 
along with the vibration levels to verify that the 
main aerodynamic interaction of the inlet fingers 
with the rotor is the integral blade forcing through 
the finger wakes. This is verified by the principal 
unsteady pressure harmonic which corresponds to 
the 13EO frequency. Figure 15d shows the 
corresponding frequency content of the unsteady 
pressure measured by one of the blade pressure 
probes. The peak unsteady pressure is now 
oscillating at the blade 2nd torsional forced 
response mode. This demonstrates that by forcing 
the vibration of the second blade mode with the 
inlet fingers, the second harmonic of the acoustic 
feedback dominated and the NSV resonance of the 
IT mode of Figure 15a could not establish itself. 
The effect is similar to shortening the tube length 
of an organ pipe since it increases the feedback 
wave frequency by reducing its wavelength. 

This supplementary evidence of the staging 
phenomenon further supports the proposed NSV 
mechanism which involves the interaction of an 
acoustic feedback wave within the blade passage, 
as per Figure 3d. 

Other Observations 
As mentioned earlier, the blade tip clearance 

flow vortex sheet components may be convected 
via two paths as shown in Figure 3b. It raises the 
question on whether the interaction is higher 
between one blade and its first or second neighbor. 

In order to evaluate their relative interactions, 
the cross-correlation was conducted between the 
available blade unsteady pressure measurements on 
blades 1 and 13 and their adjacent blades' 
vibration. The top plot of Figure 16 shows the 
maximum cross-correlation coefficient between the 
unsteady pressure measured at blade 1 and its 
neighboring blades' vibration. The bottom plot of 
Figure 16 shows the maximum cross-correlation 
coefficient between the unsteady pressure 
measured at blade 13 and its neighboring blades' 
vibration. The correlation coefficients are 

normalized to the maximum correlation coefficient 
found within the three blades of the comparison. 

Interestingly it is with blade 1 and 13, on which 
the pressure probes are installed, that the 
interaction shows the minimum relative 
correlation. The peak correlation occurs with 
blades 2 and 14. This supports the model 
proposition that NSV is an inter-blade 
phenomenon. It also suggests that the maximum 
interaction occurs between a given blade tip shear 
layer instability and its adjacent blade. The data 
also shows significant interaction of the second 
adjacent blades 3 and 15, relative to blades 1 and 
13 respectively. This suggests that the shear layer 
induced vortical structures may also be convected 
along the second flow path captured by the 
proposed model and illustrated by the solid line on 
Figure 3b. 

High vibrations were observed on all the 
instrumented blades during the experiment. One of 
the implications of the proposed NSV model of 
Figure 3 is that NSV could also occur locally 
within a few blades, so no particular disk vibration 
mode shape coincidence would be required. The 
inter-blade phase relationship at high NSV 
conditions was analyzed to try to identify potential 
disk vibration mode shape. No preferred disk mode 
shape of vibration could be clearly identified 
during NSV. This is in agreement with the 
proposed mechanism. 
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Figure 16: Maximum Blade Interactions 

Conclusion 
An experimental investigation was conducted 

to validate a proposed mechanism for NSV based 
on tip clearance flow resonance. 

The proposed model was initially reviewed in 
detail and the critical NSV speed prediction 
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equation was reformulated for verification with 
new experimental data. 

High vibration levels were reproduced with the 
experimental set-up that was designed to isolate the 
tip clearance effects from the surrounding vanes. 
The vibration was found to be sensitive to tip 
clearance size and the critical speed of occurrence, 
corrected to inlet temperature, was found to vary 
with temperature. The NSV were found to occur on 
an operationally realistic region, meaning on 
negative speed line slopes, of the off-design 
compressor characteristic. 

The blade tip instability convection velocity 
was calculated from the experimental data and was 
significantly more dependent on the tip clearance 
size than on the operating temperature. 

A criterion for the resonance condition was 
established and found to be in good agreement with 
experimental data. High vibrations were found to 
occur within a narrow band (1 to 2%) of the 
resonance condition. 

The model constant, k, which is based on the 
blade tip vortical structures convection velocity, 
was calculated from the maximum vibration 
condition encountered in the experiment. The 
model was then used to predict the critical NSV 
speed. Good agreement with the experimental data 
was found. 

Evidence of the staging phenomena was 
obtained by forcing the second feedback wave 
harmonic through the 2nd blade mode vibration of 
which the natural frequency was approximately 
twice the 1st investigated mode frequency. The 2nd 

mode excitation significantly reduced the 1st mode 
vibration at the critical NSV condition. 

The data suggests that the maximum interaction 
between one blade tip unsteady pressure occurs 
with the next adjacent blade. Evidences of 
interaction with the second adjacent blade were 
also found. Both interactions are supported by the 
proposed model. 

No evidence of preferred NSV disk vibration 
mode shape was identified. This suggests that the 
phenomenon could also occur locally on the rotor 
as the proposed model implies. 
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Mixing layer resonance under high-speed stream forcing 

By Jean Thomassin 
Pratt & Whitney Canada, Longueuil, Canada 

Njuki Mureithi and Huu Due Vo 
Department of Mechanical Engineering, Ecole Polytechnique de Montreal, Montreal, Canada 

In the majority of fluid-structure interaction problems, the biggest challenge lies in the 

fundamental understanding of the flow physics. Forced mixing layers is an important 

phenomenon found in many cases of flow-induced vibrations and acoustics. The 

response of a mixing layer to high-speed stream acoustic forcing is investigated with a 

theoretical and experimental approach. Two different experiments demonstrating the 

fluid mechanic phenomenon are presented. The first experiment consists of a circular jet 

impinging on a vibrating plate. The second experiment demonstrates the mixing layer 

resonance in the context of a fluid elastic instability causing high-amplitude vibrations in 

gas turbine high-pressure compressor rotor blades. The mixing layer is present in both 

the jet and the blade tip clearance flow. Both the plate and the adjacent blade vibration 

induce an acoustic feedback that propagates within the jet and blade tip clearance flow, 

respectively. The resonance was found to occur when the feedback wavelength matched 

either the jet-to-plate or the inter-blade distance. In both experimental cases, the 

resonance condition has been simply modeled by the coincidence of a ID feedback 

wave, which propagates upstream at reduced velocity by the high-speed flow. The 
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coupling between the jet induced mixing layer and the feedback wave is assumed to 

naturally occur when one of the wave crests reaches the separation edge. The objective 

of this study is to improve the understanding of the coupling mechanism between an 

emanating shear layer and the acoustic forcing originating within a fast flow stream. The 

study is based on a simplified analytical model in order to enlarge the current 

understanding of the mixing layer receptivity to the more specific case of its response to 

high-speed stream forcing. To identify the mixing layer resonant modes, an analytical 

resonance condition is proposed. It is found that the mixing layer response becomes 

spatially resonant for specific source locations downstream in the high-speed flow. The 

study also provides an analytical mean to capture the critical source location periodicity 

that has been experimentally observed. The resulting theoretical prediction of the 

resonant source locations is in good agreement with the experimental data. Therefore, it 

supports the stream forced mixing layer analytical model and the proposed spatial 

resonance condition. The simple ID reduced speed feedback wave model, which has 

been used to identify the experimental resonance conditions, is also in good agreement, 

and thus validated, with the results of this study. 

1. Introduction 

Fluid-elastic instabilities are a major concern in many engineering fields. In the case of 

gas turbine engines, a new fluid-structure interaction problem has been identified and 

characterized within the last two decades. The phenomenon has taken various names 
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from non-engine order vibrations (Baumgartner et al. 1995) to non-synchronous 

vibrations (NSV) and has been associated with important compressor blade fatigue 

problems (Kielb et al. 2003, Thomassin et al. 2007, Spiker et al. 2008). Like the better 

known blade flutter phenomenon, non-synchronous vibrations are asynchronous to the 

compressor rotating speed. However, a few characteristics differentiate non-synchronous 

vibrations from classical blade flutter. First, they occur in operating regimes where 

flutter is traditionally absent. Second, the critical speed of occurrence varies with the 

operating temperature. Last but not least, discrete frequency and vibration mode shape 

shifts have been observed (Kielb et al. 2003). 

Like most fluid-structure interaction problems, the fluid dynamic aspect of the system 

is generally the most challenging. Since the NSV frequency is not synchronized to the 

rotating speed of the machine, phenomena like surrounding blade row, cavity, duct and 

cascade acoustics have been investigated to identify potential blade excitations (Franklin 

1972; Koch 1983; Dowell et al. 1995; Heimlich et al. 2006; Owczarek 1984, 1992). 

Other researches focused more on the blade tip clearance flow instabilities as the source 

of noise in turbomachinery but also established some links between tip clearance flow 

instabilities and blade vibrations (Schuster 2005; Kameier & Neise 1997; Mailach et al. 

2001; Kielb et al. 2003; Vo 2006; Thomassin et al. 2007). 

During the research on NSV, Thomassin et al. (2008) found that the blade tip speed at 

which the peak vibration occurred corresponded to a critical condition that was 

identified as tip clearance flow resonance. The blade tip clearance is the assembly gap 

between the rotating blade and the compressor casing as illustrated in figure la. It is set 
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for the best possible sealing while avoiding mechanical contact. The tip clearance flow 

is the fluid leakage flowing through that gap between the blade pressure side (PS) 

towards its suction side (SS) as illustrated in figure lb. At part aerodynamic load (low 

pressure differential between PS and SS), the tip clearance flow has relatively low 

momentum and is quickly convected with the main flow stream after entering the blade 

passage. At high aerodynamic load, it has enough momentum to reach the adjacent 

blade. High shear is involved by the nature of the tip clearance flow and it generates a 

shear layer when mixing with the core flow in the blade passage. This shear layer is 

convected in the flow stream direction or in the tangential direction depending on the 

blade tip aerodynamic loading. 

The tip clearance flow resonance, as understood to date by Thomassin et al. (2008), is 

determined by two main flow features: first the shear layer impingement and second the 

acoustic stream forcing, both phenomena taking place between adjacent blades on the 

same blade row. Our physical model for tip clearance flow resonance was first inspired 

by the fundamental mechanism of upstream influence behind the oscillations at discrete 

frequencies in impinging shear layers (Rockwell 1983). This type of fluid dynamic 

instability exists for various geometries as studied and reported by many authors 

(Rockwell 1983), summarized by Lucas (1997) and theoretically investigated by Howe 

(1997) for low Mach number flows. 

The shear layer impingement occurs when the blade tip clearance flow evolves 

tangentially from one blade to the next. The tip clearance flow starts to evolve 

tangentially when the blade tip is highly loaded such as in the near stall condition, which 
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was the case of our rotor blade under study. Figures lc and Id illustrate the shear layer 

impingement phenomenon at high blade loading. Figure lc shows the velocity vectors 

for a span cut just below the blade tip observed from an unsteady numerical simulation 

solution at high blade tip load (Marz et al. 2002). The velocity field circled on the figure 

shows evidence of impinging flow. Figure Id presents the measured rotor trailing edge 

velocity fluctuations (Vf) at high stage loading made by Fukano et al. (2003). The 

presence of large velocity fluctuations, also circled on the figure represents experimental 

evidence of tangential flow impingement below the trailing edge tip on the adjacent 

blade as the aerodynamic load is increased. So for a highly loaded blade, the tip flow 

acts as an impinging shear layer with its associated velocity and pressure fluctuations. 

The vortex sheet associated with the shear layer is convected towards the adjacent blade 

at the average tangential tip clearance flow velocity. 

The second required flow feature that we found necessary in order to predict the 

critical NSV conditions is the acoustic feedback, or stream acoustic forcing, originating 

from the blade vibration. This acoustic wave propagates within the tangential tip 

clearance flow and its propagation speed is reduced by the high subsonic average vortex 

sheet convection velocity. When the wavelength of the feedback wave, or that of its 

super-harmonic, equals the inter-blade distance, it synchronizes the vortex sheet to the 

blade vibration frequency causing high pressure amplifications. This phenomenon 

defines the tip clearance flow resonance that the authors observed experimentally during 

NSV (Thomassin et al. 2008). The resonance is schematically depicted in Figure 2. 
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Figure 2 shows a 2D plane cut of two adjacent rotor blades, similar to Figure Id. In 

Figure 2a, the tip clearance shear layer vortex sheet is shown in the rotor frame of 

reference, as if the wall was moving at the blade tip speed, Utip. The vortical flow 

structures, associated with the tip clearance flow, are convected at the average velocity 

UF, which is linked to the tip clearance flow velocity and is a fraction of the blade tip 

speed. This convection velocity is driven by many factors such as the blade loading and 

the tip clearance size (Kameier & Neise 1997, Mailach et al. 2001). 

The reduced velocity feedback wave is depicted in Figure 2b. As demonstrated by 

Thomassin et al. (2008), it is this feedback wave that brings the tip clearance flow into 

resonance, inducing high enough unsteady pressure to explain the vibration level 

observed during NSV. It is also this feedback wave that imposes the NSV critical 

condition and allows its prediction. The feedback propagation velocity, UB, corresponds 

to the difference between the local speed of sound, co, and the vortex sheet average 

convection speed, UF. 
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Figure 2. Tip clearance flow resonance a) Vortex sheet formation and convection velocity UF b) 
compressed acoustic feedback propagation velocity UB (Thomassin et al. 2008) 

The tip clearance flow resonance, as described in Figure 2, has been modeled by a ID 

planar feedback wave which relies on the assumption that the feedback wave naturally 

couples to and synchronizes the emanating shear layer when one of its crests reaches the 

separation edge. In other words, the coupling occurs when a half wavelength of the 

feedback wave, and that of the super-harmonic, corresponds to the inter-blade distance. 

The tip clearance flow resonance thus represents an engineering application of the more 

fundamental fluid mechanic mechanism of mixing layer resonance under high-speed 

stream forcing, which is the main topic of the current study. 

Prior to the actual NSV test on the rotating compressor blade, a simplified experiment 

was conducted to confirm the existence of the phenomenon. The experiment consisted of 
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measuring the pressure amplifications and unsteady phase relationships between the 

fluid and the structure displacement of a circular jet of high subsonic speed impinging 

on a flexible plate undergoing forced vibration (Thomassin et al. 2007). The stream 

feedback acoustic wave was found to couple to the emanating shear layer, similarly to 

the upstream influence empirically observed in a number of more typical oscillations of 

impinging shear layers (Rockwell 1983). In the latter, the upstream influence generally 

takes the form of an acoustic feedback wave traveling in still air from the impingement 

edge to the upstream separation edge. The conditions in a typical turbomachinery 

compressor blade tip are similar to an impinging shear layer except that the stream side 

of the shear layer is at high subsonic velocities, similarly to an impinging jet. High-

velocity impinging jets have been studied by Ho (1981). The upstream influence was 

demonstrated to cause the jet resonance for particular jet-to-plate distances. During our 

jet to flexible plate experiment, we discovered the second acoustic feedback path 

existing within the jet when the impingement point is in vibratory motion (Thomassin et 

al. 2007). This jet core feedback was also found to cause the mixing layer resonance at 

critical jet-to-plate distances. The jet stream feedback wave is compressed by the flow 

velocity in the jet and thus propagates upstream at the speed of sound minus the jet 

average velocity. Critical plate locations were identified at integer multiples of the 

compressed wave half-wavelength. A simple ID model of the compressed feedback 

wave was derived to predict the critical plate locations, again assuming that the shear 

layer naturally couples to the feedback wave when one of its crests reaches the jet lip, or 

separation edge. 
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This paper presents an analytical study of the problem of a mixing layer response to 

unsteady forcing originating from the high-speed fluid stream. The objective of the 

research is to improve the understanding of the coupling mechanism between a mixing 

layer and an acoustic feedback originating from downstream in high-speed flow. The 

study consists into a specific extension of the current knowledge on the more generic 

problem of mixing layer receptivity (Barone et al. 2005; Kerschen 1997) involving both 

upstream and downstream forcing. The simplified model along with the proposed 

solving approach permits, by the introduction of a novel spatial resonance criterion, to 

elucidate the periodicity, in spatial source location, of the resonant mixing layer 

response which was experimentally observed. The periodic behavior of the response is a 

function of the excitation source location in the downstream high-speed subsonic flow. 

The mixing layer is modeled as an interface between the still and stream fluid sides of a 

planar jet. The forcing comes from an acoustic source located at an arbitrary axial 

location on the jet centerline. Figure 3 illustrates the actual tip clearance flow resonance 

model along with its experimental simplification and the proposed analytical model, 

which are considered equivalent in terms of the flow physics. Figures 3a and 3b show 

the blade tip clearance flow resonance phenomenon and the jet to flexible plate 

experiment schematics, respectively, while Figure 3c illustrates the analytical half planar 

jet of this study. 

The understanding of the tip clearance flow resonance allows the a priori prediction of 

the critical NSV speeds (Thomassin et al. 2008). Therefore, it provides a means to 

design a compressor blade to either avoid the NSV conditions, which fall within the 
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operating range, or to withstand the associated vibratory stress levels at the critical NSV 

conditions. This represents a breakthrough for the industry that is lacking a design level 

prediction tool for the NSV condition and has to rely heavily on engine testing to 

identify the critical operating conditions. The latter can also often be missed depending 

on the particular test day conditions. The tip clearance flow resonance was found to be 

caused by the coupling of a reduced speed acoustic wave, originating from the blade 

vibration, to the emanating mixing layer. The physical coupling mechanism has yet to be 

fully understood and is generally assumed to naturally occur based on several empirical 

observations (Rockwell 1983; Ho & Nosier 1981). 

In summary, the objective of this study is to improve our understanding of the 

coupling underlying high-speed stream forced mixing layer resonance, which was 

experimentally observed to be periodic in space with the downstream source location . 

The objective is achieved by finding the closed form solution to the analytical problem 

of Figure 3c. The solution is validated with the available data from both the jet-flexible-

plate and the compressor NSV experiments. The correlation between the analytical and 

experimental results consists of comparing the critical source location predicted by the 

analytical solution to the data experimentally obtained at the resonance conditions. The 

resonance condition for the jet-flexible-plate system is defined at the peak near field 

unsteady pressure. The resonance condition for the compressor NSV experiment 

corresponds to the peak blade vibration. The analytical results are also used to confirm 

the validity of the ID feedback model that has been used to predict both experimental 

resonance of this study, which occurred in two distinct physical applications. 
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The theoretical model and its solution are first elaborated. Then both the jet-flexible-

plate and compressor rotor experiments are presented along with their respective results. 

Finally the analytical solution is compared to the experimental data and to the ID 

feedback wave prediction in the validation section. 
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Figure 3. a) Tip clearance flow resonance, b) equivalent jet-flexible-plate experiment schematic, c) 
equivalent half planar jet analytical model 



110 

2. Theoretical model 

Figure 4 shows the theoretical problem under study. It consists of a 2D planar jet 

stream exiting into still fluid. The domain extends from zero to infinity in the streamwise 

direction (xj') and from the jet centerline to infinity in the transverse direction fa'). An 

acoustic point source is located in the stream side on the jet centerline. The purpose of 

the current work is to study the forced shear layer interface perpendicular velocity 

response as a function of the source axial location (yi') at fixed transverse location (y2 0 

on the jet centerline. More precisely, we investigate the interface modes for which the 

spatially growing waves propagate to infinity in both directions, which represents what 

we define as the spatial resonance of the interface. Only the velocity ratio equal to unity 

is considered in the study. The velocity ratio is the ratio between the two streams 

velocity difference to twice their average velocity. For this velocity ratio, the shear layer 

interface is convectively unstable and the instability will not develop temporally without 

the source forcing (Huerre & Monkewitz, 1985). The stream velocities of interest for the 

experiments and this study span the whole subsonic range. 

In our previous research, we found experimental evidence that, for a given source 

oscillating frequency and jet Mach number, a critical source to jet distance exists, for 

which the instability becomes resonant (Thomassin et al. 2007, 2008). The mixing layer 

maximum receptivity occurs when the acoustic excitation reaches the vicinity of the jet 

lip (Barone et al. 2005; Kerschen 1997). This holds for a source located at the jet lip. We 

further experimentally observed that the mixing layer is receptive to any crest of an 

upstream traveling acoustic wave provided that the source is powerful enough 
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(Thomassin et al. 2007, 2008). In our experiments, the resonance condition was found to 

exist when the forcing feedback acoustic fundamental wavelength, or its super-

harmonics, matched the separation edge to source distance. This was modeled by a ID 

wave as illustrated in figures 2b and 3. The main particularity of the feedback wave is 

that it is propagated upstream at the difference velocity between the local speed of sound 

and the jet speed. The experimental observations demonstrated evidences of the 

periodicity of the mixing layer resonance with the downstream source location in the 

flow. 
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Figure 
4. Theoretical problem framework 

Governing equations 

Since the engineering applications of interest occurred at high Reynolds number flows, 

the fluid is considered inviscid. Small amplitude perturbations are assumed, thus the 

perturbation flow velocity potentials on either side of the interface obey the convected 

wave equation (linearized Euler) 

,2_ 1 D (P± 
d Df2 v V ± - - V ^ = ° (D 

with the following unsteady pressure 
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P,=-P±^ (2) 

where <p is the perturbation velocity potential, p the pressure, p the density and c the 

local speed of sound. The primes identify dimensional parameters. The subscripts plus 

and minus define the still and the stream flow sides of the interface, respectively. D/Dt is 

the material derivative taken along the streamwise direction. 

The following non-homogeneous source term is introduced in the stream side of 

equation (1): 

q8{x\-y\)5(x\-y2)e-iM' (3) 

where q is the source amplitude, 6 the Dirac delta function, a> the source oscillating 

angular frequency and t' the dimensional time. 

Boundary conditions 

In the streamwise positive direction, the domain is bounded at the origin by the jet lip 

trailing edge plane and unbounded to infinity. In the transverse positive direction, the 

domain in unbounded and the Sommerfeld radiation condition applies. In the transverse 

negative X2 direction, the domain is bounded by the planar jet center line and a 

symmetry condition is applied. 

At the interface, there is continuity of pressure 

P+L=«=P-\,^ (4) 



113 

and continuity of perpendicular particle velocities 

*x+ x\=0 -HJE ' ,=0 df dx\ 
(5) 

where <f and v are the respective interface displacement and velocity in the transverse 

direction. Equation (5) is the linearized material derivative of the interface displacement 

assuming small interface perpendicular velocities compared to the stream velocity. 

The time and space variables are non-dimensionalized by the angular frequency, co, 

and the jet half width, a, respectively, 

t = a>f 

X, = 
a 

x2 — 

y\ = 

y2 = 

y\ 
a 

y\ 
a) 

(6) 

the reduced potentials f(xi,X2) and g(xi,X2) are introduced for the still and stream fluid 

part of the domain, respectively on either side of the interface, such that: 

<P+ =qf{xl,x2)e " 
(7) 
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Substituting (6) and (7) into (1) to (5), we obtain the following system of partial 

differential equations, with the non-homogeneous term applied to the stream side only, 

to solve: 

PDE 
(s/2+k2

0)f(Xl,x2) = 0 (8) 

V2 + k0 +i 
M8 

. 2 \ 

8x i J 

g{xx,x2) = 5(x, -y l)S(x2 -y2) (9) 

where ko=a>a/c is the forcing acoustic wavenumber and Mis the stream Mach number. 

B.C/s 
Interface pressure match 

ô / \xi $) - k0 \ + i 8 M) (10) 

Interface normal particle velocity match 

oxn 

Md 

V dxU 
1 + 1 

d 
dx-, 

/M) 

Sommerfeld at X2—>co 

ydx2 

llir. f(*\,- ->0 

(11) 

(12) 

Symmetry at jet centerline 

^ - g ( x „ - l ) = 0 
ox. 

(13) 

Streamwise boundary conditions at origin 



115 

f(0,x2)=0 

^f{0,x2)=0 
oxl 

g{0,x2) = Uxl=o=0\ ( 1 4 ) 

-^g(0,x2) = U 
oxx 

The local speed of sound on both sides of the interface is assumed equal, c+=c, for 

simplicity. 

3. Theoretical Model Solution 

First an analytical criterion for the mixing layer resonance is established. This allows 

the 2D model and solving approach to analytically capture the coupling between the 

source excitation and the mixing layer. 

The spatial resonance is defined as the particular case of any mode of the forced 

interface response which becomes infinite in space meaning that the mode does not 

decay in space in either directions of the domain. In other words, the spatial resonance 

occurs when the forced interface instability radiates to infinity in both the streamwise 

and the transverse directions. 

The approach used to solve the 2D problem derived by equations (8) and (9) consists 

of first conducting a change of variable to simplify the subsequent transform calculation. 

The system is then transformed to the Laplace domain in the streamwise direction, 

applying the boundary conditions of equation (14). The result is a set of ordinary 

differential equations in the transverse direction. Thus the general solutions for both the 

still and stream side velocity potentials can be determined. The perpendicular boundary 
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conditions of equations (10) to (13) are finally applied after reverting to the original 

problem variables. The final solution remains in the Laplace domain in the streamwise 

direction and is found sufficient to identify the critical resonant source locations. 

This assumes that the interface response is linear and harmonic. It is therefore modeled 

by a series of complex ellipsoid wavenumbers, which in turn are scaled in the transverse 

direction as to satisfy the symmetry, Sommerfeld and the interface equilibrium of 

pressure and perpendicular velocity boundary conditions. 

Non-linear effects, such as the Kutta condition at the jet edge, which would affect the 

interface spatial growth rate, are not captured in this approach. Since our main purpose 

is to capture the spatially infinite "mode shapes" in the still velocity potential domain, 

the fact that the solution wavenumbers are fully grown, in the streamwise direction, at 

the origin or somewhat downstream is irrelevant to this study. 



Change of variables 

The following change of variables is applied (Howe, 1998): 
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x, 

•A- "y "™" Jv- - i 

k -

Vl-M2 

tin 

Vl-M2 

g = g e 
-r'£. Aft, 

(15) 

Substituting into equations (8) and (9), the system becomes 

(v*2+^2)/=o 

Vl-M2 

(16) 

(17) 

Applying the Laplace transform, solving the system of ordinary differential equations 

in the streamwise and transverse directions respectively and applying the Sommerfeld 

radiation condition (equation (12)) in the still velocity potential we obtain the general 

solution: 

F(x2) = Ae ^ s k n W , ) (18) 

G(x2)=Csm(ax2)+Dcos(ax2)+^T+e * ' s m ( g f e ^ ) ) (i _ / / f c _ ^ ) ) ( i 9) 
a a V l - M 2 
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with 

a 

P = 

\(l-M2)c2+{jl-M2kl + iMk0 

(Vl - M2kx + iMk0(l - Vl - M2 )sgn(lm(^))) 

(20) 

where kj is the interface response wavenumber. H(x) is the Heaviside function and /? is 

the source forcing phase marker, ko is the source acoustic wavenumber travelling in the 

same direction as the interface wavenumber, kj, and thus requires the sgn(Im(ki)) term in 

equation (20). 

The interface and symmetry boundary conditions of equations (10), (11) and (13) are 

finally applied to obtain the specific solution shown in equation (21): 

A = 
1 

(1 + /M:,) 
tan(a] 

U e~ViP sin(ay 
• + a2 aVl-M2 J aVl-M + 

e yiP cos(a) 

C = tan(i a 
U eyiPsm(a) 

• + • 

a a V l - M 2 

£> = -
£7 e~^ sin(a) 

a 2 a V l - M 2 , 

(21) 

The spatial resonance condition occurs when the forced interface instability radiates to 

infinity in both the streamwise and the transverse directions. The resonant condition is 
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thus identified by analyzing the still fluid side solution since its domain extends from the 

origin to infinity in both directions. Substituting equation (21) into (18), we obtain 

equation (22) which is the velocity potential solution in the still fluid part of the domain. 

F(x2) = 
e^ sin (ax2) 

(l + iMk1)acos(a) 

Usm(a) -yiP 

+ 
a 

Natural 
Re sponse 

, Vl-M2 

Forced 
Response J 

(22) 

The solution is composed of the natural and the forced response. The natural part of 

the response is the same whether the source is present or not, hence only the forced 

response is considered here. Also, for the Sommerfeld condition to apply in the 

transverse direction, a must be real and positive. Equation (23) is the first derivative, 

with respect to X2, of the still side velocity potential as a function of the transverse 

direction. Thus it represents the actual transverse velocity modal response in the still 

fluid domain. 

V(kltx2) = 
8F(x2) _ e WCl (cos(ax2) - sin(ca2)) f e-** ^ 

dx. (l + iMkl )cos(a) ^ -Jl-M2 

v(xl,x2)=L-1[V2(kl,x2)] 

(23) 

From equation (20), an infinite number of complex streamwise wavenumber modes 

can exist as a function of a. The wavenumber pairs are plotted in the complex domain in 

figure 5 for an arbitrary stream Mach number, source frequency and real a range. The 
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whole complex domain is shown for reference but the solution exists only in the Laplace 

transform Region of Convergence (ROC). The ROC is identified by the shaded area in 

the figure. The streamwise response modes evolve from a pair of imaginary-only 

wavenumbers at low a to a pair of complex wavenumbers, with negative only imaginary 

part, at higher a value. As a reminder of the Laplace transform properties, the spatial 

modes of negative real value are converging with increasing X2 and are thus stable. The 

spatial modes of positive real value are diverging with increasing %2 and are thus 

unstable. The spatial modes of zero real value are neither converging nor diverging in 

space. The figure therefore shows that at any a, from 0 to infinity, the streamwise spatial 

modes, in the Laplace domain ROC, are either infinite or diverging, and thus radiate to 

infinity in the axial direction. So the critical modes causing the spatial resonance, which 

requires modal radiation in both directions of the domain, must be determined from the 

velocity field radiation in the transverse direction. 
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Figure 5. Complex wavenumbers 

Figure 6 shows the 2D relative velocity response on the still fluid side of two 

particular mode pairs for the same Mach number and source frequency as used to 

generate Figure 5. The first mode pair is associated with the a = 0 case while the second 

mode is associated to the a > 0 case. The figure shows that the only mode pair 

wavenumbers that will radiate to infinity in both spatial directions is associated with the 

a = 0 case. When a becomes greater than zero, the streamwise mode grows to infinity 

near the jet lip horizontal axis but decays rapidly in the transverse direction with 

increasing X2. Therefore, per the proposed spatial resonance criterion that requires 

infinite radiation in both directions, the resonant modes are associated with the a = 0 

case of the solution. 
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Figure 6. Perpendicular velocity field radiation 

From equation (23), the maximum interface perpendicular velocity response will occur 

when the real part of the source location phasor reaches unity per equation (24) 

g-i>i M/?) _ g-'"» 

yx Im(p) = nn 

(24) 

where n = 0,1,2,3... is an integer. 

Analytical Model Results 

Figures 7 and 8 provide a visual demonstration of the interface transverse velocity 

response amplitude sensitivity to the forcing source axial location on the jet centerline. 

The source axial location, yi, is calculated using equation (24) such that the yiP term 
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equals 0, n/2, n, 3n/2 and 2n and the corresponding interface responses are plotted from 

top to bottom in both figures. The figures show that the transverse interface velocity 

response is at its maximum when the source is located at certain critical locations. The 

critical locations are found when the yift term is an integer multiple of K, per equation 

(24), and is also a function of the jet stream velocity and the source oscillating frequency 

as shown in figures 7 and 8 respectively. The interface response associated to the a = 0 

case is composed of two imaginary wavenumbers as shown in figure 5. Their values 

vary with the jet velocity. Only the negative wavenumber mode is used here for 

simplicity of the demonstration. 

Figure 7 shows the transverse interface velocity response of the negative wavenumber 

mode, for the a = 0 case, at a given source frequency and jet velocity, as a function of 

the axial source location. The figure also shows the effect of the stream velocity on the 

critical source locations that are causing the peak interface response. The stream 

velocities, source frequency and jet width, are chosen to be representative of the jet-

flexible-plate experiment, described in detail in the following section. 

Figure 8 illustrates a similar example but at constant stream velocity for varying 

source frequency. The jet width is the same as the one used in figure 7. 

Figures 7 and 8 show, for example, that increasing either the source oscillating 

frequency or the jet Mach number causes the critical source location to move closer to 

the jet lip. 
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f=700 Hz, M 0.4 Interface Transverse Velocity Response 
f=700 Hz, M 0.6 Interface Transverse Velocity Response 
f=700 Hz, M 0.4 Source Axial Location O 
f=700 Hz, M 0.6 Source Axial Location X 
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Figure 7. Interface transverse velocity spatial response vs. source location and stream velocity 
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1=700 Hz, M 0.4 Interface Transverse Velocity Response 
1=1000 Hz, M 0.4 Interface Transverse Velocity Response 
f=700 Hz, M 0.4 Source Axial Location O 
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Figure 8. Interface transverse velocity spatial response vs. source location and frequency 

Figure 9 depicts an overview of the source reduced frequency based on the critical 

source location and the local speed of sound, coyi/rmco, as a function of the stream Mach 

number. The figure summarizes the analytical solution in a non-dimensional chart and 

can be used to predict the critical source distance, causing the mixing layer resonance, 

for a given stream Mach number and source oscillating frequency. 

The critical source locations are shown for both wavenumbers of the a=0 case and 

identified as mode 1 and mode 2 in figure 5. Mode 1 of the solution shows a 

discontinuity at M = J\C that we believe is a mathematical artifact induced by the 

boundary conditions in the streamwise direction. The choice of the boundary conditions 

at the origin is made on purpose to simplify the problem and is found adequate to 
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capture, with mode 2 of figure 5, the principal phenomenon of interest, which is the 

resonance of the stream forced mixing layer. Therefore only the second critical mode of 

the a=0 case, mode 2 of figure 5, is considered to establish the critical source locations 

versus jet velocity analytical prediction relationship and for comparison with 

experimental data. 
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Figure 9. Source critical location analytical prediction chart 

The available data are plotted on the same chart in the validation section. However, it 

is appropriate to first provide the description of the two experiments conducted during 

our research on NSV and from which the data on mixing layer resonance under stream 

forcing is extracted. 
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4. Jet-Flexible-Plate Experiment 

It is rare to find experimental data on stream excited mixing layers in high-speed 

flows, such as shown in figure 4, in the open literature. Most available data on excited 

jets were generated by unsteady forcing located upstream the nozzle. Examples can be 

found in the field of controlled jet turbulence to optimize heat transfer (Tihon et al. 

2005; Hwang et al. 2003). The reason is simple, the acoustic source needs to withstand a 

high subsonic flow stream and be powerful enough to radiate sound upstream to the jet 

lip. The most common acoustic source that can be found in engineering applications is a 

vibrating mechanical structure located in the flow stream such as the compressor rotor 

blades in figure 2. However, to demonstrate the physics of the mixing layer resonance, 

as previously detailed analytically, a more controlled laboratory experiment was 

conducted. 

The principle of the demonstration is illustrated in figure 10. Air flow exits a nozzle at 

high speed, U, in still fluid. The jet thus formed generates a mixing layer at its boundary 

with the surrounding stagnant fluid. The jet impinges on a plate that is located within the 

length of its potential core. The induced vortical structures are convected downstream at 

about half the jet velocity, U/2. The convected structures impinging on the plate generate 

sound that is propagated upstream in the still fluid at the speed of sound, c. This is in 

essence the mechanism that was described by Ho & Nosier (1981, 1982) when they 

studied the resonance of impinging jets on a rigid plate and is shown on the figure for 

reference. The upstream wave acoustic incidence, or propagation angle, is omitted for 

clarity and simplicity. 
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When the plate is in vibratory motion, with peak displacement at the jet centerline, z', 

it also induces an upstream traveling wave with the difference that it is propagated at the 

speed of sound minus the jet velocity, UB=C-U. The feedback was modeled by a simple 

ID feedback wave and is shown in figure 10. When either feedback wavelength, \c or 

AB, equals the jet-to-plate distance, L, the jet is said to become resonant and a discrete 

tone appears in its frequency spectrum. The impinging jet resonance on a rigid plate was 

experimentally demonstrated by Ho & Nosier (1881, 1982) while we later demonstrated 

the impinging jet resonance on a flexible plate (Thomassin et al. 2007). The main 

difference between the two resonance types, is that, at a given stream speed, the critical 

plate location is closer for the stream feedback case. The latter was also found to enter 

resonance when the half wavelength of the compressed feedback wave matched the jet-

to-plate distance (Thomassin et al. 2007), while only the full feedback wavelength 

caused the impinging jet on rigid plate resonance (Ho & Nosier 1981). This is believed 

to be related to the significance of the phase relationship between the emanating shear 

layer oscillating velocity and the impacting unsteady pressures which generates the 

acoustic feedback. The relative phase angle can be inverted when the stream acoustic 

feedback is forced by the vibration of the impingement edge (Thomassin et al. 2007). In 

both cases though, the coupling between the acoustic feedback and the mixing layer is 

assumed to occur, base on a number of empirical observations (Rockwell 1983), when a 

crest of the upstream travelling wave is located at the separation edge. Ho & Nosier 

(1981) used the terminology "collective interaction" to identify the coupling, which has 

yet to be fully understood, and emphasize its importance. 
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The jet-flexible-plate experiment was conducted on a circular jet impinging on a round 

plate with a selected vibratory motion, which was induced by a mechanical shaker. 

Figure 10. Jet-Flexible-Plate experiment principle 

Figure 11 illustrates the experimental apparatus. The diameter of the circular jet ,D, 

was 0.0635 m (2.5"). In order to obtain a peak displacement at r/D = 0, and good 

frequency agreement between the plate and the jet, the circular plate was designed such 

that the first nodal circle mode natural frequency coincided with the jet oscillation at 

around Mach 0.4. The plate was made of mild steel with an outside diameter of 0.273 m 

(10.75") and a thickness of 1.59 mm (0.0625"). The plate was clamped to the support at 

its circumference. Figure 12 shows the physical implementation of the experimental 

apparatus. 
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Figure 11. Jet-Flexible-Plate Experimental Set-up 

The jet core feedback demonstration consists of setting the plate into vibration using 

an external shaker. The frequency of excitation is chosen to force the vibration of a 

circular mode of the plate with peak displacement at its center point. The jet velocity is 

then varied to locate the resonant jet condition. The resonant jet is characterized by the 

peak response of the plate pressure fluctuation, p 'p, at the location r/D = 1.25 relative to 

the jet lip pressure fluctuation,/;}. Once the resonant jet Mach number is located, dwells 

are conducted around that point to determine the resonant conditions more accurately 

and to derive the backward propagating speed using the pressure and vibration signal 

phase relationships. 

The experiment was conducted at different jet to plate distances, L/D, of 4.92, 4.75 and 

2.52, where the nozzle lip pressure fluctuation is expected to be near a maximum. 
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Figure 12. Physical experimental apparatus implementation (Thomassin et al. 2007) 

Jet-Flexible-Plate Experiment Results 

Figure 13 shows the acoustic response, \p'p/p'j\, to a slow jet Mach number sweep 

through the resonance at L/D = 4.75. The strong amplification at M-0.36 shows the 

evidence of the jet mixing layer resonance at the plate vibration frequency of 687Hz. 

Dwells were conducted in the vicinity of the localized resonant Mach number to 

conduct the phase analysis between the plate accelerometer and the jet lip unsteady 

pressure. 
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Figure 13. Jet-Flexible-Plate Critical Jet Velocity Identification (Thomassin et al. 2007) 

Figure 14 shows the forward wave transfer function, \p'p/p)\, for the three distance, 

L/D, configurations at their respective peak responses. It confirms the acoustic 

amplification at the plate natural frequency of 687 Hz and is used to accurately 

determine the resonance conditions. No pressure measurement is available at r/D = 0 

where the accelerometer is installed. However, the pressure fluctuation at r/D = 0 and x 

= L are in phase with the plate displacement due to the no slip condition of the flow 

adjacent to the surface. Thus, the phase component of the plate vibration-to-jet lip 

pressure transfer function, z'/p), is used to derive the backward wave resulting 

propagation speed and wavelength at the plate resonant frequency. 
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Figure 14. Forward wave transfer function and jet resonance (Thomassin et al. 2007) 

Figure 15 depicts the transfer function of the jet lip unsteady pressure to the plate 

center vibratory motion, p'/z'. The important parameter used to identify the jet stream 

feedback is the phase relationship. As shown on the figure, the two large L/D cases 

phase is near zero, suggesting that a full wavelength of the compressed wave is 

established in the jet-to-plate distance at the resonant condition. The low L/D case was 

conducted at half the distance to demonstrate that for a forced stream feedback, the jet 

resonance could also occur for a half wavelength feedback within the jet-to-plate 

distance as evidenced by the 180° phase relationship in figure 15. This is a significant 

difference compared to the rigid plate resonance case where the resonance would only 
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occur when the unsteady forcing at the jet lip had to be in phase with the unsteady plate 

pressure (Ho & Nosier, 1981). 

h UD = 2.52, Mn = 0.36, z'/p/ 
-D L/D = 4.75, Mn - 0.38, z'/p/ 
-O L/D = 4.92, Mn = 0.37, z'/p/ 

Zz7p/ 
(°) 

Iz'/Pj'l 

Frequency [H% 

Figure 15. Feedback wave phase analysis 

Figure 16 shows the compiled results of the measured feedback wave phase 

component transfer function, Zz'/p'j, compared to the prediction by the ID feedback 
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wave model at a given distance to wavelength ratio, L/AB- The prediction is obtained 

from the resulting distance to wavelength ratio, L/AB, when assuming the feedback wave 

propagating speed at the local speed of sound minus the jet velocity U. The measured 

phase (square symbols), corresponding to three different nozzle-to-plate distances, agree 

well with the prediction. 
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Figure 16. Backward Wave Phase Results (Thomassin et al. 2007) 

The above results experimentally confirm the jet core feedback theory, in which a 

plate vibration induces a feedback wave traveling upstream in the jet potential core at a 

velocity that is the difference between the local speed of sound and the jet forward 

velocity. This feedback wave then couples with the jet lip unsteadiness, similarly to the 

upstream influence coupling in more typical impinging shear layer oscillations, to cause 

the mixing layer resonance at the plate vibration frequency. 

5. Compressor Test-Rig Experiment 
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One of the first observations made on NSV is that the mechanical rotor speed of 

occurrence is sensitive to the operating temperature. Also, the tip clearance tangential 

velocity depends on both the tip clearance itself and on the blade aerodynamic loading. 

To capture all of these phenomena, a compressor test rig (CTR) was build with the 

features shown in figure 17. 

Air flows from left to right in the figure. Tip clearance variation is achieved by moving 

the rotor shroud axially, taking advantage of the blade tip meridional angle. De-swirl 

vanes are installed downstream of the rotor to minimize the exhaust pressure losses. The 

air exits the section in a scroll plenum, and flows outside through a butterfly valve that 

sets the mass flow and thus controls the stage loading (pressure rise). The plenum and 

exhaust valves are not shown in the figure. Intake heating is also available in the test 

facility. The gas path is designed to keep the entry flow accelerating up to the blade 

leading edge in order to minimize the entry boundary layer thickness on the hub and 

casing. The rotor is isolated from surrounding blade rows, normally present in the 

engine, to capture solely the tip clearance flow features of interest. There are two sets of 

instrumentation, static and rotating. The signals, from the rotating instrumentation on the 

rotor blades, are transmitted through a slip-ring which provides static contacts for the 

spinning instruments. 

The casing instrumentation comprises steady and unsteady static pressure 

measurements to monitor the compressor operating condition. Thermocouples are also 

installed on the casing aligned with the blade, mainly to derive the blade tip clearance 

speed of sound. The rotating instrumentation consists of strain gauges to capture the 
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unsteady stresses associated with the blade vibration mode of interest. Unsteady 

pressures are also monitored on a few blades to capture the required fluid dynamic 

features in the rotating frame of reference. The rotating instrumentation signals are 

transmitted through a contact slip ring. Figure 18 depicts the actual CTR physical 

implementation. 

I... I « - _T - Y._ -/ 

Figure 17. Compressor rig test-section (Thomassin et al. 2008) 

The test consists at varying the aerodynamic load by modulating the downstream 

throttle valve. This generates the tangential tip clearance flow impingement condition 

required to cause NSV. 

A compressor speed survey is then conducted to narrow down the critical NSV 

condition, which is determined by the speed at which the blade strain gauges monitor the 

maximum vibratory stresses. 

The same procedure is repeated for various tip clearance sizes (1% and 2% of the 

blade tip chord) and operating inlet temperatures (with and without intake heating). 



138 

Compressor Test Rig Results 

The tip clearance flow Mach number is derived from its average tangential convection 

velocity, UF, at the NSV condition. It is determined by measuring the shear layer 

convection velocity using time correlation between the inter-blade unsteady pressure 

measurements. Figure 19 depicts the obtained results. The tip clearance flow average 

tangential velocity is normalized to the blade tip speed, Uup, and is plotted against the 

flow coefficient, <j>, the ratio of the compressor axial flow normalized to the blade tip 

speed. At a fixed rotating speed, reduced <j> implies increased blade loading. Figure 19 

shows that the tip clearance flow average convection velocity is constant at a given tip 

clearance when operating at aerodynamic blade loading typical of NSV conditions. 
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Moreover, the ratio of the convection velocity to the blade tip speed, UF/Utip, was found 

significantly more dependent on the tip clearance size than on the operating temperature. 

The slight difference observable between two inlet temperature conditions, at a given 

clearance, in Figure 19 may be related to clearance tightening due to the running at 

higher mechanical speed with intake heating. The UF/Utip ratio is approximately 0.6 for 

the 2% clearance case and 0.53 for the 1% clearance case. This is in good agreement 

with the experimental observations made by Kameier and Neise (1997) who investigated 

the Rotating Instability phenomenon in similar operating conditions. The Rotating 

Instability, as described by the authors, is essentially the same phenomenon as the tip 

clearance flow instability in the present work. 
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To gather experimental evidence for the existence of the acoustic stream forcing flow 

feature, we correlated the NSV vibration stress levels, indicative of the operation 

proximity to the resonance condition, to the criterion of equation (25). 

The numerator in equation (25) represents the propagation velocity of the feedback 

wave, or acoustic stream forcing. It is compared to the blade vibration sound 

propagation velocity, which is the product of the blade vibrating frequency, ft,, and the 

feedback wavelength. The latter equals twice the inter-blade distance, or pitch, s. Our 

stream feedback theory holds true whenever high vibrations occur when the ratio of 

equation (25) equals to one. This is the tip clearance flow resonance condition based on 

our ID compressed feedback wave model for the NSV associated fluid mechanics. The 

resonance condition is analyzed for the case of the fundamental harmonic, n=l, of the 

stream wave of interest. 

kzEA = l (25) 

2sfb 

The normalized vibration levels, S'/S'max, measured at the various operating conditions 

are plotted against the resonance condition of equation (25) in Figure 20. It clearly 

shows that the high amplification points gather within a narrow band around the 

resonance condition at (c-UF)/2sfb = 1, for each intake temperature conditions of the 2% 

chord tip clearance settings. The experimental data of figure 20 represent significant 

evidence of the tip clearance flow resonance associated to NSV and can be predicted 
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within 5% using our model of stream feedback compressed acoustic wave, which travels 

against the average blade tip vortex sheet tangential velocity. 

The coupling between the acoustic feedback and emanating shear layer is also 

assumed to occur when one of the wave crests reached the separation edge at the blade, 

similarly to the coupling of the upstream influence in more typical oscillations of 

impinging shear layers on rigid structures. An attempt model has been proposed by Ho 

& Nosier (1981) called "collective interaction", for the coupling, not fully understood 

but observed experimentally. 

The current work provides some understanding of the coupling between the acoustic 

forcing in a fast stream by capturing analytically the periodic resonant interface response 

with source location. 
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The prediction of the proposed ID model feedback wave is validated using the closed 

form 2D analytical solution of this study. The results are also compared to the available 

experimental data in the following section. 

6. Validation of the resonance models with experimental data 

Equation (26) is derived, for the resonant mode of interest, from the analytical model 

solution of equation (23) and the peak response condition of equation (24). 

^ i _ ( l ~ ^ 2 ) 

° Mf2 + J ( l -M 2 f^-1^ JRI 
(26) 

/ 

In order to validate the prediction for critical source locations, as a function of the jet 

velocity, the relationship of equation (26) is compared to the experimental results. The 

ID stream feedback model prediction is also compared to the analytical results for 

validation purpose. 

The available experimental data, from both experiments, is normalized and plotted on 

the reduced frequency versus Mach number chart of figure 9. Data is available for the 

fundamental and the first feedback wave harmonics (n=l,2) and for the fundamental 

only (n=l) for the jet-flexible-plate and the CTR cases respectively. Figure 21 

summarizes the results. 

For the jet-flexible-plate data, the vibration frequency is normalized to the jet-to-plate 

distance and the local speed of sound taken at the room temperature during the 

experiment. The jet Mach number is calculated using the plenum to ambient pressure 
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ratio. For the CTR data, the blade vibration frequency is normalized to the inter-blade 

distance and the blade tip local speed of sound taken at the measured temperature in the 

blade tip region. The jet Mach number is calculated from the average vortex sheet 

tangential convection velocity of figure 19 and the actual blade tip speed. 

The ID compressed feedback wave prediction lines, which were empirically validated 

in our experiments, are also plotted on the figure for reference. The figure shows the 

good agreement between the 2D analytical prediction, the ID compressed feedback 

model's prediction and the experimental data. 

Figure 21 demonstrates the validity of the proposed analytical approach to capture the 

fluid mechanics of the mixing layer resonance under stream forcing. Based on the novel 

2D analytical resonant response criterion that was first established, the critical source 

location as a function of the jet Mach number relationship has been elaborated. The 

latter captures the spatial periodicity of the resonance which represents an extension of 

the current generic understanding of the mixing layer receptivity to an arbitrarily located 

excitation source. The results also validate the simple ID reduced speed feedback wave 

model, which has been used to predict the critical resonance conditions observed in both 

experiments related to this study. 

This study also allows the better understanding of the fluid mechanics involved in 

NSV. Basically, the tip clearance flow resonance occurs at the average tangential 

velocity, for a given critical blade reduced frequency, predicted by equation (26) and 

plotted in the chart of figure 21. This explains, amongst other things, why the critical 

NSV occurrence varies with operating temperature and aerodynamic blade loading. 
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Figure 21. Comparison of the 2D analytical solution to the ID stream feedback model and to 
experimental data 

7. Conclusion 

This paper presented a theoretical framework to analyze the resonant response of a 2D 

semi-infinite mixing layer under stream forcing. The problem was first introduced and 

its supporting mathematical equations developed. The solution to the problem was then 

detailed. The problem was solved in the spatial domain in the transverse direction and in 

the modal wavenumber domain in the streamwise direction. The condition for spatial 

resonance was discussed and the associated interface forced response mode identified. 

The maximum interface response was then calculated for the spatially resonant mode. 

Two experimental cases were presented to illustrate the application of the mixing layer 

resonance under stream forcing. 
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The first laboratory experiment consisted of unsteady pressure and vibration 

measurements of a high subsonic speed jet impinging on a vibrating flexible plate. 

The second engineering case consisted of the application of the mixing layer resonance 

condition in the prediction of the critical vibration condition for a particular case of non-

synchronous vibration encountered in turbomachinery. This problem has been 

experienced by several industry leaders within the last two decades. Individual results of 

the analysis and the two experiments were presented. Finally the analytical and 

experimental data were compared on a common basis. 

The latter shows the particularly good agreement between the results of the closed-

form solution of the 2D analysis and the two experimental sets of data. The two 

experiments are from quite different contexts, thus illustrating the generality of 

application of the fundamental fluid mechanics relevant to the phenomenon studied in 

this work. 

Based on the novel 2D analytical resonant response criterion that was first established, 

the critical source location as a function of the jet Mach number relationship has been 

elaborated. The latter captures the spatial periodicity of the resonance which represents 

an extension of the current generic understanding of the mixing layer receptivity to an 

arbitrarily located excitation source. The results also validate the simple ID reduced 

speed feedback wave model, which has been used to predict the critical resonance 

conditions observed in both experiments related to this study. 

The understanding of the tip clearance flow resonance allows the a priori prediction of 

the critical NSV speeds. Therefore it provides a mean to design a compressor blade to 
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either avoid the NSV conditions which fall within the operating range, or to withstand 

the associated vibratory stress levels at the critical NSV conditions. This represents a 

breakthrough for the industry that is lacking a design level prediction tool for NSV 

condition and has to rely heavily on engine testing to identify the critical operating 

conditions. 
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