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Contrôle d'écoulement sur profil d'aile : analyse physique des phénomènes transitoires pour l'augmentation des performances et de la manoeuvrabilité

Résumé: L'écoulement autour d'un profil NACA 0015 est contrôlé, par voie expérimentale, par l'utilisation de générateurs de tourbillons fluidiques pulsés (pulsed vortex generator jets -PVGJs). Une attention particulière est portée sur les effets transitoires survenant après l'actionnement. Le nombre de Reynolds, basé sur la longueur de la corde, est de 4.6 × 10 5 . L'objectif principal est l'amélioration des performances et de la manoeuvrabilité du profil d'aile et plus généralement des aéronefs. Afin de considérer toutes les phases du domaine de vol, le contrôle a été testé sur des configurations, dites "de base", pour lesquelles l'écoulement est attaché (croisière) ou partiellement décollé (décollage, atterrissage) à la surface du profil. Dans toutes ces phases, des forces aérodynamiques instationnaires peuvent résulter de conditions d'écoulement en évolution rapide telles que des rafales ou des manoeuvres. L'actionnement fluidique pourrait aider à atténuer ces charges instationnaires, mais pour augmenter l'efficacité du contrôle, nous devons optimiser le taux de variation des coefficients d'efforts et de moments du profil induits par l'actionnement. Pour cette raison, afin d'étudier les mécanismes physiques à l'oeuvre dans les phases transitoires, la réponse à une impulsion unique (single-pulse), de durée inférieure au temps convectif sur la corde du profil, est étudiée en détail. Les résultats obtenus sont comparés à ceux résultant d'un actionnement de type "soufflage continu". Il est alors observé qu'un actionnement de type 'impulsion unique', sur une configuration décollée, peut augmenter (en fonction de la durée du pulse) le taux de variation d'effort jusqu'à 50% par rapport à un actionnement en soufflage continu. L'analyse des champs de pression pariétaux instationnaires sur le profil et des champs de vitesse, obtenus par vélocimétrie par images de particules (PIV), autour du profil, a montré le rôle prépondérant joué par la durée d'actionnement sur les gains obtenus. Ainsi, l'utilisation d'outils lagrangiens (exposant de Liapounov à temps fini -FTLE) pour la détection des décollements/recollements instationnaires a mis en évidence que la durée optimale d'actionnement (en termes de variation d'efforts) était liée aux mécanismes de recollement puis de décollement de l'écoulement sur l'extrados du profil. C'est pourquoi, les effets transitoires sur les configurations naturellement attachées sont beaucoup moins importants. Des études paramétriques ont été menées en particulier sur l'influence de la position de l'actionnement sur la corde du profil comparée à la position de la zone de séparation dans la configuration de base. On montre alors que les taux de variation obtenus sont nettement dégradés si l'actionnement se trouve dans la zone décollée. La durée optimale d'impulsion est donc obtenue par un contrôle de la zone de séparation instationnaire sur l'extrados du profil. La compréhension des mécanismes physiques à l'oeuvre dans le contrôle par impulsion unique (sur des temps courts) nous a permis enfin de mettre en place des stratégies de contrôle efficientes d'un point de vue énergétique (comparaison de la balance entre le gain aérodynamique et la dépense énergétique). En particulier, nous avons constaté qu'une stratégie de contrôle minutieusement affinée, consistant en la répétition périodique de l'impulsion unique, peut améliorer l'efficacité énergétique du contrôle par rapport à un soufflage continu. Cette stratégie de contrôle périodique est également capable d'augmenter le taux initial de variation des charges par rapport au contrôle continu car elle exploite les effets bénéfiques liés à la formation d'une bulle de séparation entre deux impulsions successives. L'amélioration transitoire du taux de variation des charges obtenue dans ce travail pourrait être efficace dans les situations où une réponse rapide est nécessaire pour compenser les effets aérodynamiques instationnaires, comme lors d'une rafale ou de manoeuvres rapides.
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Résumé étendu

La conception aérodynamique vise traditionnellement à optimiser la forme des sections des profils aérodynamiques et des surfaces mobiles afin d'améliorer les performances des aéronefs. Cela a conduit à de grandes avancées dans les performances et la stabilité des avions modernes. Cependant, ces améliorations ne sont valables que si l'aéronef vole dans les conditions nominales. Dans des situations dites "off-design" (comme lors de rafales de vent inattendues), ces avantages peuvent facilement disparaître. Les charges instationnaires et aléatoires générées dans ces cas particuliers peuvent avoir une courte durée et une grande amplitude. Le contrôle actif de l'écoulement peut aider à atténuer ces charges instationnaires, mais pour augmenter l'efficacité du contrôle, nous devons optimiser le taux de variation temporelle des coefficients d'efforts et de moments du profil induits par l'actionnement. En d'autres termes, une stratégie de contrôle capable de produire une réponse plus rapide de l'écoulement autour du profil aérodynamique peut être très utile pour atténuer les charges aléatoires instationnaires qui peuvent survenir à n'importe quel stade de l'enveloppe de vol d'un avion en raison de rafales ou de manoeuvres rapides. Pour cette raison, l'un des principaux objectifs de ce travail est d'exploiter la dynamique transitoire induite par l'actionnement fluidique pour augmenter le taux initial de variation des charges aérodynamiques induits sur le profil, en réduisant l'intervalle de temps pour atteindre leur valeur maximale. Enfin, sur la base des temps caractéristiques liés à la dynamique transitoire, des stratégies de contrôle intelligentes sont mises en oeuvre dans le but d'augmenter la finesse aérodynamique du profil.

Un résumé étendu du manuscrit est donné dans les pages suivantes. Il reprend les principaux éléments et résultats de chaque chapitre.

Chapitre 1. Introduction

Ce chapitre introductif présente le contexte de ce travail et ses principaux objectifs. De nos jours, de nouvelles approches utilisant des technologies de contrôle actif de l'écoulement (AFC) peuvent jouer un rôle important dans l'amélioration des performances des aéronefs. L'AFC utilise l'énergie d'une source externe pour manipuler l'état naturel d'un écoulement et obtenir les modifications souhaitées, telles que la suppression du décollement ou la modification des caractéristiques de la couche limite. Un des avantages majeurs des technologies de contrôle actif est leur capacité d'adapter leur autorité à des conditions d'écoulement en évolution rapide, telles que des rafales. L'AFC peut donc assister (voire remplacer) les gouvernes traditionnelles d'un avion (telles que les ailerons, les volets, etc.).

Dans toutes les phases de l'enveloppe de vol, l'aile d'avion peut subir des perturbations aléatoires et les charges instationnaires générées dans ces cas particuliers peuvent avoir une courte durée et une grande amplitude. Leur atténuation nécessite un système d'actionnement à réponse rapide induisant un taux de variation de charges sur de courtes échelles de temps, par rapport au temps de convection sur le profil aérodynamique (T conv ). Le taux de variation des charges aérodynamiques ne dépend pas seulement du type d'actionneur, mais aussi (et surtout) de la dynamique transitoire induite par l'action de l'AFC à l'échelle de la corde du profil [START_REF] Williams | Alleviating unsteady aerodynamic loads with closed-loop flow control[END_REF]. Par conséquent, c'est ix la réponse dynamique de l'écoulement autour du profil aérodynamique qui détermine le temps de réponse des charges.

Le problème majeur dans le développement des futures technologies AFC est de savoir comment minimiser ce temps de réponse et, donc, le délai nécessaire pour que les charges atteignent la variation maximale après le début de l'actionnement. Pour cette raison, plusieurs chercheurs [Amitay and Glezer (2002a), [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF], [START_REF] Brzozowski | Transient separation control using pulse-combustion actuation[END_REF], [START_REF] Siauw | Transient phenomena in separation control over a NACA 0015 airfoil[END_REF], and [START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF] entre autres] ont étudié les effets transitoires induits par une impulsion unique et une impulsion périodique, fournissant des informations utiles sur les mécanismes physiques menant à recoller l'écoulement sur le profil aérodynamique et mettent en évidence l'énorme potentiel d'une activation brève et intense (à impulsion unique) pour modifier l'écoulement.

Dans ce travail, nous visons à analyser et à exploiter les effets transitoires induits par l'actionnement fluidique sur un profil aérodynamique NACA 0015 pour améliorer le taux de variation des forces et moments aérodynamiques (en réduisant le délai pour atteindre leur valeur maximale) et par conséquent les performances et manoeuvrabilité du profil. La compréhension de ces mécanismes physiques transitoires pourrait enfin ouvrir la voie au développement de stratégies de contrôle, en boucle fermée, efficientes d'un point de vue énergétique pour améliorer les performances du profil aérodynamique au-delà des limites actuelles.

Chapitre 2. Synthèse bibliographique sur le contrôle des écoulements sur profils d'aile

La brève revue bibliographique présentée dans ce chapitre est essentielle pour discuter le cadre général d'application du contrôle actif (AFC) sur les profils aérodynamiques. L'AFC a attiré l'attention au cours des trois dernières décennies en raison de sa capacité à adapter l'autorité de contrôle à des conditions d'écoulement en constante évolution. Le contrôle actif permet de modifier les caractéristiques de la couche limite afin d'obtenir une évolution favorable des performances du profil aérodynamique. Par exemple, la suppression d'une vaste région décollée (Fig. 1 ) peut entraîner une augmentation de la portance et une réduction de la traînée. L'actionnement implique de nombreux paramètres, tels que l'amplitude du forçage, l'emplacement des actionneurs et la fréquence d'actionnement, entre autres. Ce dernier paramètre joue un rôle majeur dans la modification des performances du profil aérodynamique. Il a été montré qu'une fréquence de l'actionnement proche du lâcher tourbillonnaire dans le sillage peut entraîner la même amélioration de performance que celle obtenue avec un soufflage continu, mais avec une dépense énergétique moindre [voir [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF] par exemple]. En effet, de cette manière, l'actionnement favorise la fusion de tourbillons à grande échelle qui améliore le mélange entre les régions interne et externe de la couche de cisaillement séparée et entraîne le recollement de l'écoulement plus efficacement qu'un soufflage continu. La suppression de la séparation se traduit par une nouvelle forme aérodynamique du profil car la cambrure aérodynamique efficace augmente (Fig. 1), induisant une augmentation de la portance. La situation est différente lorsque l'actionnement est appliqué sur des écoulements entièrement attachés. Dans ce cas, ce n'est pas la forme aérodynamique, mais les caractéristiques de la couche limite qui sont modifiées.

x [START_REF] Bourgois | Etude expérimentale du décollement sur profils d'aile: analyse et contrôle[END_REF] Presque tous les efforts dans l'étude de l'AFC ont été faits pour optimiser l'efficacité et l'efficience du contrôle dans une perspective de moyenne temporelle [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF][START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF], mais peu d'efforts ont été mis sur les effets transitoires de l'actionnement. Dans ce dernier domaine, se démarquent les travaux de Brzozowski et al. (2010) and [START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF]. Ces auteurs ont observé qu'un actionnement à impulsion unique, ayant une échelle de temps caractéristique inférieure au temps de convection sur le profil aérodynamique (Tconv), conduit à une oscillation de portance autour de la valeur de base. En particulier, un premier pic négatif est suivi d'un pic positif plus élevé avant que la portance ne revienne à sa valeur de base. En particulier, le temps pour atteindre la variation de portance maximale est d'environ 2*Tconv. Ce retard peut être trop long dans des conditions de vol réelles. Pour cette raison l'un des principaux objectifs de ce travail est d'exploiter la dynamique transitoire induite par l'actionnement fluidique pour améliorer le taux de variation des forces aérodynamiques et des moments, en réduisant le temps pour atteindre leur valeur maximale. La comparaison entre les effets transitoires de l'actionnement sur des écoulements attachés et partiellement séparés est importante dans la perspective de construire un modèle physique pour la réponse de l'écoulement à l'actionnement. Dans cette perspective, les effets de la localisation des actionneurs sur les échelles de temps caractéristiques du phénomène seront également étudiés.

et V R = V jet /V ∞ = 7. Adapté de

Chapitre 3. Dispositifs expérimentaux et outils d'analyse

Ce chapitre présente le montage expérimental et les techniques de mesure utilisées dans ce travail. Les expériences sont réalisées dans la soufflerie en boucle fermée S620 de l'ISAE-ENSMA ayant une veine d'essais de 5 m de long avec une section rectangulaire de 2.4 m x 2.6 m. Le profil est un NACA 0015 avec une longueur de corde (c) de 0.35 m, monté entre deux parois latérales (plans courants) distancées de 1.3 m (Fig. 2a). La vitesse amont (V ∞ ) est fixée à 20 m s -1 correspondant à un nombre de Reynolds basé sur la corde (Re c ) de 4.6x10 5 . Des plaques de garde, espacées de 5 cm des plans courants, sont utilisées pour supprimer l'interaction entre la couche limite de paroi et le profil (Fig. 2b). Cela permet d'augmenter l'allongement effectif de l'aile et, par conséquent, d'obtenir un écoulement bidimensionnel le long de l'envergure. xi L'actionnement est effectué à l'aide de jets d'air comprimée injectés à partir de 44 orifices de diamètre de 1 mm intégrés sur l'extrados du profil soit à 30% soit à 50% de la corde, mesurée à partir du bord d'attaque (Fig. 2b). Le diamètre des orifices est de l'ordre de l'épaisseur de la couche limite à la position de l'actionnement, pour favoriser un transfert de quantité de mouvement efficace entre la partie externe et interne de la couche limite [START_REF] Siauw | Transient phenomena in separation control over a NACA 0015 airfoil[END_REF]. L'axe des orifices est incliné par rapport à la direction de l'écoulement en amont. De cette manière, les actionneurs interagissent avec l'écoulement sur le profil produisant des tourbillons longitudinaux et sont appelés générateurs de tourbillons fluidiques pulsés (pulsed vortex generator jets -PVGJs). Compte tenu de la littérature sur ce domaine et des travaux de [START_REF] Siauw | Transient process of separation and attachment over a NACA 0015 airfoil controlled by fluidic vortex generators[END_REF], un angle de tangage de 30°et un angle de lacet de 60°pour l'inclinaison des jets ont été adoptés dans cette étude (Fig. 2). Les PVGJ sont espacés de 15.5 mm dans le sens de l'envergure de sorte qu'ils occupent la moitié de l'envergure du profil. Cet espacement entre deux orifices adjacents est réglé pour éviter la fusion précoce des tourbillons longitudinaux qui provoquerait un épaississement de la couche limite turbulente [START_REF] Siauw | Transient process of separation and attachment over a NACA 0015 airfoil controlled by fluidic vortex generators[END_REF]. Les tourbillons longitudinaux générés par ce réseau de PVGJs espacés périodiquement ont tendance à rester à l'intérieur de la couche limite turbulente et, par conséquent, à améliorer l'échange de quantité de mouvement entre sa région externe et interne [START_REF] Pauley | Experimental study of the development of longitudinal vortex pairs embedded in a turbulent boundary layer[END_REF].

Les performances de l'actionnement sont mesurées à l'aide du coefficient de quantité de mouvement du jet

C µ = 2/τ (ρ j A j ∫︁ τ 0 ⟨V 2 jet (ϕ)⟩dt)/(ρ ∞ V 2 ∞ S ref )
, où ⟨V 2 jet (ϕ)⟩ est la moyenne de phase de la vitesse de sortie du jet (carrée), A jet est la surface occupé par tous les 44 orifices, S ref est la surface de l'aile contenant les PVGJs, tau est la période d'actionnement, rho j et rho inf ty sont respectivement les densités du jet et de la courant libre.

Les principales caractéristiques de l'évolution transitoire de l'écoulement et les variations temporelles des efforts ont été obtenues à l'aide de mesures couplées pression-PIV autour du profil et dans le sillage. En particulier, la section du profil à mi-envergure est instrumentée avec un réseau de 60 prises de pression, connectées à un scanner électronique. Ces mesures de pression sont synchronisées avec des mesures de vélocimétrie par image de particules (PIV) de l'écoulement au-dessus du profil (voir le champ PIV en Fig. 2a) et dans le sillage dans le plan transversal à mi-envergure.

L'étude de la dynamique transitoire, induite par l'actionnement fluidique, et associée avec des phénomènes de décollement/recollement instationnaires, est abordée grâce à l'utilisation d'outils lagrangiens tels que l'exposant de Lyapounov à temps fini (Finitetime Lyapunov exponent -FTLE). Le FTLE est une valeur scalaire qui caractérise la quantité d'étirement autour de la trajectoire d'un point du domaine sur un intervalle de temps fini. Le FTLE représente une alternative plus réaliste aux indicateurs eulériens comme les lignes de courant lorsque on l'analyse des écoulements instationnaires. En fait, les lignes de courant instantanées n'ont pas d'invariance Galiléenne et peuvent rapidement s'écarter des trajectoires réelles des particules. Pour cette raison, elles ne conviennent pas pour détecter la position et suivre la progression correcte des points de décollement/ recollement instationnaires. Au contraire, le FTLE est dérivé des trajectoires des particules et est donc plus révélateur du comportement de transport réel. La connaissance du champ FTLE instantané nous donne des informations importantes sur la dynamique instationnaire du phénomène et nous permet de comparer les effets induits par différentes durées de l'actionnement. La discussion des résultats obtenus en utilisant le FTLE est présentée au chapitre 5. Les effets moyens de l'actionnement continu et périodique sur les efforts aérodynamiques sont présentés dans ce chapitre. L'actionnement à partir de 30% de la corde, même avec une puissance relativement faible, a montré une bonne efficacité pour modifier les performances aérodynamiques du profil. En particulier, le contrôle est capable de supprimer la région décollée jusqu'à 16 degrés d'incidence (au moins), ce qui entraîne une augmentation de la portance (jusqu'à environ 50% à α = 16°) et une augmentation de l'angle de décrochage d'environ 3°(Fig. 3). En ce qui concerne la traînée de pression, elle a été réduite pour les incidences les plus élevées (c'est-à-dire d'environ -20 % à α = 16°), mais augmentée pour les plus faibles (pour α ⩽ 14°) jusqu'à environ 15%. Le coefficient de moment (définit positif à cabrer) diminue pour 2°< α < 14.5°et augmente pour α ⩾ 14.5°p ar rapport à la valeur de référence. Bien que ces résultats soient intéressants, pour montrer si l'actionnement est vraiment bénéfique pour le vol, il faut faire un bilan entre le gain aérodynamique et la consommation d'énergie du système d'actionnement. En particulier, si l'on prend en compte la consommation d'énergie, l'actionnement diminue le rendement énergétique

C l /(C dp + C E ) (C E = 2/τ (ρ j A j ∫︁ τ 0 ⟨V 3 jet (ϕ)⟩dt)/(ρ ∞ V 3 ∞ S ref )
est le coefficient de puissance d'entrée) pour les petites incidences, mais on a tout de même un gain de rendement pour α > 14 car dans cette plage d'incidence non seulement la portance est augmentée, mais de plus la traînée de pression est réduite (par exemple, nous obtenons une amélioration du rendement d'environ 60% à alpha = 16°, par rapport à la configuration de base).

La position de l'actionnement influe également sur la variation des forces et des moments. Deux positions à 30% et 50% de la corde ont été comparées. Pour α < 15°, les actionneurs situés à 0.5c augmentent la portance de 5% par rapport aux actionneurs à 0.3c, xiii tandis que pour α ⩾ 15°les PVGJs à 30% de la corde sont plus efficaces pour améliorer la portance (jusqu'à 8% à α = 16°). En effet, pour α ⩾ 15°la longueur de séparation moyenne dans la configuration de base est plus grande que la mi-corde et donc les actionneurs à 0.5c opèrent depuis l'intérieur de la zone décollée et cela réduit leur efficacité. De plus, avec les actionneurs à 50% de la corde, la traînée de pression augmente d'environ 5 à 10 % pour toutes les incidences et le moment de tangage diminue jusqu'à 20 -30% (à des incidences modérées), par rapport au cas avec les PVGJs à 0.3c. L'influence du coefficient de quantité de mouvement C µ du jet a également été étudiée. Plus le C µ est élevé, plus la portance et la traînée de pression augmentent et le coefficient de moment diminue. À partir des résultats analysés ici, nous pouvons conclure que les PVGJs à 0.5c sont plus efficaces pour améliorer la portance des profils modérément séparés parce que le contrôle agit plus près du point de décollement moyen. Cette configuration de contrôle n'est pas adaptée à des incidences plus élevées car le point de séparation moyen se déplace en amont de la position des actionneurs et cela correspond à une efficacité de contrôle réduite. Par conséquent, si l'objectif principal de l'actionnement est de contrôler un écoulement séparé à grande échelle sur le profil, le meilleur choix pour augmenter la portance et réduire la traînée, est d'utiliser l'actionnement en amont du point de séparation.

Les résultats moyennés dans le temps présentés dans ce chapitre sont utiles pour donner au lecteur une idée des effets de contrôle globaux produits par l'actionnement et pour valider le montage expérimental, mais ils ne nous permettent pas de détecter les phases transitoires des variations des forces et moments aérodynamiques. L'étude de la dynamique transitoire induite par l'actionnement, objectif principal de ce travail, est résumée dans le chapitre suivant.

Chapitre 5. Effets du contrôle: analyse des phénomènes transitoires

Ce chapitre aborde l'étude du régime transitoire suivant la phase d'actionnement. Afin de considérer toutes les phases du domaine de vol, le contrôle a été testé sur des configurations, dites "de base", pour lesquelles l'écoulement est attaché (croisière) ou partiellement décollé xiv (décollage, atterrissage) à la surface du profil. Dans toutes ces phases, l'actionnement fluidique pourrait aider à atténuer les variations des forces aérodynamiques instationnaires qui peuvent résulter de conditions d'écoulement en évolution rapide telles que des rafales ou des manoeuvres. Pour cette raison, afin d'étudier les mécanismes physiques à l'oeuvre dans les phases transitoires, la réponse à une impulsion unique (single-pulse), de durée inférieure au temps convectif sur la corde du profil T conv , est étudiée en détail. Les résultats obtenus sont comparés à ceux résultant d'un actionnement continu, opéré avec la même vitesse maximale de sortie des jets que l'impulsion unique.

En comparant les deux modes d'actionnement appliqués sur le profil partiellement décollé, nous avons montré qu'une durée finement réglée de la phase d'ouverture des actionneurs peut améliorer le taux de variation des efforts jusqu'à 50 -60% pour la portance, par rapport au cas du soufflage continu (par exemple voir Fig. 4 à alpha = 14deg). L'analyse des champs de pression pariétaux instationnaires sur la surface du profil et des champs de vitesse autour du profil, a montré le rôle prépondérant joué par la durée d'actionnement sur les gains obtenus. Ainsi, l'utilisation d'outils lagrangiens (exposant de Liapounov à temps fini -FTLE) pour la détection des décollements/recollements instationnaires a mis en évidence que l'augmentation des taux de variation d'efforts était liée aux mécanismes transitoires de recollement puis de décollement de l'écoulement sur l'extrados du profil. En particulier, dans le cas de courtes durées d'impulsions (par exemple ∆T + ⩽ 0.6) opérées sur des profils partiellement décollé (par exemple à α = 14°), la formation d'une nouvelle région de séparation fermée (" bulle ") sur l'extrados du profil (Fig. 5), en raison d'un gradient de pression défavorable survenant après la fin de l'actionnement, produit une variation de pression négative qui améliore le taux de variation de la portance par rapport à un actionnement continu pour lequel l'écoulement devient complètement et stablement attaché après le début de l'actionnement. C'est pourquoi, les effets transitoires sur les configurations naturellement attachées sont beaucoup moins importants et l'évolution des forces et des moments aérodynamiques n'est pas fortement affectée par la durée de l'actionnement. Les effets transitoires induits par l'actionnement ne se limitent pas à l'extrados du profil, mais influencent l'écoulement tout autour du profil. En effet, pendant la phase de forte augmentation de la portance, un "tourbillon de démarrage " (sens anti-horaire) s'enroule à partir du bord de fuite et se dissipe dans le sillage. Ce tourbillon génère une vitesse verticale descendante non négligeable à proximité du bord de fuite qui dévie vers le bas les lignes de courant émergeant de l'intrados. Ce " volet fluidique " induit une modification de pression globale autour du profil. Étant donné que les effets transitoires locaux induits par le contrôle à impulsion unique, associés à la formation d'une bulle de recirculation fermée, augmentent la portance à une phase donnée, par rapport au soufflage continu, la circulation de ce tourbillon de départ est également plus élevée. Par conséquent, l'effet de "volet fluidique", induits par le contrôle à impulsion unique, aura un impact plus important sur la dynamique globale de l'écoulement autour du profil. Pour cette raison, non seulement l'extrados mais aussi l'intrados contribue à augmenter la vitesse de variation des efforts aérodynamiques par rapport au cas continu où cet effet "volet fluidique" est beaucoup moins important.

En comparant les effets de différentes durées d'impulsion sur le profil partiellement décollé (par exemple à α = 14°), nous avons montré que le taux maximal de variation des efforts est obtenu par un contrôle fin de la formation et de l'évolution de la bulle de séparation sur l'extrados du profil. En particulier, dans le cas à α = 14°, le taux maximal de variation des efforts est obtenu en réponse à une impulsion de durée ∆T + ≈ 0.5. Dans ce cas, une région de recirculation fermée se développe, pendant la phase d'augmentation de la portance, suffisamment tôt pour générer un taux de variation d'efforts plus élevé par rapport à des durées d'impulsion plus longues pour lesquelles la bulle de recirculation est formée trop tard pour fournir des effets bénéfiques à l'augmentation de la portance. Cependant, le taux de variation des efforts en réponse à une impulsion unique (jusqu'à des durées de ∆T + ≈ 1.14) sera toujours plus élevé que pour le cas stationnaire en raison des phénomènes transitoires associés à la relaxation de l'écoulement sur l'extrados après la fin de l'actionnement.

L'influence de l'emplacement des actionneurs sur la dynamique transitoire de l'écoulement a été étudiée en comparant les résultats précédents, obtenus avec les actionneurs à 0.3c, avec une autre configuration où les PVGJs sont situés à 0.5c . Pour un écoulement attachée et légèrement séparée (par exemple pour α < 13°), la différence entre les dynamiques transitoires induites par les deux positionnements des actionneurs n'est pas très importante. Dans ces configurations, seules les échelles de temps du phénomène sont affectées. En particulier, étant plus proches du bord de fuite du profil, les PVGJs à 0.5c permettent de réduire les échelles de temps pour atteindre la valeur minimale et maximale de la portance. Un scénario différent est, au contraire, observé lorsque les actionneurs opèrent sur xvi des écoulements massivement séparés. Dans ce cas, non seulement les échelles de temps du phénomène, mais aussi la dynamique transitoire est affectée par la position des actionneurs. L'exemple le plus représentatif est à α = 14°car les PVGJ à 0.5c sont situés très proches du point de séparation moyen de l'écoulement de base. Nous avons montré que, dans ce cas, les conditions de formation des structures tourbillonnaires longitudinales générées en aval par l'action impulsionnelle des PVGJs sont moins favorables comparé au cas avec les jets situés à 0.3c. Par conséquent, ces structures sont moins efficaces pour recoller l'écoulement. Ainsi, avec les PVGJs à 0.5c, l'écoulement n'est jamais rattaché à la surface du profil, mais une zone de séparation se développe au milieu de la corde juste après la fin de l'actionnement en raison d'un gradient de pression défavorable. Nous pouvons, donc, conclure que les phénomènes de recollement/décollement transitoires induits par l'actionnement à 0.3c et associée avec la formation d'une bulle de recirculation fermée sur l'extrados du profil sont certainement plus importants que ceux induits par les PVGJs à 0.5c car, dans ce cas, l'écoulement n'est jamais rattaché à la surface du profil.

La compréhension des mécanismes physiques à l'oeuvre dans le contrôle par impulsion unique (sur des temps courts) nous a permis enfin de mettre en place des stratégies de contrôle efficientes d'un point de vue énergétique (comparaison de la balance entre le gain aérodynamique et la dépense énergétique du système d'actionnement). En particulier, nous avons constaté qu'il est possible de développer des stratégies de contrôle, consistant en la répétition périodique de l'impulsion unique, capables d'améliorer le rendement énergétique du contrôle par rapport à un soufflage continu. Ces stratégies de contrôle périodique sont également capables d'augmenter le taux initial de variation des charges par rapport au soufflage continu en exploitant les effets bénéfiques liés à la formation d'une bulle de séparation entre deux impulsions successives. Avec ces tentatives simples d'implémenter des lois de contrôle efficaces, nous avons montré que la connaissance des effets dynamiques associés à l'actionnement fluidique est très importante et pourrait apporter une aide substantielle dans le développement de stratégies de contrôle en boucle fermée, basées sur la physique du système, pour améliorer l'efficacité de l'actionnement ou pour gérer des conditions de vol instationnaires et dangereuses.

Chapitre 6. Conclusions et perspectives

Ce chapitre résume les résultats présentés dans le manuscrit. Les effets moyens de l'actionnement continu et périodique sur le profil ont d'abord été étudiés. Les deux types d'actionnement ont montré une bonne efficacité dans l'amélioration des performances aérodynamiques du profil. En particulier, le contrôle est capable de supprimer la région décollée, ce qui entraîne une augmentation de la finesse d'environ 60 % à α = 16°(même en tenant compte de la dépense énergétique) et une augmentation de l'angle de décrochage d'environ 3°. L'objectif principal de ce travail est l'étude de la dynamique transitoire induite par l'actionnement sur le profil pour améliorer ses performances et sa manoeuvrabilité. Pour cette raison, afin d'étudier les mécanismes physiques à l'oeuvre dans les phases transitoires, la réponse à une impulsion unique (single-pulse), de durée inférieure au temps convectif sur la corde du profil, est étudiée en détail. Les résultats obtenus sont comparés à ceux résultant d'un actionnement de type soufflage continu. Il est alors observé qu'un actionnement de type impulsion unique, sur une configuration décollée, peut augmenter jusqu'à 50% (en fonction xvii de la durée du pulse) le taux de variation des forces aérodynamiques par rapport à un actionnement continu. L'analyse couplée des champs de pression pariétaux et de vitesse autour du profil et l'utilisation d'outils lagrangiens a montré que, pour des configurations décollées, la durée optimale d'actionnement (en termes de variation d'efforts) est liée aux mécanismes de recollement puis de décollement de l'écoulement sur l'extrados du profil. Le taux maximal de variation des efforts est donc obtenu par un contrôle minutieux d'une zone de séparation instationnaire ("bulle ") sur l'extrados du profil. Pour cette raison, les effets transitoires sur les configurations naturellement attachées sont beaucoup moins importants. Des études paramétriques ont été menées en particulier sur l'influence de la position de l'actionnement sur la corde du profil comparée à la position de la zone de séparation dans la configuration de base. On montre alors que les taux de variation obtenus sont nettement dégradés si l'actionnement se trouve dans (ou très proche de) la zone décollée.

Enfin, quelques perspectives de ce travail sont présentées. Bien que la compréhension des mécanismes produisant un taux de variation des efforts plus élevé est acquise dans ce travail, une analyse plus approfondie associée à une étude paramétrique est nécessaire. L'objectif est de trouver les paramètres qui jouent un rôle majeur dans l'augmentation du taux de variation des efforts et moments. La maîtrise de ces paramètres pourrait être très utile pour développer un modèle physique. Par conséquent, des stratégies de commande en boucle fermée basées sur la physique du système pourraient être mises en oeuvre pour obtenir la réponse optimale dans toutes les conditions de l'enveloppe de vol.

Bien que prometteuses, la conception et la mise en oeuvre d'une telle stratégie de contrôle, basée sur un modèle physique du système, pourrait être plus difficiles que prévu, ou bien avoir des résultats limités pour contrôler les écoulements turbulents tridimensionnel comme dans le cas d'une aile d'avion, en particulier lorsque l'actionnement est appliqué pour contrôler des grandes couches de cisaillement séparées tridimensionnelles. Une autre approche pour contourner ce problème pourrait être d'utiliser des stratégies de contrôle sans modèle telles que le contrôle via la programmation génétique linéaire (LGPC) développé par [START_REF] Li | Aerodynamic Drag Reduction of a Square-Back Car Model Using Linear Genetic Programming and Physic-Based Control[END_REF] and Li et al. (2017a,b). Cette méthode, entièrement basée sur les données, optimise les lois de contrôle via une technique d'apprentissage automatique du processus d'évolution naturel du système qui exploite sa dynamique avec pas ou peu de connaissances antérieures sur la physique de l'écoulement. Ainsi, le problème revient à trouver une loi de contrôle qui optimise une fonction de coût donnée. Cette fonction de coût peut être la finesse du profil dans notre cas. Cela nécessiterait de calculer la variation en temps réel des forces aérodynamiques sur le profil. Cependant, nous avons découvert que l'évolution de la pression en un point suffisamment proche du bord de fuite du profil, sur l'intrados, reflète l'évolution de la portance globale induit par l'actionnement. Cette observation est frappante car elle pourrait nous éviter d'utiliser des mesures compliquées de pression instationnaires tout autour du profil pour optimiser le contrôle par LGP.

De nos jours, les stratégies de contrôle en boucle fermée avec des algorithmes d'apprentissage automatique peuvent jouer un rôle majeur dans les progrès futurs de mécanique des fluides et en particulier du contrôle des écoulement. Cependant, il ne faut pas oublier que la fonction de coût, c'est-à-dire le paramètre que l'on cherche à optimiser, est dictée par une connaissance fine de la dynamique du système. Pour cette raison, nous croyons que notre analyse des phénomènes transitoires induits par l'actionnement contribuera aux avancées futures dans le domaine du contrôle des écoulements. [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF] . . 2.12 Phase-averaged circulation increment for α = 17.5°. F + = 0.95 (solid line)
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Introduction

The "paradox" is only a conflict between reality and your feeling of what reality "ought to be".

-Richard Feynman

PROLOGUE

The topic of this manuscript is the improvement of the performance and maneuverability of a NACA 0015 airfoil using fluidic actuation, with a special focus on the transient effects arising in the initial phase after the actuation onset. This introductory chapter presents the frame of this work and its main objectives. 

Context and motivation

Aircraft conception has traditionally relied on the appropriate design of airfoil sections and of moving surfaces (e.g. flaps, ailerons, slats, etc.) to obtain the desired performance throughout the flight envelope. Although studies to find the optimal shape of the aerodynamic surfaces are always necessary, new challenging approaches involving forefront active flow control (AFC) technologies can play an important role and improve aircraft efficiency or performance beyond current limitations. In particular, active flow control technologies can adapt their control authority to continuously and rapidly changing flow conditions, such as gusts, and help (or even replace) the traditional control surfaces (such as ailerons, flaps, slats). AFC uses energy from an external source to manipulates the natural state of a fluid flow in order to achieve the desired favourable alterations, as suppression of separation or modification of the boundary layer characteristics, e.g., [START_REF] Gad-El-Hak | Flow control: The future[END_REF], leading, for Introduction instance, to decrease the aircraft environmental footprint and its fuel consumption (therefore, the direct operating cost). For example, AFC technologies could really bring benefits to the aircraft conception for their abilities to:

• support/replace the moving surfaces;

• adapt the control authority to real-time changing flow conditions;

• intervene in trimming eventual errors made during the aircraft conception phase, without changing the entire design;

• generate fast loads variations to compensate unsteady aerodynamic effects.

Moreover, compared to passive control techniques (e.g. vortex generators, grooves, riblets, etc.), AFC does not add extra parasitic drag during off operation phases (but they require an external energy source). However, it has been shown in many studies (e.g. [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]) that AFC strategies are energy efficient to improve the performance of the airfoil, especially for separated configurations. For these reasons, during the last 30 years, many studies have focused on AFC as a smarter way to improve aerodynamic performance. Hence, several types of AFC have been developed: fluidic (e.g. [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF], [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF], and [START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF]), moving objects (e.g. the works of Bmegaptche Tekap et al. ( 2019), [START_REF] Jodin | Dynamics of a hybrid morphing wing with active open loop vibrating trailing edge by timeresolved PIV and force measures[END_REF], [START_REF] Marouf | Numerical investigation of frequency-amplitude effects of dynamic morphing for a high-lift configuration at high Reynolds number[END_REF], and [START_REF] Simiriotis | Synthesis on High-Fidelity Numerical simulation of a morphing A320 wing in subsonic speeds and sensitivity evaluation[END_REF] in the SMS European project) and plasma (e.g. [START_REF] Benard | Electric wind produced by a surface dielectric barrier discharge operating in air at different pressures: aeronautical control insights[END_REF] and [START_REF] Moreau | Airflow control by non-thermal plasma actuators[END_REF]) among others (see [START_REF] Cattafesta | Actuators for active flow control[END_REF] for more details). Unsteady fluidic actuators are used in this work.

Periodic AFC has the ability to suppress or mitigate quasi-steady flow separation over airfoils or moving surfaces at high angles of attack [START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF] among others). In this situation, the actuation acts locally on the separated shear layer and if properly tuned within time scales of the convective instability of the shear layer [START_REF] Fiedler | Control of free turbulent shear flows[END_REF] can lead to a quasi-steady improvement of the aerodynamic performance, even more efficiently than steady blowing control methods [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF][START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF]. Periodic flow control methods aimed at modifying the flow field in a quasi-steady manner could be very useful in some phases of the aircraft flight envelope, such as take-off and landing, but less suited to alleviate unsteady random aerodynamic loads. These loads variations may occur when the wing experiences external crosswind and/or longitudinal disturbances (gusts), during unsteady maneuvers in a steady flow environment or a combination of both. Unsteady loads might, also, be associated to flutter instability [START_REF] Theodorsen | General theory of aerodynamic instability and the mechanism of flutter[END_REF], buffet due to shock waves/boundary-layer interaction over airfoils in transonic flight [START_REF] Gao | Active control of transonic buffet flow[END_REF][START_REF] Molton | Control of buffet phenomenon on a transonic swept wing[END_REF], or to dynamic stall occurring, for instance, over a blade of the helicopter rotor [START_REF] Mulleners | Dynamic stall on a fully equipped helicopter model[END_REF]. In recent years, many control methods have been implemented to face the impact of unsteady random aerodynamic effects. [START_REF] Williams | Alleviating unsteady aerodynamic loads with closed-loop flow control[END_REF], for example, developed a closed-loop control method applied to gust alleviation and also to lift hysteresis control on an airfoil pitching in a steady flow (causing dynamic stall). The lift excursion due to pitch instability occurring during dynamic stall has also been alleviated in other studies using both open (Greenblatt and Wygnanski, 2001a;[START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF] and closed-loop [START_REF] Lombardi | Closed-loop dynamic stall control using a plasma actuator[END_REF] control strategies. The unsteady loads generated in these particular cases can have a short duration and a 1.1 -Context and motivation large amplitude. Their alleviation requires a fast response actuation system inducing a relevant rate of loads variation over short time scales, compared to the convective time over the airfoil (T conv ). The rate of variation of the aerodynamic loads does not only depend on the type of actuator, but also (and especially) on the unsteady dynamics induced by the action of AFC at the scale of the airfoil [START_REF] Williams | Alleviating unsteady aerodynamic loads with closed-loop flow control[END_REF]. Therefore, it is the flow dynamical response around the airfoil that determines the loads' response time. Despite some of the new generation actuators have an extremely fast time response (less than 1 ms) they will not necessarily produce a faster loads variation than older and slower actuators. The major issue in the development of future AFC technologies is how to minimize the time delay needed for the loads to reach the maximum variation after the actuation onset. This time delay, in fact, limits the bandwidth that can be achieved with AFC, as discussed by [START_REF] Williams | Alleviating unsteady aerodynamic loads with closed-loop flow control[END_REF]. For this reason, several researchers investigated the effects of single-pulse and multiple-pulse actuation providing useful insights on how to exploit the flow transient dynamics to enhance the control effectiveness while reducing the airfoil response delay.

A great contribution to this issue comes from Amitay and Glezer (2002a) and [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF] who investigated the flow transient dynamics associated with the onset and termination of time-periodic fluidic actuation (using zero-net mass-flux actuators) over a stalled non-conventional airfoil, which leading edge is formed by a circular cylinder mounted within an aerodynamic fairing that is based on a NACA 0024 airfoil. They showed that an actuation performed, upstream of the separated region, at frequencies of the characteristic (shedding) frequency of the airfoil, leads to the partial collapse of the separated flow domain which is accompanied by organized shedding of spanwise large-scale vorticity concentrations of alternate sense. These structures enhance the mixing between the free-stream and the near-wall region. The high momentum of the free stream is brought toward the low-energy region near the wall promoting the flow attachment over the airfoil. In an initial transient phase, the time-periodic actuation induces a strong fluctuation of circulation before a quasi-steady asymptotic value is attained (this circulation variation corresponds to a similar variation of the lift coefficient of the airfoil). Similar transient effects were also observed by [START_REF] Darabi | Active management of naturally separated flow over a solid surface. Part 2. The separation process[END_REF] on an inclined flat surface and by [START_REF] Siauw | Transient phenomena in separation control over a NACA 0015 airfoil[END_REF] over a NACA 0015 airfoil. However, according to [START_REF] Glezer | Aspects of low-and high-frequency actuation for aerodynamic flow control[END_REF] and [START_REF] Mittal | On the virtual aeroshaping effect of synthetic jets[END_REF] at higher actuation frequencies (an order of magnitude higher than the shedding frequency of the airfoil) the shedding of the above mentioned organized vortical structures is attenuated. At these frequencies the so-called "virtual aeroshaping effect" of synthetic jets triggers the formation of a recirculation zone near the jet orifice, having the same effect of a material virtual hump over the airfoil. This aeroshaping effect modifies the streamwise pressure gradient promoting complete or partial flow reattachment.

The periodic pulsed actuation (with a sufficiently low frequency) is nothing but the repetition of a single-pulse actuation within a fixed time period. For this reason, in order to investigate the unsteady interactions between the pulsed actuation jet and the separated flow over an airfoil [START_REF] Brzozowski | Transient separation control using pulse-combustion actuation[END_REF] and [START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF] analyzed the effects of a brief (O(0.05T conv )), intense, single-pulse actuation exerted through combustionpowered actuators upstream of the leading-edge separation point. These works give a good understanding of the physical mechanisms leading to flow attachment over a stalled airfoil and highlight the enormous potential of a brief and intense actuation to modify the flow field. They showed that actuation leads to a transient variation of the circulation (and therefore of the lift) around the airfoil. In particular, a first negative lift variation is followed by a positive lift variation on time scales of about 2T conv , before the flow fields relax to the baseline condition and the circulation settles back to its baseline value. Although sufficiently short, the time scales to attain the maximum lift variation are not suitable to control rapid unsteady loads variations on the aircraft occurring in random flow conditions, as gusts, because these loads can have time scales shorter than the convection time over the airfoil. For this reason, the main objective of this work is to exploit the transient effects induced by the actuation to increase the rate of variation of the aerodynamic loads reducing the time scales of their variation. Such control strategies could be useful in real flights conditions to improve the performance and maneuverability of the aircrafts, even when flying in highly unstable/turbulent environments.

Objectives and outline of the thesis

As previously said, in the current work we analyse and exploit the transient effects of fluidic actuation over a NACA 0015 airfoil to improve its performance and maneuverability. The actuation is performed using an array of pulsed vortex generator jets (PVGJs) on the suction surface of the airfoil. In order to take into account all the phases of the flight envelope, the flow control has been tested on "baseline" configurations where the flow is attached to (e.g. cruise) or partially separated (e.g. take-off, landing) from the airfoil surface. In all these phases, unsteady loads fluctuations might arise from continuously changing flow conditions such as gusts or rapid maneuvers. The transient effects induced by fluidic actuation might help to alleviate these unsteady loads, but to increase the control effectiveness we might need to optimize the rate of change of the aerodynamic loads induced by actuation. Our aim is to exploit the transient dynamical effects induced by the actuation to further improve this rate reducing the time delay to attain the maximum forces and moment variation. The understanding of the transient physical mechanisms induced by a single-pulse control might finally pave the way to develop energy-efficient closed-loop control strategies (in terms of the trade-off between the aerodynamic gain and energy expenditure) to improve the performance of the airfoil beyond current limitations.

A general overview of the organization of this manuscript is presented in what follows.

• Chapter 2 reviews the state of the art of flow control over airfoils with a particular focus on the transient effects induced by the actuation.

• Chapter 3 describes the experimental setup used to carry out all the measurements in this study. In particular, the model setup in the wind tunnel, the fluidic actuation system, the main measurement techniques and analysing tools are discussed.

• Chapter 4 presents the main time-averaged results of the fluidic actuation over the NACA 0015 airfoil. The influence of the actuators location and the jet exit velocity on the performance of the airfoil is, also, investigated. The time-averaged responses to periodically pulsed actuation and steady blowing are analyzed after the initial 1.2 -Objectives and outline of the thesis transients related to actuation have completely disappeared. For this reason, these results give an idea of the overall control effects, but they do not allow us to detect the transient flow features arising in response to actuation, which are instead discussed in Chap. 5.

• A detailed study of the transient phenomena occurring after the actuation onset is carried out in Chap. 5 by analyzing the response to a single-pulse actuation, of duration smaller than the convective time over the airfoil. Single-pulse controls of many durations are tested and compared with the results obtained from a steady actuation, both operated with the same maximum jet exit velocity. Configurations of attached and partially separated flows are investigated to gather insights into the dependence of the transient dynamics induced by the actuation on the baseline flow configuration.

The investigation of the transient dynamics induced by actuation is performed using coupled pressure-PIV measurements and a Lagrangian analysing tool (finite-time Lyapunov exponent -FTLE). Finally, we attempt to exploit the transient dynamical effects induced by the actuation to create control strategies aiming at increasing the power efficiency of the actuation.

• The main findings of this work are summarized in Chapter 6. We also provide some perspectives that can stimulate future advancements on this topic.

Chapter 2

Elements of active flow control over airfoils

Physics is really nothing more than a search for ultimate simplicity, but so far all we have is a kind of elegant messiness.

-Bill Bryson

PROLOGUE

Active flow control is the ability to manipulate the natural state of a fluid flow in order to achieve the desired favourable alterations, as suppression of separation or modification of the boundary layer characteristics. This chapter reviews the status of flow control over airfoils. Control of both partially separated and attached flows is presented with a special focus on the transient effects arising in response to the actuation onset. Finally, a comparison between the main flow control actuators is presented in order to highlight their pros/cons. 

Separation control over airfoils

Introduction

Flow separation is defined as the detachment of fluid from a solid surface [START_REF] Hak | Separation control: review[END_REF]. This breakaway can be caused by a severe adverse pressure gradient (Fig. 2.1a) or an abrupt modification of the surface's geometry such as in the case of sharp edges (inertial separation, Fig. 2.1b). When the flow separates, the rotational region next to the wall abruptly thickens and the boundary-layer approximations are no longer valid. Separation can both be laminar or turbulent, both two or three-dimensional and it can be followed by the downstream reattachment of the flow (in this last case we have a separation bubble). The presence of an adverse-pressure-gradient region is the most common reason for flow separation over airfoils at moderate to high incidences. In this case, the momentum flux of the boundary layer is not able to overcome the adverse-pressure-gradient region, because of viscous dissipative effects, and the motion of near-wall fluid particles in the boundary layer is slowed down and eventually arrested. For this reason, at some point (or line, in the case of a 3-D flow field), the viscous layer departs from the bounding surface (Fig. 2.2). The streamlines nearest to the wall (where the fluid elements are remote, via shearing actions, from the accelerating effect of the mainstream) leaves the body at this point and the boundary layer is said to separate [START_REF] Maskell | Flow separation in three dimensions[END_REF]. In the case of an airfoil, the location of the separation point depends on many parameters such as the incidence (Figs. 2.3 and 2.4), the geometric shape, the chord-based Reynolds number Re c , the presence of devices triggering the transition or enhancing the mixing, the presence of shock-waves etc. In some cases (for example when the ratio between the maximum thickness of the airfoil and the chord is less than 12 %, e.g., flat plate, or when the airfoil has large upper-surface curvatures) the flow separation might involve only a portion of the airfoil chord. In these cases, laminar separation may appear when the airfoil is at a moderate angle of attack (AoA or α). This separated shear layer might later reattach to the surface, generating a closed bubble of fluid trapped between the separation and reattachment point (Fig. 2.5a). Depending on the Reynolds number and on the amplitude of the disturbances within the separated shear layer, the near-wall flow may undergo transition to turbulence and consequently reattach to the surface, as a turbulent boundary layer, reducing the size of the bubble compared to laminar reattachment (Fig. 2.5b). Within this bubble, a pocket of stagnant fluid at constant pressure is upstream of a circulatory motion region characterized by a pressure increase toward the reattachment point (Fig. 2.6).

Flow separation is, generally, accompanied by a significant loss of aerodynamic performance (e.g., reduction in lift and/or increase in drag) and potentially hazardous structural effects (unsteady loads, instabilities and fatigue among others). The mitigation of the detrimental effects associated to flow separation by altering its location or avoiding it entirely has been an engineering problem for almost a century.

The possibility to modify the flow properties by influencing the boundary layer, proposed by [START_REF] Prandtl | UL , ber Flüssigkeitsbewegung bei sehr kleiner Reibung, Verhandlungen III[END_REF] (i.e. suction through a slot on the surface of a cylinder) and described by e.g., [START_REF] Cattafesta | Actuators for active flow control[END_REF], opened a new scenario to control the flow separation. Since then a great deal of flow control techniques was developed and the parameters determining their effectiveness and efficiency investigated. Flow control strategies are either active or passive, depending on whether an external energy input is required or not, respectively [START_REF] Gad-El-Hak | Flow control: fundamentals and practices[END_REF]. Passive flow control strategies, e.g., vortex generators, turbulators, grooves, riblets, sawtooth leading edge, fences, leading-edge strake etc., (some of them illustrated in Fig. 2.7) are effective and easy to implement, but they are limited because of their inability to adapt their control authority to real-time changing flow conditions (such as gusts). Indeed, their effectiveness relies solely on their capability to redistribute the energy and momentum content associated with the flow in a favourable manner. As a result, recent research efforts are increasingly focusing on developing and/or improving active flow control (AFC) methods. AFC can be divided into two categories: steady and unsteady actuation. 

Steady separation control and its drawbacks

After the first suggestions of Prandtl, traditional boundary layer control (BLC) consisting in injecting or removing large amounts of momentum and mass in a steady manner, achieved good results and spread across the international scientific community even before the 1960s [START_REF] Lachmann | Boundary layer and flow control: its principles and application[END_REF]. A large number of experimental aircraft were built using these techniques, which convincingly demonstrated the effectiveness of BLC. Some of these aircraft reached mass production (for example, the Lookheed's F-104 and MIG-21) during 1960s. The F104's wing (Fig. 2.8a) was, in fact, very small and needed an unacceptably high landing speed to generate the required lift, even after adding both leading-and trailing-edge high-lift devices. The designers, hence, developed a boundary layer control system, of high-pressure bleed air, which was blown over the trailing-edge flaps whenever they are extended beyond 15°(Fig. 2.8b). BLC increased the momentum content of the boundary layer, by directly injecting high-momentum fluid into the flow, enabling it to withstand to stronger adverse pressure gradients that would be naturally possible. The fluid injection generates, also, a secondary effect: the air jet entrains high-momentum fluid from outside the boundary layer increasing the mixing rate of wall-near and wall-distant fluid, beneficial for the re-energizing of the boundary layer [START_REF] Jones | Experimental investigation of a 2D supercritical circulation-control airfoil using particle image velocimetry[END_REF]. In this way separation was delayed/suppressed and this allowed to lower landing speeds by more than 56 km h -1 and help landing the airplane safer [START_REF] Davies | F-104 Starfighter Units in Combat[END_REF][START_REF] Upton | Lockheed F-104[END_REF], but at the cost of a high energy expenditure to power the actuation system. Other than blowing, also suction of the low-momentum fluid was very effective. Sucking the flow field that is more prone to separation enables the flow to accelerate upstream of the suction location, while a fresh and consequently more stable boundary layer is formed downstream [START_REF] Schlichting | Boundary-layer theory[END_REF]. After these first attempts, many other works were conducted on this subject. The early airfoil investigations included several applications such as tangential blowing [START_REF] Wood | Control of vortical lift on delta wings by tangential leadingedge blowing[END_REF][START_REF] Wood | Experimental results of the control of a vortical flow by tangential blowing[END_REF], trailing edge blowing [START_REF] Mclachlan | Study of a circulation control airfoil with leading/trailing-edge blowing[END_REF] and on flaps [START_REF] Hazen | Boundary layer control[END_REF]. Sometimes tangential blowing was combined with a Coanda surface (e.g., a circular hump near the trailing edge) that increasing the effectiveness of control allowed to achieve significant lift gains [START_REF] Kweder | Applications of circulation control, yesterday and today[END_REF][START_REF] Kweder | Experimental evaluation of an internally passively pressurized circulation control propeller[END_REF]. The effectiveness of steady control in reattaching the flow is showed in Fig. 2.9 by [START_REF] Bourgois | Etude expérimentale du décollement sur profils d'aile: analyse et contrôle[END_REF] that used flow visualizations to investigate the effects of steady actuation performed using vortex generator jets (VGJs) over a NACA 0015 airfoil. (2000) and [START_REF] Drendel | F-104 Starfighter in action[END_REF] and (b)a sketch of its BLC system from Wikipedia Figure 2.9: Flow visualization using smoke performed over a NACA 0015 airfoil at Re c = 0.2 x 10 6 without (left) and with steady flow control (right) using vortex generator jets (VGJs) with VR = V jet /V ∞ = 7 and jet momentum coefficient C µ = 1.64% (see Sect. 2.3 for more details). Adapted from [START_REF] Bourgois | Etude expérimentale du décollement sur profils d'aile: analyse et contrôle[END_REF] Despite these promising results, steady BLC fell far short the high expectations of the sixties because of its inefficiency from an energetic point of view [START_REF] Attinello | Design and engineering features of flap blowing installations[END_REF]. This drawback could be solved by abandoning the old design vision rooted in the limiting steadyflow, and separation, assumptions. Indeed, experimental data reveal that separation is only steady in a time-averaged sense. [START_REF] Moore | On the separation of the unsteady laminar boundary layer[END_REF] defined a laminar unsteady separation point on a fixed wall as the position where both the shear and velocity vanishes as seen by an observer in a coordinate convected with the separation velocity. The unsteady nature of flow separation suggests to leverage the shear layer instabilities using periodic excitation. Flow control by periodic addition of momentum is proved to be more efficient from an energetic point of view as it can lead to attain the same degree of control authority as achieved by traditional BLC, with one important difference: a lower momentum input by one or two orders of magnitude [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF][START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF][START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF][START_REF] Wygnanski | Boundary layer and flow control by periodic addition of momentum[END_REF]. For example, the effect of leading edge actuation on the lift coefficient (C l ) of a NACA 0015 at a post-stall angle of attack of 22°with either periodic or steady actuation is presented in Fig. 2.10. At equal jet momentum coefficient C µ (which gives an indication of the momentum flow rate provided by the actuation compared to the free stream), the periodic actuation is more effective than steady blowing. It's evident from this figure that replicating the effects of periodic excitation by steady blowing requires higher jet momentum coefficients. Indeed, at C µ = 0.4% the excitation with a normalized frequency F + = 0.6 produces a maximum lift coefficient (C lmax ) of about 1.1. To obtain the same C lmax using steady blowing one should perform actuation with C µ = 1.2%, that is 3 times than in the case of periodic actuation. This is also clear from the analysis of Fig. 2.11, showing the lift C l versus pressure drag C dp polar plot for a NACA 0015 airfoil excited from the flap shoulder with both a steady and a periodic blowing with C µ = 10 and 0.8 %, respectively. Both the actuations have similar effects on the lift and pressure drag, but the steady blowing consumes more energy because it is performed at higher C µ . 

Separation control by periodic excitation

The first attempts to control the flow by periodic excitation consisted of initiating Tollmien-Schlichting (TS) instability waves in a laminar boundary layer [START_REF] Schubauer | Laminar boundary-layer oscillations and transition on a flat plate[END_REF]. Since a turbulent flow is less prone to separation than a laminar one, flow separation could be delayed using the ability of the periodic perturbation to initiate transition. Sound was initially used to demonstrate these ideas on airfoils at low Reynolds numbers [START_REF] Collins | Influence of sound upon separated flow over wings[END_REF]. The attention toward acoustic excitation grew up and several experiments were performed on a variety of airfoils [START_REF] Ahuja | Control of flow separation by sound[END_REF][START_REF] Ahuja | Control of turbulent boundary layer flows by sound[END_REF][START_REF] Nishioka | Control of flow separation by acoustic excitation[END_REF][START_REF] Zaman | Effect of acoustic excitation on the flow over a low-Re airfoil[END_REF][START_REF] Zaman | Effect of acoustic excitation on stalled flows over an airfoil[END_REF] by introducing sound into a wind-tunnel from the walls of the test section using speakers or acoustic drivers. Such an external acoustic excitation can increase the momentum transfer from the free-stream to the near-wall region, without employing the traditional, direct injection of momentum (e.g., from blowing). The energized near-wall flow could withstand a higher adverse pressure gradient than normally possible, thus reducing/suppressing the separated region. Acoustic excitation to control boundary layer separation over an airfoil has an extremely large range of effective reduced frequency F + = f a * c/V ∞ , (where f a , c and V ∞ are the actuation frequency, the chord and the free-stream velocity respectively) depending on the excitations amplitude: F + = O(1) with high excitation amplitudes [START_REF] Ahuja | Control of flow separation by sound[END_REF][START_REF] Ahuja | Control of turbulent boundary layer flows by sound[END_REF][START_REF] Zaman | A natural low-frequency oscillation of the flow over an airfoil near stalling conditions[END_REF], while O(100) with lower [START_REF] Collins | Influence of sound upon separated flow over wings[END_REF]. [START_REF] Zaman | Effect of acoustic excitation on stalled flows over an airfoil[END_REF], among others, showed that the highest lift increase for a post-stall airfoil (i.e., separated from near the leading edge) is obtained from a combination of large excitation amplitude (u ′ /V ∞ ≈ 3%, where u ′ is the maximum fluctuation amplitude of the velocity induced by the acoustic excitation near the leading edge of the airfoil) and low Strouhal numbers 2 ⩽ F + ⩽ 5. This result was also confirmed by [START_REF] Ahuja | Control of flow separation by sound[END_REF] and [START_REF] Ahuja | Control of turbulent boundary layer flows by sound[END_REF] that observed an optimal F + ≈ 4 with large acoustic disturbance levels of about 150 dB. This means that when an airfoil is subjected to acoustic excitation, the effects of excitation become more pronounced with increasing excitation amplitude but the optimal frequency shifts to a lower value. Although a significant increase of the lift coefficient was produced (up to 50 %, [START_REF] Ahuja | Control of flow separation by sound[END_REF], [START_REF] Ahuja | Control of turbulent boundary layer flows by sound[END_REF], [START_REF] Collins | Influence of sound upon separated flow over wings[END_REF], [START_REF] Zaman | Effect of acoustic excitation on the flow over a low-Re airfoil[END_REF][START_REF] Zaman | Effect of acoustic excitation on stalled flows over an airfoil[END_REF]), the main drawback of acoustic excitation was its facility dependence. For example, in the works of [START_REF] Ahuja | Control of turbulent boundary layer flows by sound[END_REF] and [START_REF] Zaman | Effect of acoustic excitation on the flow over a low-Re airfoil[END_REF] the acoustic drivers excited at first the wind tunnel's resonant modes, which in turn excited the separated shear layer, calling into question the practical application of the method. Acoustic excitation was a necessary step to prove the effectiveness of time-periodic excitation, but it had some important drawbacks (e.g. facility dependence and the large range of effective frequencies) that pushed researchers to look for different techniques of periodic forcing.

A new method employing local internal excitation, or oscillatory addition of momentum using actuators integrated within the airfoil (with or without the concomitant addition of mass flux) was suggested by [START_REF] Viets | Unsteady wing boundary layer energization[END_REF]. Numerous airfoil studies followed using sound excitation from the slot exit [START_REF] Hsiao | Control of wall-separated flow by internal acoustic excitation[END_REF][START_REF] Hsiao | High angle-of-attack airfoil performance improvement by internal acoustic excitation[END_REF][START_REF] Huang | Separation control over an airfoil at high angles of attack by soundemanating from the surface[END_REF], vibrating ribbons [START_REF] Neuburger | The use of a vibrating ribbon to delay separation on two-dimensional airfoils: some preliminary observations[END_REF], oscillating wire (Bar-Sever, 1989), oscillating flap [START_REF] Zhou | Vortex capture by a twodimensional airfoil with a small oscillatingleading-edge flap[END_REF], unsteady air-jets [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF][START_REF] Chang | Forcing level effects of internal acoustic excitation on the improvement of airfoil performance[END_REF][START_REF] Gilarranz | A new class of synthetic jet actuators-part II: application to flow separation control[END_REF]Greenblatt and Wygnanski, 2001b;[START_REF] Margalit | Delta wing stall and roll control using segmented piezoelectric fluidic actuators[END_REF][START_REF] Raju | Dynamics of airfoil separation control using zero-net mass-flux forcing[END_REF][START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF][START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF][START_REF] Shmilovich | Flow control for the systematic buildup of high-lift systems[END_REF][START_REF] Smith | The ADVINT program[END_REF][START_REF] You | Discrete conservation principles in large-eddy simulation with application to separation control over an airfoil[END_REF] , etc. Using these techniques a turbulent mixing layer could be attached to a deflected surface [START_REF] Katz | The delay of turbulent boundary layer separation by oscillatory active control[END_REF] and flow separation delayed [START_REF] Nishri | On flow separation and its control[END_REF][START_REF] Nishri | Effects of periodic excitation on turbulent flow separation from a flap[END_REF].

The optimal control frequency depends on the amplitude of disturbances induced by actuation. If this amplitude (in terms of jet exit velocity) is sufficiently high (of the order of the free-stream velocity) the optimal control frequency is close to the shedding frequency of the wake, f wake [START_REF] Wood | Experimental results of the control of a vortical flow by tangential blowing[END_REF]. In this case, the actuation period scales with the advection time over the separated flow domain T conv and corresponds to an actuation Strouhal number

F + = f a * T conv ≈ O(1).
A more detailed analysis of the role of actuation frequency is provided in Sect. 2.3.

It's important to note that forcing at the optimal control frequency (which depends on the amplitude of the forcing) results in the biggest improvement of the time-averaged aerodynamic characteristics of the airfoil. For this reason, the investigation of the timeaveraged effects induced by actuation gives an idea of the overall control effects, but does not allow the detection of the transient flow features arising in response to actuation, which is the main topic of this work and is reviewed in Sect. 2.1.4. Indeed, the time-averaged response to periodically pulsed actuation is analyzed after the initial transients related to actuation are completely disappeared.

Transient phenomena (induced after the actuation onset)

Several authors investigated the flow transient effects associated with the onset and termination of time-periodic actuation over a separated airfoil. Amitay and Glezer (2002a), Amitay and Glezer (2002b), and [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF] showed that suddenly after the actuation onset, the partial collapse of the separated flow domain is accompanied by organized shedding of large-scale vorticity concentrations of alternate sense. This leads to a strong fluctuation of the circulation in an initial transient phase before a quasi-steady value is attained (Fig. 2.12). A strong clockwise vortex, associated with a reduction in lift, is initially advected in the near-wake followed by a stronger counter-clockwise vortex indicating the re-establishment of lift (as a starting-vortex, e.g. Fig. 2.13 obtained by Carusone et al. (2021a)). After this initial transient phase, the averaged circulation is increased but the peak-to-peak fluctuations at F + = 0.95 are up to 45% of the averaged value, while almost no fluctuation are present at F + = 10 (Fig. 2.12). This means that when the actuation frequency is increased, the intensity of large scale vorticity concentrations that are shed in the near wake decreases. When the pulse modulation control is turned off, the flow slowly separates again and the airfoil lift decreases. Similar transient effects were also observed by [START_REF] Darabi | Active management of naturally separated flow over a solid surface. Part 2. The separation process[END_REF] on an inclined flat surface and by [START_REF] Siauw | Transient phenomena in separation control over a NACA 0015 airfoil[END_REF] over a NACA 0015 airfoil.

In order to investigate the unsteady interactions between the pulsed jet actuation and the separated flow over an airfoil some authors [START_REF] Brzozowski | Transient separation control using pulse-combustion actuation[END_REF][START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF][START_REF] Woo | Transitory control of separated shear layer using impulsive jet actuation[END_REF] analyzed the effects of a brief (O(0.05T conv ), where T conv = c/V ∞ is the convective time over the airfoil), intense single-pulse actuation exerted through combustionpowered actuators (COMPACT) upstream of the leading-edge separation point. They showed that actuation leads to a transient variation of the circulation around the airfoil (Fig. 2.14) on a time scale that is nearly 10T conv (suggesting a similar variation of the lift). In particular, a first lift negative peak at T + = t/T conv ≈ 1 is followed by a higher 2.1 -Separation control over airfoils positive peak at T + = t/T conv ≈ 2, before the flow relaxes up to full stall. The evolution of the circulation around the airfoil is explained in relation to Fig. 2.15 which presents a sequence of plots of the dimensionless spanwise vorticity concentration (ω z c/V ∞ ). The first macroscopic effect of the actuation is the "severing" of the separating shear layer observed at T + = 0.48 (Fig. 2.15d) when a clear discontinuity in the shear layer appears at x/c ≈ 0.5. The severed clockwise vorticity patch is, then advected downstream (Fig. 2.15d-f), up to be completely evacuated in the near-wake at T + ≈ 1.12 (Fig. 2.15g). In the meanwhile, the shedding of negative vorticity results in enhanced entrainment of highmomentum flow toward the near-wall region that promotes attachment. Indeed, the front of the attaching boundary layer moves downstream, reducing the extent of the stalled flow region (Fig. 2.15d-k). As the control effects begin to vanish, the attached vorticity layer begins to lift-off from the suction surface by t/T conv = 1.92 (Fig. 
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The disparity between the characteristic rise and relaxation time scales following singlepulse actuation can be exploited by repeating the single-pulse actuation N-times within a period shorter than the relaxation time to extend the attached flow domain and to obtain a further circulation increase. The modifications of the circulation relative to the unforced flow, -∆Γ/Γ 0 , are shown in Fig. 2.16a for N = 5, 10 and 25 actuation pulses repeated at F + = 1 (i.e. T act = T conv where the first is the actuation period), compared with the case of the single-pulse (N=1). By increasing the number of actuation pulses, a consequent increase of the circulation is obtained up to saturate at about 58 % above the baseline value for N > 15. The phase-averaged vorticity concentrations and streamlines following the 1 st , 5 sth , 10 sth , 15 sth and 25 sth pulses are presented in Fig. 2.17 where each row corresponds to the same elapsed time from each pulse. A similar dynamics is found after every pulse: the CW vorticity concentration induced by the actuation detaches from the near-wall vorticity layer and merges with the separated shear layer that ultimately rolls (2014) up and is shed by large-scale vortical structures. However, the separation region is reduced with the increasing number of pulses. The periodically repeated actuation, hence, regulates the amount of trapped vorticity (accumulated within the boundary layer) over the airfoil which is cumulatively increased with the number of actuation pulses. The diminishing actuation effects with the increasing of the number of pulses up to reach a final saturation asymptotic level are related to the fact that the vorticity layer is, increasingly vectored toward the airfoil surface (compare Fig. 2.17e-i with a-i) and so the near-wall flow is less subjected to the disturbances induced by actuation.

The control effectiveness at a higher repetition rate, i.e. F + = 2.5 or T act = 0.4T conv , are compared with the F + = 1 case in Fig. 2.16b. No remarkable differences are found either in the rate of circulation increase in the initial phase for T + < 10 or in the total duration of actuation needed to reach the maximum circulation level (T + ≈ 15). Notwithstanding, the higher the actuation frequency, the higher the number of pulses to obtain the maximum asymptotic value. In addition, as already shown by Amitay and Glezer (2002a) in Fig. 2.12, the amplitude of the circulation oscillation are approximately 75% smaller for F + = 2.5 than for F + = 1 (Fig. 2.16b). [START_REF] Woo | Transitory control of separated shear layer using impulsive jet actuation[END_REF] showed that this decrease of the amplitude of the oscillations is due to the interaction between successively generated large-scale vorticity concentrations: the CW vorticity rolling up induced by a previous pulse is thwarted by the interaction with the successive pulse and the circulation associated with each CW vortex is reduced along with the global circulation fluctuations. 

Some examples of control of attached flows

Flow control is not only intended to be applied over separated airfoils, but it produces remarkable effects also when operated over attached flow configurations. For example, flow control could be used to increase the lift-to-drag ratio of an aircraft at moderate AoA, or even to alleviate the loads' oscillations produced over a wind turbine blade during unsteady random flow conditions such as gusts. In these configurations, the actuation results in the modification of the circulation over the airfoil and, for this reason, we refer to circulation control. One of the first attempts in this sense has been made by Amitay et al. (2001a), who suggested to modify the airfoil aerodynamic characteristics by exploiting the aero-shaping effects of the actuation. Using synthetic jet actuators placed downstream of a miniature surface-mounted passive obstruction of 0.01c height, placed at x/c = 0.24 over a Clark-Y airfoil of t max /c = 0.24, Amitay et al. (2001a) obtained a significant change of the pressure along the surface of the airfoil by creating and managing a region of stationary recirculating flow next to the surface, downstream of the passive obstruction over the airfoil, and thereby modifying its apparent aerodynamic shape. The formation of this interaction domain induces a displacement of the local streamlines that is sufficient to modify the surface pressure distribution even at small angles of attack. Indeed, the suction peak increases and is shifted towards the leading edge, and second, the magnitude of the pressure along the recovery domain (between the suction peak and the trailing edge) decreases compared to the baseline. The management of these regions of recirculating flow, evidenced by the accumulation of quasi-steady (trapped) vorticity concentrations downstream of the passive obstruction, is carried out by controlling the actuation amplitude and frequency. It is remarkable that a significant decrease of the pressure drag with a minimal lift penalty is only achieved at higher actuation frequencies (i.e., F + = 7.8), whatever the jets' output power. The actuation at this frequency reduces the streamwise and cross-stream size of the recirculation zone (compared to lower frequencies) and yields drag reduction throughout the measurement range (-9°< α < 5°) with minimal or no lift penalty.

Later on, [START_REF] Desalvo | Airfoil aerodynamic performance modification using hybrid surface actuators[END_REF] carried several tests with hybrid actuators (each comprised of a miniature [O(0.01c)] obstruction and a synthetic jet actuator) placed on the pressure surface of the airfoil near the leading edge (Fig. 2.18) and both near the leading and trailing edges [START_REF] Desalvo | Aerodynamic control at low angles of attack using trapped vorticity concentrations[END_REF]. In the first case, the actuation results in flow acceleration upstream of the actuator and pressure recovery immediately downstream, leading to a reduction in pressure drag compared to the baseline airfoil (of about 50% at α = 4°), with minimal lift reduction (of about -9% at α = 4°) and limited moment variation (with respect to the quarter of the chord, as shown in Fig. 2.19). The actuation allowed also for the reduction of the total drag (pressure + skin friction) of 29% resulting in a lift-to-drag ratio increase of 27%. Another configuration was tested by DeSalvo and Glezer (2006) with the actuators operating from both the leading and trailing edges on the pressure side of the airfoil. The modified airfoil shape with both the passive obstruction in place already modifies the aerodynamic performance of the airfoil. In particular, the lift and pressure drag are increased, while the pitching moment (about c/4) is decreased. The operation of both actuators produces the maximum reduction of the pressure drag (of about 96%) compared to the baseline airfoil, without exceeding the lift and moment modification induced by the airfoil uncontrolled configuration (with the actuators in place). As a consequence, the lift-to-(pressure)-drag ratio is increased by a factor of 2.6 at α = 6°. Moreover, DeSalvo and Glezer (2006) studied the transient evolution of the circulation around the airfoil showing that the flow response to unsteady excitation is coupled with the excitation frequency. Furthermore, when the actuation waveform of the trailing edge actuator is pulse-modulated at a frequency that is commensurate with the frequency of the wake instability, similar performance enhancement of the steady case are obtained, but with a substantially reduced actuation power. DeSalvo and [START_REF] Desalvo | Control of airfoil aerodynamic performance using distributed trapped vorticity[END_REF], also, observed that bi-directional changes in the pitching moment (within a range spanning 1.28C m0 at α = 4°) of an airfoil over a broad range of angles of attack (-2°< α < 10°) can be produced, with minimal lift and drag penalties, using alternating pulsed actuation, at the frequency of near-wake shedding, from symmetric actuators on both the suction and pressure surfaces near the trailing edge (the pressure and suction surface actuators induce relative pitch-up and -down moments, respectively). While the operation of the pressure side actuator does not affect the baseline pressure drag and produces a reduction in lift, operation of the suction side actuator results in a non-negligible increase in pressure drag (17% at α =6°compared to the smooth airfoil) and a slight increase in lift.

Figure 2.18: Airfoil model and actuator used in [START_REF] Desalvo | Airfoil aerodynamic performance modification using hybrid surface actuators[END_REF]. The synthetic jet is denoted by an arrow.

Attached flow control might, also, be used on wind turbine blades with the objective of reducing the aerodynamic load fluctuations experienced by the rotors' blades as in [START_REF] Baleriola | Circulation control on a rounded trailing-edge wind turbine airfoil using plasma actuators[END_REF][START_REF] Baleriola | Experimental lift control using fluidic jets on a model wind turbine[END_REF], [START_REF] Leroy | Comparison of flow modification induced by plasma and fluidic jet actuators dedicated to circulation control around wind turbine airfoils[END_REF], and [START_REF] Leroy | Elongated-DBD actuators inducing curved wall jets for circulation control around turbine airfoils[END_REF]. These authors exploited the Coanda effect generated using both fluidic and plasma actuators placed in the vicinity of the trailing edge of a rounded trailing-edge airfoil to modify the circulation over the airfoil. This results in a moderate increase of the lift (about 10%) at low/medium incidences. The same airfoil model was also used by [START_REF] Jaunet | Experiments on lift dynamics and feedback control of a wind turbine blade section[END_REF] to alleviate the unsteady loads' oscillation produced by a gust, simulated in experiments with a sinusoidal variation of the pitching angle. These authors showed that using a fine-tuned PID closed-loop control the lift oscillations could be attenuated by up to 80% for AOA varying within ±2°(Fig. Elements of active flow control over airfoils

Parameters of active flow control

Despite the effort to infer general conclusions upon AFC in the previous sections, the effects of AFC depends on the specific flow field characteristics (Re, M, etc.) of the individual experimental setup, on the actuator type and on a large number of parameters, as for example:

• the actuator geometry (e.g., outlet shape, dimensions, and orientation);

• the actuation location;

• the amplitude (in terms of momentum and maximum velocity) and frequency of excitation;

• the airfoil geometric shape with/without high-lift devices.

The most important drawback and one of the limits to the industrial diffusion of AFC is the enormous amount of combinations of actuation parameters adopted in the literature (see e.g. [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]) , which doesn't facilitate the standardization of the procedures for real-world use. The current and the next section 2.4 reviews the main actuation parameters and actuators types, respectively. The amplitude, frequency and jet velocity magnitude are the most prominent parameters and are generally presented in normalized form. An indication of the amplitude of the actuation is given by the momentum coefficient C µ (Eq. 2.1).

Jet momentum coef f icient

: C µ = I j Ī ∞ ¯= I j q∞ S ref (2.1)
The momentum coefficient C µ is the ratio between the momentum flow rate introduced by the flow control system ( I j ) and the momentum flow rate of the oncoming flow (q 2 ∞ S ref ). In this work, I j is given in Eq. 2.2, where ⟨V jet (ϕ)⟩ is the phase-averaged jet exit velocity, A jet is the area covered by all the jet orifices, S ref is the wing surface containing the orifices, τ is the actuation period, ρ j and ρ ∞ are the jet and free-stream fluid densities, respectively. I ∞ is expressed by the product of the free-stream dynamic pressure q ∞ and a reference area (usually the projected area of the model S ref ).

Jet momentum f low rate :

I j ¯= ρ j A j 1 τ ∫︂ τ 0 ⟨V 2 jet (ϕ)⟩dt (2.2)
The velocity magnitude of the air jets system V j is related to the free-stream velocity V ∞ (or in general to a reference velocity V ref ) using the ratio VR (Eq. 2.3).

Jet velocity ratio

: V R = V j V ∞ (2.3)
Finally, the excitation frequency is presented in the normalized form as F + in Eq. 2.4 (namely Strouhal number), where f a is the forcing frequency, V ref a characteristic velocity (e.g., V ∞ ) and L ref the characteristic length scale (e.g., chord length or separation length in a 2-D problem).

Reduced f requency (Strouhal number)

:

F + = f a L ref V ref (2.4)

-Parameters of active flow control

The same normalization is used also for the time (t) resulting in a non-dimensional time

T + = tV ref /L ref .
In the remainder of this section, a review of these parameters is presented. More details about the implementation of the jet actuation system, in this work, are given in Chap. 3.

Jet momentum coefficient

The momentum coefficient C µ is the most significant parameter determining the effectiveness of AFC. It has been proved across several studies that increasing forcing amplitude (in terms of C mu ) yields increasing benefits in terms of performance (e.g., lift enhancement) because of the higher momentum injected into the boundary layer. Moreover, the C µ can be used in a preliminar estimation to understand if the actuation induces real benefits to the performance of the airfoil. Therefore, the resulting efficiency C l /(C d + C µ ) can be used as a preliminar criterion to determine the optimal modes to be used for a specific flight condition. However, in order to compare the performance improvement induced by actuation with the energy expenditure of the actuation system itself (neglecting the electric power consumption and the power to deliver compressed air to the actuators) one can use the input power coefficient

C E = 2/τ (ρ j A j ∫︁ τ 0 ⟨V 3 jet (ϕ)⟩dt)/(ρ ∞ V 3 ∞ S ref )
(parameters with the same meaning of Eq. 2.1) when calculating the power efficiency of the airfoil

C l /(C d + C E ).
The C µ can also be used as a parameter to divide active flow control into separation control (0% < C µ < 3%) and circulation control (3% < C µ < 5%) according to [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF], Jones and[START_REF] Jones | Advances in pneumatic controlled high lift systems through pulsed blowing[END_REF][START_REF] Poisson-Quinton | Survey of French research on the control of boundary layer and circulation[END_REF][START_REF] Poisson-Quinton | Survey of French research on the control of boundary layer and circulation[END_REF]. From a phenomenological point of view, the threshold momentum coefficient separating these regimes is identified as the one needed to completely suppress separation. Figure 2.21, adapted from [START_REF] Jones | Advances in pneumatic controlled high lift systems through pulsed blowing[END_REF], shows the time-averaged evolution of the lift coefficient as a function of the momentum coefficient over a NASA GACC airfoil. The transition between both regimes is gradual and is accompanied by the decrease of the ratio dC l /dC µ . The moment coefficient threshold dividing the two regimes is not universal, because of the strong dependence of the actuation benefits on several other parameters as the actuation frequency [START_REF] Stalnov | On amplitude scaling of active separation control[END_REF]. Nevertheless, it provides some insights into how to classify the problem and on the order of magnitude of the C µ , involved in the most common configurations. In this work, the value of C µ is fixed in the range 3 -7.2 × 10 -3 . It is, hence, inside the range of values for separation control. 

Jet velocity ratio

The jet momentum flow rate I j ¯in Eq. 2.2 dimensionally is the product of the jet mass flow rate and velocity. An infinite number of combinations of mass flow rates and jet velocities can produce the identical jet momentum flow rate I j and, thus, momentum coefficient C µ (Eq. 2.1) values. The jet velocity ratio V R is, hence, introduced to take into account the important differentiation between those two quantities [START_REF] Nagib | Control techniques for flows with large separated regions: A new look at scaling parameters[END_REF]. Moreover, [START_REF] Chang | Forcing level effects of internal acoustic excitation on the improvement of airfoil performance[END_REF] has presented evidence that it is not the nominal C µ but the maximum disturbance velocity VR that is crucial for the control. As evidenced by [START_REF] Thomas | Untersuchungen uber die Erhohung des Auftriebs von Tragflugeln mittels Grenzschichtbeeinflussung durch Ausblasen[END_REF] and reported by [START_REF] Bauer | Design and Application of a Fluidic Actuator System for High-lift Flow Control[END_REF] the use of a high jet velocity ratio on a 2D airfoil with a plain flap is more effective compared to the use of a higher mass flow rate, under the same jet momentum coefficient. One could, hence, argue that both the value of the maximum jet exit velocity and the momentum coefficient can characterize the performance of the actuation. In this work when operating with periodic actuation, the value of C µ is used because it is an integral value that gives an idea of the energy expenditure of the control, allowing comparisons between the effects of several actuation waveforms. When, instead, the actuation is operated in single-pulse mode, the jet momentum coefficient has no meaning because its value is almost zero. For this reason, the velocity ratio is used for comparison purposes.

Reduced frequency

The normalized (reduced) frequency F + is used as a scaling factor to give uniformity to all the studies on this topic. For this reason, the reference length L ref , used to calculate the normalized frequency, must be selected with respect to the particular flow configuration being investigated. For example, if the separation length (L sep ) is much smaller than the chord length, it could be better to use L ref = L sep , whereas when operating with a fully separated airfoil the chord length c should be more suitable. Since normally the actuators are located upstream of the separation, sometimes the distance from the actuator to the trailing edge X te is used. If the actuation is performed from the flap shoulder, the length of the flap is more suitable for normalization purposes. In this work, we investigated the actuation effects over both attached and partially separated flow fields over the airfoil. Moreover, we also analysed the influence of the actuation location, by operating control both from 30% and 50% of the chord length. Therefore, we chose the chord of the airfoil as the most suitable scaling parameter for all the configurations studied here. As shown in Sect. 2.1.3, different frequency bands are identified as optimal to maximize the control effectiveness, mainly depending on the actuation amplitude:

• if the excitation amplitude is low (e.g., u ′ /V ∞ ≈ 1%, where u ′ is the maximum amplitude of fluctuation of the velocity generated by the actuation system) , the control is effective in a wide range between F + ≈ 1 and 90, where

F + = f a c/V ∞ ;
• if the excitation amplitude is higher (e.g., u ′ /V ∞ ≈ O(1)), the optimal reduced frequency

F + = f a L ref /V ref is narrowed around F + ≈ O(1).
Most of the fluidic actuation techniques used nowadays produce a high amplitude disturbance, and hence the optimal frequency F + varies around 1. For example, if 5.5 (Bar-Sever, 1989;[START_REF] Brzozowski | Transient separation control using pulse-combustion actuation[END_REF][START_REF] Chang | Forcing level effects of internal acoustic excitation on the improvement of airfoil performance[END_REF]Darabi and Wygnanski, 2004a;[START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF][START_REF] Wygnanski | Some new observations affecting the control of separation by periodic excitation[END_REF], if L ref = X te this range is found to be 0.5 to 2.0 [START_REF] Gilarranz | Compact, high-power synthetic jet actuators for flow separation control[END_REF][START_REF] Greenblatt | Parameters affecting dynamic stall control by oscillatory excitation[END_REF][START_REF] Seifert | Oscillatory control of separation at high Reynolds numbers[END_REF], while for L ref = L sep optimal values range from 0.75 to 2.0 [START_REF] Pack | Active control of flow separation from the slat shoulder of a supercritical airfoil[END_REF][START_REF] Pack | Dynamics of active separation control at high Reynolds numbers[END_REF][START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF]. The effect of Reynolds number and excitation location on the optimal F + = f a L sep /V ∞ was investigated by [START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF] over a NACA 0015 airfoil subjected to leading-edge excitation in the post-stall regime and to a flap-shoulder excitation at zero incidence and presented in Fig. 2.22. The effective excitation range for this airfoil is approximately 0.5 ⩽ F + ⩽ 1.5. This figure also shows, within the limits of experimental scatter, that the scaling length L sep is a good choice because the excitation optimal frequency is effectively not affected by the Reynolds number (and thus from the state of the upstream boundary layer) and by the size of the separation length.

L ref = c, 0.55 ⩽ F + ⩽
Figure 2.22: The influence of leading-edge and flap-shoulder reduced excitation frequency on NACA 0015 lift for a relatively small reduced frequency range:

0 ⩽ F + ⩽ 2.
Reynolds number range for both data sets:

1.5x10 5 ⩽ Re ⩽ 6x10 5 and C µ = 0.08%.
The drawing is a [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF] adaptation of the work of [START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF] As already mentioned above in Sect. 2.1.3, the optimal control mechanism is based on the resonance of the perturbations introduced by actuation with instabilities inherent to the flow. To explain this it's important to observe that in a separated flow without forcing both local shear-layer instability and global vortex shedding instability occur (and are coupled to each other), each of them with a characteristic natural frequency. Since the separated shear layer has a wide response spectrum to disturbances, it can show resonant behaviour for different forcing frequencies. Moreover, as showed by [START_REF] Stansby | The locking-on of vortex shedding due to the cross-stream vibration of circular cylinders in uniform and shear flows[END_REF] under proper conditions the natural shedding frequency can shift to a harmonic of the actuation frequency. It is, hence, possible to find a proper range of actuation modulation such that the natural frequency of both constituents (shear-layer and wake) can lock-in to the forcing frequency or its super-or subharmonics. If the forcing amplitude is sufficiently high (of the order of the free-stream velocity) the optimal control frequency is close to the shedding frequency of the wake, f wake [START_REF] Wood | Experimental results of the control of a vortical flow by tangential blowing[END_REF]. In this case, the actuation period scales with the advection time over the separated flow domain T conv and corresponds to an actuation Strouhal number F + = f a * T conv ≈ O(1). In this situation, the instabilities of the separated shear layer are leveraged to promote the coalescence of small coherent structures into larger ones, that enhancing the mixing rate between free-stream and nearwall flow, lead to the highest improvement of the performance of the airfoil, especially the lift. Moreover, the flow becomes more organized resulting in a much narrower wake and smaller amplitude of fluctuations of lift, drag, and surface pressure. If the forcing frequency is further increased above this value (e.g., by 1 order of magnitude), the shedding frequency lock-in could no longer be maintained, resulting in a reduction of the actuation effectiveness. However, Amitay and Glezer (2002a), [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF], Glezer andAmitay (2002), and[START_REF] Glezer | Aspects of low-and high-frequency actuation for aerodynamic flow control[END_REF] observed aerodynamic performance improvements also when the actuation frequency is decoupled from the global flow (wake) instabilities, i.e. F + ≈ O(10). The benefits of this approach come from a quasi-steady modification of the "apparent aerodynamic shape" of the airfoil by controlling localized concentrations of trapped vorticity between a surface-mounted fluidic actuator and the crossflow above the surface. In experiments that omit a resonance effect on the flow, a lower boundary for suitable frequencies is identified only. In those cases, where large scale perturbations directly transport high momentum fluid across the boundary layer, a lower bound of F + ≈ 0.5 is reported to prevent the onset of separation between individual control pulses [START_REF] Hecklau | Influence of the actuator jet angle on the reattachment process with pulsed excitation[END_REF].

Actuators location and orientation

Different studies have shown that the flow control system is more effective in reattaching the flow field if located upstream of the time-averaged separation point [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]. For instance, at the shoulder of a deflected flap [START_REF] Seifert | Oscillatory blowing: a tool to delay boundary-layer separation[END_REF][START_REF] Seifert | Delay of airfoil stall by periodic excitation[END_REF] or at the leading-edge of a sharp airfoil [START_REF] Jacot | Boeing active flow control system[END_REF] and near the leading-edge of a massively separated airfoil [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF][START_REF] Brzozowski | Transient separation control using pulse-combustion actuation[END_REF][START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF][START_REF] Zong | Airfoil flow separation control with plasma synthetic jets at moderate Reynolds number[END_REF]. [START_REF] Hsiao | Control of wall-separated flow by internal acoustic excitation[END_REF] investigated the effect of excitation location on a leading-edge separated 63 3 -018 airfoil (Fig. 2.23). These authors observed that the location at x/c = 1.25%, which is closer to the mean baseline separation point, produces the most important lift enhancement. In the current work pulsed vortex generator jets (PVGJs) are used to perturb the natural state of the flow over the airfoil. PVGJs have a pitch and a yaw angle relative to the local surface curvature and to the free-stream velocity direction, respectively. In this case, the fluidic actuators imitate the conventional vortex generators and produce streamwise three-dimensional vortical structures advected in the direction of the free stream. An array of longitudinal vortices generated by passive or active devices can be co-rotating or counter-rotating depending on the orientation of these devices. [START_REF] Pauley | Experimental study of the development of longitudinal vortex pairs embedded in a turbulent boundary layer[END_REF] showed that an array of counter-rotating longitudinal vortices has a tendency to lift off from the surface producing a thick boundary layer. Co-rotating longitudinal vortices, instead, have the tendency to remain embedded within the turbulent boundary layer. For this reason, co-rotating longitudinal vortices, produced by pitched and yawed orifices, with the same yaw angle, are used in this work to control flow separation over the airfoil.

Some guidelines for the choice of the jets' pitch and yaw angles are found by [START_REF] Milanovic | Fluid dynamics of highly pitched and yawed jets in crossflow[END_REF]. These authors analyzed the characteristics of a single longitudinal vortex by changing the following parameters: pitch and yaw angles of the orifice generating the vortex and jet momentum flux coefficient

[J = (ρ jet V 2 jet )/(ρ ∞ V 2 ∞ )].
They show that there is an exponential decay of the maximum streamwise vorticity (ω xmax ) with the distance from the orifice exit (Fig. 2.24a). From this figure, it's also clear that vorticity magnitudes at different pitch angles with the same yaw angle are very similar (Fig. 2.24a) and, thus, the yaw angle has a primary role in increasing the streamwise vorticity concentration downstream of the jet orifice. The same characteristic can be observed over a range of J as shown in Fig. 2.24b. Indeed, higher yaw results in higher maximum vorticity at all momentum flux coefficients which is advantageous for applications requiring longer persistence of streamwise vorticity downstream of the jet orifice. From Fig. 2.24b we also see that for given yaw, the changes in maximum vorticity are small when J > 4. This also contributes to justify the use of a J ≈ 5 in the current study because most likely we obtain the maximum vorticity accumulation downstream of the jet orifice. The variation of peak streamwise vorticity as a function of the yaw angle in Fig. 2.24c showed that the optimal combination to improve the downstream vorticity accumulation at a distance of x/d o = 10 (normalized by the jet diameter, d o ) is a yaw angle of 60°/45°for a pitch angle of 20°/45°, respectively. These results are consistent with [START_REF] Compton | Streamwise vortex production by pitched and skewed jets in a turbulent boundary layer[END_REF], who found an optimum yaw angle between 45°and 90°at a fixed pitch angle of 45°(Fig. 2.25). Moreover, [START_REF] Khan | On vortex generating jets[END_REF] showed that a pitch and yaw angle of 30°a nd 60°, respectively, produces the strongest vorticity at x/d o = 20 downstream of the jet orifice.

Other important observations comes from the study of [START_REF] Eldredge | Active control of a separating boundary layer with steady vortex generating jets-detailed flow measurements[END_REF]. These authors used a pitch angle of 30°and a yaw angle of 90°to control flow separation over a low-pressure turbine blade. They observed that the longitudinal vortex generated by the actuation remains embedded in the boundary layer, also at high V R. The vortex increases the turbulence intensity in the boundary layer, especially near the wall, under the vortex core where production is large.

The research team at ENSMA has vast experience in flow control over airfoils. For instance, in the work of [START_REF] Siauw | Transient process of separation and attachment over a NACA 0015 airfoil controlled by fluidic vortex generators[END_REF] PVGJs operated with a pitch angle of 30°combined with a yaw angle of 60°have shown good effectiveness in reattaching a separated airfoil with V R = 5 (Fig. 2.26). For this reason and for consistency with the previously cited works, this combination is chosen for the current study, as well. Elements of active flow control over airfoils

Overview of the main actuator types

The capability of AFC to react instantaneously, adapting their control authority to continuously changing flow conditions, is their main advantage over passive approaches. AFC requires an actuation system providing the desired amount of energy, momentum, and mass flow rate. An overview of different actuator concepts is given here, based on the literature [START_REF] Bauer | Design and Application of a Fluidic Actuator System for High-lift Flow Control[END_REF][START_REF] Cattafesta | Actuators for active flow control[END_REF] and on the author's experience, with the objective of highlighting their strengths and limitations. One useful classification is provided in Fig. 2.27. Fluidic and plasma actuators are mostly used nowadays. A summary of their main advantages and drawbacks are reported in Tab. 2.1. The cost in terms of fluidic and/or electrical power consumption is not mentioned because is strictly dependent on the particular technology involved. For instance, several solenoidal valves having the same working principle could have different pressure drops and, hence, different fluidic costs. In this work, fluidic actuators using solenoidal valves are adopted thanks to their reliability, the possibility to attain large jet peak velocities and the short response time (≈ 1 ms). Furthermore, the fluid dynamics research team at Institut Pprime has a long experience in using this technology [START_REF] Barros | Bluff body drag manipulation using pulsed jets and Coanda effect[END_REF][START_REF] Bourgois | Etude expérimentale du décollement sur profils d'aile: analyse et contrôle[END_REF]Haffner et al., 2020a;Haffner et al., 2020b;[START_REF] Li | Feedback control of bimodal wake dynamics[END_REF][START_REF] Li | Drag reduction mechanisms of a car model at moderate yaw by bi-frequency forcing[END_REF]Li et al., , 2017a;;[START_REF] Siauw | Transient dynamics of the flow around a NACA 0015 airfoil using fluidic vortex generators[END_REF][START_REF] Siauw | Transient phenomena in separation control over a NACA 0015 airfoil[END_REF]. A more detailed review of AFC technologies is provided in the following sections. [START_REF] Glezer | Synthetic jets[END_REF]] and nonzero mass-flux devices [START_REF] Cattafesta | Actuators for active flow control[END_REF]. ZNMF devices are typically formed by imposing a time-periodic alternating pressure drop across an orifice (e.g., by acoustic waves or by the motion of a piston or a diaphragm). The fluid is alternately ingested and expelled in an oscillatory manner with no external mass source/sink. Nonzero mass-flux devices, on the other hand, require a fluid source and can be employed in steady or unsteady (e.g., pulsed) mode. When the orifice/slot scale is of the order of the submillimeter, they are named microjets [START_REF] Alvi | Control of supersonic impinging jet flows using supersonic microjets[END_REF].

ZNMF or synthetic jets

The most popular versions of ZNMF actuators work using piezoelectrically driven diaphragm [START_REF] Chen | Development of synthetic jet actuators for active flow control at NASA Langley[END_REF][START_REF] Crook | The development and implementation of synthetic jets for the control of separated flow[END_REF][START_REF] Mallinson | Some characteristics of synthetic jets[END_REF][START_REF] Smith | Vectoring and small-scale motions effected in free shear flows using synthetic jet actuators[END_REF][START_REF] Smith | The formation and evolution of synthetic jets[END_REF], electromagnetically driven piston/diaphragm [START_REF] Agashe | Development of compact electrodynamic zero-net mass-flux actuators[END_REF][START_REF] Crook | Measurements and visualisations of synthetic jets[END_REF][START_REF] Nagib | First-in-flight full-scale application of active flow control: the XV-15 tiltrotor download reduction[END_REF][START_REF] Rediniotis | Synthetic jets, their reduced order modeling and applications to flow control[END_REF] and acoustically driven cavities [START_REF] Mccormick | Boundary layer separation with directed synthetic jets[END_REF] and are depicted in Fig. 2.28. In all the cases, an oscillating diaphragm allows to expel/ingest fluid from/into a cavity through an orifice. The difference is on the manner diaphragm is moved. The piezoelectric actuator (Fig. Pulsed jets A pulsed jet can be generated using, for example, a fast-acting solenoid valve as in [START_REF] Bons | The fluid dynamics of LPT blade separation control using pulsed jets[END_REF] (Fig. 2.29), a high-speed rotating siren valve [START_REF] Williams | Supersonic cavity response to openloop forcing[END_REF], the rotating orifice/slot assembly [START_REF] Mcmanus | Separation control in incompressible and compressible flows using pulsed jets[END_REF] and a combustion-driven device [START_REF] Crittenden | Combustion-driven jet actuators for flow control[END_REF][START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF]. When the fluidic jets are used to mimic conventional vortex generators by yawing and pitching the jet axis with respect to the free-stream flow direction (Fig. 2.30), they are called vortex generators jets (VGJs) and are extensively found in the literature [START_REF] Bons | The fluid dynamics of LPT blade separation control using pulsed jets[END_REF][START_REF] Compton | Streamwise vortex production by pitched and skewed jets in a turbulent boundary layer[END_REF][START_REF] Godard | Control of a decelerating boundary layer. Part 3: Optimization of round jets vortex generators[END_REF][START_REF] Johnston | Vortex generator jets-means for flow separation control[END_REF][START_REF] Khan | On vortex generating jets[END_REF][START_REF] Postl | Control of laminar separation using pulsed vortex generator jets: direct numerical simulations[END_REF][START_REF] Selby | Control of low-speed turbulent separated flow using jet vortex generators[END_REF][START_REF] Warsop | Pulsed air-jet actuators for flow separation control[END_REF][START_REF] Zhang | The evolution of co-rotating vortices in a canonical boundary layer with inclined jets[END_REF]. Combustion The air jet in the case of a combustion actuator is produced by the ignition of a mixture of gaseous fuel and oxidizer in a small scale O(cm 3 ) combustion chamber [START_REF] Crittenden | Combustion-driven jet actuators for flow control[END_REF][START_REF] Cutler | Development of a pulsed combustion actuator for high-speed flow control[END_REF][START_REF] Glezer | Combustion-driven jet actuator[END_REF]. The pressure rises in the chamber until when the ejection of a pulsed high-speed jet from slots or orifices is generated (Fig. 2.31). The pulsing frequency is regulated by setting the flow rate of the fuel/oxidizer and the ignition frequency. Despite their maximum operating frequency is low (few hundred Hz) due to required refueling time, the combustion actuator can produce large jet perturbations, with significant penetration into the cross-flow even at Mach numbers up to 0.7 [START_REF] Crittenden | Combustion-driven jet actuators for flow control[END_REF].

Oscillators Fluidic oscillators use pressurized fluid, and no moving parts, to generate a pulsed jet (Fig. 2.32). These actuators exploit the mechanisms of wall attachment, called the Coanda effect [START_REF] Coanda | Device for deflecting a stream of elastic fluid projected into an elastic fluid[END_REF], and/or fluid interactions [START_REF] Raghu | Feedback-free fluidic oscillator and method[END_REF]. The fluidic oscillators in Fig. 2.32a exploit the feedback loop to create a bistable sweeping jet pattern from one side of the exit nozzle to the other in a cyclic fashion. One can regulate the frequency by setting the flow rate of the supply jet and the length of the feedback loop. A different mechanism is involved in Fig. 2.32b where the unstable interaction of the impinging jets leads to the formation of unsteady vortical structures, while the jet cyclically changes its position at the nozzle exit. 

Plasma

The most popular plasma actuator is the single dielectric barrier discharge (SBDB) illustrated in Fig. 2.33. It generates an ionic wind by applying a high-voltage (several kV) to a cold plasma (i.e. a cloud of ions) using two electrodes flush-mounted on the aerodynamic body and separated from each other by a dielectric material [START_REF] Benard | Electric wind produced by a surface dielectric barrier discharge operating in air at different pressures: aeronautical control insights[END_REF][START_REF] Benard | Capabilities of the dielectric barrier discharge plasma actuator for multi-frequency excitations[END_REF][START_REF] Corke | Dielectric barrier discharge plasma actuators for flow control[END_REF][START_REF] Corke | SDBD plasma enhanced aerodynamics: concepts, optimization and applications[END_REF][START_REF] Moreau | Airflow control by non-thermal plasma actuators[END_REF]. The ionic wind transfers momentum to the surrounding gas adjacent to the airfoil surface via collisions with electrically neutral particles inducing a mass flow tangential to the wall. The voltage applied to the electrode pair, the thickness of the dielectric material between the electrodes, the slope of the electrical driving signal, and the frequency of operation are the most important parameters determining the actuator performance [START_REF] Cattafesta | Actuators for active flow control[END_REF][START_REF] Corke | Dielectric barrier discharge plasma actuators for flow control[END_REF][START_REF] Forte | Optimization of a dielectric barrier discharge actuator by stationary and non-stationary measurements of the induced flow velocity: application to airflow control[END_REF][START_REF] Jolibois | Enhancement of the electromechanical performances of a single dielectric barrier discharge actuator[END_REF][START_REF] Thomas | Optimization of dielectric barrier discharge plasma actuators for active aerodynamic flow control[END_REF]. Other options include multiple barrier [START_REF] Benard | A large-scale multiple dielectric barrier discharge actuator based on an innovative three-electrode design[END_REF] and sliding discharge actuators [START_REF] Moreau | Electric wind produced by surface plasma actuators: a new dielectric barrier discharge based on a three-electrode geometry[END_REF]. Since one of the main drawbacks of plasma actuators is that they produce low peak velocity, some new technologies have been developed to improve this aspect. For example: repetitive nanosecond-scale pulse DBD [START_REF] Roupassov | Flow separation control by plasma actuator with nanosecond pulsed-periodic discharge[END_REF], local arc filament actuators [START_REF] Samimy | Development and characterization of plasma actuators for high-speed jet control[END_REF]) and pulsed-plasma synthetic or sparkjet [START_REF] Cybyk | Performance characteristics of the sparkjet flow control actuator[END_REF][START_REF] Narayanaswamy | Characterization of a high-frequency pulsed-plasma jet actuator for supersonic flow control[END_REF]. The last one can produce peak velocities of approximately 250 m s -1 at frequencies up to 5 kHz. 

Moving object/surface

Another class involves a moving body to produce local fluid motion without any fluid injection or suction. A classic example is the electrodynamic ribbon oscillator used to promote transition of the flow over a flat plate by [START_REF] Schubauer | Laminar boundary-layer oscillations and transition on a flat plate[END_REF]. Other examples include oscillating ribbons [START_REF] Neuburger | An active delay of separation on twodimensional airfoils[END_REF], vibrating fences [START_REF] Katz | The delay of turbulent boundary layer separation by oscillatory active control[END_REF], piezoelectric flap actuators [START_REF] Cattafesta | Active control of flow-induced cavity resonance[END_REF][START_REF] Cattafesta | Development of piezoelectric actuators for active flow control[END_REF][START_REF] Seifert | Use of piezoelectric actuators for airfoil separation control[END_REF], time-periodic motion of a surface-mounted diaphragm [START_REF] Kim | Effect of a localized time-periodic wall motion on a turbulent boundary layer flow[END_REF], oscillating wires (Bar-Sever, 1989), rotating surface elements [START_REF] Viets | Boundary layer control by unsteady vortex generation[END_REF], and morphing surfaces i.e. a time-depend fluidic modification of the aerodynamic shape of the airfoil [START_REF] Thill | Morphing skins[END_REF]. The effects of dynamic morphing are, also, investigated in the works of Bmegaptche Tekap et al. ( 2019 2019) among others as a part of the SMS (Smart Morphing and Sensing for Aeronautical configurations) European project. These authors carried both numerical and experimental campaigns over an Airbus A320 wing model demonstrating that a fine-tuned dynamic morphing of the wing shape can lead to performance enhancement of the airfoil as increase of lift and decrease of drag. In particular, if tuned with time scales that are multiple of the unstable frequency of the separated shear layer over 2.5 -Summary of the review and objectives of this work the airfoil, the dynamic morphing of the wing promotes a breakdown of the large-scale coherent structures in the wake and therefore leads to attenuate the wake instabilities, make a thinner wake and decrease the aerodynamic noise, especially in landing configurations.

Summary of the review and objectives of this work

The brief review discussed in this chapter is essential to present the general framework of the active flow control over airfoils. AFC has gained attention in the last three decades because of its ability to adapt the control authority to continuously changing flow conditions over an airfoil (or, in general, over surfaces interacting with a fluid flow). AFC modifies the boundary layer characteristics in order to alter the airfoil performance. For example, the suppression of a huge separated region can lead to lift increase and drag reduction. Actuation involves many parameters, as the amplitude of forcing, the actuation location, and the actuation frequency among others. This last parameter plays a huge role in the modification of the performance of the airfoil. It has been proved that pulsing with a frequency of the order of the shedding frequency in the near wake can produce the same performance improvement obtained with steady blowing, but with lower energy expenditure. Indeed, in this way, the actuation promotes the merging of large scale vortices that enhancing the mixing between inner and outer regions of the separated shear layer, promote the flow attachment more efficiently than steady blowing. The suppression of the separation results in a new aerodynamic shape of the airfoil because the effective aerodynamic camber increases, inducing lift improvement. Different is the situation when the actuation operates over fully attached flow fields. In this case, in fact, is not the aerodynamic shape, but the boundary layer characteristics to be modified.

Almost all the efforts in the investigation of AFC have been made to optimize the effectiveness and the efficiency of the control (in a time-averaged sense) but less focus was placed on the transient effects of actuation. It was, for example, found out that a single-pulse actuation, having a characteristic time scale lower than the convective time over the airfoil, leads to a lift oscillation around the baseline value. In particular, a first negative peak is followed by a higher positive peak before the loads settle back to the basic values within 10 T conv . The repetition of the single-pulse actuation leads to attain a final (quasi-steady) lift improvement in about 10 convective time scales. This delay could be too long in a real flight condition. For example, when the aircraft encounters gusting flow, during rapid maneuvers or a combination of both. For this reason one of the main objectives of this work is to exploit the transient dynamics induced by fluidic actuation to improve the rate of variation of the aerodynamic loads, reducing the time interval to reach the maximum value. We, hence, give primary importance to the transient effects of actuation. The comparison between the transient effects of actuation over attached and partially separated flow fields is important to build a physical model for the response of the flow field. In this perspective, the effects of the actuators location on the time scales of the phenomenon are also investigated.

Chapter 3

Experimental setup and procedures

Not only is the Universe stranger than we think, it is stranger than we can think.

-Werner Heisenberg

PROLOGUE

This chapter presents the experimental setup and the measurement techniques used in this work. First of all, the model installation in the wind tunnel and the jet actuation system are detailed in order to provide a framework for the experiments. Then, the different measurements techniques and analysis tools are presented and discussed. The experiments are carried out in the S620 closed-loop wind tunnel of ISAE-ENSMA having a 5 m long test section with a 2.4 m x 2.6 m rectangular cross-section (Fig. 3.1).

The contraction ratio between the settling chamber and the test section is approximately 7. The maximum operating velocity in the test section allowed by the facility is 60 m s -1 and the turbulence intensity is less than 0.5 % at 40 m s -1 . A planar assembly of flow straighteners (opening size of each straightener measures 50 mm 2 ) and two sheets of wire meshes (mesh opening size measures 6 mm 2 and 4 mm 2 , respectively) are installed in the settling chamber. Porous walls are installed along the side walls at the end of the test section such that the static pressure is maintained at atmospheric value. 

NACA 0015 airfoil model setup

The airfoil is a NACA 0015 with a chord length (c) of 0.35 m, mounted between two side walls spaced 1.30 m apart and having a length of 4.5 m in the streamwise direction (Fig. 3.2). The airfoil is mounted in the wind tunnel so that the quarter of its chord is located at the middle of both the test section streamwise length and its cross-stream height. Two rotating discs, driven by an electric engine, at both sides of the airfoil allow its rotation. The angle of attack (AoA or α) of the airfoil is measured in real-time using the LSRP inclinometer sensor. The test section is equipped with a static pressure/Pitot tube probe installed over the model and connected to an FCO 14 Micromanometer allowing the measurement of the difference between the static p and total pressure p 0 of the free-stream flow. Additionally, the static temperature T is monitored using another sensor HTP 300 -HOP located very close to the reference Pitot tube. Boundary layer transition is triggered using a 100 µm carborundum grit of 5 mm streamwise length at 1.5% of the chord, measured from the leading edge. This carborundum size has been chosen to be of the same order of magnitude of the boundary layer displacement thickness at this location, assessed using the software Xfoil [START_REF] Drela | XFOIL: An analysis and design system for low Reynolds number airfoils[END_REF]. Moreover, this carborundum size was able to suppress the laminar separation bubble at the leading edge in the work [START_REF] Siauw | Transient process of separation and attachment over a NACA 0015 airfoil controlled by fluidic vortex generators[END_REF], carried out in the same wind tunnel of the current experiments and with a NACA 0015 airfoil. End-plates spaced 5 cm apart from the side walls, are used to suppress the interaction between the wall boundary layer and the airfoil (Fig. 3.3). This setting allows to increase the effective wing aspect ratio and, hence, to obtain a two-dimensional flow field along the wingspan. This has been verified using oil-flow visualizations as shown in Fig. 3.4. From this figure it is also evident that the airfoil presents a two-dimensional trailing edge separation. The separation length (L sep ) is the chordwise distance between the time-averaged separation point and the trailing edge of the airfoil. L sep is equal to 50 % of the chord at 14°and increases to 75 % at 16°. The flow conditions over aircrafts/airfoils in a wind tunnel are not completely the same as in an unbounded airstream or in "free air". The wall, in fact, affects the flow over the model and may produce different results compared to those obtained in an open space. An estimation of the flow modifications induced over the airfoil by the presence of the wall is the model geometric blockage ratio of the frontal area of the airfoil to the free stream cross-sectional area, i.e., in the case of a 2D flow the ratio between the maximum frontal thickness t f of the airfoil and the height of the tunnel H. The model geometric blockage ratio is a function of the AoA for this airfoil and is presented in Fig. 3.5a. Because of the low values of the model blockage ratio (< 5% for all the incidences analyzed here), the wall interference should be very small and probably can be neglected. To validate this hypothesis we evaluated the wall interference effects as solid, wake blockages and streamlines curvatures induced by the presence of the model (3D interference effects are neglected because we have a 2D configuration). Blockage interference is that part of the wall interference due to the displacement of streamlines around a body that carries no lift or side force (and is composed of solid and wake blockages). Solid blockage represents that part of the blockage due to the volume of the model in the tunnel which determines, according to the continuity equation, an increase of the longitudinal velocity over the body. The solid-blockage velocity increment at the model is much less (about one-fourth) than the increase one obtains from the direct area reduction since it is the streamlines far away from the model to be most displaced. The wake blockage is similar, in principle, to the solid blockage and is caused by the reduction of the longitudinal velocity inside the wake. As a consequence, for mass conservation law, the external longitudinal velocity increases. The third wall interference effects considered for this particular flow is the streamlines curvature effect. This is defined to be that part of the wall interference due to circulation generated by the model which cause an alteration to the curvature of the streamlines of the flow about the body in a wind tunnel as compared to the corresponding curvature in an infinite stream. To estimate these wall interference effects we use the classical theory which is summarized by [START_REF] Glauert | Wind tunnel interference on wings, bodies and airscrews[END_REF]. The term "classical" refers to the results of the earliest analyses of wind tunnel wall interference on models in closed-wall and open-jet wind tunnels. The assumptions underlying classical wall interference theory include: (i) linear potential flow (∇ 2 ϕ = 0), (ii) model whose dimensions generally are small relative to the tunnel and whose wakes (including both the viscous and vortex wakes) extend straight downstream from the model, and (iii) tunnel of constant cross-sectional area extending far upstream and downstream of the model, with walls parallel to the direction of the flow far upstream of the model, and whose boundary condition is either no flow normal to the wall or constant pressure at the wall location. Under these conditions, we are able to calculate the solid and wake blockage alone and then sum the effects thanks to the superposition principle. This evaluation of the wall interference effects is also named "linearized theory". The model and its wake are simulated through appropriate combinations of sources, sinks, doublets, and vortices, while the effect of wind tunnel walls is estimated using the method of images. [START_REF] Glauert | Wind tunnel interference on wings, bodies and airscrews[END_REF] proposed an estimation of the solid blockage ϵ SB as in Eq. 3.1 which is discussed by [START_REF] Barlow | Low-speed wind tunnel testing[END_REF]. The term λ 2 in Eq. 3.1 is the shape factor which can be determined for the particular airfoil shape [START_REF] Barlow | Low-speed wind tunnel testing[END_REF]. The value of ϵ SB for this configuration is about 0.3 %. [START_REF] Maskell | A theory of the blockage effects on bluff bodies and stalled wings in a closed wind tunnel[END_REF] proposed an estimation of the wake blockage ϵ W B , as shown in Eq. 3.2, which is discussed by [START_REF] Barlow | Low-speed wind tunnel testing[END_REF]. This Experimental setup and procedures correction uses the uncorrected value of the pressure drag, i.e., C du .

ϵ SB = π 2 3 λ 2 4 (︃ t H )︃ 2 (3.1) ϵ W B = C du c/H 2 (3.2) ∆α SC = 57.3σ 2π (C lu + 4C mu (c/4) ) (3.3)
Figure 3.5b shows the evolution of the wake and total blockage ϵ tot = ϵ SB + ϵ W B versus the incidence. The total blockage is below 1% even for the highest AoA investigated here.

The presence of ceiling and floor prevents the normal curvature of the free air that occurs about any lifting body, and relative to the straightened flow the body appears to have more camber than it actually has. Accordingly, the airfoil in a closed wind tunnel has more lift and moment about the quarter chord at a given angle of attack than it would in free air, and the angle of attack is increased as well. A correction ∆α SC of the streamlines curvature effect is proposed by [START_REF] Allen | Wall interference in a two-dimensional-flow wind tunnel, with consideration of the effect of compressibility[END_REF] and presented in Eq. 3.3. The streamlines curvature effect results in a variation of the AoA lower than 0.4% and, for this reason, it has been neglected in our calculations, as well. Moreover, the velocity used for normalization of the forces on the airfoil is very close to the true velocity over the airfoil because: i) it is measured using a Pitot/static probe and a temperature probe both placed on the top of the model at mid-span, ii) this velocity is approximately constant in the cross-section of the test section above 1 chord over the airfoil model (as shown by PIV measurement). For these reasons and because of the relatively small wall interference effects, no blockage corrections are performed in this study. 

Jet actuation system

The flow over the airfoil is controlled using a spanwise array of 44 pulsed vortex generator jets (PVGJs) embedded on the suction surface of the airfoil (Fig. 3.3). Two configurations are tested with the jets both at 30 and 50 % of the chord length, measured from the leading edge. PVGJs use fluid injection to imitate conventional vortex generators by yawing and pitching the jet axis with respect to the free-stream flow direction. The pitch angle is relative to the local tangent of the airfoil surface, and the yaw angle is relative to the direction of the free-stream flow. An effective periodically spaced PVGJs array interacts with the cross-flow producing corotating streamwise vortices having the tendency to remain embedded within the turbulent boundary layer and, hence, enhancing the momentum exchange between its outer and inner region [START_REF] Pauley | Experimental study of the development of longitudinal vortex pairs embedded in a turbulent boundary layer[END_REF].

As shown in Sect. 2.3, A pitch angle between 20°and 45°combined with a yaw angle between 45°and 90°allows for the maximum streamwise vorticity accumulation downstream of the jet orifice [START_REF] Compton | Streamwise vortex production by pitched and skewed jets in a turbulent boundary layer[END_REF][START_REF] Khan | On vortex generating jets[END_REF][START_REF] Milanovic | Fluid dynamics of highly pitched and yawed jets in crossflow[END_REF]. Considering the work of [START_REF] Siauw | Transient process of separation and attachment over a NACA 0015 airfoil controlled by fluidic vortex generators[END_REF], a pitch angle of 30°and a yaw angle of 60°are adopted in this study (Fig. 3.3). The PVGJs are ejected from 1 mm diameter orifices, i.e. of the order of the boundary layer thickness at the test condition, to promote efficient momentum transfer between the free stream and the boundary layer [START_REF] Siauw | Transient phenomena in separation control over a NACA 0015 airfoil[END_REF]. The PVGJs are spaced 15.5 mm apart so that they occupy the central half spanwise portion of the airfoil (i.e., 66.65 cm). This spacing between two adjacent orifices is set to avoid early streamwise vortices merging which would cause thickening of the turbulent boundary layer [START_REF] Siauw | Transient process of separation and attachment over a NACA 0015 airfoil controlled by fluidic vortex generators[END_REF]. These geometric choices represent a good compromise to produce effective PVGJs. We have not made any attempt to optimize the PVGJs effectiveness or efficiency because this is outside the aim of this work. [START_REF] Amitay | Aerodynamic flow control over an unconventional airfoil using synthetic jet actuators[END_REF] demonstrated that the optimal actuation position for synthetic jets-based separation control is just upstream of the separation point. Here the PVGJs are located at a distance of 0.3c from the leading edge to be upstream of the separated zone when operating at α < 16°.

A schematics of the actuation system is presented in Fig. 3.6. Pressurized air is delivered from an air reservoir that can provide a maximum of 8 bar. Through a control system one can set the feeding pressure and the volumetric flow ratio. Air coming from the air reservoir is sent to a four-way distributor connected to four independent plenum chambers, of internal section 7 mm x 7 mm, by tubes of internal diameters of 4 mm and length 1.5 m. Finally, each independent plenum chamber is connected to 11 jets orifices on the airfoil suction surface. The actuation is triggered by four Matrix 821 solenoidal valves (one valve is depicted in Fig. 3.6), each connected to a chamber and located inside the airfoil model to minimize the distance between the valves and the orifices (Fig. 3.7). Four independent chambers are adopted, instead of one, to limit the spanwise pressure loss. Moreover, to ensure equal pressure loss between the four chambers, care has been taken to ensure that the length of the four air supply tubes connected to the independent plenum chamber is equal. To verify the spanwise uniformity of the jet exit velocity, pressure measurements at the orifice exit have been carried out. Figure 3.8 shows the spanwise evolution of the error of the time-averaged jet exit velocity V jet with respect to the averaged spanwise value calculated considering all the orifices V jet = ∑︁ 44 n=1 V jet /44. Good uniformity of the jet velocity is found because its maximum spanwise variations are around + 1 and -3 % in the The calibration of the PVGJs is made by high frequency, synchronized, hot-wire and pressure measurements inside the plenum chamber P chamber , using the valve external trigger signal for the conditional sampling. The hot-wire measurements are performed using a 3-D transverse system with the probe as close as possible to the orifice exit (< 1 mm). More details of hot-wire measurements will be provided in the Sect. 3.3.4. The spatial maximum of the jet exit velocity (V jet ) is obtained at the center of the orifice (i.e. z = 0), as shown in Fig. 3.9 where z denotes the spanwise coordinate. At this location, the temporal evolution of the phase-averaged V jet /V ∞ for three pulse durations (of ∆T + = 0.06, 0.46 and 1.14, where T + = t/T conv = tV ∞ /c) and for periodic blowing is shown in Fig. 3.10 along with a sketch of the corresponding electric signal triggering the valves. The valves' pressure supply is calibrated to attain the same maximum velocity, which is set in this study at V jet /V ∞ = 5, whatever the pulse duration. This velocity allows to reattach the (timeaveraged) flow field over the airfoil suction side when operating in steady blowing mode up to an AoA of 16°. Single-pulse durations of respectively 1, 3, 5, 7, 8, 10, 15 and 20 ms (resp. 0.06, 0.17, 0.29, 0.4, 0.46, 0.57, 0.86 and 1.14 convective time scales) are considered (solenoidal valves cannot respond below 1 ms). Negligible aerodynamic effects are found for actuation duration of 1 ms and this case is not presented here. Due to electric time delay of the solenoidal valves and (in minor part) to the distance between the valves and the plenum chamber (around 30 cm) a time delay of 1.3 ms is registered between the phase of electric triggering and the phase of jet exit. This time delay is taken into account (and substracted) when plotting the time evolution of the aerodynamic characteristics of the airfoil (see Chap. 5). In this case, one should note that the time t = 0 s corresponds to the real jet exit phase.

The performance of the actuation is measured using the jet momentum coefficient C µ (Eq. 3.4), where ⟨V 2 jet (ϕ)⟩ is the phase-averaged square jet exit velocity, A jet is the area covered by all the 44 orifices, S ref is the wing surface containing the PVGJs array, τ is the actuation period, ρ j and ρ ∞ are the jet and free-stream fluid densities, respectively. The jet momentum coefficient measures the ratio between the momentum flow rate provided by the actuation and the momentum flow rate of the free stream. It, hence, gives an idea of the performance of the actuation compared to the free stream. In this study, the steady actuation is performed with a C µ of 4.2 x 10 -3 and 7.2 x 10 -3 and a velocity of 76 m s -1 and 100 m s -1 , respectively. The time-periodic periodic actuation is performed with a duty cycle DC = T act /T rep (where T act is the duration of the jet's opening phase) of 50%, a C µ of 3 x 10 -3 and a maximum velocity of 100 m s -1 . Moreover, the ratio between the plenum chamber pressure and the ambient pressure was taken around 6/12%, thus avoiding the risk to reach sonic speeds at the exit of the orifices. 

C µ = 1 τ ρ j A j ∫︁ τ 0 ⟨V 2 jet (ϕ)⟩dt 1 2 ρ ∞ V 2 ∞ S ref (3.4) (a 
(V jet -V jet )/V jet [%]
Jets @ 0.3c Jets @ 0.5c 

Measurement techniques and analysis tools

Pressure measurements and data reduction

The mid-span airfoil section is instrumented with an array of 60 static pressure taps of 1 mm diameter, connected using 1 m long vinyl tubes to an electronic digital temperature compensation pressure scanner ESP-64HD system with a full-scale value of 2500 Pa. This system allows pressure measurements at a frequency of 200 Hz. In addition, 4 differential pressure sensors SensorTechnics HCLA 12X5DB (range ±1250 Pa) are linked respectively to the second-to-fifth pressure tap over the suction surface of the airfoil using the same vinyl tube mentioned above, but of about 15 cm long. These sensors are not used to analyze the flow field around the airfoil, but to compare the instantaneous pressure reading with the ones obtained with the ESP-64HD scanner. Except for pressure measurements performed using the ESP-64HD system and the particle image velocimetry (PIV), a National Instruments NI-PXI acquisition system is used (at a sampling frequency of 20 kHz) for other measurements, such as temperature, actuation chamber pressure P chamber , AoA, unsteady pressure readings from HCLA 12X5DB etc. The pressure distribution over the airfoil is normalized using the pressure coefficient (C p ) in Eq. 3.5, where p, p ∞ and ρ ∞ are the static pressure on the airfoil surface at each measurement port, the free-stream static pressure and density, respectively. The reference pressure p ∞ is taken at around 4 airfoil chords above the model thanks to a static probe at the ceiling of the test section connected to a HTP 300 -HOP sensor. Since the vynil tube connecting the pressure port to the HCLA 12X5DB scanner is shorter compared to the one used for the ESP-64HD system, the cut-off frequency of the pressure measurements carried out using the HCLA 12X5DB scanner is higher. For this reason, in order to validate the pressure measurements carried out with the ESP-64HD system, a comparison of the phase-averaged temporal evolution of the C p obtained with both the ESP-64HD and the HCLA 12X5DB systems is presented in Fig. 3.11a for an actuation duration of 8 ms (i.e. ∆T + of 0.46) at α = 14°. It is evident from this figure that the unsteady aerodynamic phenomena involved here are well captured by the ESP-64HD system since the two curves are very similar. Indeed, the unsteady phenomena involved here have a characteristic frequency of the order of 2.5 Hz, which is of course below the cutoff frequency of both systems. This cutoff frequency is estimated to be about 100 Hz for the ESP-64HD [START_REF] Bergh | Design of a Large-Scale High-Lift Morphing A320 Wing Based on Electro-Mechanical Actuators and Shape Memory Alloys[END_REF] system and 2000 Hz for the HCLA 12X5DB scanners [START_REF] Haffner | Manipulation of three-dimensional turbulent wakes for aerodynamic drag reduction[END_REF]. Nevertheless, a small time delay of about 5 ms is found in the measurements carried out by the ESP-64HD system (Fig. 3.11b). This response delay is normal because of the length of the tubes connecting the pressure taps to the ESP-64HD scanner (1 m). A coherent estimation of 4.5 ms for this time delay ϵ t is obtained using the Eq. 3.6, where µ is the dynamic viscosity of the air, l t is the length of the tube, p is the static pressure and d t is the diameter of the tube [START_REF] Dupriez | Mesures locales de vitesse dans un fluide[END_REF]. In the unsteady results presented in this manuscript this phase lag is eliminated by substracting it from the temporal scale obtained using the ESP-64HD system, so that at each instant, and for the particular response of the flow around the airfoil considered in this work, the measured variation of the pressure distribution around the airfoil corresponds to the real variation at this time instant.

Experimental setup and procedures A 2-D Cartesian body coordinate system is used (Fig. 3.12), with the origin at the leading edge and the abscissa x over the chord and pointing in the downstream direction such that x/c = 1 at the trailing edge. The ordinate y is directed toward the suction side. The aerodynamic coefficients are assessed through the integration of the pressure distribution around the airfoil [START_REF] Anderson | Fundamentals of aerodynamics[END_REF]. Hereinafter, the subscripts s and p denote the suction and pressure surface of the airfoil, respectively. The force coefficients normal and tangential to the chord direction (C n and C t , respectively in Eqs. 3.7a and b) are projected on the wind axis (Ox w y w ) to obtain the lift and pressure drag coefficients (C l , C dp , respectively in Eqs. 3.8a and b). The pitching moment coefficient (C m (c/4) ), relative to the quarter of the chord and positive (by convention) in the pitch-up sense, is calculated as in Eq. 3.9.

C p = (p -p ∞ ) 0.5ρ ∞ V 2 ∞ (3.5) ϵ t = 16µ(l t ) 2 p(d t ) 2 ( 
C n = ∫︂ c 0 (︁ C pp -C ps )︁ d (︂ x c )︂
(3.7a)

C t = ∫︂ c 0 (︂ C ps dy s dx -C pp dy p dx )︂ d (︂ x c )︂ (3.7b) C l = C n cos(α) -C t sin(α) (3.8a) 50 
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C dp = C n sin(α) + C t cos(α) (3.8b) C m (c/4) = ∫︂ c 0 [︃ (︁ C ps -C pp )︁ (︂ x c - 1 4 )︂ + + C ps dy s dx y s c -C pp dy p dx y p c ]︃ d (︂ x c
)︂

(3.9)

Figure 3.12: Schematics of the body-axis and wind-axis Cartesian reference systems. The PIV FOV is in green

The measurement error is calculated according to the procedure in [START_REF] Coleman | Engineering application of experimental uncertainty analysis[END_REF] and [START_REF] Stern | Summary of experimental uncertainty assessment methodology with example[END_REF] that is briefly discussed below. The total uncertainty of measurements U is an estimation of the error (i.e. the difference between the measured and true value). The total error is composed of a part that contributes to the scatter of the data, called precision error ϵ, and a part called bias error β. If we make a large number of N measurements of a single variable the bias error is the difference between the mean value of the readings and the true value of the variable. The bias errors β are fixed and systematic (e.g., scale resolution). The uncertainty estimate for β is called bias limit B. The precision errors ϵ are random errors that are statistically estimated using the standard deviation σ of a population of N measurements of a variable. The uncertainty estimate for ϵ is called precision limit P. Each of the measurement systems used to measure the value of an individual variable, X i , is influenced by various elemental error sources. The effects of these elemental error sources are bias error (estimated by B i ) and precision error (estimated by P i ) in the measured value of the variable X i . Since all the coefficients in Eqs. 3.7a to 3.9 are obtained using data reduction equations combining single measured variable, the bias and precision limits of these variables propagate through the data reduction equation r = r(X 1 , X 2 , X J , ...) generating the bias and precision limits of the result (B r and P r , respectively), as shown in Fig. 3.13. The bias limit of the result is calculated as B r 2 = ∑︁ J n=1 θ i 2 B i 2 (assuming no correlated bias limits between variables), where θ i is the sensitivity coefficient ∂r/∂X i , i.e. the variation of the result r per unit variation of a single variable measurement X i . Table 3.1 presents the contribution of all the variable involved in the computation of the results to the bias limit of the result. Since in this work the result is averaged over N different calculations, the precision limit for the average is considered. It is given by

P r = tσ/ √ N , where σ = √︂ ∑︁ N k=1 (r k -r 2 )/(N -1)
is the standard deviation of the distribution of results and t is determined considering that for N > 10 the statistical distribution of the result is a Gaussian. Using a 95% confidence interval, t = 1.96. The total uncertainty of the result is root-sum-square of the bias and precision limit of the result, i.e. U r 2 = B r 2 + P r 2 . Taking all this into account the uncertainty in the C p , C l , C dp , and C m (c/4) calculations, with 95% confidence level, is 2, 2.5, 3, and 4 % respectively. 
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Flow measurements using particle image velocimetry (PIV)

The flow above the suction side of the airfoil is explored in the mid-span, cross-stream, plane using a 2D-2C PIV (particle image velocimetry) system which consists of a camera (LaVision Imager LX 16M Camlink, resolution 4920 x 3280 pixels), a laser (Quantel Ever-Green, 2x200 mJ, type Nd:YAG) and a programmable timing unit (LaVision PTU X). The laser beams emitted from the laser head are shaped into a laser sheet (thickness 1 mm) through a Dantec light-sheet generator model 80 x 80. The laser sheet passes through the mid-span plane perpendicularly to the airfoil surface (Fig. The raw particle image pairs are recorded and processed using LaVision Davis 10. Double-frame image recording is carried out within a time interval of 55 µs. This time interval is chosen so that the length of the free-stream vectors is about 8 pixels (half of the 16x16 interrogation window) to avoid the tracked particles escape from the interrogation window. The particle image intensities are cross-correlated using a multi-pass algorithm starting from an interrogation window size of 128 by 128 pixels to a final size of 16 by 16 pixels with a 50% overlap ratio. The resulting spatial resolution is 2.43 mm/vector. In the instantaneous velocity fields, the maximum peak detection error (calculated using LaVision Davis 10) is 0.1 pixels in the free-stream region and 0.3 pixels in the separated region. Phase-locked pressure and PIV measurements are carried out using the valve external trigger for conditional sampling. At each rising edge of the trigger signal, the pressure scanner and the PIV double-frame system performed an acquisition. The number of received samples was monitored and compared with the number of rising edge in order to avoid any packet loss. The phase-averaged velocity fields are computed from 300 instantaneous phase-locked PIV images. For phase-averaged velocity fields, the statistical uncertainty with 95% confidence level can be estimated as 1.96 σ √︁ 1/N where σ is the root mean square of velocity fluctuations and N the number of images [START_REF] Sciacchitano | PIV uncertainty propagation[END_REF]. For 300 independent samples, it is negligible in the free stream but reaches values up to 0.2 pixels (i.e. 0.5 m s -1 ) in the separated region over the airfoil.

Lagrangian analysis using FTLE of phase-averaged flow fields

In this section, we provide some details about the definition of FTLE and its application to this particular fluid mechanics problem. The discussion of the results of the FTLE calculation will be presented in Sect. 5.1.1. The use of the finite-time Lyapunov exponent (FTLE) as a tool to characterize Lagrangian coherent structures (LCSs) in time-dependent flows known over a finite time was introduced by [START_REF] Haller | Distinguished material surfaces and coherent structures in three-dimensional fluid flows[END_REF]. The LCSs are distinguished surfaces of trajectories in a dynamical system that exert a major influence on nearby trajectories over a time interval of interest. The LCSs divide dynamically distinct regions in the flow and reveal geometries which are often hidden when observing the flow field with an Eulerian approach through velocity vectors or streamlines. Indeed, the FTLE is not an instantaneous separation rate, but rather measures the average, or integrated, separation between trajectories. This distinction is important because, in time-dependent flows, the instantaneous velocity field often does not reveal much about particle trajectories because the instantaneous streamlines can quickly diverge from actual particle trajectories. However, the FTLE takes into account the integrated effect of the flow because it is derived from particle trajectories, and thus is more indicative of the real transport behaviour.

In order to provide details on the FTLE definition and calculation, it's easier to first analyse the particular case of steady flow fields and, then, generalize to time-dependent flows. Let's first consider the case of a steady hyperbolic saddle point E in Fig. 3.15. Stable or unstable manifolds are trajectories which asymptote to E when t → +∞ or -∞, respectively. Stable and unstable manifolds act as separatrices dividing distinct regions of motion helping to understand the flow geometry. Stable and unstable manifolds are evidenced by lines 1-2 and 3-4, respectively, in Fig. 3.15 and can be interpreted as follows:

• if we integrate two fluid parcels that are initially on either side of a stable manifold (i.e. lines 1 and 2) forward in time, then these particles will move toward the hyperbolic point E and then separated toward C and D;

• if we integrate two fluid parcels that are initially on either side of an unstable manifold (i.e. lines 3 and 4) backward in time, then these particles will move toward the hyperbolic point E and then separated toward A and B.

Moreover, two particles straddling a stable/unstable manifold of a hyperbolic point typically will have trajectories that exponentially diverge much faster forward/backward in time than other arbitrary particles in the flow field. The definition of stable and unstable manifolds becomes meaningless for time-dependent systems. Nevertheless, even time-dependent dynamical systems typically can have regions of dynamically distinct behaviours that can be divided by separatrices. However, for such systems these regions and the separatrices are unsteady. To find separatrices in timedependent systems that are analogous to stable/unstable manifolds, we measure stretching of near trajectories forward/backward in time and we refer to theses separatrices as Lagrangian Coherent Structures (LCSs). Therefore, the LCSs can be seen as "finite-time hyperbolic manifolds" in time-dependent flows, which are analogous to the traditional invariant manifolds that are defined for time-independent, or time-periodic systems. There are numerous ways to measure "stretching", but the Finite-Time Lyapunov Exponent provides the best measure because it offers a particularly practical and robust method, even for approximate velocity data [START_REF] Haller | Lagrangian coherent structures from approximate velocity data[END_REF]. This is very important for applications to experiments. In particular, [START_REF] Haller | Lagrangian coherent structures from approximate velocity data[END_REF] notes that the FTLE fields admit ridges along the locally strongest hyperbolic lines, a notion that is studied further by [START_REF] Shadden | Definition and properties of Lagrangian coherent structures from finite-time Lyapunov exponents in two-dimensional aperiodic flows[END_REF]. While the FTLE field is technically Eulerian, it is considered as a Lagrangian quantity since it is derived from particle trajectories. Furthermore, the FTLE field is independent of the reference frame. In the current study, the calculation of the FTLE field is used to detect the Lagrangian position of the unsteady attachment point closing the separation bubble over the suction surface of the airfoil.

We give here the mathematical definition of the FTLE and we detail its application to fluid mechanics problems. The following presentation of the FTLE is adapted from [START_REF] Garth | Visualization of coherent structures in transient 2d flows[END_REF], [START_REF] Ruiz | Finite time Lagrangian analysis of an unsteady separation induced by a near wall wake[END_REF], and [START_REF] Shadden | Lagrangian analysis of fluid transport in empirical vortex ring flows[END_REF]. In a finite spatial and temporal domain the position x of a fluid particle starting at a position x 0 at time t = t 0 is obtained by integration of the velocity field along the particle path. x(t; t 0 , x 0 ) satisfies x ̇(t; t 0 , x 0 ) = v(x(t; t 0 , x 0 ), t) with x(t 0 ; t 0 , x 0 ) = x 0 where the dot denotes the derivative with respect to the first parameter t. Let ϕ t0+T t0 : x(t 0 ) → x(t 0 + T ) denote the flow map, which maps fluid particles from their initial location at time t 0 to their location at time t 0 + T . By integrating all trajectories in the neighborhood of x 0 during the time T and after linearization, [START_REF] Haller | Distinguished material surfaces and coherent structures in three-dimensional fluid flows[END_REF] showed that the maximum dispersion occurs in the unit direction associated with the largest eigenvalue λ max of A T A, where A = ∇ x0 x(t 0 + T ; t 0 , x 0 ) is the spatial gradient dϕ t0+T t0 (x)/dx of the flow map after the integration time T. A T A is the (right) finite time Cauchy-Green deformation tensor. To characterize an average exponential separation rate, the FTLE σ T t0 (x 0 ) is then defined by σ T t0 (x 0 ) = 1/|T | ln √ λ max . The FTLE field measures, at a given point x = (x, y) in the fluid domain and at a given time t, the maximum exponential divergence of nearby trajectory over a finite time interval [t, t + T ], T being the integration time.

The FTLE can be calculated both for positive and negative integration time detecting the Lagrangian attachment and separation points, lying on the FTLE ridges corresponding to repelling or attracting Lagrangian coherent structures (LCSs), respectively. To sum up, the ridges of the FTLE field identify stable/unstable manifolds in autonomous or periodic systems, or in general repelling and attracting LCSs in time-dependent flows, respectively. In this study we are interested in detecting the unsteady attachment point x a tt closing the separation bubble over the suction surface of the airfoil. For this reason, only forward integration (T > 0) has been used. The reattachment point can be found as the intersection of the repelling LCS evidenced by a FTLE ridge in Fig. 3.16 and the airfoil suction surface. The integration length T is chosen according to the particular flow being analyzed. In general, longer integration time scales help reveal more of the LCSs, such that as the integration time increases, the LCSs become more refined. However practical issues typically bound the size of T that can be considered, such as the temporal length or spatial domain limits of the dataset. In this work, we make the following approximations to calculate FTLE:

(i) the instantaneous particle velocity at any time t is obtained by spline interpolation of the space-time three-dimensional phase-averaged PIV matrix. The original phaseaveraged PIV images are spaced 1 ms apart in time. After systematic tests, the time step dt used for computation of trajectories was chosen equal to 0.25 ms;

(ii) PIV data are not accurate close to the walls because of the reflection of the laser light (even though special paint was used here). Therefore, the values in a region close to the wall are replaced by a virtual PIV grid extended down to the wall. The velocity in this region is then constructed by assuming that the wall is a slip boundary. In particular, the tangential velocity is kept constant while the normal velocity varies linearly from zero to the value obtained on the first available PIV line near the airfoil suction surface. This approximation is valid because the viscous near-wall length scales are small when compared to the coherent events (scaling with the size of the separation bubble developed over the airfoil) educed here. We hence focus our attention on the detection of a fluid downwash toward the wall which is synonymous with flow attachment and is evidenced as a repelling LCS on the FTLE field by a quasi-vertical ridge. The location of the instantaneous Lagrangian attachment point x att is then obtained by finding the position of the FTLE maximum on a segment parallel to the airfoil suction side and distant 2 mm from the surface. Along this segment, this maximum is obtained with a spatial resolution of 0.7 mm or 0.2 % of the chord;

(iii) finally, the value of the integration length T has to be chosen. After systematic tests an integration time of T = 25 ms or ∆T + = 1.43 is chosen because the FTLE ridge was more clearly defined compared to lower integration time scales. This time is, furthermore, appropriate because the flow map ϕ t0+T t0 in a region of interest near the attachment point is always computed in the domain measured by PIV. However, if a point x 0 escapes the PIV domain after T, a threshold value of zero is assigned to the FTLE at x 0 .

The FTLE calculation algorithm can be summarized as follows. At each phase t, we have the following steps:

1. a grid of particles x(t) is advected by the flow by numerically integrating the velocity field data with a fourth-order Runge-Kutta algorithm (RK4) to give x(t + T ), which are the values of the flow map at each point. A time step dt = 0.25 ms is chosen for RK4 integration; 2. the spatial gradient of the flow map is obtained at each point of the initial grid by central differencing with neighbouring grid points;

3. the FTLE is computed at each point of the initial grid by evaluating σ T t0

(x 0 ) = 1/|T | ln √ λ max .
The previous three steps are repeated for a range of times t to provide a time series of FTLE fields. These fields will be shown in Sect. 5.1.1 when analysing the transient flow dynamics induced by fluidic actuation.

Hot-wire measurements

Measurements performed with hot-wire anemometry (HWA) are used to characterize the performance of the jet actuation system. A Dantec Dynamics 55P11 single-wire probe (5 µm diameter and 1.25 mm long) is operated in constant temperature anemometry by a StreamlinePro Anemometer System at a sampling frequency of 100 kHz. Calibration of the probe was performed on a dedicated calibration jet system using isentropic flow equations.

Measurements were performed using a 3-D transverse system with the probe as close as possible to the orifice exit (< 1 mm) as shown in Fig. 3.17. In order to simplify the hot-wire measurements, the airfoil model was replaced with a flat plate equipped with orifices and a plenum chamber that faithfully reproduce the actuation over the airfoil. The results of the measurements have already been discussed in Sect. 3.2.

Figure 3.17: Hot-wire system to measure the jet exit velocity

Chapter 4

Time-averaged control effects

Le monde de la réalité a ses limites; le monde de l'imagination est sans frontières.

-Jean-Jacques Rousseau

PROLOGUE

Flow control is able to manipulate the flow field over an airfoil to obtain the desired alterations. This ability is discussed in this chapter by analysing the modification of the time-averaged loads induced by actuation over the airfoil. The influence of the actuators location and the jet exit velocity on the performance of the airfoil is, also, investigated.

Nevertheless, the investigation of the time-averaged control effects induced by actuation is not the main purpose of this research work. These results give an idea of the overall control effects, but they do not allow us to detect the transient flow features arising in response to actuation, which are instead discussed in Chap. 5. Indeed, the time-averaged response to periodically pulsed actuation is analyzed after the initial transients related to actuation have completely disappeared. Part of the results presented in this chapter are discussed in Carusone et al. (2021a) and [START_REF] Carusone | On the Transient Effects Induced by Jet Actuation Over an Airfoil[END_REF] and reproduced with permission from Springer Nature. 

Effects of time-periodic actuation

The time-averaged effects of fluidic jet actuation on the aerodynamic loads are presented in Fig. 4.1. The steady actuation is performed with a C µ of 4.2 x 10 -3 and a velocity of 76 m s -1 . The time-periodic periodic actuation is performed with a C µ of 3 x 10 -3 and a maximum velocity of 100 m s -1 . These two actuation modes are performed keeping the same time-averaged pressure inside the plenum chamber. As a consequence, the periodic control results in a higher peak velocity, but a lower momentum coefficient compared to steady blowing because the periodic control is performed with a duty cycle DC = T act /T rep (where T act is the duration of the jet's opening phase) of 50%. The jet momentum coefficient of the actuation also allows full flow attachment when operating with AoA up to (at least) 16°. The periodic actuation frequency (f a ) is normalized by c and V ∞ resulting in the dimensionless frequency

F + = f a c/V ∞ (namely Strouhal number).
The time-averaged lift, pressure drag and pitching moment coefficients (C l , C dp and C m (c/4) , respectively) are shown in Fig. 4.1, both for the baseline (without actuation) and controlled cases (steady blowing and time-periodic actuation with F + = 0.175, 1 and 1.75 and a duty cycle DC of 50% ). It's important to remember that the uncertainty in the C l , C dp , and C m (c/4) calculations, with 95% confidence level, is 2.5, 3, and 4 % respectively (see 3.3.1 for more details about the uncertainty assessment. The lower frequency F + = 0.175 presented in Fig. 4.1 has been chosen to prevent the onset of separation between individual control pulses. F + = 1 = f a T conv corresponds to the convection frequency over the airfoil. The upper frequency boundary has been chosen because above this frequency there were no further changes in the aerodynamic loads on the airfoil. Moreover, since we have not made any attempt to optimize the time-averaged performance of actuation, a duty cycle of 50% appeared to be a good compromise to study the time-averaged effects of actuation. Both pulsed and steady actuation have the same effect on lift and pressure drag, but the pulsed actuation is performed with a lower C µ and, hence, is more energy-efficient. This result is consistent with previous research works such as [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]. It's important to state that we have not made any attempt to find the best configuration (in terms of actuation frequency and duty cycle) to optimize the effectiveness or energy efficiency of PVGJs. On this subject, a more extensive analysis is already provided in the literature [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF][START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]. The lift coefficient increase induced by actuation is remarkable for α > 8°(Fig. 4.1a) and especially for incidences where the flow separation becomes significant (e.g α > 12°). The percentage variation of the aerodynamic coefficients is presented in Fig. 4.2 for the steady blowing case. For instance, C l increases of about 5 % at 8°, 26 % at 14°and 53 % at 16°in the steady blowing case. These percentage values are consistent with the results of [START_REF] Gilarranz | A new class of synthetic jet actuators-part II: application to flow separation control[END_REF] using synthetic jet actuators over a NACA 0015 airfoil. The maximum lift coefficient C lmax goes from about 0.95 in the baseline case to about 1.25 in the actuated case. The pressure drag coefficient increases for 8°⩽ α < 14.5°, while it decreases above 14.5° (Figs. 4.1b and 4.2b). For instance, ∆C dp = +10% at 14°and -22% at 16°in the steady blowing case (Fig. 4.2b). Although the most common effect of actuation is a drag decrease [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF], a drag increase is also found in other works such as [START_REF] Jaunet | Experiments on lift dynamics and feedback control of a wind turbine blade section[END_REF]. The moment coefficient (which is positive in the pitch-up sense) in the actuated cases decreases for 2°< α < 14.5°and increases for α ⩾ 14.5°compared to the baseline value (Figs. 4.1c and 4.2c). The variation of the moment coefficient C m (c/4) with the AoA is explained when considering the evolution of

∆ xcp /c = (︁ x cp SB -x cp B )︁
/c curve drawn in Fig. 4.1c, where x cp SB and x cp B are the centers of pressure in the steady blowing (SB) and baseline (B) case, respectively, obtained as -M LE /N where M LE is the moment coefficient with respect to the leading edge and N is the force normal to the chord [START_REF] Anderson | Fundamentals of aerodynamics[END_REF]. A positive ∆ xcp /c for 2°< α < 14.5°c orresponds to a downstream displacement of the center of pressure, which is related to a negative (nose-down) contribution to the moment (Fig. 4.1c). On the contrary, for α ⩾ 14.5°a positive increase of the moment is observed. It corresponds to an upstream displacement of the center of pressure. At α = 2°and 7°∆ xcp /c ≈ 0 and, hence, the actuation has nearly no effect on the moment. We, also, notice that aerodynamic stall is characterized by a strong nose-down pitching moment. Since the stall angle increases from 13°in the baseline configuration to about 16°with actuation, the occurrence of the strong nose-down pitching moment is, also, postponed. The modification of the pressure coefficient ensuing from the steady blowing is presented in Fig. 4.3 for several different AoAs in order to explain the above-discussed evolution of the aerodynamic coefficients. It is evident that the actuation has not remarkable effects when the flow field is completely attached over the airfoil (i.e. α < 12°). Above 12°, instead the actuation produces a global pressure redistribution over the airfoil. The arrows in Fig. 4.3g and h represent the force resultant of the pressure field, applied in the center of pressure of the airfoil. The flow is fully attached over the airfoil for α < 12°. The separated region extends for x/c ⩾ 0.7 at α = 13°, for x/c ⩾ 0.5 at α = 14°and for x/c ⩾ 0.25 at 16°a s indicated by the presence of a flat (zero-gradient) distribution of the pressure coefficient in Fig. 4.3g and (h), respectively. This is consistent with the PIV measurements in Fig. 4.4 where the contour of the time-averaged streamwise velocity V x is presented, along with the streamlines, for the baseline cases at different AoAs. The streamwise vortices generated by PVGJs enhance the momentum exchange between the outer and the inner regions of the boundary layer promoting the attachment of the separated flow over the airfoil [START_REF] Johnston | Vortex generator jets-means for flow separation control[END_REF][START_REF] Mcmanus | Pulsed vortex generator jets for active control of flow separation[END_REF]. This is evident in Fig. 4.5 where the baseline and controlled configurations are compared for α = 14°and 16°. The flow attachment for α > 12°modifies the aerodynamic shape of the airfoil because the effective aerodynamic camber increases (and thus the effective incidence, i.e., with respect to the zero-lift angle of attack α 0 L ), inducing an overall pressure modification (Fig. 4.3). In particular, the minimum C p value (on the suction surface) decreases compared to the baseline value. The higher the incidence, the more pronounced the change of the airfoil aerodynamic shape due to flow attachment. This is clearly evidenced by the bigger decrease of the minimum C p value over the suction side with increasing AoA, resulting in a higher lift gain (Fig. 4.1a).

Regarding the pressure drag coefficient, it can be written as

C dp = √︂ C 2 n + C 2 t sin(α-θ)
, where C n and C t are the coefficients of the components of the aerodynamic force resultant in the direction normal and tangential to the chord, respectively, and θ is the angle between the direction normal to the chord and the force resultant, in the counterclockwise direction (see Fig. 4.6 for further details). In other words, an increase in the modulus of the resultant √︂ C 2 n + C 2 t contributes to a drag increase, while an increase of the angle θ contributes to a drag decrease. In the case of 14°, the resultant of the baseline pressure field (represented by the black vector in Fig. 4.3g) increases its modulus consequently to the actuation, resulting in the red vector, which stays almost parallel to the baseline vector. Thus, the angle θ is almost unchanged. Consequently, a net drag increase is produced (Fig. 4.1b). On the other hand at higher incidences, e.g., 16°the strong modification of the pressure distribution over the airfoil ensuing from the suppression of a huge separation region (Fig. 4.3h and 4.5c-d) has a bigger effect on the angle θ. It increases of about 3°, overcoming the effect of the corresponding increase in modulus and producing a net drag decrease (Fig.

4.1b).

Nowadays, fuel consumption is a key problem because of climate change and consequent limitations to CO 2 production. AFC can play an important role in reducing the fuel consumption and improving the aerodynamic efficiency (or the lift-to-drag ratio) beyond current limitations. Figure 4.7a presents the lift-to-(pressure)drag ratio C l /C dp versus the angle of attack α. The aerodynamic efficiency is improved in the range 3 ⩽ α ⩽ 7 and for α ⩾ 14. It is also important to notice that the efficiency is not improved only at high-lift configurations, but also at lower angles of attack. This could be very useful during the cruise phase of the flight. Nevertheless, no efficiency increment is found for 7 < α < 14 because the increase of the lift is not enough to outweigh the corresponding increase of the pressure drag in this AoAs range . Although these results are encouraging, to see if the actuation is really beneficial for the flight, we have to make a trade-off between the aerodynamic gain of the airfoil and the power consumption of the actuation system. For this reason, we address this problem by estimating the power efficiency of the system which is given by the ratio between the lift coefficient and the pressure drag coefficient plus the input power coefficient, i.e. C l /(C dp + C E ) (see Eq. 4.1 having the same meaning of Eq. 3.4 but with V 3 to consider the power expenditure), and is shown in Fig. 4.7b for our controlled configurations. For sake of precision, it is worth mentioning that for the energy consumption computation carried out here, we did take into account neither the power required to deliver compressed air to the solenoid valves nor the electrical power consumed by the solenoid valves themselves. Indeed, these two energy contributions are technology-dependent, and thus we only consider the aeraulic energy of the pulsed jets to give an order of magnitude of the energy expenditure. Coming back now to Fig. 4.7b, it is evident that for 3 ⩽ α ⩽ 7 the C l /(C dp + C E ) in the controlled case is lower than in the baseline case. This means that the efficiency gain that we obtained for 3 ⩽ α ⩽ 7 is completely outweighed by the power consumption of the system. However, for α > 14 the C l /(C dp + C E ) in the controlled case is higher than in the baseline case. This means that even taking into account the contribution of the energy consumption, the actuation still provides a net efficiency gain in this range of AoAs because not only the lift is increased, but also the pressure drag is reduced (Figs. 4.1 and 4.2). Moreover, from Fig. 4.7b we also notice that the steady actuation for α < 14 is less cost-effective than the periodic actuation because the power efficiency is lower, or, in other words, we need a higher input power to obtain the same aerodynamic performance modifications of the periodic actuation.

C E = 1 τ ρ j A j ∫︁ τ 0 ⟨V 3 jet (ϕ)⟩dt 1 2 ρ ∞ V 3 ∞ S ref (4.1)
Since in our 2D configurations the total drag is composed of pressure and skin friction drag (which can be assessed by integrating the shear stresses over the airfoil), one can argue that we didn't take into account the effects of the actuation on the skin friction drag for our efficiency considerations. This is true, but one should consider that for high-lift configurations, and in this case for α > 10°-12°the pressure drag coefficient C dp represents more than 70 -80% of the total drag coefficient C dtot (see Fig. 4.8), reaching more than 90% for α ⩾ 13°. Therefore, for these high-lift configurations the total drag variations correspond, almost entirely, to pressure drag variations and this validates our efficiency considerations. On the other hand, for lower incidences (e.g., for α < 8°-10°), when the flow is fully attached, the pressure drag is less than 50 -70 % of the total drag (see Fig. 4.8). The other contribution is given by the skin friction drag which represents more than 30 -50 % of the total drag. For this reason, in this range of AoAs the contribution of the skin friction drag cannot be neglected. The alteration of the boundary layer characteristics due to flow control has a strong impact on the skin friction drag. In particular, the control provides momentum into the boundary layer leading to a strong increase of the skin friction drag and this adds an extra penalty to the efficiency which is reduced even more than our predictions for low incidences. For this reason, our estimation of the efficiency at low incidence (e.g., for α < 8°-10°) are not fully reliable because we are neglecting the strong contribution of the skin friction drag. To sum up, for high incidences (e.g. α > 12) the pressure drag represents more than 80% of the total drag and therefore the total drag variations correspond, almost entirely, to pressure drag variations. For this reason, our efficiency considerations at high incidences are still valid even without taking into account the effects of actuation on the skin friction drag. For lower incidences, instead, the contribution of the skin friction drag to the total drag is not negligible and since the skin friction drag is normally increased with actuation, we expect an even lower efficiency compared to our estimations (using only the pressure drag).

To conclude this section, we provide two examples of possible application of fluidic actuation. During the take-off phase, the aircraft needs to enhance as much as possible the lift (to lower the take-off speed, and consequently the take-off distance), producing at the same time the lowest increase of drag possible. The use of AFC can help the moving surfaces (flaps, slats) to achieve this objective or even replace them. During the landing phase, instead, the lift should be increased but, this time, the drag should be also higher than in the take-off phase because it helps the aircraft to slow down during the landing approach. The use of AFC, in this case, could be very useful because we saw in Fig. 4.1b that for some configurations the drag can be increased using AFC. 2008)) and comparison with the values calculated using the software Xfoil [START_REF] Drela | XFOIL: An analysis and design system for low Reynolds number airfoils[END_REF] 4.2 -Influence of the actuators location and of the jet exit velocity
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Influence of the actuators location and of the jet exit velocity

Since most of the literature works use leading edge blowing to control massively separated flow field over airfoils at high incidence (e.g., [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]), our purpose was to control airfoil at lower AoAs where the flow is partially separated or even fully attached. For this reason, instead of using leading edge blowing we chose to investigate the influence of two actuators locations at 30 and 50 % of the chord on the aerodynamic performance of the airfoil. Figure 4.9 presents the variation of the lift coefficient when control from 50 % of the chord is applied (and compared with the case of control at 30 % of the chord). As already shown in connection with Fig. 4.1 for the jet at 30 % of the chord, even for the configuration with the jets at half chord there is no remarkable difference in the loads variation induced by steady and periodically pulsed actuation (Fig. 4.9). For this reason, and for sake of simplicity we compare the effects of these two jets locations at 30 and 50% only when control operates in steady mode. The corresponding variation of the lift, pressure drag and pitching moment coefficients are presented in Fig. 4.10 with respect to the corresponding baseline value, marked with the 0 subscript (e.g., C l0 ). For α < 15°the actuators location has only a limited influence on the lift variation (Fig. 4.10a). For α ⩾ 15°, instead, non-negligible differences are found. This is normal, considering that for α ⩾ 15°, the time-averaged separation length L sep /c > 0.5, i.e., the time-averaged separation point moves upstream of the actuators location at half chord. In this case the effectiveness of the control in suppressing separation decreases because the actuators operate from inside the separated region. Indeed, [START_REF] Amitay | Aerodynamic flow control over an unconventional airfoil using synthetic jet actuators[END_REF] proved that optimal control is obtained when the time-averaged separation point is downstream of the jet location. In particular, the actuators operating at 30% of the chord induce a lift increase for α ⩾ 15°, while a drag decrease and a moment increase for the full range of incidences (Fig. 4.10) compared to the case with the actuators at 50%. For example, at α = 16°the lift increases is about 7.5 % higher with the actuation at 30 % of the chord. The configuration with the jets at 0.3 also produces a strong pressure drag decrease compared to the case when the PVGJs operate from mid-chord, that is about -11% at α = 10°and -16% at α = 16°, and also a pitching moment increase of about 27% at α = 10°and 90% at α = 16°. Moreover, we can observe from Fig. 4.9c that the occurrence of a strong pitching-down moment is postponed when the actuation operates from 30 % compared to 50 % of the chord, because in the first case the actuation is effective in controlling larger separated regions. This means that the stall angle is increased from 15°with the PVGJs at 0.5c to 16°with the jets at 30 % of the chord. C l baseline F + = 0.175, C µ = 3 x 10 -3 , jet @ 0.5c F + = 1, C µ = 3 x 10 -3 , jet @ 0.5c F + = 1.75, C µ = 3 x 10 -3 , jet @ 0.5c steady blowing, C µ = 4.2 x 10 -3 , jet @ 0.5c steady blowing, C µ = 4.2 x 10 -3 , jet @ 0.3c To explain these loads variations, the distribution of the pressure coefficient over the airfoil is compared in Fig. 4.11 for the steady blowing case obtained with the actuators operating at 30% and 50% of the chord length for several AoAs. It is evident that for the incidences shown here, and for α < 15°the variation of the pressure coefficient is completely negligible. Nevertheless, we have a non-negligible effect on and pressure drag and pitching moment variation for α < 15°(Fig. 4.10b). This is due to the fact that the aerodynamic coefficient are calculated by integrating the pressure distribution around the airfoil. As a consequence, small difference between the pressure distributions can lead to non-negligible variation of the aerodynamic coefficients. For α = 16°and 17°, instead, there is a tiny, but non-negligible, difference between the cases of the jets at 30% and 50% of the chord. In particular, the decrease of the pressure coefficient in the first half of the airfoil suction surface, when the jets operated from 0.3c, results in a higher lift increase of 7.5% (Fig. 4.10a) and pressure drag decrease of -16% at α = 16°(Fig. 4.10b), compared to the case with the actuators at 50% of the chord. This drag decrease can also be deduced using the equation

C dp = √︂ C 2 n + C 2 t sin(α -θ) introduced in Sect.
4.1 and commented in connection with Fig. 4.6. Since the pressure on the first half of the suction surface decreases (Fig. 4.11e) the angle θ, between the normal to the chord and the force resultant in the counterclockwise direction, in the case of the actuation at 30% of the chord is increased of 3°, compared to the baseline, while only of about 2°when actuation operates from mid-chord (Fig. 4.11e). Moreover, the modulus

√︂ C 2 n + C 2
t is also increased when the jets operate from 0.3c compared to 0.5c. The increase of the angle θ outweigh the corresponding increase in modulus

√︂ C 2 n + C 2 t ,
and results in a pressure drag reduction for the case with jets at 30 % of the chord compared to 50 %. Moreover, the center of pressure of the airfoil when the actuation operates at 30% of the chord moves upstream, compared to 50%, (Fig. 4.11e) explaining why the moment coefficient is higher (Fig. 4.10c). For the same reasons, we found also an extra lift increase of 16% and a drag decrease of 6.5 % for the case at α = 17°, when the actuation is operated at 0.3c.

Figure 4.12 also presents the influence of the jet momentum coefficient C µ on the timeaveraged aerodynamic performance of the airfoil when the actuation operates from 30% of the chord. First of all, the values obtained with the jet located at 0.3c are compared in the steady mode for C µ of 4.2 x 10 -3 and 7.2 x 10 -3 . The increase of the jet momentum coefficient produces an increase of the lift, of the pressure drag and a decrease of the pitching moment. In particular, the lift increase is more remarkable for incidences above α = 14°, i.e. when the flow separation becomes important.

To conclude, the previous values obtained with the jet at 30% and 50% of the chord and a C µ of 4.2 x 10 -3 are compared with the values obtained using a C µ of 7.2 x 10 -3 . The first, expected result is that for a fixed position of the actuators, the higher is the actuators' output power, the higher is the lift increase (Fig. 4.14a). For a fixed C µ , when the AoA is below 15°(i.e. when the separation is smaller than about the half chord) the maximum lift increase is obtained with the actuation performed from mid-chord (Fig. 4.14a) because the actuators are more effective in controlling a separation extending downstream for less than half chord. Moreover, when the C µ is fixed at 7.2 x 10 -3 the position of the PVGJs has an higher impact on the loads variation and especially on the lift, compared to the case with C µ = 4.2 × 10 -3 . The highest lift variation is, therefore, produced when C µ = 7.2 x 10 -3 and the jets are placed at 50% of the chord (for α ⩽ 15°). This corresponds also to a higher drag increase and moment decrease, compared to the others actuation modes (Fig. 4.14b-c). For incidences above 15°, instead, as previously observed, the jets at 50% of the chord are less effective and, in fact, at α = 16°the actuation operating at 30% of the chord produces a higher lift increase compared to the case at 50 %, whatever the actuators' output power.

From the curves analyzed here we can infer that if the lift increase is the most important goal of the control, a position of actuators at mid-chord could be suitable for the control of moderately separated airfoils, i.e., when the separation length is smaller than half of the chord. When operating the airfoil at higher incidences this configuration is not suitable because the controlled zone is smaller than the separated zone. In this case, the best choice could be to use actuation much closer to the leading edge of the airfoil as at x/c = 0.3. If only one choice is available we would recommend to use actuation placed in the first third of the chord. This configuration, in fact, can produce a remarkable lift increase for the full range of operational AoAs, but with a lower drag increase compared to the case when the jets are placed further downstream (Fig. 4.14). However, if the efficiency of the airfoil is the parameter of overriding importance all the actuations presented here are not suited for AoAs below 14°as shown in Fig. 4.15. Indeed, the power efficiency C l /(C dp +C E ) is always decreased in this range of AoAs because of the pressure drag increase (Fig. 4.14b). For incidences above 14°-15°, instead, all the actuation laws considered here are beneficial for the efficiency. It is increased for example of about 60% at α = 16°using the actuation with C µ = 4.2 × 10 -3 and jets at 0.3c, while of 30% with C µ = 4.2 × 10 -3 and PVGJs at 0.5c, compared to the baseline configuration. This observation also consolidates our previous considerations, indeed the configuration with the actuation performed from the first third of the chord is the best choise for high-lift configurations. Moreover, from Fig. 4.15 we can also notice that the actuation performed with C µ = 7.2 × 10 -3 is less cost-effective than with C µ = 4.2 × 10 -3 in all the range of tested AoAs because of the higher input power required for effecting actuation. [%] steady blowing, Cµ = 4.2 x 10 -3 , jet @ 0.3c steady blowing, Cµ = 4.2 x 10 -3 , jet @ 0.5c steady blowing, Cµ = 7.2 x 10 -3 , jet @ 0.3c steady blowing, Cµ = 7.2 x 10 -3 , jet @ 0.5c C l C dp +C E baseline steady blowing, C µ = 4.2 x 10 -3 , jet @ 0.3c steady blowing, C µ = 4.2 x 10 -3 , jet @ 0.5c steady blowing, C µ = 7.2 x 10 -3 , jet @ 0.3c steady blowing, C µ = 7.2 x 10 -3 , jet @ 0.5c 

Summary of the chapter and concluding remarks

In this chapter, we investigated the effects of steady and periodic actuation over the airfoil. The actuation from 30 % of the chord, even with small output power, showed good effectiveness in modifying the aerodynamic performance of the airfoil. In particular, AFC suppresses the time-averaged separated region resulting in lift increase (up to about 50% at α = 16°) and postponement of the stall angle (of about 3°). Regarding the pressure drag, it was reduced for higher incidences (i.e. of about -20% at α = 16°), but increased for lower (for α ⩽ 14°) by up to 15%. The moment coefficient (which is positive in the pitch-up sense) in the actuated cases decreases for 2°< α < 14.5°and increases for α ⩾ 14.5°compared to the baseline. The lift-to(pressure)drag ratio is increased especially for 3°⩽ α ⩽ 7°, and for α ⩾ 14°. Although these results are encouraging, to see if the actuation is really beneficial for the flight, we have to make a trade-off between the aerodynamic gain of the airfoil and the power consumption of the actuation system. In particular, the actuation has a detrimental effect on the power efficiency for small incidences, but we still have an efficiency gain for α > 14 because in this range of AoA not only the lift is increased, but also the pressure drag is reduced. Moreover, the steady actuation for α < 14 proved to be less cost-effective than the periodic actuation because the power efficiency is lower, or, in other words, we need a higher input power to obtain the same aerodynamic performance modifications of the periodic actuation.

The position of the actuation, also, affects the loads' variation. Two positions at 30 and 50 % of the chord are compared when the jets operate with C µ of 4.2 x 10 -3 . With this C µ , negligible differences of the lift are found for α < 15°, while for α ⩾ 15°the actuation operating from 30 % of the chord has been more effective in improving the lift. This is due to the fact that for α ⩾ 15°the time-averaged separation length is bigger than the half chord and therefore the actuators at 0.5c operate from inside the separated region, which reduces their effectiveness. Moreover, when the actuators operate from 50% of the chord the pressure drag increases and the pitching moment decreases, compared with the case at 0.3c.

The influence of the jet momentum coefficient has, also, been investigated. The values obtained with the jet located at 0.3c are compared in the steady mode for C µ of 4.2 x 10 -3 4.3 -Summary of the chapter and concluding remarks and 7.2 x 10 -3 . The increase of the jet momentum coefficient produces an increase of the lift, of the pressure drag and a decrease of the pitching moment. In particular, the lift increase is more remarkable for incidences above α = 14°, i.e. when the flow separation becomes important. However, small differences are found on the lift (of the order of 5 %). This let us suppose that after a certain C µ threshold the loads' variation saturates and an asymptotic state is reached. To conclude, the previous values obtained with the jet at 30% and 50% of the chord and a C µ of 4.2 x 10 -3 are compared with the values obtained using a C µ of 7.2 x 10 -3 . The first, expected, result is that for a fixed position of the actuators, the higher is the actuators' output power, the higher is the lift increase (Fig. 4.14a). For a fixed C µ , when the AoA is below 15°(i.e. when the separation is smaller than about the half chord) the maximum lift increase is obtained with the actuation performed from mid-chord (Fig. 4.14a) because the actuators are more effective in controlling a separation extending for less than half chord. Moreover, when the C µ is fixed at 7.2 x 10 -3 the position of the PVGJs has a higher impact on the loads' variation and especially on the lift, compared to the case with C µ = 4.2 × 10 -3 . The highest lift variation is, therefore, produced when C µ of 7.2 x 10 -3 and the jets are placed at 50% of the chord (for α ⩽ 15°). This corresponds also to a higher drag increase and moment decrease, compared to the other actuation modes. For incidences above 15°, instead, as previously observed, the jets at 50% of the chord are less effective because the baseline separation point moves upstream of the jet location and, in fact, at α = 16°the actuation operating at 30% of the chord produces a higher lift increase compared to the case at 50 %, whatever the actuators' output power.

From the curves analyzed here we can infer that if the lift increase is the most important goal of the control, a position of actuators at mid-chord could be suitable for the control of moderately separated airfoils, i.e. when the separation length is smaller than half chord. When operating the airfoil at higher incidences this configuration is not suitable because the controlled zone is smaller than the separated zone. In this case, the best choice could be to use actuation much closer to the leading edge of the airfoil as at x/c = 0.3. However, if the main goal of the actuation is to increase the efficiency of the airfoil, all the actuation laws presented here are not suited for AoAs below 14°because they decrease the power efficiency C l /(C dp + C E ) of the airfoil in this AoAs range. For incidences above 14°-15°, instead, all the actuation laws considered here are beneficial for the efficiency. It is increased for example of about 60% at α = 16°using the actuation with C µ = 4.2 × 10 -3 and jets at 0.3c, while of 30% with C µ = 4.2 × 10 -3 and jets at 0.5c. Moreover, the actuation performed with C µ = 7.2 × 10 -3 is less cost-effective than with C µ = 4.2 × 10 -3 in all the range of tested AoAs because of the higher input power required for effecting actuation.

The results presented in this chapter are useful to give to the reader an idea of the overall control effects produced by the actuation and to validate the experimental setup, but they don't allow us to detect the transient phenomena induced by the actuation. Indeed, the time-averaged loads' variations are investigated after the initial transient phase is completely disappeared. The investigation of the transient dynamics induced by actuation is, instead, the main objective of this work and will be presented in the next Chap. 5.

Chapter 5

Transient effects induced by flow control

When the winds of change blow, some people build walls, others build windmills.

-Chinese Proverb

PROLOGUE

An investigation of the transient effects induced by fluidic actuation over an airfoil is carried out in this chapter. The main objective is the improvement of the rate of variation of the aerodynamic forces and moments in order to increase the control authority in situations where a fast time response is needed to compensate unsteady aerodynamic effects, such as those an aircraft might encounter in gusting flows or during rapid maneuvers. In order to investigate the flow dynamics induced by pulsed and steady actuation, we compare, in the first part of the chapter, the response to a single-pulse actuation, of duration smaller than the convective time over the airfoil chord, with the response to the onset of steady blowing. that optimize this rate. Figure 5.1 shows the phase-averaged evolution of the lift coefficient at different AoAs in a starting phase following the actuation onset at T + = 0 for a single-pulse duration of 8 ms corresponding to ∆T + = 0.46 and steady jet blowing, both performed with the same maximum jet velocity of 5 x V ∞ . The evolution of the lift coefficients is presented as a variation with respect to the corresponding baseline value (marked with the 0 subscript, e.g. C l0 ). For sake of simplicity, we first compare the impact of the actuation on the lift coefficient for several AoAs, but analogous reasonings can be extended to pressure drag and moment coefficients. After the onset of actuation, the loads follow a transient evolution. In a first initial phase for T + ⩽ 1 the loads' transient responses to both steady and single-pulse actuation are very similar, whatever the incidence. In particular, the lift first reaches a minimum before increasing for T + > 1. After the lift reaches a positive peak at T + ≈ 2, the effects of single-pulse actuation slowly vanish and the loads settle back to their basic values in about 10 convective time scales for α ⩾ 12, consistently with the results of [START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF]. On the other hand, after this initial transient phase, the continuous momentum injection provided by steady actuation allows the aerodynamic loads to attain a final stationary value. During the phase of lift increase, namely for 1 < T + < 2, the single-pulse actuation greatly improves the rate of loads variation compared to steady blowing for incidences above 12°, i.e. when the flow separation becomes remarkable. This is particularly evident in Fig. 5.2 presenting the time derivative of the lift coefficient dC l /dT + between single-pulse and steady actuation during the transient phases for the same AoAs of Fig. 5.1. The difference in the time-derivative between single-pulse and steady blowing increases with the AoA. The maximum difference being at α = 14°, where the single-pulse actuation induces a maximum time derivative of 50% higher than the steady blowing. Comparing Fig. 5.2e and (f) it is evident that this difference between the maximum derivatives begin to decrease from α = 14°to 16°. Indeed, at α = 16°the mean separation point moves upstream of the jet location making actuation less effective. Indeed, [START_REF] Amitay | Aerodynamic flow control over an unconventional airfoil using synthetic jet actuators[END_REF] found that the optimal location of the actuators is upstream of the separated region, and thus the actuation loses in effectiveness when operated from inside the separated region, as in our case at α = 16°. In order to investigate the dynamical effects producing a higher loads variation rate for the case of separated flow, we analyse the case of α = 14°as a reference case (in Sect. 5.1.1), because in this configuration we find the maximum difference with steady blowing between all the tested configurations. This allows us to provide an example of a configuration for which the mean flow separation point (i.e., x/c = 0.5) is downstream of the jet location (i.e., x/c = 0.3). Then, we will analyse the transient effects induced by the action of PVGJs over an attached configuration at α = 5°i n Sect. 5.1.2, to highlight the similarities and differences of the dynamics compared to the case of a partially separated flow. 
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T + = tV ∞ /c ∆C l C l 0 = C l -C l 0 C l 0 [%] (f) α = 16°F
igure 5.1: Temporal evolution of the phase-averaged variation of lift coefficient ∆C l /C l0 (with respect to the baseline value C l0 ) after the onset of single-pulse (SP) actuation ∆T + = 0.46 and steady blowing (SB) at α = 5°, 9°,12°,13°, 14°and 16°. On the bottom of the figures a sketch of the corresponding electric signal triggering the single-pulse actuation (the amplitude is not in scale). Both steady and single-pulse actuation are performed with the same maximum jet velocity of 5 x V ∞ 

-Physical analysis of the transient phenomena

T + = tV ∞ /c d(C l ) dT + (d) α = 13°0
T + = tV ∞ /c d(C l ) dT + (e) α = 14°0
T + = tV ∞ /c d(C l ) dT + (f) α = 16°F
igure 5.2: Evolution of the phase-averaged time derivative dC l /dT + of the lift coefficient generated by the single-pulse (SP) with ∆T + = 0.46 and steady blowing (SB) at α = 5°, 9°,12°,13°, 14°and 16°following the actuation onset at T + = 0. The electric trigger signal of the single-pulse actuation is sketched in red at the bottom of (a). Both steady and single-pulse actuation are performed with the same maximum jet velocity of 5 x V ∞

Partially separated configurations

Figure 5.3 shows the phase-averaged evolution of the aerodynamic coefficients at α = 14°i n a starting phase following the actuation onset at T + = 0 for a single-pulse duration of 8 ms corresponding to ∆T + = 0.46 and steady jet blowing, both performed with the same maximum jet velocity of 5 x V ∞ . The difference in the rate of variation of the aerodynamic loads is not limited to the lift coefficient, but involves also the pressure drag and moment coefficients. In a first initial phase, the lift and pressure drag reach a minimum, while the pitching moment increases (positive in the nose-up direction). In a second phase, for T + > 1 the lift and pressure drag increase, while the pitching moment decreases. During this phase, the single-pulse actuation greatly improves the rate of loads variation compared to steady blowing, with a maximum rate (by up to 50% higher than steady blowing for the lift) attained at T + ≈ 1.5. The lift and pressure drag reach a positive peak at T + ≈ 2 and the pitching moment a negative one, in response to the single-pulse actuation.

In order to simplify the analysis we divide the evolution of the lift coefficient induced by the single-pulse actuation in three phases (Fig. 5.4): a phase of lift decrease for 0 < T + < 1 (1), increase for 1 < T + < 2 (2) and relaxation for T + > 2 (3). The phase (1) also corresponds to a pressure drag decrease and a pitching moment increase and the phase (2) to a pressure drag increase and a pitching moment decrease. We will investigate these two phases in what follows.

In order to explain the physical mechanisms responsible for a higher rate of loads variation we carry out in what follows a coupled spatio-temporal analysis of the pressure distribution around the airfoil and vorticity field obtained with PIV measurements. The phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ , positive if counterclockwise) superimposed with streamlines is shown Fig. 5.5 for the baseline configuration and in Fig. 5.6 following the single-pulse actuation onset at T + = 0. The phases analysed in Fig. 5.6a-g are represented on the evolution of the lift coefficient in figure Fig. 5.6h. T + = 1.01 corresponds to the minimum of lift while T + = 2.04 to the maximum. We insist on the fact that about 25% of lift increase (from negative to positive peak) is observed to occur in about one convective time scale (Fig. 5.1e). This also corresponds to a fast and significant increase of pressure drag (peak-to-peak) of about 120% (Fig. 5.3b) and decrease of the pitching moment (peak-to-peak) of about 4 times the baseline value (Fig. 5.3c). In order to analyze these changes, the phase-averaged variation of the static pressure coefficient ∆C p = C p -C p0 , where C p0 is the baseline value, is presented in Fig. 5.7. Comparing the suction (subscript s) and pressure (subscript p) sides, the orange (resp. cyan) areas represent the regions of positive (resp. negative) pressure variation along the airfoil with ∆C ps > ∆C pp (resp. ∆C ps < ∆C pp ). To help in the comparison with the transient dynamics ensuing from steady actuation we carried out, also for this case, pressure and PIV measurements, which are presented in Figs. 5.8 and 5.9 with the same meaning of Figs. 5.6 and 5.7, respectively. 

Phase of lift decrease (1)

In the phase of lift decrease for 0 < T + < 1 the perturbation induced by the actuation interacts with the baseline separated shear layer which is evidenced on the baseline vorticity field of Fig. 5.5 by a sheet of negative vorticity (ω z ) that separates from the suction side around mid-chord. The actuation, steady or pulsed, provides momentum in the near-wall region allowing the flow to dynamically overcome the adverse pressure gradient. This is observed in Figs. 5.6a-b and 5.8a-b where we see that the reattaching flow progresses downstream along the suction surface. This also results in a pinch-off of the negative vorticity sheet. As a consequence, a patch of negative vorticity detaches from the airfoil beyond T + ≈ 1. We see in Figs. 5.6c-e and 5.8c-d that this patch is transported downstream and diffuses rapidly. In the first phase of the transient response of the flow, the reattaching flow pushes the separated region away and this is responsible for a region of higher pressure on the suction surface. We indeed see in Figs. 5.7a-b and 5.9a-b that the maximum of ∆C p along the suction surface is observed near the location of the mean separation from the airfoil. The curvature of the streamlines upstream of the separation is also consistent with this pressure increase on the airfoil. This region of higher pressure outweigh the negative pressure variation (blue region for 0 ⩽ x/c ⩽ 0.5) and is responsible for a lift decrease of about -5% (Fig. 5.1e). Since, this positive ∆C p extends over a region downstream of the position of the maximum camber of the airfoil (i.e., 0.3c), it also contributes to a pressure drag decrease (because pushes the airfoil in the upstream direction) of -50% (Fig. 5.3b). Moreover, this region is also downstream of the quarter chord and participates to the increase of the pitching moment (with respect to c/4) of about 182% (Fig. 5.3c). During this phase of lift decrease for T + < 1 the loads evolutions in response to steady blowing and single-pulse actuation are very similar (Fig. 5.3). Indeed, the initial transient dynamics is driven for both cases by the interaction of the perturbation induced by actuation and the baseline separated shear layer (over the suction surface) which is subsequently evacuated in the near wake. This is evident by comparing the vorticity distribution at the instant T + = 0.67 and 1.01 in Fig. 5.6a-b with those in 
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Phase of lift increase (2)

At the beginning of the phase of lift increase for T + > 1 we see the formation of a region of negative ∆C p , upstream of the moving separation point, that spreads along the suction surface of the airfoil because the flow attaches the streamlined body. For instance at T + = 1.18, the flow reattaches over the airfoil for 0 ⩽ x/c ⩽ 0.6 (Fig. 5.6c) and in the same zone we found a region of negative ∆C p (Fig. 5.7c). At T + = 1. 35 (Figs. 5.6d,5.7d and 5.8c,5.9c), regions of positive and negative ∆C p nearly balance themselves. Indeed, we see in Fig. 5.1e that at T + = 1.35 we have ∆C l ≈ 0 while the pressure drag variation is negative (Fig. 5.3b) and the pitching moment variation is positive compared to the baseline value (Fig. 5.3c). As a physical model, the region along the wall dynamically influenced by the action of PVGJs can be sketched as a layer of fluid flowing along the surface of the airfoil at a mean velocity V pert . An estimation of this velocity can be obtained and will be useful in what follows. PVGJs are located 0.7 chords ahead of the trailing edge and start at T + = 0. In Figs. 5.6d and 5.8c, we see that the separated region reaches the trailing edge and is "swept away" from the airfoil at T + ≈ 1.35. The mean displacement speed of the layer along the body is therefore estimated to be V pert ≈ 0.5V ∞ . Note that the loads in Fig. 5.3 begins to vary at about T + ≈ 0.5, which is also a good order of magnitude of the time needed by the perturbed fluid layer to flow over the mean baseline separation point (x/c = 0.5) from the ejection port (x/c = 0.3), at the average velocity V pert estimated above. It is important to point out that this is a global (macroscopic) estimation of the average displacement speed of the perturbation induced by the actuation because it is based on the time needed to completely evacuate the baseline separated shear layer from the suction surface of the airfoil. However, before reaching the trailing edge, this perturbation travels over different fluid regions: a region of attached flow, between the position of the actuators at 0.3c and the position of the time-averaged separation point at 0.5c, and a region of separated flow for x/c ⩾ 0.5. This means that the convection velocity of the perturbation is different in these two zones. In particular, it is higher in the attached zone, than in the separated one. For sake of simplicity and clarity, we estimated an average perturbation velocity by considering the phenomenon as global.

The phase of lift increase, namely 1 < T + < 2, is of interest because we observe a fast variation of the lift, pressure drag and pitching moment that differs significantly from the evolution measured during the starting phase of steady blowing (Fig. 5.3). For the onset of continuous blowing, the PIV fields in Fig. 5.8 show that the flow, after an initial transient, is permanently attached on the airfoil under the action of PVGJs for T + > 1.35. This is not at all the case for single-pulse blowing and we observe the growth of a new closed separation bubble along the suction surface of the airfoil (which is evident on the PIV fields of Fig. 5.6 for T + ⩾ 1.35) due to adverse pressure gradient developing after the termination of actuation. If the spatio-temporal region along the wall influenced by the action of PVGJs is assumed to propagate at the velocity V pert ≈ 0.5V ∞ , then the back of this layer needs ∆T + ≈ 0.4 to flow over the location of the mean baseline steady separation point. This means that a separation bubble can appear for T + ⩾ 1. This estimation agrees with our observation in Fig. 5.6. Indeed, while PIV cannot detect unambiguously incipient near-wall separation at T + = 1.01 (Fig. 5.6b) or even T + = 1.18 (Fig. 5.6c), the downstream progression of the closed separation region along the airfoil is clearly seen in Fig. 5.6 after T + = 1.35. For example, at T + = 1.35, the separation bubble extends approximately over half of the mean separated region in the baseline case (compare Fig. 5.5 with Fig. 5.6d). The formation of this closed separation region produces a region of lower pressure, for x/c ⩾ 0.5, compared to steady actuation (Fig. 5.9c-e) providing a greater rate of loads variation (lift, pressure drag and pitching moment) during this phase.

The reattachment point downstream of this closed recirculation bubble progresses toward the trailing edge for T + ⩾ 1. . Looking now at Fig. 5.7d-g, we see that a rather uniform negative ∆C p is observed under the transient separated region. This is expected because the phase-averaged transient separation region is closed with a static pressure level fixed around the pressure at the time-averaged separation point (the difference at mid-chord between C p of the baseline flow and steady blowing along the suction surface at α = 14°in Fig. 4.3g gives a good order of magnitude of the ∆C p observed here). While the reattachment point progresses toward the trailing edge, the front of this region of negative ∆C p also moves downstream (Fig. 5.7) contributing to a lift and pressure drag increase and a pitching moment decrease (Fig. 5.3). At T + = 2.04 the maximum lift peak is attained (Fig. 5.1e) and the negative ∆C p distribution on the suction surface extends up to about the trailing edge of the airfoil (Fig. 5.7g). At this phase, the lift increases of about 10% more compared to steady blowing. Although this increase is not negligible, the striking observation coming from Fig. 5.3b-c is the staggering variation of the pressure drag and pitching moment, compared to steady blowing, at the phase when also the lift attains its maximum. The single-pulse actuation results in a pressure drag increase of about 65% and the pitching moment decreases of about -250% compared to the steady case. These enormous variations are due to the establishment of the negative ∆C p region for x/c ⩾ 0.6. After this phase, the flow starts to relax and the loads settle back to the initial baseline value (phase 3 in Fig. 5.4). The transient effects induced by the actuation are not confined to the region downstream of the jet location, but rather involve the flow field all around the airfoil in a global manner. Indeed, during the phase of strong increase in lift, a starting vortex of positive vorticity is seen to roll up from the trailing edge before being shed in the wake, for both steady and pulsed actuation (see . An estimation of the downward velocity V θ induced by this vortex of circulation Γ in the trailing edge region is [START_REF] Acheson | Elementary fluid dynamics[END_REF]. For example, at the phase of T + = 1.64 (see Figs. 5.6e and 5.8d), the distance d between the positive patch of vorticity and the trailing edge is approximately 0.25c. By calculating the circulation Γ of this vortex as the surface integral of the phase-averaged vorticity field within a domain including the positive vorticity patch, with ω z = 0 on the borders, one obtains |V θ /V ∞ | ≈ 10%. This starting vortex generates, hence, a non-negligible downward velocity near the trailing edge deviating the streamlines emerging from the pressure side of the airfoil (for example, compare the angle of the inertial separation at the trailing edge in Fig. 5.5 to Fig. 5.6e-g or 5.8d-e). This "fluidic flap" induces a global pressure modification around the airfoil (see Fig. 5.9 and in particular Fig. 5.9e). Indeed, the pressure modification is not confined to the suction surface of the airfoil, but also involves the pressure surface. A positive ∆C p is found over the pressure surface near the trailing edge for x/c > 0.8 (as shown in Fig. 5.9d-e) which contributes to enhance the lift, reduce the drag and decrease the pitching moment. It is very interesting to compare the pressure evolution induced by both single-pulse actuation and steady blowing in a point very close to the trailing edge. Figure 5.10a shows the temporal evolution of the pressure coefficient C p in a point at x/c = 0.93 (the best representative point) on the pressure surface near the trailing edge of the airfoil. By comparing this figure with the evolution of the lift coefficient in Fig. 5.3a we see that the pressure evolution near the trailing edge reflects the lift evolution over the airfoil (slight differences are found on the time to attain the minimum and maximum lift peak T + min and T + max , respectively). This is also confirmed by the comparisons between the derivative dC p /dT + at x/c = 0.93 (Fig. 5.10b) with the derivative dC l /dT + of the lift evolution (Fig. 5.2e). Therefore, the pressure evolution near the trailing edge on the pressure surface of the airfoil, in response to the actuation onset, is representative of the global flow dynamics over the airfoil.

|V θ /V ∞ | = |Γ/(2πdV ∞ )|
To sum up, the local transient dynamics induced by the actuation in the region downstream of the jet location is coupled with global dynamical effects around the airfoil associated with a "fluidic flap" effect. Since the local transient effects of single-pulse control, associated with the formation of a closed recirculation bubble, increase the lift at a given phase, compared to steady blowing, the circulation of this starting vortex is also higher. Therefore, for single-pulse control, the global effects induced by such a "fluidic flap" will have a higher impact on the increase of loads variation. This is particularly clear by analyzing the evolution of the dC l /dT + induced by the actuation over the suction and pressure surfaces of the airfoil in Fig. 5.11. The dC l /dT + is calculated on the suction (resp. pressure) surface by first integrating the pressure to obtain the C l on the suction (resp. pressure) surface and then deriving it to obtain the dC l /dT + . Therefore, the maximum dC l /dT + over the airfoil is obtained by adding the respective maximum values calculated over the pressure and suction surface. Considering the suction surface at first, we see that the rate of loads variation is improved thanks to the beneficial (local) effects associated with the formation of a closed recirculation bubble (Fig. 5.11a). The lift improvement due to local effects associated with the formation of this bubble is related to the increase of the circulation of the starting vortex shed in the near wake, which in turn influences the global dynamical behavior of the flow field. As a consequence, also the dC l /dT + calculated over the pressure surface is increased of about 30% compared to steady blowing (Fig. 5.11b). Therefore we can conclude that a fine-tuned single-pulse control induces a global dynamical evolution of the flow field around the airfoil allowing to improve the rates of variation of the aerodynamic loads, compared to steady blowing. For this reason, in order to understand the dynamical response of the flow around the airfoil, it is very important to characterize accurately the phase-averaged growth of the closed separation region developed over the suction surface of the airfoil. In particular, we need to determine the moving location of the unsteady attachment point closing this region over the airfoil. In an Eulerian description with the airfoil as a reference system, the attachment or separation points over a surface are identified by saddle points in a steady case. The problem is that when the flow is unsteady, the Eulerian indicators are not suitable for identifying the correct position and progression of attachment and separation points because they do not have Galilean invariance. Lagrangian indicators must therefore be used. In a referential moving at the speed of the phase-averaged attachment, the topological structure is a saddle point. Lagrangian tools like finite-time Lyapunov exponent (FTLE) proposed by [START_REF] Haller | Distinguished material surfaces and coherent structures in three-dimensional fluid flows[END_REF] for fluid mechanics applications are used here in order to capture the position of the unsteady attachment point x att . The definition of FTLE and its application to this particular fluid mechanics problem is provided in Sect. 3.3.3.
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The FTLE fields calculated using forward integration are shown in Fig. 5.12. The FTLE ridges representing repelling Lagrangian coherent structures are represented in red and superimposed with the streamlines. In order to highlight the ridges, the FTLE contour has been filtered with a cut-off value of 80 % of its maximum within the domain. The ridges of the FTLE field allow to detect the size of the bubble and its displacement toward the trailing edge. The intersection of this ridge with a segment parallel to the suction side and very close to the surface of the airfoil (at a distance of 2 mm) gives the location of the instantaneous Lagrangian attachment point closing the bubble. Following this intersection over the time on each PIV frame we found that the evolution of the instantaneous Lagrangian attachment point x att over the airfoil chord is linear as shown in Fig. 5.13. An estimation of the velocity V att of the attachment point x att is provided using the dashed fitting green line superimposed on the diagram in Fig. 5.13. Starting from a position x att /c ≈ 0.86 at T + ≈ 1.35 (Fig. 5.12a) the attachment point moves downstream with a velocity V att of about 20% of the free-stream velocity up to reach the trailing edge at T + = 2.04 (Fig. 5.12b-e). The difference between the saddle point evidenced on the phase-averaged streamlines and the Lagrangian attachment point is not negligible (Fig. 5.12). Since the attachment point is moving downstream, the saddle point evidenced by the phase-averaged streamlines is located upstream of x att . Looking now at Fig. 5.7d-g, we see that a rather uniform negative ∆C p is observed under the transient separated region up to a position slightly upstream of the corresponding reattachment point x att (Figs. 5.12 and 5.13). This is expected because the phase-averaged transient separation region is closed with a static pressure level fixed at the time-averaged separation point (the difference at mid-chord between C p of the baseline flow and steady blowing along the suction surface at α = 14°in Fig. 4.3g gives a good order of magnitude of the ∆C p observed here). While the reattachment point x att progresses toward the trailing edge, the front of this region of negative ∆C p also moves downstream (Fig. 5.7) contributing to a lift and pressure drag increase and a pitching moment decrease (Fig. 5.3). The reattachment point reaches the trailing edge at T + = 2.04 (Figs. 5.12e and 5.13), that is when the maximum lift peak is attained (Fig. 5.1e). At this phase the negative ∆C p distribution on the suction surface extends up to about the trailing edge of the airfoil (Fig. 5.7g). After this phase, we cannot detect the reattachment point downstream of the bubble because the FTLE ridge leaves the airfoil surface and this means that the bubble "opens up" because the flow starts to relax to the baseline configuration and the loads settle back to the initial value.

The FTLE, as a tool to detect the unsteady motion of the Lagrangian attachment point closing the separation bubble over the suction surface of the airfoil, has been useful to explore the dynamics of the bubble and the corresponding variation of the pressure over the airfoil. We will show in the Sect. 5.2 that the transient dynamics of the system is strongly affected by the pulse duration. In particular, the bubble will develop earlier or later if the pulse duration is shorter (than ∆T + = 0.46) or longer, respectively, and for both these cases the rate of lift variation will be lower than our reference case of ∆T + = 0.46. The FTLE is a useful tool to compare the dynamics engendered by different pulse duration and to provide insights into the transient mechanisms that optimize the rate of variation of the aerodynamic loads. 

T + = V ∞ ) 1 4 • 1.35 (a
x att /c T + (d) (e) (f) (g) V att V ∞ ≈ 0.2 Figure 5
.13: Temporal evolution of the position, over the airfoil chord, of the Lagrangian attachment point x att assessed using the FTLE for the single-pulse of ∆T + = 0.46. The letters (d) to (g) represent the instants selected in Fig. 5.6dg. The slope of the green dashed segment provides an estimation of the velocity V att of the Lagrangian attachment point

Attached configurations

We analyse now the case when PVGJs operate over an attached configuration at α = 5°.

Although the actuation operating over an attached flow field induces a different dynamical behavior compared to the partially separated case, it is interesting to point out that the loads evolution in response to the actuation follows the same trend for both α = 5°and 14°( Fig. 5.14). Indeed, in both cases the lift (Fig. 5.14a-b) and pressure drag (Fig. 5.14c-d) first experience a minimum peak that is followed by a maximum in response to single-pulse actuation, while the opposite for the moment coefficient (Fig. 5.14e-f). However, in contrast with what observed for partially separated flow fields in Fig. 5.14b, d and f, when the baseline flow is fully attached over the airfoil the transient evolution of the loads in response to both single-pulse and steady actuation are very similar during the first initial phase following the actuation onset (Fig. 5.14a, c and e). For example, almost no differences are found between lift and moment variation induced by both single-pulse and steady actuation in the initial phase after the actuation onset, but non-negligible differences are found for the pressure drag. Indeed, the maximum pressure drag variation induced by the single-pulse actuation reaches about 13%, while only 5% in the case of the steady blowing. Therefore there is a difference of about 8%, which is important but much lower than the difference registered for the case of the partially separated configuration at α = 14°(Fig. 5.14d) which is of about 65% and so about 8 times higher than in the case of this attached configuration.

The striking feature arising from the comparison between attached and partially separated configurations is that during the phase of lift increase the evolution of the rate dC l /dT + , at α = 5°, is the same for both actuation modes (Fig. 5.15a), in contrast with what observed for the case of a partially separated flow (Fig. 5.15b). The similarity of these rates of lift variation between the two actuation modes is directly related to the fact that the baseline flow field is attached. Indeed, in this case there is no separation bubble developing after the termination of actuation (Fig. 5.16) due to the adverse pressure gradient arising after the end of the actuation, as instead observed for a partially separated flow field at α = 14°(Fig. 5.6). A slight difference on the dC l /dT + is found at α = 5°a fter the maximum rate of lift dC l /dT + is attained because of the transient nature of the single-pulse actuation. Indeed, the continuous momentum injection due to steady blowing allows the flow to attain a final state corresponding to a steady lift increase, while after the end of the single-pulse blowing phase, the flow begins to relax to its natural baseline state. As for α = 14°, the investigation of the transient flow dynamics arising in response to the single-pulse and steady actuation for the case of α = 5°has been carried out using coupled spatio-temporal PIV-pressure measurements. However, the PIV measurements are not revealing much of the flow dynamics at α = 5°(Fig. 5.16) because the actuation interacts with an attached (adverse-pressure-gradient) boundary layer and no large-scale structures are generated. For this reason, only the transient evolution of the pressure distribution over the airfoil (which give useful insights on the flow dynamics) will be analysed. Figure 5.17 shows the phase-averaged evolution of the variation of the static pressure distribution ∆C p = C p -C p0 , where C p0 is the baseline value at α = 5°in response to both single-pulse and steady actuation. T + ≈ 0.7 (Fig. 5.17d) corresponds to the minimum of lift while T + = 1.32 to the maximum (Fig. 5.17h).

T + = tV ∞ /c ∆C l C l 0 = C l -C l 0 C l 0 [%]
In order to be consistent with the previous analysis carried out for the case at α = 14°i n Sect. 5.1.1 we analyse the flow dynamics and the loads evolution separately for the phase of lift decrease and increase in the following paragraphs.

Phase of lift decrease

As for α = 14°, the interaction of the PVGJs actuation and the near-wall flow over an attached flow field results in the formation of an array of corotating streamwise vortices very close to the surface of the airfoil. In the phase of lift decrease, namely for 0 < T + < 0.7, this array of vortices moves downstream and interacting with the adversepressure-gradient boundary layer over the suction surface of the airfoil generates a transient pressure evolution (Fig. 5.17). The blowing results in a negative ∆C p at x/c = 0.3 which is followed downstream by a positive pressure variation region on the suction surface for 0.33 ⩽ x/c ⩽ 0.5 at T + = 0.25 (orange area in Fig. 5.17b). As the front of the longitudinal vortices moves downstream this positive ∆C p also extends downstream up to x/c ≈ 0.7 at T + = 0.4 (Fig. 5.17c). In this phase, no differences with the steady blowing are found on the pressure coefficient because in both cases the actuation is still operating (the singlepulse actuation lasts ∆T + = 0.46). The front of the positive ∆C p region over the suction surface reaches the trailing edge at T + ≈ 0.7 (Fig. 5.17d).

From these observations, one can estimate the convection velocity of the streamwise vortices generated by the interaction of the actuation with the cross-flow. If this perturbed layer reaches the trailing edge (0.7c downstream of the PVGJs location) at T + ≈ 0.7, it means that the perturbation moves downstream at the convection velocity of the free stream, i.e. 20 m s -1 . At first glance this estimation may result higher than the previous calculation of the propagation velocity for the case of a partially separated flow which was approximately 0.5 × V ∞ . However, these two velocities are estimated considering two different phenomena. Indeed, in the case at α = 14°the convection velocity of the perturbation induced by the PVGJs is based on the time interval needed to completely evacuate the separated region from the suction surface of the airfoil. Therefore, this is a global (averaged) estimation because the perturbation travels over an attached boundary layer before reaching the separated shear layer at 0.5c. In the case of an attached flow field, instead, the convection velocity is estimated considering the footprint left on the pressure variation over the airfoil by the downstream progression of the perturbation induced by the PVGJs along the completely attached boundary layer.

From the previous estimation of the convection velocity of the perturbation generated by the PVGJs and considering that the actuation is switched off at T + ≈ 0.46 we can infer that the back of the layer of fluid flow perturbed by the action of PVGJs reaches x/c ≈ 0.6 at T + ≈ 0.7. This is consistent with the pressure distribution at this phase (Fig. 5.17d) because a positive ∆C p (orange zone) region develops for 0.6 ⩽ x/c ⩽ 1. This positive ∆C p , extending for 0.6 ⩽ x/c ⩽ 1 over the airfoil suction surface, is responsible for a negative lift peak at T + ≈ 0.7 (Fig. 5.14a) because it outweigh the negative ∆C p which is found at x/c = 0.3. Moreover, since this positive ∆C p region is located downstream of the maximum camber location of the airfoil, it is also contributes to a negative pressure drag variation, and a positive (pitch-up) moment variation (Fig. 5.14c-e). On the other hand, in the case of steady actuation this positive ∆C p region extends for 0.3 ⩽ x/c ⩽ 1 at the same phase (Fig. 5.17d) because the actuation is always active generating a permanent array of longitudinal vortices over the suction surface of the airfoil, downstream of the location of the actuators. Altough a different pressure distribution is found at T + = 0.695 in the region 0.2 ⩽ x/c ⩽ 0.5 between single-pulse and steady blowing (Fig. 5.17d), both actuation modes induces the same minimum lift peak (Fig. 5.14a) because the positive ∆C p region developing for 0.33 ⩽ x/c ⩽ 0.5 in the steady case is balanced by the higher (in absolute value) negative pressure variation at x/c = 0.3 (which is always present in this case because the blowing is always active). Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ), superimposed with the streamlines, at α = 5°following the onset of the single-pulse actuation (∆T + = 0.46) at T + = 0. The instants selected in (a-h) are represented on the time evolution of the lift coefficient (i). The ▲ symbol pinpoints the position of the actuator array 

Phase of lift increase

The phase of lift increase, namely for 0.7 < T + < 1.3, is dominated by the formation of a region of negative ∆C p over the suction surface of the airfoil due to the transient effects arising after the termination of the single-pulse actuation at ∆T + = 0.46 (Fig. 5.17). Considering that the convection velocity of the vortex train generated by the action of the PVGJs located at x/c = 0.3 is about equal to the free-stream velocity and that the PVGJs are switched off at T + ≈ 0.46, it means that the back of this vortical structure has reached the 70 % of the chord at T + ≈ (0.7 -0.3) + 0.46 = 0.86. Indeed, we can notice from Fig. 5.17e that a positive ∆C p is confined in the region 0.7 ⩽ x/c ⩽ 1 at T + = 0.86. Upstream of the back of this advecting layer of longitudinal vortical structures, i.e. for x/c ⩽ 0.7, a negative ∆C p region develops over the suction surface of the airfoil due to the transient effects arising after the end of the single-pulse actuation (cyan area in Fig. 5.17e). This area of negative ∆C p spreads over the time toward the trailing edge for T + ⩾ 0.86 (Fig. 5.17e-h). At T + ≈ 1.3, the negative pressure distribution involves the whole suction surface of the airfoil. At this phase, the lift and pressure drag attain their maximum variation (Fig. 5.14a,c), while the pitching moment reaches its minimum (Fig. 5.14e), considering positive moment in the nose-up direction.

The formation of this negative ∆C p region, over the suction surface of the airfoil, for T + ⩾ 0.86 (Fig. 5.17e-h) is due to the transient effects arising after the end of the singlepulse actuation. In the case of steady actuation, instead, this negative ∆C p region over the suction surface is not observed before T + ≈ 1.15 (Fig. 5.17g-h). Indeed, in this last case this pressure decrease is not associated with the local transient effects induced by the termination of the actuation, but rater with a global flow modification induced by the steady actuation which takes longer time scales. Since this negative ∆C p region x/c > 0.3 is formed later in the steady case, it also has a lower maximum (absolute) value compared to the single-pulse case at the same phase (compare the two cases for T + ⩾ 1.15, in Fig. 5.17g-h). Nevertheless, we obtain the same lift increase for both actuation modes at T + ≈ 1.32 (Fig. 5.14a). This is due to the fact that the negative ∆C p induced by the steady actuation at x/c = 0.3, compensate for this lower pressure decrease for x/c > 0.3 compared to the single-pulse case (Fig. 5.17h). At this phase, the pressure drag also increases, but the single-pulse actuation is responsible for a 8% higher pressure drag increase compared to steady actuation (Fig. 5.14c) because of the higher value obtained for the negative ∆C p downstream of the maximum camber of the airfoil in the region x/c > 0.3, and especially for x/c ≈ 0.7 (Fig. 5.17g-h). The minimum pitching moment induced by the single-pulse actuation at T + = 1.32 is about 10% lower compared to steady blowing, as shown in Fig.

(Fig. 5.14e), given that the moment is positive in the nose-up sense. This is due to the lower negative ∆C p induced by the single-pulse actuation downstream of the quarter chord and especially around x/c = 0.7 (Fig. 5.17g-h) which contributes to decrease the pitching moment generated by the action of the single-pulse compared to the steady case.

It is important to notice that the pressure redistribution induced by actuation is not only confined to the airfoil suction surface but also involves the pressure surface of the airfoil. Indeed, the actuation changes the global dynamical behaviour of the flow field and a positive pressure variation region is, in fact, observed over the pressure surface for T + > 0.86 near the trailing edge (Fig. 5.17e-h). This positive pressure variation contributes to improve the lift and to reduce the pitching moment, while having a positive effect on by the formation of the separation bubble for α = 14°are more important than for α = 12°o r 13°where this bubble does not develop and results in a higher rate of loads variation. Evidently, the dC l /dT + max obtained at α = 14°is also higher than in the completely attached case (Fig. 5.20) where the transient effects are very mild because they are related to the downstream convection of the 3D streamwise vortical structures generated by the action of the PVGJs, as described in the previous Sect. 5.1.2.

In Fig. 5.20 we also compare the (dC l /dT + ) max obtained with single-pulse and steady actuation. The rate of lift increase induced by the single-pulse actuation is always higher than in the case of the steady blowing, but for α ⩽ 9°the difference between these two cases is not very high (of the order of the measurement error) and therefore it is difficult to infer any conclusion. This difference, instead, rapidly increases for α ⩾ 12°because of the beneficial transient effects associated to the formation of the separation bubble over the airfoil suction surface after the termination of the single-pulse actuation, as already discussed in Sect. 5.1.1. 
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.21: Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ) superimposed with the streamlines at α = 12°(first column, i), 13°(second column, ii) and 14°(third column, iii) following the single-pulse (SP) actuation onset of ∆T + = 0.46. The instants selected in (a-k) are represented on the time evolution of the lift coefficient (m). The ▲ symbol pinpoints the position of the actuator array

From the loads evolution for several AoA in Fig. 5.19, one can see that the time scales of the phenomenonon and the amplitude of the loads oscillation around the baseline value are, also, influenced by the incidence of the airfoil. Figures 5.22 and 5.23 present the evolution of the time to attain the minimum and maximum lift peak (T + min and T + max , respectively) and the minimum and maximum value of the lift coefficient (C lmax and C lmin , respectively) versus the AoA. Both T + min and T + max increase with the AoA (Figs. 5.22a and 5.23a). This can be explained considering that T + min and T + max are directly related with the time scales of convection of the perturbation, generated by the PVGJs, toward the trailing edge. Since this perturbation takes more time to reach the trailing edge the bigger is the separation region over the airfoil, also the time scales T + min and T + max will be higher the higher is the AoA. The minimum lift peak (C lmin ) decreases with the incidence (Fig. 5.22b). The C lmin decrease rate is higher when the PVGJs operate over partially separated flows (i.e. α > 9°). We have previously seen that the negative lift variation is due to the formation of a positive ∆C p region, arising for x/c ⩾ 0.5 over the suction surface of the airfoil which is associated with the interaction of the perturbation induced by the PVGJs and the baseline separated shear layer. This positive pressure variation over the suction surface is more pronounced the bigger this baseline region and this is responsible for a higher lift decrease for AoAs above 9°. Not only the C lmin , but also the C lmax is influenced by the AoA (Fig. 5.23b). In particular, the C lmax increases with the AoA, especially for incidences above 12°, i.e. where the flow separation becomes remarkable. Indeed, with increasing AoA the extention of the baseline separated region is bigger and the modification of the aerodynamic shape (i.e. the airfoil effective camber and the zero-lift angle of attack α 0 L ) induced by the actuation is more pronounced. This results in higher amplitude modifications of the pressure coefficient compared to lower incidences and in a higher lift increase. 

(C l max -C l 0 )/C l 0 [%] ∆T + = 0.46 steady (b)
Figure 5.23: Evolution of (a) the time T + max and (b) of the maximum lift coefficient (C lmax -C l0 )/C l0 variation (with respect to the baseline value) versus the AoA for the single-pulse actuation (∆T + = 0.46) and steady blowing. The actuation is performed with the same maximum jet velocity of 5 x V ∞ , whatever the pulse duration By comparing the effects of the steady actuation with the single-pulse actuation, we see that the time to attain the minimum lift peak T + min and the C lmin are almost unaffected by the pulse duration (Fig. 5.22). The phase of lift decrease is, indeed, mostly associated with the transient effects arising from the interaction of the front of the array of longitudinal vortices generated by the action of the PVGJs and the separated shear layer, in the case of partially separated flow, or with the boundary layer of the airfoil, in the case of attached flows. At fixed AoA, the time scale and the loads evolution associated with this interaction are not strongly dependent from the actuation duration (single-pulse or steady). On the other hand, when the baseline flow is partially separated over the airfoil the (i.e., for α > 9°) the difference between the maximum lift coefficient C lmax obtained by steady and single-pulse actuation is not negligible (Fig. 5.23b). This is due to the fact that the steady actuation provides continuous momentum injection to the boundary layer even after the flow becomes fully attached. This allows for a more pronounced modification of the aerodynamic shape of the airfoil (in terms of the effective camber) producing higher maximum lift gain compared to the case of single-pulse actuation.

The last important observation from Fig. 5.19 is that the relaxation time T + relax , i.e. the time for the lift to settle back to the basic value after the termination of the single-pulse actuation, increases with the AoA. This is more clear from Fig. 5.24 presenting the evolution of T + relax versus the AoA. The increase of T + relax with the AoA is justified by the fact that the flow modification (and consequently the amplitude of the loads variation) is more pronounced the higher is the incidence and the extention of the baseline separated region, and therefore the flow will need more time to relax after the termination of the actuation. From Fig. 5.24 it is clear that T + relax increases more rapidly when the actuation operates over a baseline separated airfoil (i.e. α ⩾ 12°) compared to attached configurations. Indeed, since the baseline separated region rapidly increases from about 10% of the chord at α = 12°, to 50% at α = 14°, the time needed for the re-establishment of the separated zone after the end of the actuation, also increases with the incidence and more rapidly than in the case of attached flow. An exception is the case at α = 16°, where the T + relax decreases compared to α = 14°. This is due, as already discussed before, to the fact that at α = 16°t he mean baseline separation point is upstream of the location of the array of actuators. As a consequence, the actuation is less effective than at α = 14°in modifying the baseline aerodynamic characteristics of the airfoil and therefore induces a lower amplitude of the lift oscillation (Fig. 5.19). Since the actuation has a lower impact on the baseline flow configuration, also the relaxation time will be lower than for α = 14°. relax versus the AoA for the single-pulse actuation (∆T + = 0.46). The actuation is performed with a jet velocity of 5 x V ∞

Influence of the actuators' position on the flow dynamics

The dynamical behaviour of the flow field around the airfoil, when subjected to fluidic actuation at x/c = 0.3, has been revealed previously. We want, now, to investigate the impact of the actuation position (with respect to the baseline separated region) on the loads evolution and provide insights into the advantages/disadvantages of operating the PVGJs closer/farther to the baseline separated region. For this reason, the PVGJs have been tested when operating from 50% of the chord in order to be upstream of the mean baseline separation point for all the incidences below 14°and, most importantly their position concides with the time-averaged baseline separation point at α = 14°. The actuation is operated from x/c = 0.5 with the same jet exit velocity of the previous case with the PVJGs at 30% of the chord. Figures 5.25 and 5.26 compare the lift coefficient (C l ) evolution and of its derivative (dC l /dT + ) induced by single-pulse of ∆T + = 0.46 for both locations of the PVGJs at 0.3c and 0.5c. We only use the single-pulse duration of ∆T + = 0.46 for comparison purposes because this case is representative of the flow dynamics induced by the actuation and with this duration of the actuation we obtain the maximum increase of the dC l /dT + with the PVGJs operating from 0.3c. The first observation coming from Fig. 5.25 is that the jets at 0.5c induce an initial transient oscillation of the lift around the baseline value following a similar trend of the case with the jets at 0.3c, as we expected. However, the location of the jets has a "very strong" impact on the time scales of the phenomenon (e.g. the time the loads need to reach the minimum and maximum value), the amplitude of the loads oscillation (i.e. the maximum and minimum values of the lift coefficient), and most importantly the rate of lift increase (dC l /dT + ). For attached and slightly separated configurations (e.g. α ⩽ 12°) the influence of the actuators' position is mostly limited to the time scales of the phenomenon (T + min and T + max , respectively) that are reduced when the jets operate from 0.5c because the PVGJs are closer to the trailing edge of the airfoil (Figs. 5.27a and 5.28a). Moreover, small differences are found for the minimum and maximum values of the lift variation (C lmin and C lmax , respectively) as shown in Figs. 5.27b and 5.28b and on the rate of loads variation (compare for example the effects of the actuation with ∆T + = 0.46 at 0.3c and 0.5c on the (dC l /dT + ) max for α = 5°, 9°and 12°in Fig. 5.29 and more generally for every pulse duration tested here as shown in Fig. 5. 30a-c).

The effect of the actuator's location, instead becomes more evident for moderately (e.g. α = 13°, L sep ≈ 0.3) and large-scale separated flow fields as α = 14°(L sep ≈ 0.5) as shown in Figs. 5.25d-e and 5.26d-e as they do not affect only the time scales of the phenomenon but also the transient flow dynamics and the evolution of the loads. First of all, we see that the C lmin and C lmax becomes increasingly different for α ⩾ 13°(Figs. 5.27b and 5.28b).

In particular, at α = 14°, when the actuators are at x/c = 0.3 the C lmin is decreased of about 2% and the C lmax is increased of about 13% compared to the case with the PVGJs at 0.5c. The different transient dynamics generated by the PVGJs operating from these two locations also induce different maximum rates of lift variation (dC l /dT + ) max . This is particularly clear from Fig. 5.29 for the actuation duration of ∆T + = 0.46 and more generally for every pulse duration tested here (Fig. 5.30d-e). From these last figures we see that the (dC l /dT + ) max obtained with the actuators at 0.3c is always higher than for 0.5c, whatever the pulse duration. However, the (dC l /dT + ) max is enhanced by up to 20% at α = 13°, while by up to 60% at α = 14°compared to the case with the PVGJs at 0.5c. In other words, the difference between the rates of loads variation becomes increasingly higher the bigger the baseline separated region (or in ther words the closer the PVGJs are to the baseline separated region). Moreover, since the transient dynamics are different for there two cases, we observe that for α = 14°the optimal duration (between those tested here) of the actuation is ∆T + = 0.46 with the jets at 0.3c, while ∆T + = 0.57 for the PVGJs at 0.5c.

We will investigate in what follows these two cases (α = 13°and 14°) to highlight the differences in the flow dynamics induced by both locations of the actuators. In order to facilitate the analysis we first focus on the transient phenomena occurring in the phase of lift decrease and then we will focus on the phase of lift increase. 

Phase of lift decrease

The phase of lift decrease goes from T + ≈ 0 to T + ≈ 1 when the actuation operates from 0.3c, while from T + = 0 to T + = 0.8 when the actuation operates from 0.5c. To compare the transient flow dynamics induced by the actuation from both locations (x/c = 0.3 and 0.5) we analyse the coupled pressure-PIV measurements obtained with the single-pulse actuation of ∆T + = 0.46 at α = 14°. Figure 5.31 presents the phaseaveraged distribution of the normalized spanwise vorticity (ω z c/V ∞ ) superimposed with the streamlines following the single-pulse actuation onset at T + = 0 for these two locations of the PVGJs: at x/c = 0.3 (first column) and 0.5 (second column). The corresponding phase-averaged pressure variations ∆C p = C p -C p0 are presented in Fig. 5.33.

In a first phase after the actuation onset for T + ⩽ 1.01, the actuation acting at 0.3c provides momentum in the near-wall region allowing the flow to dynamically overcome the adverse pressure gradient and to reattach to the airfoil surface in a region downstream of the actuators' location (Fig. 5.31a-i to e-i). During the same phase the actuation acting at 0.5c, i.e. at the location of the time-averaged separation, is, instead, less effective in reattaching the flow downstream. Indeed, the vorticity distribution in the separated shear layer for x/c ⩾ 0.5 in Fig. 5.31 a-ii to e-ii is tilted down (but not reattached to the airfoil) by the action of PVGJs while a recirculation region appears near x/c = 0.5. This different behavior can be explained by considering that the 3D streamwise vortices generated by the action of the PVGJs encounter different flow conditions depending on whether they are generated at x/c = 0.3 or 0.5c. For example, at x/c = 0.3 the baseline adverse pressure grandient is higher that at x/c = 0.5 because at this location the flow starts to separate (Fig. 4.3g). Not only the pressure gradient, but also the baseline streamwise (Fig. 5.18g) and downward velocity (Fig. 5.32) are higher at x/c = 0.3 compared to x/c = 0.5 and this helps to tilt the vortical structures generated by the PVGJs at 0.3c downward, so that they remain embedded or very close to the boundary layer over the surface. In the situation with the PVGJs at 0.5c, instead, these structures have the tendency to lift off from the airfoil surface losing their effectiveness in promoting flow reattachment downstream. Moreover, being generated far upstream of the baseline separated region when the PVGJs act at 0.3c, these vortical structures increase their cross-stream extention because of turbulent diffusion, while travelling along the chord, before reaching the baseline separated shear layer. With all this in mind, we can conclude that the vortical structures generated by the PVGJs at 0.3c have a bigger cross-stream extent and are closer to the airfoil surface when they interact with the baseline separated shear layer, compared to the case with the PVGJs at 0.5c. For this reason, these structures are more effective in enhancing the mixing between outer shear layer region and near-wall compared to the case with the jets at 0.5c. As a consequence, they are able to reattach the separated shear layer to the airfoil suction surface. When the PVGJs operates from x/c = 0.5, instead, the separated shear layer is just tilted down, after the actuation onset, but not reattached (Fig. 5.31 a-ii to e-ii), while a recirculation region appears near x/c = 0.5. The formation of this recirculation region is evidenced by comparing the pressure coefficient variations in Fig. 5.33a-e for the two actuation locations. As we observed in Sect. 5.1.1, the flow attachment by up to about 80% of the airfoil surface, induced by the actuation of duration ∆T + = 0.46 at 0.3c (Fig. 5.31 a-i to e-i), influences the pressure distribution and results in a negative ∆C p variation in the first half of the chord. Since the flow does not reattach to the airfoil when the PVGJs operates from 0.5c, this negative ∆C p is less important for the configuration with the PVGJs at 0.5c (Fig. 5.33a-e). case of the PVGJs at 0.3c (Fig. 5.31)). This also corresponds to a lower pressure decrease over the suction surface (Fig. 5.33j-k) and a lower maximum value of the lift coefficient C lmax compared with the actuators at 0.3c.

The maximum rate of lift increase (dC l /dT + ) max induced by the single-pulse actuation is also strongly affected by the actuators' position. Indeed at α = 14°, the dC l /dT + max induced by the action of the jets at 0.3c is 60% higher than with the jets at 0.5c (Fig. 5.26e). To understand the reason of this difference, we need to refer to the PIV images in Fig. 5.31. The action of the PVGJs from 0.5c results in the development of a separation region near mid-chord at an earlier phase compared to the case when the PVGJs operate from 0.3c. For example, at T + = 1.01 the PVGJs operating from x/c = 0.3 lead to flow attachment up to about 70 -80% of the chord (Fig. 5.31 e-i), while at the same phase a separation region develops for x/c > 0.5 and interacts with the baseline separated region, which in the meanwhile has moved downstream because of the action of the PVGJs, creating the above-mentioned "bull-nose" structure (Fig. 5.31 e-ii). As a consequence, at the instant when the maximum dC l /dT + is attained when the actuation operates from 0.5c (i.e. T + = 1.15, Fig. 5.26e) the separation bubble is not closed over the suction surface of the airfoil (Fig. 5.31f-ii). We have seen in Sect. 5.1.1 that when the PVGJs operate at x/c = 0.3 the development of a closed recirculation region over the airfoil's suction surface strongly improves the rate of lift variation because of its beneficial fluidic shaping effects. The single-pulse actuation operated from x/c = 0.5, hence, has less effectiveness in improving the rate of lift variation compared to the actuation operating at x/c = 0.3 because this bubble appears too early and it is never closed.

Configuration at

α = 13°with L sep = 0.3
We have seen above that the PVGJs operated (in single-pulse mode) very close to the time-averaged separation point are less effective in controlling a large-scale separated flow field and this results in lower rates of loads' variation compared to the case when the actuators are located far upstream of the mean separation point. A different scenario is, instead, found for moderately separated configurations as at α = 13°because, in this case, both actuators' locations are far upstream the position of the mean baseline separation point. In this case, in fact, we observed in Figs. 5.25d and 5.26d that the differences in the loads evolution, between these two actuators' positions, are limited to the time scales of the phenomenon and smaller differences are found on the maximum rates of variation of the aerodynamic loads (Fig. 5.30d). This is particularly clear by comparing the PIV and pressure measurements performed at α = 13°for these two actuators' locations in Figs. 5.34 and 5.35, respectively. The actuators at 0.5c are closer to the mean baseline separation point and therefore the baseline separated region is evacuated from the airfoil at an earlier phase. For instance, it is evacuated for T + ⩾ 1 with the actuators at 0.5c (Fig. 5.34d-ii), while for T + ⩾ 1.2 when the actuators are operated from 0.3c (Fig. 5.34ei) and this corresponds to reduce the time scales of the phenomenon (T + min and T + max ) as shown in Figs. 5.27a and 5.28a. As a consequence, the recirculation region over the suction surface (near the trailing edge) after the end of the actuation starts do develop at an earlier phase when the PVGJs are at 0.5c (compare Fig. 5.34 h-i to k-i with h-ii to k-ii). Nevertheless, the actuation operated from both locations induces similar flow dynamics. This is also confirmed by analyzing the loads (Figs. 5.25d and 5.26d) and the pressure evolution around the airfoil in Fig. 5.35. Considering that the minimum lift is obtained for T + ≈ 0.75 when the PVGJs are located at 0.5c and for T + ≈ 1 with the jets at 0.3c and comparing the pressure distributions at these two phases (blue curve in Fig. 5.35d with red curve in Fig. 5.35e, respectively) it is evident that similar pressure variations are induced, within different time scales. The same rationale can be applied for the maximum (compare the blue curve in Fig. 5.35g at T + = 1.47 with Fig. 5.35i at T + = 1.81). However, we observed in Fig. 5.30d that the maximum rate of loads variation induced by the PVGJs located at 0.3c is about 20% higher than for the jets at 0.5c. This is due to the different flow condition in which the PVGJs are operated. Indeed, the pressure gradient and the velocity at 0.3c is very different from 0.5c. In particular, at 0.3c we have a more severe adverse pressure gradient (Fig. 4.3f), higher streamwise velocity (Fig. 5.18f) and downward velocity (Fig. 5.36) compared to 0.5c. This helps to tilt down the vortical structures generated by the PVGJs at 0.3c and keep them embedded within the boundary layer over the suction surface of the airfoil. Furthermore, the longitudinal vortical structures generated by the action of the PVGJs travels a longer distance before reaching the mean separation point when the jets act from 0.3c. This means that they most likely have a higher cross-stream extension when they reach the baseline separated shear layer. Therefore they are more effective in enhancing the mixing between the outer region of the separated shear layer and near-wall region and this could explain the difference (albeit small compared to α = 14°) between the rates of loads variation obtained in this configuration with the case with the PVGJs at 0.5c.

In this section we have seen that the PVGJs, operated in single-pulse mode, are less effective in controlling a separated flow the closer they are to the mean baseline separation point and, as a consequence, they induce lower rates of loads' variation. Indeed, when the PVGJs act closer to the separated shear layer they encounter less favourable conditions (in terms of pressure gradient, cross-stream velocity and streamwise velocity) and this decrease their control effectiveness. However, the differences between the loads' variation induced by the jets operating from these two actuators positions tested here (0.3c and 0.5c) are not very high (20% for the maximum rate of lift variation) when the baseline flow is moderately separated (e.g., α = 13°, L sep = 0.3). We found, instead, a different scenario when we the PVGJs act very close to the mean location of the separated region as in the case of the PVGJs operated from 0.5c at α = 14°with L sep = 0.5. In this case, the flow downward is not reattached to the airfoil surface and this is detrimental for the maximum lift and the rates of loads variations (for instance, the maximum rate of lift increase is reduced by about 60% compared to the case of PVGJs at 0.3c). We can, therefore, conclude that the position of the PVGJs actuators, with respect to the mean baseline separation point, has a remarkable effect on the dynamical behaviour of the flow field in response to the actuation onset. In particular, PVGJs actuation can be really effective in enhancing the loads' variation rate if operated from an optimal position.

It is important to notice here that this difference between the transient dynamics and the loads' evolutions induced by varying the actuators' position should not be compared with the time-averaged results obtained in Chap. 4. In particular, in Sect. 4.2, we found that the PVGJs acting from 0.5c induce a maximum (averaged) lift that is comparable (or even higher for certain configurations) to the case with the PVGJs at 0.3c. On the other hand, we have previously seen, in the current chapter, that the PVGJs at 0.5c, if operated in single-pulse mode, are less effective in enhancing the maximum rate of variation of the aerodynamic loads, compared to the case with the jets at 0.3c. This apparent inconsistency can be justified by considering that in Chap. 4 we analyzed the time-averaged effects of actuation, while in the current chapter we are investigating, instead, the transient effects of the actuation. x / c
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.39: Evolution of the maximum derivative of the lift coefficient (dC l /dT + ) max as a function of the single-pulse duration at α = 5°, 9°, 12°, 13°, 13.5°, 14°and 16°. All the singlepulse actuations are performed with the same maximum jet velocity of 5 x V ∞

Phase of lift decrease

The phase of lift decrease, namely for 0 < T + < 1, begins when the front of fluid layer perturbed by the actuation starts to interact with the baseline separated shear layer creating a region of positive pressure variation over the suction surface of the airfoil. The front of the perturbed layer progresses downstream along the suction surface at the same mean velocity for all cases (compare the vorticity distribution and the streamlines in Fig. 5.40a-i to a-iii). This is also evident by comparing the pressure distribution around the airfoil at T + = 0.67 for these three durations of the pulse (Fig. 5.41a-i, a-ii). As a consequence, the initial decrease in lift begins at the same phase, whatever the pulse duration (Fig. 5.42). This perturbed layer interacts with the baseline separated shear layer that is, consequently, pushed downstream while the upstream flow gradually reattachs over the airfoil (Fig. 5.40b-i to b-iii). In this phase, a region of positive ∆C p for x/c > 0.5 over the suction surface is responsible for the minimum of lift (Fig. 5.41b-i/b-ii). The T + min , i.e. the time to attain the minimum lift peak, is only slightly affected by the pulse duration. This is particularly evident from Fig. 5.43a showing the evolution of the time T + min as function of the pulse duration for several AoAs. For example, in the case at α = 14°t his T + min is about 0.9 for ∆T + = 0.15 and about 1 for ∆T + ⩾ 0.35. These small differences can be explained by analyzing the pressure coefficient variation around the airfoil at T + min ≈ 1 (induced by three durations of the pulse: ∆T + = 0.29, 0.46 and 0.86) in Fig. 5.41b-i/b-ii. In particular, the shorter is the actuation duration the lower is the positive ∆C p near x/c = 0.5 because when the PVGJs are switched off earlier the flow field begins to relax earlier and this corresponds to a decrease of the pressure near mid-chord. For this reason, the shorter is the actuation duration the earlier the lift starts to increase (Fig. 5.42) and the smaller is the T + min . These differences on the pressure distribution have a small but non-negligible impact on the lift coefficient. Indeed, the value of the minimum lift coefficient C lmin obtained in response to the actuation onset is shown in Fig. 5.43b as function of the pulse duration for several AoAs. At α = 14°, the C lmin goes from -3.5% when ∆T + = 0.15 to -6% when ∆T + = 0.86. For incidence where the flow is attached or slightly separated, e.g. α ⩽ 13°, instead, there are no significant differences in the C lmin for the pulse durations tested here because the transient dynamics induced by the actuation in these cases is less sensitive to the variation of the actuation's duration.

It is also interesting to analyse the T + min and the C lmin versus the AoA in Fig. 5.44a-b for several pulse durations. As already shown in Fig. 5.22, the T + min increases with the AoA while C lmin , instead, decreases, whatever the pulse duration. An exception is the C lmin increase from α = 14°to 16°, if the pulse duration is below ∆T + = 0.57. In fact, if the duration ∆T + is too small the actuation has not enough authority to effectively control the flow field at α = 16°and this results in smaller C lmin (in absolute value) compared to α = 14°. 
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Phase of lift increase

The phase of lift increase, namely for 1 < T + < T + max , is instead strongly affected by the pulse duration. As shown in Fig. 5.39, for incidences where the flow separation becomes remarkable, e.g. α ⩾ 12°, the rate of lift variation in the phase of lift increase is strongly dependent on the actuation duration, especially for α = 14°for which a maximum rate is found for ∆T + = 0.46. This might be due to a difference in the transient dynamics associated with the formation and evolution of the closed separation bubble over the suction surface of the airfoil. In order to explain this phenomenon we investigate the flow dynamics induced by a shorter and a longer pulse duration (compared to ∆T + = 0.46), i.e. ∆T + = 0.29 and 0.86, respectively. Before detailing the transient phenomena that induce this rate improvement in the next paragraph, we first provide some general insights into the phase of lift increase in this paragraph.

At the beginning, we compare the cases ∆T + = 0.29 and 0.46. From Fig. 5.40, we can notice that, for the shortest pulse analysed here (i.e., ∆T + = 0.29), the formation of the closed separation bubble over the airfoil suction surface occurs at an earlier phase because the PVGJs are switched off earlier. Indeed, while we cannot detect unambiguously the separation bubble at T + = 1.18 for ∆T + = 0.46 (Fig. 5.40 c-ii), it is already fully developed and clearly visible at this phase after the shorter pulse of ∆T + = 0.29 (Fig. 5.40 c-i). As a consequence, the region of negative ∆C p , that develops for x/c > 0.5 in relation with this separation bubble, is more extended downstream for ∆T + = 0.29 than 0.46 at T + = 1.18 (Fig. 5.41c-i). The reattachment point closing the bubble, then, moves downstream with increasing time (Fig. 5.40 from d-i/ii to f-i/ii). In particular, for the shorter actuation, this point is always downstream of the reattachment point for the case of ∆T + = 0.46 and we will demonstrate this later using the FTLE Lagrangian tool. As a results, the region of negative ∆C p over the suction surface of the airfoil generated by the shorter actuation is more extended compared to ∆T + = 0.46 (Fig. 5.41d-i, e-i). This region of negative ∆C p over the suction surface is positive for the lift increase. Indeed, we see from Fig. 5.42 that for T + < 1.5 the lift induced by the actuation duration of ∆T + = 0.29 is higher compared to ∆T + = 0.46. However, the rate of lift increase is higher for ∆T + = 0.46 (Fig. 5.39) and we will see, in the next paragraph, that this is related to the transient evolution of this separation bubble. For the shorter actuation duration, this reattachment point closing the bubble reaches the trailing edge at an earlier phase compared to ∆T + = 0.46 (Fig. 5.40). In particular, the reattachment point will reach the trailing edge at T + = 1.88 in the case of ∆T + = 0.29 (Fig. 5.40 f-i), while at T + = 2.04 in the case of ∆T + = 0.46 (Fig. 5.40 g-ii). We have seen in Sect. 3.3.3 that the maximum lift coefficient C lmax is attained when the reattachment point, closing the separation bubble, reaches the trailing edge. For this reason, the maximum lift coefficient C lmax is attained earlier the shorter is the actuation duration and has a lower value because the fluidic shaping effects associated with the ∆T + = 0.29 are less important (Fig. 5.42). Indeed, the T + max and the C lmax increase with increasing duration of the pulse, whatever the incidence (Fig. 5.45).

A different flow dynamics is, instead, generated by the longest actuation analysed here (i.e. ∆T + = 0.86). In this case, the actuation is long enough to induce full flow attachment over the airfoil suction surface, in a first phase after the actuation onset for T + < 2.29 (Fig. 5.40 d-iii to g-iii). This flow attachment produces a higher flow acceleration around the leading edge, which results in a lower ∆C p compared to the shorter actuation durations in the first half of the airfoil chord (Fig. 5.41d-ii to g-ii). As a consequence of the full flow reattachment for ∆T + = 0.86, we cannot detect the formation of a closed recirculation bubble before T + = 2.29 (Fig. 5.40h-iii), that is when the maximum lift coefficient (C lmax ) is attained. Because of the absence of this recirculation bubble during the phase of lift increase, we found a different pressure distribution over the suction surface, in the phase of lift increase, compared to ∆T + = 0.46. For example, at T + = 1.64 the negative ∆C p region over the suction surface extends for 0 ⩽ x/c ⩽ 0.8 for the ∆T + = 0.46, but only for 0 ⩽ x/c ⩽ 0.6 for ∆T + = 0.86 (Fig. 5.41e-ii). As a consequence, the lift increase induced at this phase by the ∆T + = 0.46 is higher than for ∆T + = 0.86 (Fig. 5.42). It is interesting to notice that a separation bubble, also, develops for the case ∆T + = 0.86, but later than for ∆T + = 0.46, i.e. at T + ≈ 2.3 (Fig. 5.40 h-iii). At this phase a negative ∆C p region extends over the whole suction surface of the airfoil after the actuation of ∆T + = 0.86 (Fig. 5.41h-ii) producing the maximum lift increase (Fig. 5.42).

As mentioned above for the minumum lift, also the T + max and C lmax increase with the incidence (Fig. 5.46), at fixed pulse duration. An exception is the case at α = 16°because the separated region is larger then the controlled region and the actuation can be less effective if its duration is not long enough. Indeed, when the duration is below ∆T + = 0.57, the momentum injected by the actuation is not sufficient to effectively control the large separated region at α = 16°producing a maximum lift coefficient C lmax that is lower than at α = 14°.

To sum up, the end of the actuation induce transient effect on the flow field over the airfoil. When the actuation is sufficiently short (e.g. ∆T + ⩽ 0.6), a separation bubble develops near half chord and extends downstream inducing a pressure decrease over the suction surface of the airfoil for x/c > 0.5. When the actuation is longer, instead, this separation bubble develops later and this pressure decrease occurs at a later phase. As a consequence, we observe that the lift maximum occurs later and has a higher value (Fig. 5.42). Indeed, the longer is the actuation duration the more energy is provided to the boundary layer and the bigger is the benefit in terms of performance and at the limit, we tend to the maximum, asymptotic, lift increase obtained with steady actuation. We specify that the interest here is not on the optimization of the maximum achievable lift, but rather of the rate of lift variation. We have seen in Fig. 5.39 that the single-pulse duration ∆T + = 0.46 produces the maximum rate of lift increase compared to shorter and longer actuation durations and we will investigate this phenomenon in the next paragraph. 
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Improvement of the maximum rate of loads variation

If the pulse duration is optimally tuned, we can exploit the transient effects arising after the end of the actuation to enhance the maximum rate of lift increase (dC l /dT + ) max compared to other pulse durations. This is evident in Fig. 5.39 presenting the variation of the (dC l /dT + ) max as a function of the pulse duration for all the incidences investigated in this work. As already shown in Sect. 5.1.2, when the baseline flow is fully attached over the airfoil, the maximum rate of the lift coefficient increase (dC l /dT + ) max is almost constant, whatever the actuation duration because the transient effects arising after the end of the actuation are not very important. When the flow is partially separated, instead, we have seen, from the coupled pressure-PIV measurements at α = 14°in Figs. 5.40 and 5.41, that the transient flow dynamics following the end of actuation is strongly dependent on the duration of the pulse. As a consequence, this rate dC l /dT + is not constant anymore, but presents a maximum for actuation durations of about 0.5T conv , which is especially evident for incidences where the baseline flow separation becomes remarkable, such as α ⩾ 12°( Fig. 5.39). An exception, as always, is the case of α = 16°, i.e. when the actuators operate from inside the separated region. In this case a maximum is less discernible. Indeed, we find two local maxima for ∆T + ≈ 0.5 and 0.75. In order to explain this particular flow behaviour we focus on the case of α = 14°because in this configuration we obtain the maximum value of the rate of lift increase, between the incidences tested here (Fig. 5.39). We want to investigate the physical mechanism behind this enhancement of the rate of lift variation produced by the optimal pulse duration.

We analyze this phenomenon by comparing the dynamics induced, after the termination of the actuation, by a shorter (∆T + = 0.29) and a longer (∆T + = 0.86) pulse duration (compared to ∆T + = 0.46). Figure 5.47 presents the normalized vorticity distribution, superimposed with streamlines, at the instants when the maximum rate of lift variation dC l /dT + is attained for the three pulse duration of ∆T + = 0.29, 0.46 and 0.86, i.e. at T + = 1.4, 1.45 and 1.6, respectively. The striking observation is that with the longer pulse duration, and evidently also for steady blowing (Fig. 5.8), the maximum rate of lift variation is attained while the flow is completely attached over the airfoil, without the presence of a closed recirculation bubble, which is instead fully developed for the shorter pulse durations analysed here. From the previous considerations in Sect. 5.1 the action of this recirculation region improves the rate of lift variation compared to ∆T + = 0.86. However, even without the formation of this recirculation bubble the pulse duration of ∆T + = 0.86 will have a positive effect on the rate of lift variation compared to steady blowing. Indeed, in this case (and in general for ∆T + ⩽ 1.14) we obtain a higher (dC l /dT + ) max than for the steady case (Fig. 5.38e). This is due to transient effects associated with flow relaxation due to the adverse pressure gradient arising after the end of actuation over the second half of the suction surface. This is evident in Fig. 5.48 comparing the steady and the ∆T + = 0.86 case. For T + ⩽ 1.35 there are no remarkable differences between the two cases (Fig. 5.48a-d). For T + > 1.35, instead, after the end of the single-pulse actuation the flow begins to relax and has a tendency to separated again and this induces a region of lower ∆C p for x/c ⩾ 0.5 compared to the steady case (Fig. 5.48e-h). This region of lower ∆C p improves the rate of variation of the lift coefficient, compared to the steady case. It's therefore interesting to notice that the improvement of the rate of loads variation induced by the single-pulse actuation of ∆T + = 0.86 is not directly related to the formation of a closed separation region, but it's rather due to the transient effects of flow relaxation following the termination of the actuation. Indeed, a separation bubble develops even after the longer single-pulse actuation analysed here (Fig. 5.40h-iii), but too late (T + ≈ 2.3) and close to the trailing edge (i.e., x/c ⩾ 0.8) to have beneficial effects on the rate of lift increase compared with the case of ∆T + = 0.46.

to the baseline configuration (compare Fig. 5.40 g-i with h-i). As a consequence, the ∆C p , over the suction surface, also begins to relax to the baseline condition (compare Fig. 5.41f-i with h-i) and the loads settle back to their baseline value (Fig. 5.42). The difference between the transient dynamics induced by the single-pulse of ∆T + = 0.29 and 0.46 is more evident when comparing the corresponding evolutions of the instantaneous Lagrangian attachment point x att over the airfoil chord in Fig. 5.50. We observe that the velocity V att for the pulse duration of ∆T + = 0.29 is lower than for ∆T + = 0.46. As a consequence, the transient variation of the pressure (per unit time) for ∆T + = 0.46 affects a larger part of the suction surface of the airfoil producing a higher rate of lift variation compared to ∆T + = 0.29, especially for T + ≈ 1. 5 (Fig. 5.38e). A useful insight to understand why the bubble dynamics induced by the ∆T + = 0.29 is slower, one can refer to Fig. 5.47. In this figure we observe that, at the phase when the maximum rate of lift increase is attained, the reattachment point x att (represented by a green triangle), closing the bubble, when ∆T + = 0.29 is closer to the large scale, negative, vorticity concentration downstream of the trailing edge compared to ∆T + = 0.46. Consequently, the velocity of the reattachment point V att for ∆T + = 0.29 is lower because of the higher adverse pressure gradient induced by this negative vorticity structure near x att . 
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.12 ≈ 0 Figure 5.50: Temporal evolution of the position, over the airfoil chord, of the Lagrangian attachment point x att assessed using the FTLE field for the single-pulse of ∆T + = 0.29 and 0.46 (blue and red solid lines, respectively). The slope of the dashed segments provides an estimation of the corresponding velocity V att of the Lagrangian attachment point As we already observed in Sect. 5.1.1, the local transient dynamics induced by the actuation in the region downstream of the jet location is coupled with global dynamical effects around the airfoil associated with a "fluidic flap" effect. Such "fluidic flap" is generated by the downwash effect near the trailing edge induced by the evacuation of a "starting vortex" in the near-wake, associated with the phase of lift increase (Fig. 5.40 rows d to g). This starting vortex deviates the streamlines from the pressure surface of the airfoil inducing a global pressure modification around the airfoil involving not only the suction, but also the pressure surface. This is particularly clear by comparing the temporal pressure evolutions over the pressure surface in Fig. 5.41 rows (d) to (g) at a point near the trailing edge for the different pulse durations analysed here. Since the local transient effects of single-pulse control of ∆T + = 0.46, associated with the formation of a closed recirculation bubble, induce a higher rate of lift increase at a given phase compared to other durations, also the circulation of this starting vortex is higher (verified by calculating the circulation Γ of this vortex as the surface integral of the vorticity field within a domain including the positive vorticity patch, with ω z = 0 on the borders). Therefore, for this single-pulse control of ∆T + = 0.46, the global effects induced by such a "fluidic flap" will have a higher impact in the increase of loads' variation. As a consequence, we expect that also the pressure surface contributes to enhance the rates of variation of the aerodynamic loads of the airfoil. This is particularly clear by comparing the temporal evolution of the C p at x/c = 0.93 (as a representative point) over the pressure surface of the airfoil, for the three durations of the single-pulse (∆T + = 0.29, 0.46 and 0.86) and steady blowing in Fig. 5.51a. From this figure, we can clearly observe that the evolution of the pressure at this point and especially its derivative dC p /dT + (Fig. 5.51b) reflects the global lift evolution of the airfoil (compare with Fig. 5.37e and 5.38e, respectively). In particular, the single-pulse control of ∆T + = 0.46 induces the maximum dC p /dT + (Fig. 5.51b). This means that the evolution of the pressure on the pressure surface near the trailing edge is an indicator of the global dynamical evolution of the flow field and of the lift coefficient. Since the dynamical evolution of the system is global we see from Fig. 5.51b that not only the suction, but also the pressure surface contributes to the enhancement of the rates of variation of the aerodynamic loads. This is particularly clear by comparing the evolution of the derivative dC l /dT + over both the suction and pressure surfaces of the airfoil for the three pulse durations analysed here and steady blowing in Fig. 5.52. Considering the suction surface at first, we see that the rate of loads variation is improved for ∆T + = 0.46 (Fig. 5.52a) thanks to the beneficial effects associated with the formation and evolution of the recirculation bubble. However, the global fluidic shaping, induced by the formation of this bubble and the shedding of a starting vortex, affects the flow field over the pressure surface, as well. For this reason, we find out that also the pressure surface contributes to the increase of the dC l /dT + for ∆T + = 0.46 compared to the other actuation durations (Fig. 5.52b). To sum up, the flow around an airfoil reacts in a global manner to the actuation onset and in particular the dynamics of the system is affected by the conditions of the flow field, all around the airfoil, at the phase when the actuation is switched off (and in the case of α = 14°when the new recirculation bubble is formed). We can therefore conclude that an optimal duration of the actuation is able to trigger a global flow dynamics around the airfoil that is able to enhance the rates of variation of the loads. 

Toward efficient control strategies

In the previous sections we have seen that a single-pulse actuation, if properly tuned, can improve the maximum rate of loads variation in an initial transient phase after the actuation onset, compared to the case of steady blowing. In particular at α = 14°, the (dC l /dt) max is improved by up to 50/60% compared to the steady case by using a singlepulse duration of ∆T + = 0.46. We have shown, using Lagrangian analyzing tools, that this improvement is due to transient dynamical effects associated with the formation of a closed recirculation bubble over the suction surface of the airfoil. With all this in mind we attempt to build an efficient control strategy that could satisfy (depending on the flight condition) both the needs to preserve this higher rate of loads variation in the initial phase after the actuation onset or to attain final averaged gains (in terms of lift-to-drag ratio) comparable with the steady case, but with lower energy expenditure. Since the transient formation of a closed recirculation bubble over the airfoil suction surface is beneficial for the lift increase, an efficient actuation strategy may exploits the presence of this recirculation region, rather than completely suppressing it. The recirculation bubble begins to develop after T + = 1.35 (Fig. 5.6d) and, for this reason, we developed a periodic actuation strategy that consist of consecutive pulses of ∆T + = 0.46, repeated within a period of ∆T + rep = 1.43 (or T rep = 25 ms), in order to allow the formation of this bubble between two consecutives pulses. The corresponding reduced frequency is F + = 0.7 [f a = 40 Hz) and the duty cycle (DC = T act /T rep , where T act is the duration of the jet's opening phase) is 32 %. This time-periodic actuation is operated with a jet momentum coefficient C µ of 0.002, that corresponds to about 30 % of the jet momentum coefficient associated with the steady case (which is 0.0072). This is consistent with the fact that both steady and periodic actuation are operated with the same maximum jet exit velocity and for the periodic actuation we used a duty cycle of 32 %.

The loads variation induced by this time-periodic actuation are shown in Fig. 5.53 and compared with the steady case. The time-periodic actuation with F + = 0.7 still improves the rate of loads variation in the initial phase after the actuation onset, compared to steady blowing. After T + = 2, the loads induced by the time-periodic actuation start to oscillate around a stationary averaged value with the same frequency of the jet actuation (Fig. 5.53). The time-averaged lift coefficient obtained with the periodic actuation for T + > 10 is around 70% of the maximum value obtained with the steady blowing (Fig. 5.53a). The averaged ∆C dp for T + > 10 is, instead, very close the continuous blowing case (Fig. 5.53b). Regarding the moment coefficient (Fig. 5.53a), its average for T + > 10 is about 55% higher than the continuous blowing case.

This time-periodic control strategy has been developed with the objective of improving the actuation energetic efficiency, compared to the steady case. A way to compare both actuation modes is the Figure-of-Merit (F M , Eq. 5.1) which is the ratio between the power efficiency and the baseline aerodynamic efficiency (see for example [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]):

F M = C l /(C dp + C E ) C l0 /C dp 0 (5.1)
where the subscript 0 refers to baseline configuration at α = 14°. In particular, the power efficiency is calculated taking into account the power consumption of the actuation system in the form of the input power coefficient C E (see Eq. 4.1). For sake of precision, it is worth mentioning that for the energy consumption computation carried out here, we did take into account neither the power required to deliver compressed air to the solenoid valves nor the electrical power consumed by the solenoid valves themselves. Indeed, these two energy contributions are technology-dependent, and thus we only consider the aeraulic energy of the pulsed jets to give an order of magnitude of the energy expenditure. The evolution of the Figure-of-Merit with T + is shown in Fig. 5.54. From this figure it is evident that, after a first increase, the steady actuation produces F M ≈ 0.75 when T + > 10.

The time-periodic actuation, instead, produces a 20 % higher time-averaged F M . This means that if one takes into account the energetic expenditure of the actuation system, when calculating the aerodynamic efficiency, the periodic actuation with F + = 0.7 and DC = 32% is more cost-effective than the steady actuation (at α = 14°).

One of the main drawbacks of the periodic actuation with F + = 0.7 and DC = 32% is that it produces very high loads oscillations around the time-average value (for T + > 10), of about 35% of the maximum value (for the lift). For this reason, this particular actuation strategy could be unsuitable when operating in real-world applications over aircrafts' wings because it produces very high amplitude unsteady loads. In order to reduce the loads oscillation we tested other periodic actuation strategies in a open-loop approach (but without exploiting the previous analysis of the transient effects induced by the actuation).

In particular, we tried to reduce the oscillations by increasing the actuation frequency, while keeping almost the same energy expenditure of the case with F + = 0.7. We found that a time-periodic actuation with F + = 1.75 (f a = 100 Hz) and DC = 30% operates with almost the same jet momentum coefficient C mu of the case with F + = 40, and generates similar loads variation (Fig. 5.53) than the previous case. In particular, the maximum lift coefficient obtained with F + = 1.75 is about 25% which is about 4% higher than the time-averaged value obtained with F + = 0.7 for T + > 10 (Fig. 5.53a). The-time averaged pressure drag and pitching moment obtained with F + = 0.7 for T + > 10 are very close to the case of the jets operating at F + = 1.75. Moreover, the same time-averaged F M for T + > 10 (Fig. 5.54) is obtained for both cases, but when F + = 1.75 the loads fluctuations induced by the actuation are completely annihilated. Although this actuation strategy with F + = 1.75 has shown to be highly efficient in improving the performance of the airfoil and in suppressing the loads oscillation produced by the time-periodic actuation, it has the main drawback of reducing the loads variation rate in the first phase (for T + < 2) after the actuation onset, compared to the other control strategy with F + = 0.7 (Fig. 5.53). This is due to the fact that this higher actuation frequency does not allow the formation of a closed recirculation region over the airfoil suction surface between consecutive pulses, which is beneficial to improve the rate of loads variation compared to the steady case.

As always when approaching engineering problems, one should find the best compromise depending on the specific flight condition in which the actuation is operated. For example, if the improvement of the aerodynamic efficiency (lift-to-drag ratio) is of overriding importance, the periodic excitation with F + = 1.75 is appropriate. On the other hand, if the aircraft experiences gust conditions and needs to adapt, as fast as possible, to continuously changing time conditions, the periodic actuation with F + = 0.7 might be the right choice because it induces a higher rate of loads' variation immediately after the actuation onset.

The results presented in this section showed that it is possible to exploit the transient dynamical effects induced by single-pulse actuation to create control strategies aiming at increasing the power efficiency of the actuation. We did not attempt to find any optimal control strategy for a particular flight condition because it was outside the scope of this work. Our aim was instead to show that the knowledge of the dynamical effects associated with fluidic actuation is very important and might give substantial help in developing physics-based closed-loop control strategies to enhance the actuation effectiveness or efficiency or to manage hazardous unsteady flight conditions. 146 5.4 -Summary of the chapter and conclusions

Summary of the chapter and conclusions

In this chapter, we analysed the transient effects induced by fluidic actuation over a NACA 0015 airfoil. The main objectives were to improve the rate of variation of the aerodynamic loads in the initial phase after the actuation onset. Configurations of attached and partially separated flows were investigated to gather insights into the dependence of the transient dynamics induced by the actuation on the baseline flow configuration. The response to single-pulse actuation, of duration smaller than the convective time over the airfoil, has been compared with the response to the onset of steady blowing. Comparing both actuation modes we found out that a properly tuned single-pulse actuation can improve the rate of loads variation of a partially separated airfoil, up to 50/60% for the lift, compared to the case of the steady blowing. This improvement is due to transient dynamical effects associated with the termination of single-pulse actuation. In the case of short pulse durations (e.g. ∆T + ⩽ 0.6) operated over partially separated airfoils, the formation of a new closed separation region, due to the termination of actuation and to adverse pressure gradient over the airfoil suction surface, produces a region of negative pressure variation over the suction surface providing a greater rate of loads variation (up to 50% for the lift) compared to steady actuation for which the flow becomes fully attached after actuation onset. The transient effects on naturally attached configurations are, instead, much less important and the evolution of the loads (and in particular the variation rate) is not strongly affected by the duration of the actuation. Indeed, both steady blowing and whatever duration of the single-pulse actuation produce the same loads' evolution.

The effects of the PVGJs are not only confined over the suction surface of the airfoil, but rather the actuation triggers a global dynamical evolution of the flow over the airfoil, involving also the pressure surface. Indeed, we have seen that the actuation produces a strong fluidic flap effect which is associated with the evacuation of a "starting vortex" during the phase of lift increase. This starting vortex induces a downward velocity in the region near the trailing edge deviating the streamlines emerging from the pressure side of the airfoil. Such a "fluidic shaping" affects the flow all around the airfoil and in particular over the pressure surface where the pressure is increased near the trailing edge contributing to the lift increase. Since the lift variation induced by the single-pulse actuation is stronger, also this vortex has a higher intensity. This fluidic flap effect is, therefore, more important for the single-pulse control and contributes to improve the rate of variation of the aerodynamic loads compared to the steady control.

By comparing the effects of different pulse durations over a partially separated airfoil, we found out that the maximum rate of loads variation is obtained in response to a singlepulse of ∆T + ≈ 0.5, whatever the incidence. This means that the flow field reacts to the termination of the actuation in different manners depending on the duration of the PVGJs' opening phase. If the actuation is short enough (e.g. ∆T + ⩽ 0.6) a closed recirculation region will develop, during the phase of lift increase, sufficiently early to generate a higher rate of loads variation compared to longer pulse durations. In this last case, instead, the recirculation bubble is formed too late to provide positive additional effects to the lift increase. However, the rate of loads variation in response to single-pulse (up to durations of ∆T + ≈ 1.14) will be still higher than for the steady case due to the transient effects associated with the flow relaxation after the termination of actuation.

The influence of the location of the actuation on the flow dynamics and the time scales of the phenomenon has been investigated by comparing the previous results obtained with the actuators at 0.3c with another configuration where the PVGJs are operated from 0.5c. For attached configurations, the flow dynamics is not remarkably affected by the position of the actuators because the loads' evolution (and their variation rates) are very similar, whatever the location of the actuators. Only the time scales of the phenomenon are influenced. In particular, the actuators closer to the trailing edge allow to reduce the time scales of the phenomenon. A different scenario is instead found for incidences where the flow separation becomes significant (i.e. for α > 12°). Indeed, not only the time scales of the phenomenon, but also the transient flow dynamics is influenced by the position of the actuators. The most representative example is at α = 14°, where the baseline flow separation region extends over half of the airfoil's chord. In this case, in fact, we have seen that the PVGJs located at the position of the mean baseline separation point are detrimental for the rate of loads variation induced by the actuation, which is reduced by about 60% for the lift, compared to the previous case with the jets at 0.3c. This is due to the fact that the PVGJs are located too close to the baseline separated region. As a consequence, the vortical structures generated downstream by the action of the PVGJs are less effective in enhancing the mixing between the outer shear layer and the near-wall region, as we found in the case with the PVGJs at 0.3c. For this reason, a separation zone develops too early near mid-chord compared to the configuration with the PVGJs at 0.3c, because of the adverse pressure gradient arising after the end of the actuation. This separation zone interacts with the baseline separated region creating a "bull-nose" vortical structure, which is less effective in enhancing the rate of loads variation compared to the closed recirculation bubble that we observed when the PVGJs are located at 0.3c.

In the last part of the chapter we attempted to develop efficient control strategies by exploiting the transient dynamical effects induced by the single-pulse control. We found that a fine-tuned control strategy (F + = 0.7 and DC = 32%) made-up of periodic repetition of the single-pulse control of ∆T + = 0.46 improves the power efficiency [C l /(C dp + C E )] of the airfoil at α = 14°(in terms of the trade-off between the aerodynamic gain and energy expenditure) compared to steady actuation. This periodic control strategy is, also, able to increase the initial rate of loads variation compared to the steady case because it exploits the beneficial effects associated with the formation of a separation bubble between successive pulses. However, because of the strong loads' oscillations produced by this control strategy, we developed another control approach operated with a higher actuation frequency (F + = 1.75 and DC = 30%) which is able to preserve the same control efficiency of the previous actuation strategy, while suppressing the loads' oscillations.

In this chapter we showed that the knowledge of the dynamical effects associated with fluidic actuation is very important and might give substantial help in developing physicsbased closed-loop control strategies to enhance the actuation effectiveness and efficiency or to manage hazardous unsteady flight conditions. flight envelope of an aircraft because of gusting flows or rapid maneuvers. For this reason, one of the main objectives of this work is to exploit the transient dynamics induced by fluidic actuation to improve the initial rate of variation of the aerodynamic loads, reducing the time interval to reach the maximum value.

In the current work, flow control is experimentally performed using pulsed vortex generator jets (PVGJs) embedded over the suction surface of the airfoil. The key features of the transient evolution of the flow field and of the corresponding variations of the loads have been unveiled using coupled pressure-PIV measurements around the airfoil and in the near-wake. Although the main objective is to exploit the transient effects induced by actuation to improve the performance and maneuverability of the airfoil, it's important to give at first an idea of the time-averaged control effects before analyzing the transient dynamics induced by the actuation.

Time-averaged control effects

The effects of steady and periodic actuation over the airfoil have been first investigated. The actuation from 30 % of the chord, even with a relatively small output power, showed good effectiveness in modifying the aerodynamic performance of the airfoil. In particular, AFC suppresses the time-averaged separated region resulting in lift increase (up to about 50% at α = 16°) and postponement of the stall angle (of about 3°). Regarding the pressure drag, it was reduced for higher incidences (i.e. of about -20% at α = 16°), but increased for lower (for α ⩽ 14°) by up to 15%. The moment coefficient (which is positive in the pitch-up sense) in the actuated cases decreases for 2°< α < 14.5°and increases for α ⩾ 14.5°compared to the baseline value. Although these results are encouraging, to see if the actuation is really beneficial for the flight, we have to make a trade-off between the aerodynamic gain of the airfoil and the power consumption of the actuation system. In particular, if we take into account the power consumption, the actuation has a detrimental effect on the power efficiency C l /(C dp + C E ) for small incidences, but we still have an efficiency gain for α > 14 because in this range of AoAs not only the lift is increased, but also the pressure drag is reduced (for example we obtain a C l /(C dp + C E ) enhancement of about 60% at α = 16°, compared to the baseline configuration). Moreover, the steady actuation for α < 14 proved to be less cost-effective than the periodic actuation because the power efficiency is lower, or, in other words, we need a higher input power to obtain the same aerodynamic performance modifications of the periodic actuation.

The position of the actuation, also, affects the loads' variation. Two positions at 30 % and 50 % of the chord are compared. For α < 15°the actuators located at 0.5c increases the lift of up to 5 % compared with the actuators at 0.3c, while for α ⩾ 15°the actuation operating from 30 % of the chord has been more effective in improving the lift (up to 8 % at α = 16°). Indeed, for α ⩾ 15°the time-averaged separation length is bigger than the half chord and therefore the actuators at 0.5c operate from inside the separated region and this reduces their effectiveness. Moreover, when the actuators operate from 50% of the chord the pressure drag increases by about 5 -10% for all the incidences and the pitching moment decreases by up to 20 -30 % (at moderate incidences), compared with the case at 0.3c. The influence of the jet momentum coefficient has, also, been investigated. In particular, the higher is the jet momentum coefficient, the higher are the lift, the pressure drag and the lower is the moment coefficient. The lift and pressure drag are increased of about 5 % and the moment decreased of about 20 -30 % (at moderate incidences) when the actuation is performed with C µ = 7.2 × 10 -3 compared with the case of C µ = 4.2 × 10 -3 . For α < 15°the highest lift increase is, therefore, produced with the highest C µ tested here (7.2 × 10 -3 ) and the jets at 50% of the chord. This corresponds also to a higher drag increase and moment decrease, compared to the other actuation modes. For incidences above 15°, instead, as previously observed, the jets at 50% of the chord are less effective because the baseline separation region is bigger than the controlled region and, in fact, at α = 16°the actuation operating at 30% of the chord produces a higher lift increase (by up to 5 -10 %) compared to the case at 50 %, whatever the actuators' power output.

From the results analyzed here we can infer that the PVGJs at 0.5c operated in steady mode are more effective in enhancing the lift of moderately separated airfoils because the control operates closer to the mean baseline separated zone. This control configuration is not suitable when the airfoil is operated at higher incidences because the baseline separation point moves upstream of the actuators' position and this corresponds to reduced control effectiveness because the PVGJs act from inside the separated zone. Therefore, if the main objective of the actuation is to control large-scale separated flow over the airfoil the best choice, to increase the lift and reduce the drag, is to use actuation upstream of the separation point as in this case at x/c = 0.3. However, all the control strategies tested here decrease the power efficiency C l /(C dp +C E ) of the airfoil below 14°, but they are beneficial for the efficiency for incidences above 14°-15°. For instance, the power efficiency C l /(C dp +C E ) is increased of about 60% at α = 16°using the actuation with C µ = 4.2×10 -3 and jets at 0.3c, while of 30% with C µ = 4.2 × 10 -3 and jets at 0.5c, compared to the baseline configuration. Moreover, the actuation performed with C µ = 7.2 × 10 -3 is less cost-effective than with C µ = 4.2 × 10 -3 in all the range of tested AoAs because of the higher input power required for effecting actuation.

The time-averaged results presented in this chapter are useful to give to the reader an idea of the overall control effects produced by the actuation and to validate the experimental setup, but they don't allow us to detect the transient phases of the loads' variation. The investigation of the transient dynamics induced by actuation has been, instead, the main objective of this work and will be summarized in the next paragraph.

Transient effects induced by flow control

The investigation of the transient effects induced by fluidic actuation over an airfoil has been widely tackled in this work with the primary objective of improving the airfoil performance and manoeuvrability. In order to take into account all the phases of the flight envelope, the flow control has been tested on "baseline" configurations where the flow is attached to (e.g. cruise) or partially separated (e.g. take-off, landing) from the airfoil surface. In all these phases, unsteady loads fluctuations might arise from continuously changing flow conditions such as gusts or rapid maneuvers. The fluidic actuation might help to alleviate these unsteady loads, but to increase the control effectiveness we need to optimize the variation rate of the forces and moments coefficients induced by actuation. For this reason, a detailed study of the transient phenomena occurring after the actuation onset in response to a single-pulse actuation, of duration smaller than the convective time over the airfoil, has been carried out. The results of the single-pulse actuation are compared with those obtained from a steady actuation, both operated with the same maximum jet exit velocity.

Comparing both actuation modes applied over a partially separated airfoil, we found out that a properly tuned duration of the actuation's opening phase can improve the rate of loads variation by up to 50/60% for the lift, compared to the case of the steady blowing. This improvement is due to transient dynamical effects associated with the termination of single-pulse actuation. The use of Lagrangian tools (finite-time Lyapunov exponent -FTLE) for the detection of unsteady flow detachments/reattachments showed that the improvement of the rates of variation of the loads is associated with transient reattachments/detachments of the flow over the suction surface of the airfoil. In the case of short pulse durations (e.g. ∆T + ⩽ 0.6) operated over partially separated airfoils (e.g. at α = 14°), the formation of a new closed separation region over the airfoil suction surface, due to adverse pressure gradient arising after the termination of actuation, produces a region of negative pressure variation providing a greater rate of loads variation compared to steady actuation for which the flow becomes fully attached after actuation onset. Therefore, the transient effects on naturally attached configurations are much less important and the loads' evolution is not strongly affected by the duration of the actuation.

The transient effects induced by the actuation are not confined to the region downstream of the jet location, but rather involve the flow field all around the airfoil in a global manner. Indeed, during the phase of strong increase in lift, a "starting vortex" of positive vorticity (counterclockwise) rolls up from the trailing edge and is shed in the near wake. This starting vortex generates a non-negligible downward velocity near the trailing edge deviating the streamlines emerging from the pressure side of the airfoil. This "fluidic flap" induces a global pressure modification around the airfoil involving the pressure surface as well. Since the local transient effects of single-pulse control, associated with the formation of a closed recirculation bubble, increase the lift at a given phase, compared to steady blowing, the circulation of this starting vortex is also higher and the "fluidic flap" effect will have a higher impact on the global flow dynamics around the airfoil. For this reason, not only the suction but also the pressure surface contributes to enhancing the rate of variation of the aerodynamic loads compared to the steady case where this global fluidic shaping effect is much less important.

By comparing the effects of different pulse durations over a partially separated airfoil, we found out that the maximum rate of loads variation is obtained by a fine-tuned control of the formation and evolution of an unsteady separation bubble over the suction surface of the airfoil. In particular, for a partially separated airfoil (e.g. at α = 14°), the maximum rate of loads variation is obtained in response to a single-pulse of ∆T + ≈ 0.5. In this case, a closed recirculation region will develop, during the phase of lift increase, sufficiently early to generate a higher rate of loads variation compared to longer pulse durations. In this last case, instead, the recirculation bubble is formed too late to provide positive additional effects to the lift increase. However, the rate of loads variation in response to single-pulse (up to durations of ∆T + ≈ 1.14) will be still higher than for the steady case due to the transient flow relaxation after the termination of actuation (this relaxation is a precursor of flow separation). This flow relaxation induces a negative pressure variation over the suction surface that enhances the rates of loads variation compared to steady actuation.

The influence of the location of the actuation on the transient flow dynamics induced by the single-pulse control and the time scales of the phenomenon has been investigated by comparing the previous results obtained with the actuators at 0.3c with another configuration where the PVGJs are operated from 0.5c. In particular, the time scales of the phenomenon and the transient flow dynamics are affected by the position of the actuators. For attached and slightly separated airfoil (e.g. for α < 13°) the difference in the transient dynamics induced by the actuators operating from these two positions is not very big. In these cases, only the time scales of the phenomenon are affected. In particular, being closer to the trailing edge of the airfoil, the jets at 0.5c allow to reduce the time scales to attain the minimum and maximum value of the lift. A different scenario is, instead, observed when the actuators operate over large-scale separated flow fields. In this case, not only the time scales of the phenomenon, but also the transient dynamics is affected by the actuators' position. The most representative example is at α = 14°because the PVGJs are located at the position of the mean baseline separation point. In this case, there is a strong difference between the baseline flow conditions between the two locations of the actuators: 0.3c and 0.5c. In particular, the conditions at 0.5c (very close to the mean baseline separation point) are unfavourable for the development of the longitudinal vortical structures generated downstream by the PVGJs. Indeed, the cross-stream downward velocity is lower at 0.5c compared to 0.3c and this does not help to keep the vortices embedded near the airfoil surface and most likely they lift off from the surface. Moreover, the PVGJs operated at 0.3c are generated far upstream of the actuation location and this means that their cross-stream extent increases while travelling over the airfoil chord, before reaching the baseline separated shear layer. This is beneficial for the separation control because helps to enhance the entrainment of higher momentum fluid in the free stream toward the near-wall region. With all this in mind, we can conclude that the vortical structures generated downstream by the action of the PVGJs at 0.5 are less effective in enhancing the mixing between the outer shear layer and the near-wall region. For this reason, the flow is never reattached over the suction surface after the single-pulse actuation onset. Indeed, a separation zone develops near mid-chord just after the termination of the single-pulse actuation because of the adverse pressure gradient arising after the jets are switched off. This separation zone interacts with the baseline separated region creating a large-scale separated "bull-nose" vortical structure. As a consequence, since the flow is never reattached downstream by the action of the PVGJs the fluidic shaping induced by the actuation is much less important than for the case with the jets at 0.3c where, instead, we observe phenomena of transient reattachment/separation associated with the formation of a closed separation bubble over the suction surface of the airfoil. The transient effects induced by the formation and development of this closed separation bubble are certainly more important than in the case of the PVGJs at 0.5c where the flow never reattaches to the airfoil surface and this corresponds to reduce the rates of variation of the aerodynamic loads compared to the configuration with the jets at 0.3c.

Finally, we attempted to develop efficient control strategies by exploiting the transient dynamical effects induced by the single-pulse control. We found that a fine-tuned control strategy (F + = 0.7 and DC = 32%) made-up of periodic repetition of the single-pulse control of ∆T + = 0.46 improves the time-averaged power efficiency C l /(C dp + C E ) of the airfoil at α = 14°of about 20% for T + > 10, compared to the steady actuation (the power efficiency is calculated taking into account the aerodynamic gains and the energy expenditure of the actuation system). This periodic control strategy is, also, able to increase the initial rate of loads variation compared to the steady case because it exploits the beneficial effects associated with the formation of a separation bubble between successive pulses. However, because of the strong loads' oscillations produced by this control strategy, we tested other control strategies in an open-loop approach (but without exploiting the previous analysis of the transient effects induced by the actuation). In particular, we tried to reduce the oscillations by increasing the actuation frequency, while keeping almost the same energy expenditure of the case with F + = 0.7. We found that a time-periodic actuation operated with a higher actuation frequency (F + = 1.75 and DC = 30%) is able to preserve the same control efficiency of the previous periodic actuation strategy, while suppressing the loads' oscillations. With these simple attempts to build effective and efficient control laws, we showed that the knowledge of the dynamical effects associated with fluidic actuation is very important and might give substantial help in developing physicsbased closed-loop control strategies to enhance the actuation effectiveness or efficiency or to manage hazardous unsteady flight conditions.

Perspectives

Some perspectives to this work are presented in what follows:

Pulsed-jets geometry and spanwise spacing Although the PVGJs geometry (aspect ratio and orientation) and the spanwise spacing used in this work have shown quite good effectiveness to control the flow over the airfoil, a parametric study could be conducted to investigate the influence of these parameters on the rates of variation of the aerodynamic loads' evolution induced by the actuation.

Effect of the spanwise length of the actuator's array

In this work, the spanwise length of the actuator array has been chosen in order to be as long as possible to reduce the influence at the mid-span of the 3D effects generated at the edge of the actuated region. However, it could be worth investigating the effects of reducing the spanwise size of the controlled region, while keeping the same spacing between the orifices. This will bring to lower power consumption if we keep the same jet exit velocity of the longer configuration or to higher jet velocities if we preserve the same power consumption. Most importantly this will increase the 3D effects at the edge of the controlled region over the wing. We can therefore investigate if these 3D effects are beneficial for the performance enhancement compared to the longer spanwise actuators' configurations.

Effect of airfoil sweep angle

Since all the transonic and supersonic aircrafts have swept wings to reduce the effective Mach number over the wing, it might be interesting to analyse the effects of PVGJs control over a swept wing. In particular, the position of the PVGJs could be chosen accordingly to the static stall path of the flow over the wing. If the wing tip is the first region to stall, causing many controllability problems because the ailerons are not effective from inside the separated region, we could place the PVGJs near the wing tip to prevent stall. Consequently, the action of PVGJs could have a hugely beneficial impact on the aerodynamic characteristics of the wing.

Effect of the Reynolds number

In this experimental work, we chose to set the Reynolds number, based on the chord length, to about 5 × 10 5 corresponding to a freestream velocity of 20 m s -1 . This represented a good compromise because we were able to operate with limited, subsonic, jet exit velocities (about 5 times the free-stream velocity) to effectively control the flow over the airfoil. The control of the separated flow over the airfoil at a higher Reynolds number, in fact, could require higher jet velocities and consequently a more powerful air supply system. However, it could be worth investigating the influence of the Reynolds number on the actuation effectiveness because real aircrafts operate with much higher Reynolds numbers.

Test of the present control strategy during unsteady flow conditions

The analysis of the transient effects induced by the actuation was performed in this work with the main objective of enhancing the performance and maneuverability of an airfoil, especially in unsteady and random flow conditions. In these situations, rapid unsteady loads could be generated over the airfoil and the fast response actuation strategy used in this work could work fine to alleviate this unsteadiness. For this reason, in future developments, we could extend the present research to more complex flow conditions such as crosswind and/or longitudinal gusts or to dynamically pitching and plunging airfoils. However, this would require adapting the experimental setup currently used.

CFD tests and validation

According to the previous suggestions, the number of parameters to be experimentally tested could be extremely high. A valid alternative could be to carry out a Computational Fluid Dynamics (CFD) campaign. The database provided with this work could be useful for the numerical community to validate Computational Fluid Dynamics (CFD) models to predict the unsteady response of the flow to the actuation onset. This CFD model could provide a valid platform to investigate the influence of the above-mentioned parameters on the transient dynamics induced by the actuation.

Parameter identification Even if the understanding of the mechanisms producing a higher rate of loads variation is achieved in the current work, a deeper analysis associated with a parametric study is required. The objective is to find the parameters that play the most important role in providing the enhancement of the rate of loads variation (for example: the time when the bubble is formed, the distance from the reattachment point and the trailing edge, the pressure gradient at separation or reattachment, the velocity of progression of the reattachment point). The master of the parameters involved in the phenomenon could be very useful to develop a physical model. Consequently, physics-based closed-loop control strategies could be implemented to obtain the optimal response in every condition of the flight envelope.

Closed-loop control strategies

The implementation of physics-based closed-loop control strategies can be very useful to control the flow either in a quasi-steady mode to improve the time-averaged characteristics of the airfoil or in an unsteady mode to alleviate random aerodynamic loads. Although promising, the design and implementation of a model-based control strategy could be more difficult than expected, or it can have limited capabilities to control three-dimensional turbulent flow fields as in the case of a real aircraft wing, especially when the control is applied to control large 3D separated shear layers. Another approach to circumvent this problem might be to use model-free control strategies such as the data-driven linear genetic programming control (LGPC) developed by [START_REF] Li | Aerodynamic Drag Reduction of a Square-Back Car Model Using Linear Genetic Programming and Physic-Based Control[END_REF] and Li et al. (2017a,b) for the control of multiple-input multiple-output systems. The objective is simple: find a control strategy to optimize a given cost function as drag reduction, or efficiency enhancement in the case of an airfoil. This optimization is performed by LGP which enables to create control laws automatically, by learning from the data measured during the experiments. In other words, the algorithm optimizes automatically the control laws by learning from trials. Some flow control tests using this particular approach have been made during the various experimental campaigns performed in this study. In particular, we tried to adapt the LGPC strategy developed by [START_REF] Li | Aerodynamic Drag Reduction of a Square-Back Car Model Using Linear Genetic Programming and Physic-Based Control[END_REF] to our particular problem. The LGPC can optimize the cost function by using three different strategies: (i) an open-loop multi-frequency control that explores automatically the optimal amplitude and frequency of the periodic forcing, (ii) a sensor-based feedback control which exploits the reading from the sensors and (iii) a generalized non-autonomous control that combines both the sensor's reading and the generation of random time-periodic functions. In the work of [START_REF] Li | Aerodynamic Drag Reduction of a Square-Back Car Model Using Linear Genetic Programming and Physic-Based Control[END_REF], the objective of the LGPC control strategy was the drag reduction of a square-back car model. Being a bluff body, the main contribution to the drag comes from the pressure drag generated by the presence of a low-pressure wake behind the model. Therefore, the cost function was simply based on the sum of all the pressure behind the square-back model. In our case, a more realistic cost function might be the lift-to-drag ratio. Therefore, in order to implement control strategies based on the LGP for our airfoil configuration, we need to calculate the real-time variation of the aerodynamic forces over the airfoil. The main problem was that the pressure scanner system ESP-64H, used to measure the unsteady evolution of the pressure on the airfoil, was not designed to be used in closed-loop control because of its limited acquisition frequency (200 Hz). Another solution was to use unsteady high-frequency pressure scanners SensorTechnics HCLA 12X5DB connected to the 60 pressure ports around the airfoil, but the experimental apparatus used in the wind tunnel for unsteady measurements was designed to accommodate a maximum of 16 HCLA 12X5DB pressure sensors at once. Another alternative to circumvent this problem was to detect one or many points over the airfoil surface where the pressure evolution is an indicator of the global dynamical evolution induced by the actuation around the airfoil. During the post-processing phase, we found out that the pressure evolution in a point sufficiently close to the trailing edge of the airfoil, over the pressure surface, reflects the global lift evolution over the airfoil. This observation is striking because it could avoid us to use complicate unsteady pressure measurements all around the airfoil as training data input to optimize the control by LGP. Even if the optimization of the performance of the airfoil was not completed in this work mainly because of lack of time, we paved the way for future applications of LGPC to airfoils in the ENSMA wind tunnel.

Use of the state-space model approach to develop closed-loop control strategies Another interesting perspective is to exploit the state-space model of the system, as suggested by the work of [START_REF] Jaunet | Experiments on lift dynamics and feedback control of a wind turbine blade section[END_REF], to develop more effective closed-loop control strategies. Indeed, the lift evolution (in the increase phase) can be approximated by the solution of a first-order ordinary differential equation (ODE) of the form 1 -Ke -T + /τ , where K is the steady-state gain and τ is the time constant of the system (i.e. the time to reach 63% of the steady state). In particular, we found that the response of the system to a steady blowing (step input) can be well approximated by 1-1.1517e -(T + -1.1)/1.26 as showed in Fig. 6.1 where the lift gain is normalized by the steady-state gain. However, when the flow is subjected to single-pulse actuation the rate of loads variation in the first phase after the actuation onset is strongly different from the steady actuation and this model is not able to reproduce this higher rate of loads variation. However, in our modelling approach, we did not take into account the first phase of lift decrease that is produced by both steady and single-pulse actuation suddenly after the actuation onset. If the transfer function of the actuated system is derived considering the real lift evolution (including the first lift decrease phase), the state-space model of the system could be used to design and test new closed-loop actuation laws able to optimize the rate of loads variation of the airfoil and improve the actuation effectiveness. This Ph.D. thesis has been typeset by means of the T E X-system facilities. The typesetting engine was pdfL A T E X. The document class was toptesi, by Claudio Beccari, with option tipotesi=scudo. This class is available in every up-to-date and complete T E X-system installation.
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 21 Figure 2.1: Boundary layer separation due to (a) adverse pressure gradient and (b) sharp edges.From Van Dyke (1982) 

Figure 2 . 3 :Figure 2 . 5 :

 2325 Figure 2.3: Partially separated flow over an airfoil at moderate incidence. From Kurz et al. (2015)

  (a) F-104 Starfighter (also called "the missile with a man in it") (b) BLC on the flap

Figure 2

 2 Figure 2.8: (a) A Lockheed F-104 Starfighter over the desert in the fifthies, from Bowman(2000) and[START_REF] Drendel | F-104 Starfighter in action[END_REF] and (b)a sketch of its BLC system from Wikipedia
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 2 Figure 2.10: Comparison of leading-edge periodic excitation and steady blowing for a NACA 0015 at α = 22°. From[START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF] 

  2.15l) and the flow slowly relaxes to the baseline stalled state for T + > 3.2 as shown in Fig.2.15m-o.
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 2 Figure2.12: Phase-averaged circulation increment for α = 17.5°. F + = 0.95 (solid line) and 10 (dashed line). FromAmitay and Glezer (2002a) 

Figure 2

 2 Figure 2.16: Time traces of the incremental change in circulation around the airfoil following repetitive actuation at F + = 1 for increasing number of pulses N (a) and a comparison with the case at F + = 2.5 (b). Actuation timing is shown below the traces. From Woo(2014) 
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 2 Figure 2.17: Phase-averaged vorticity showing the interactions between the actuation jet and the cross-flow following the 1 st (a), 5 th (b), 10 th (c), 15 th (d), and 25 th (e) pulses at F + = 1. Each row corresponds to the same elapsed time from each pulse. Adapted from[START_REF] Woo | Transitory control of separated shear layer using impulsive jet actuation[END_REF] 
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 2 Figure 2.19: Variation of the C l with the angle of attack. (•) Baseline, (▲) actuators not operating, (▼) actuators operating. Source:[START_REF] Desalvo | Airfoil aerodynamic performance modification using hybrid surface actuators[END_REF] 
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 2 Figure 2.21: Influence of momentum coefficient on the lift coefficient and distinction between boundary layer control and circulation control over a NASA LaRC 2-D 17% Supercritical General Aviation Circulation Controlled Airfoil (GACC) with a circular trailing edge (r/c = 2%).The drawing is a Bauer (2015) adaptation of the work of[START_REF] Jones | Advances in pneumatic controlled high lift systems through pulsed blowing[END_REF] 
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 2 Figure 2.23: The effect of excitation location on the post-stall lift of a 63 3 -018 airfoil. The drawing is a Greenblatt and Wygnanski (2000) adaptation of the work of Hsiao et al.(1990) 

Figure 2

 2 Figure 2.24: Maximum streamwise vorticity as (a) a function of downstream distance (nondimensionalized by the orifice diameter) for test cases with momentum flux coefficient J = 8, (b) as a function of momentum flux coefficient at x=10 and (c) as a function of yaw angle with J = 8. Adapted from[START_REF] Milanovic | Fluid dynamics of highly pitched and yawed jets in crossflow[END_REF] 
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 2 Figure 2.27: A classification of the main flow control actuators. Adapted from Cattafesta[START_REF] Cattafesta | Actuators for active flow control[END_REF] 

  Figure 2.28: Most popular versions of zero-net mass-flux (ZNMF) actuators: (a) piezoceramic, (b) electrodynamic and (c) diaphragm and acoustic. Source: (a,b) Cattafesta and Sheplak (2011) and (c) McCormick (2000)
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 2 Figure 2.29: Sketch of a solenoidal valve used to produce pulsed jets.From[START_REF] Bauer | Design and Application of a Fluidic Actuator System for High-lift Flow Control[END_REF] 

Figure

  Figure 2.31: Sketch of a combustion actuator. Source: Cutler et al. (2005)

Figure

  Figure 2.33: Schematics of the dielectric barrier discharge (DBD) actuator. Source: Baleriola et al.(2016) 

  ), Jodin et al. (2017), Marouf et al. (2020, 2019a,b), Simiriotis et al. (2019), and Tô et al. (
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 3 Figure 3.1: Overview of the wind tunnel facility

Figure 3

 3 Figure 3.2: Wind tunnel test section and model installation: (a) picture of the cross-section and (b) 3-D rendering

Figure 3

 3 Figure 3.3: Sketch of the wing model installation with the PVGJs direction and the PIV field of view (FOV)

  Figure 3.5: (a) Model geometric blockage ratio (ratio between the frontal thickness of the airfoil t f and height of the tunnel H) versus the incidence. (b) Evolution of the wake ϵ W B and total blockage ϵ tot = ϵ SB + ϵ W B versus of the incidence

Figure 3 . 6 :

 36 Figure 3.6: Schematics of the actuation system (the dimensions are not in scale)

  Figure 3.7: (a) Picture and (b) schematics of the wing model with its internal chamber

Figure 3 . 8 :Figure 3

 383 Figure 3.8: Spanwise evolution of the percentage error (V jet -V jet )/V jet [%] as a function of the orifice number

  Figure3.11: Temporal evolution of C p at α = 14°assessed from the phase-averaged pressure measurements using both the EPS-64 HD and the HCLA 12 × 5 scanner, from the second to the fifth pressure tap (a). Zoom in (b). The actuation duration is 8 ms (i.e. ∆T + of 0.46) and the jet maximum velocity V max = 5 × V ∞ .

Figure 3 .

 3 Figure 3.13: Schematics of the error propagation: from individual measurement errors to total uncertainty. Adapted from[START_REF] Stern | Summary of experimental uncertainty assessment methodology with example[END_REF] 

  3.2b). The entire wind tunnel is seeded by a fog generator (Antari X-515) using Contest Hd liquid. Seeding droplets have a diameter of the order of 1 µm. The camera is positioned on the side (Fig.3.14) and equipped with an objective of 28 mm (AF Nikkor 28 mm 1:2.8 D) to grab a field of view (FOV) of 0.7 m x 0.35 m located over the suction side of the airfoil downstream of the leading edge (Figs. 3.3 and 3.12).
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 3 Figure 3.14: Wing model inside the test section with detail of the PIV camera installation

  Figure3.15: Illustration of a steady saddle point with stable and unstable manifolds. Adapted from[START_REF] Ruiz | Analyse de l'interaction entre un sillage tridimensionnel et une paroi-Détection de structures cohérentes responsables de fluctuations de pression pariétale[END_REF] 
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 3 Figure 3.16: Illustration of particle trajectories straddling a FTLE ridge representing an unsteady reattachment point.
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 442 Figure 4.1: (a) Lift C l , (b) pressure drag C dp and (c) pitching moment C m (c/4) coefficients versus the angle of attack (α) for the baseline and controlled cases (steady blowing, F + = 0.175, 1 and 1.75 with a duty cycle of 50%)

  Time-averaged distribution of the pressure coefficient around the airfoil in the baseline (B) and steady blowing (SB) cases with C µ = 4.2 x 10 -3 for α = 5°, 8°, 9°, 11°, 12°, 13°, 14°, 16°. The vectors represent the forces resultants of the pressure field, applied in the center of pressure for α = 14°(g) and 16°(h). The position of the pressure taps over the airfoil is spotted by blue markers

Figure 4 . 4 :

 44 Figure 4.4: Contour of the time-averaged value of the chordwise velocity component V x around the airfoil, superimposed with streamlines, in the baseline configuration at α = 5°, 8°, 9°, 11°, 12°, 13°, 14°, 16°•
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 454 Figure 4.5: Contour of the time-averaged value of the chordwise velocity component V x around the airfoil, superimposed with streamlines, in the baseline (a and c) and steady blowing (b and d) cases with C µ = 7.2 x 10 -3 for α = 14°and 16°. The ▲ symbol pinpoints the position of the actuator array

Xfoil

  Re = 0.46 • 10 6 Pack et al. (2008) Re = 0.25 • 10 6

Figure 4

 4 Figure 4.8: Ratio C dp /C dtot between pressure and total drag coefficients (from Pack Melton et al. (2008)) and comparison with the values calculated using the software Xfoil[START_REF] Drela | XFOIL: An analysis and design system for low Reynolds number airfoils[END_REF] 
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 44 Figure 4.9: (a) Lift C l , (b) pressure drag C dp and (c) pitching moment C m (c/4) coefficients versus the angle of attack (α) for the baseline and controlled cases (steady blowing, F + = 0.175, 1 and 1.75 with a duty cycle of 50%) with actuators at 50% of the chord

Figure 4 (((((

 4 Figure 4.12: Percentage variation (with respect to the baseline value) of the (a) lift C l , (b) pressure drag C dp and (c) pitching moment C m (c/4) coefficients versus the angle of attack (α) for steady-controlled cases with C µ = 4.2 and 7.2 × 10 -3 and the actuators at 30 % of the chord.

Figure 4

 4 Figure 4.14: Percentage variation (with respect to the baseline value) of the (a) lift C l , (b) pressure drag C dp and (c) pitching moment C m (c/4) coefficients versus the angle of attack (α) for controlled cases with C µ = 4.2 and 7.2 × 10 -3 and the actuators at 30 and 50 % of the chord.

Figure 4 .

 4 Figure 4.15: Power efficiency C l /(C dp + C E ) versus α for the baseline and controlled cases.

  Configurations of attached and partially separated flows are investigated to gather insights into the dependence of the transient dynamics induced by the actuation on the baseline flow configuration. The effects of the pulse duration and of the actuation location are, also, analysed in order to provide insights into the transient mechanisms leading to optimizing the transient rate of loads variation. Finally, we attempt to exploit the transient dynamical effects induced by the actuation to create control strategies aiming at increasing the power efficiency of the actuation compared to the steady actuation. Part of the results presented in this chapter are discussed in Carusone et al. (2021a) and Carusone et al. (2021b) and reproduced with permission from Springer Nature.
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 5354 Figure 5.3: Temporal evolution of the phase-averaged (a) ∆C l /C l0 , (b) ∆C dp /C dp 0 and (c) ∆C m (c/4) /C m0 (c/4) relative to the baseline value (marked with the zero subscript) at α = 14°f ollowing the onset (at T + = 0) of the single-pulse (∆T + = 0.46) and steady actuation.The electric trigger signal of the single-pulse actuation is sketched in red at the bottom of (a). Both steady and single-pulse actuation are performed with the same maximum jet velocity of 5 x V ∞

Fig. 5 .Figure 5 . 5 :

 555 Figure 5.5: Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ), superimposed with the streamlines, in the baseline configuration at α = 14°9

Figure 5 . 6 :Figure 5 . 7 :

 5657 Figure 5.6: Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ), superimposed with the streamlines, at α = 14°following the single-pulse actuation onset at T + = 0. The instants selected in (a-g) are represented on the time evolution of the lift coefficient (h). The actuation trigger signal is sketched on the bottom of (h). The ▲ symbol pinpoints the position of the actuator array

Figure 5 Figure 5

 55 Figure 5.8: Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ), superimposed with the streamlines, at α = 14°following the steady actuation onset at T + = 0. The ▲ symbol pinpoints the position of the actuator array

Figure 5 .

 5 Figure 5.10: Temporal evolution of (a) the pressure coefficient C p and (b) of its derivative dC p /dT + in a point at x/c = 0.93 on the pressure surface

Figure 5 .

 5 Figure 5.11: Evolution of the dC l /dT + induced by the temporal pressure variation over (a) the suction and (b) the pressure surfaces of the airfoil

Figure 5 .

 5 Figure 5.12: FTLE field drawn using a cut-off value of 80% (in red), superimposed with streamlines, in response to the single-pulse actuation onset of ∆T + = 0.46, to highlight the evolution of the separation bubble and the reattachment point downstream

  evolution of the phase-averaged (a-b) ∆C l /C l0 , (c-d) ∆C dp /C dp 0 and (e-f) ∆C m (c/4) /C m0 (c/4) relative to the baseline value (marked with the zero subscript) at (a,c,e) α = 5°and 14°(b,d,f) following the onset of single-pulse (∆T + = 0.46) and steady actuation. The electric trigger signal of the single-pulse actuation is sketched in red at the bottom. Both steady and single-pulse actuation are performed with the same maximum jet velocity of 5 x V ∞ Transient effects induced by flow control α = 14°F igure 5.15: Evolution of the phase-averaged time derivative dC l /dT + of the lift coefficient generated by the single-pulse (SP) with ∆T + = 0.46 and steady blowing (SB) at (a) α = 5°a nd (b) α = 14°following the actuation onset at T + = 0. The electric trigger signal of the single-pulse actuation is sketched in red at the bottom. Both steady and single-pulse actuation are performed with the same maximum jet velocity of 5 x V ∞

  Figure 5.16:Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ), superimposed with the streamlines, at α = 5°following the onset of the single-pulse actuation (∆T + = 0.46) at T + = 0. The instants selected in (a-h) are represented on the time evolution of the lift coefficient (i). The ▲ symbol pinpoints the position of the actuator array

Figure 5 .

 5 Figure 5.17: Comparison of the temporal evolution of the phase-averaged ∆C p around the airfoil at α = 5°following the onset of the single-pulse (SP) actuation (∆T + = 0.46) and steady blowing. In the SP case, comparing the suction (subscript s) and pressure (subscript p) sides, the orange (resp. cyan) areas represent the regions of positive (resp. negative) pressure variation along the airfoil with ∆C ps > ∆C pp (resp. ∆C ps < ∆C pp ). The baseline pressure coefficient is presented in (a) 104

Figure 5 .

 5 Figure 5.18: Contour of the time-averaged value of the chordwise velocity component V x around the airfoil, superimposed with streamlines, in the baseline configuration at α = 5°, 8°, 9°, 11°, 12°, 13°, 14°, 16°1

Figure 5 .

 5 Figure 5.19: Temporal evolution of the phase-averaged variation of lift coefficient ∆C l /C l0 (with respect to the baseline value C l0 ) after the onset of single-pulse (SP) actuation (of duration ∆T + = 0.46) for several AoAs (the corresponding separation length L sep is reported in the legend). On the bottom of the figures a sketch of the corresponding electric signals triggering the SP actuation

Figure 5 .

 5 Figure 5.20: Evolution of maximum derivative of the lift coefficient (dC l /dT + ) max versus the AoA for the single-pulse actuation (∆T + = 0.46) and steady blowing. The actuation is performed with the same maximum jet velocity of 5 x V ∞ , whatever the pulse duration

Figure 5 .

 5 Figure 5.22: Evolution of (a) the time T + min and (b) of the minimum lift coefficient (C lmin -C l0 )/C l0 variation (with respect to the baseline value) versus the AoA for the single-pulse actuation (∆T + = 0.46) and steady blowing. Both single-pulse and steady actuation are performed with the same maximum jet velocity of 5 x V ∞ , whatever the pulse duration

Figure 5 .

 5 Figure 5.24: Evolution of the relaxation time T + relax versus the AoA for the single-pulse actuation (∆T + = 0.46). The actuation is performed with a jet velocity of 5 x V ∞

TFigure 5 .Figure 5 .

 55 Figure 5.27: Evolution of (a) the time T + min and (b) of the minimum lift coefficient (C lmin -C l0 )/C l0 variation (with respect to the baseline value) versus the AoA resulting from the single-pulse actuation of ∆T + = 0.46 for both locations of the PVGJs at 0.3c and 0.5c

Figure 5 .

 5 Figure 5.31: Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ), superimposed with the streamlines, at α = 14°following the single-pulse actuation (SP) of ∆T + = 0.46 for two locations of the PVGJs: at x/c = 0.3 (first column a-i to k-i) and 0.5 (second column a-ii to k-ii). The corresponding baseline configuration is shown in Fig. 5.5. The ▲ symbol pinpoints the position of the array of actuators

Figure 5 .

 5 Figure 5.33: Temporal evolution of the phase-averaged variation of the pressure coefficient (∆C p ) around the airfoil at α = 14°induced by the single-pulse actuation of ∆T + = 0.46 for two locations of the PVGJs: at x/c = 0.3 (red) and 0.5 (blue)
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 5 Figure 5.34: Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ), superimposed with the streamlines, at α = 13°following the single-pulse actuation (SP) of ∆T + = 0.46 for two locations of the PVGJs: at x/c = 0.3 (first column a-i to k-i) and 0.5 (second column a-ii to k-ii). The ▲ symbol pinpoints the position of the array of actuators 125
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 55555 Figure 5.35: Temporal evolution of the phase-averaged variation of the pressure coefficient (∆C p ) around the airfoil at α = 13°induced by the single-pulse actuation of ∆T + = 0.46 for two locations of the PVGJs: at x/c = 0.3 (red) and 0.5 (blue)

Figure 5 .

 5 Figure 5.40: Phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ ) superimposed with the streamlines at α = 14°following the single-pulse actuation onset (SP) of ∆T + = 0.29 (first column, i), ∆T + = 0.46 (second column, ii) and ∆T + = 0.86 (third colum, iii). The instants selected in (a-h) are represented on the time evolution of the lift coefficient (j) and its derivative (k). The ▲ symbol pinpoints the position of the array of actuators
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 55 Figure 5.41: Temporal evolution of the phase-averaged variation of the pressure coefficient (∆C p ) around the airfoil at α = 14°induced by several single-pulse durations: comparison between ∆T + = 0.29 and 0.46 (first column, i) and between ∆T + = 0.46 and 0.86 (second column, ii)
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 55 Figure 5.43: Evolution of (a) the time T + min and (b) of the minimum lift coefficient (C lmin -C l0 )/C l0 variation (with respect to the baseline value) as a function of the single-pulse duration at α = 5°, 9°, 12°, 13°, 13.5°, 14°and 16°. All the single-pulse actuations are performed with the same maximum jet velocity of 5 x V ∞

Figure 5 .Figure 5 .

 55 Figure 5.45: Evolution of (a) the time T + max and of (b) the maximum lift coefficient (C lmax -C l0 )/C l0 variation (with respect to the baseline value) as a function of the single-pulse duration at α = 5°, 9°, 12°, 13°, 13.5°, 14°and 16°. All the single-pulse actuations are performed with the same maximum jet velocity of 5 x V ∞

Figure 5 .

 5 Figure 5.48: Phase-averaged variation of the pressure coefficient (∆C p ) around the airfoil at α = 14°induced by the single-pulse actuation of ∆T + = 0.86 and steady blowing.

Figure 5 .

 5 Figure 5.49: Comparison of the temporal evolution of the FTLE field drawn using a cutoff value of 80% (in red) superimposed with streamlines, in response to the single-pulse actuation onset of ∆T + = 0.29 (first column) and 0.46 (second column), to highlight the evolution of the separation bubble and to follow the instantaneous position of the reattachment point closing the bubble.
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 55 Figure 5.51: Temporal evolution of (a) the pressure coefficient C p and (b) of its derivative dC p /dT + in a point at x/c = 0.93 on the pressure surface of the airfoil for single-pulse control of ∆T + = 0.29, 0.46 and 0.86 and steady blowing
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 55 Figure 5.53: Temporal evolution of the phase-averaged variation ∆C l /C l0 (a), ∆C dp /C dp 0 (b) and ∆C m (c/4) /C m0 (c/4) (c) relative to the baseline value (marked with the zero subscript) at α = 14°, following the onset (at T + = 0) of periodic and steady actuations. The electric signals triggering the actuations are sketched at the bottom of (a). Both actuations are performed with the same maximum jet velocity of 5 x V ∞

  Figure6.1: Temporal evolution of the phase-averaged ∆C l /∆C lmax = (C l -C l0 )/(C lmax -C l0 ) (where the zero subscript indicates the baseline value) at α = 14°following the onset of single-pulse (∆T + = 0.46) and steady actuation at T + = 0. The evolution induced by the steady actuation in the phase of lift increase is compared to the response of a first order linear system to a step input: 1 -1.1517e -(T + -1.1)/1.26
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 2 1: Summary of common advantages and drawbacks of fluidic and plasma actuators. Adapted from[START_REF] Cattafesta | Actuators for active flow control[END_REF]. Fluidic actuation using solenoidal valves is used in the current work and is highlighted in red.

	Type	Subtype	Advantages	Drawbacks
	Fluidic			
		ZNMF	• no external fluid source • low peak velocities
			• short response time	• resonant devices
		solenoidal	• high peak velocities	• external fluid source
		valve	• short response time	• electrically powered
			• high bandwidth	• piping system required
			• additional parameter,	
			e.g., duty cycle	
			• decoupled amplitude	
			and frequency	
		oscillator	• high amplitudes	• external fluid source
			• no moving parts	• piping system required
			• high bandwidth	• long response time
				• amplitude and
				frequency coupled
		combustion • large perturbations	• combustion required
			in high-speed flows	• low operating
				frequencies: few hundred hertz
	Plasma			
		SDBD	• no moving parts	• low velocity output
			• short response time	• high-voltage required (kV)
		sparkjet	• large perturbations	• electromagnetic interference
			in high-speed flows	• high-temperature
				• acoustic level

Fluidic

Fluidic actuators use fluid injection or suction. Within this classification, there are zero-net mass-flux (ZNMF) or synthetic jet actuators [e.g.

2.1 -Separation control over airfoils

2.3 -Parameters of active flow control

4.1 -Effects of time-periodic actuationFigure 4.6: Schematics of the pressure drag calculation.
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Physical analysis of the transient phenomena

Many authors [Amitay and Glezer (2002a), Amitay and Glezer (2002b), [START_REF] Amitay | Aerodynamic flow control using synthetic jet actuators[END_REF], and [START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF], among others] have investigated the transient dynamical effects induced by fluidic actuation over an airfoil, as already discussed in Chap. 2, with the objective of increasing the control's effectiveness and efficiency. In this work, our main aim is to exploit the transient effects induced by the pulsed actuation to enhance the rate of variation of the aerodynamic loads generated in response to the actuation onset. Before attempting to do so, it is first necessary to understand the physical mechanisms occurring during this transient phase. We analyse at first the transient response of the system to two extreme cases that can be representative of all the existing actuation laws: a single-pulse step input, having a duration smaller than the convective time over the airfoil's chord and a steady input. Indeed, one can generalize the results obtained with single-pulse to timeperiodic actuation (having a sufficiently low frequency) because the second one is nothing but the repetition of the first one. On the other hand, the flow dynamics associated with a very high-frequency control can be approximated with the dynamics induced by steady actuation.

The investigation of the transient effects induced by single-pulse actuation has already been carried out by many researchers. For instance, [START_REF] Woo | Controlled transitory stall on a pitching airfoil using pulsed actuation[END_REF] observed that the application of a single-pulse jet actuation (about 0.05T conv long) over a stalled airfoil, upstream of the mean separation point, induces an important transient oscillation of the lift coefficient around the baseline value. In particular, a first negative lift peak is followed by a higher positive peak, before the flow relaxes up to full stall within about 10T conv . In this work, we compare the effects of single-pulse actuation not only over partially separated, but also over attached configurations.

In this section, the transient loads' variation in response to a single-pulse actuation of duration ∆T + = 0.46 will be investigated and compared to the steady case. The choice to first analyse the effects of this particular pulse duration is justified by the fact that, after comparing many pulse durations, we found out that this duration produces the maximum rate of loads variation, especially at AoAs where the separation becomes remarkable (e.g. α ⩾ 12). For this reason, and for sake of simplicity, we will therefore mainly discuss this situation in the remainder of this section. A comparison with some of the other pulse durations will be presented in Sect. 5.2 to provide useful insights into the physical mechanisms the pressure drag.

To sum up, when the PVGJs are activated over an attached flow field, the loads variation in response to both single-pulse and steady actuation follow more similar initial transient evolutions, compared to partially separated configurations. This results in the same rate of lift increase for both actuation modes (Fig. 5.15a). Nevertheless, even if we find a similar loads response for this attached configuration, it is important to notice that singlepulse and steady actuation induce different transient evolutions of the pressure distribution over the airfoil. Indeed, after a first phase where both actuations are actively operating, the pressure modification over the suction surface is associated with local transient effects induced by the termination of the actuation that result in the formation of a negative pressure variation region for x/c > 0.3. The development of this region is postponed in the steady case because it is associated with a global (and slower) flow modification induced by the permanent actuation.

Influence of the baseline flow configuration

In the previous Sect. 5.1.1 and 5.1.2 we investigated the loads evolution in response to fluidic actuation and the corresponding flow dynamics for partially separated and attached configurations, respectively. We found that the dynamical evolution of the flow field in response to the actuation onset is strongly dependent on the baseline configuration over which the control operates. Indeed, different baseline configurations correspond to equally different pressure gradients (Fig. 4.3) and extensions of the separated zone as evidenced in Fig. 5.18. Therefore, it is interesting to compare the effects of fluidic actuation at different incidences in order to investigate how the loads dynamical evolution and the time scales of the phenomenon are affected by a modification of the baseline flow field. For sake of simplicity we only present the impact of the actuation over the lift coefficient, but analogous reasoning, can be applied to pressure drag and moment coefficients.

Figure 5.19 presents the lift coefficient evolution induced by the single-pulse actuation of duration ∆T + = 0.46 for several incidences corresponding to several lengths of the baseline separation zones (as reported in the legend and in Fig. 5.18). The first observation we can make is that the maximum rate of lift variation (dC l /dT + max ) varies with the AoA. This is more clear in Fig. 5.20 presenting the evolution of the maximum rate of lift variation (dC l /dT + ) max versus the AoA. The maximum rate of variation of the lift coefficient (dC l /dT + ) max increases up to α = 14°but it decreases going from α = 14°to 16°. In this last case, the mean separation point is located upstream of the PVGJs and this results in reduced effectiveness of the control and decrease of the rate of lift variation. This (dC l /dT + ) max increase with the AoA is due to the fact that the transient effects engendered by the actuation are stronger the larger is the baseline separation length, and therefore the rate of lift increase is higher. This is evident by looking at Fig. 5.21, comparing the effects of the single-pulse actuation operated over three different baseline configurations: α = 12°, 13°and 14°. After the evacuation of the separated shear layer in the near wake for T + > 1, a separation bubble develops after the termination of the single-pulse actuation at α = 14°for T + ⩾ 1.35 (Fig. 5.21g-iii to j-iii), as previously described in Sect. 5.1.1. This bubble does not develop, instead, for the other smaller incidences, at the same phase, because of the lower adverse pressure gradient arising after the end of the actuation (Fig. 5.21g-i to j-i and g-ii to j-ii, respectively). As a consequence, the transient effects induced 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 0 0

PVGJs @ 0.3c PVGJs @ 0.5c nother important feature emerging from the analysis of the pressure distribution is that, at the same phase, the maximum positive ∆C p induced by the actuation at x/c = 0.5 over the suction surface of the airfoil is always downstream of the maximum ∆C p generated by the PVGJs at x/c = 0.3 (Fig. 5.33a-e). We have seen in Sect. 5.1.1 that this positive ∆C p region is generated by the blockage effect induced by the evacuation of the baseline separated region after the actuation onset. The perturbation generated by the jets operating at 0.5c starts to interact with the baseline separated shear layer at an earlier phase because the jets are closer to the separation point. As a result, the baseline separated region is shed in the near wake at an earlier phase. For example, the baseline separated region is evacuated from the airfoil suction surface at T + = 1.18 when the actuators are at 0.5c (Fig. 5.31f-ii), while for T + ⩾ 1.3 with the PVGJs at 0.3c (Fig. 5.31g-i). Therefore the positive ∆C p region generated upstream of this moving separated region is located downstream, at the same phase, when the actuation operates from the mid-chord. Since the evacuation of the separated shear layer occurs at an earlier phase compared to the case with the jets at 0.3c also the time scales to attain the minimum lift variation (i.e. T + min ) are reduced for the PVGJs at x/c = 0.5 as shown in Fig. 5.27a.

The time scales of the phenomenon are not the only ones to be impacted by the actuation position. The minimum lift coefficient C lmin produced with the PVGJs operating from these two actuators' locations is shown in Fig. 5.27b versus the AoA. Small differences for the C lmin (around 0.5%) in response to the single-pulse actuation are found between the two actuators locations when the incidence is below 12°. At α = 14°, instead, the C lmin produced by the actuation at 0.3c is about 2% lower than the one with the actuation at 0.5c. The minimum of lift is generated by the formation of a positive ∆C p region as a result of the evacuation of the baseline separated region over the airfoil. The actuators operated at 0.3c are more effective in reattaching the flow field over the airfoil, and this results in a higher maximum value of the positive ∆C p region generated for x/c > 0.5 over the suction surface upstream of the moving separation region, compared to the actuators operated at x/c = 0.3 (Fig. 5.33a-d). This higher positive ∆C p corresponds to decrease the minimum of lift C lmin .

Phase of lift increase

The phase of lift increase for 0.8 < T + < 1.61 induced by the actuation operating from x/c = 0.5 is marked by a decrease of the pressure distribution over the airfoil's suction surface (Fig. 5.33e-k). During this phase, the baseline separated region is evacuated from the airfoil in response to the PVGJs operating from x/c = 0.5, while another recirculation region is growing upstream (Fig. 5.31e-ii and f-ii). The interaction of this two separated region results in a structure that [START_REF] Woo | Transitory control of separated shear layer using impulsive jet actuation[END_REF] called "bull-nose". The baseline separated region is eventually evacuated from the airfoil for T + ⩾ 1.18 (Fig. 5.31fii) and the separated recirculation region growing from half-chord spreads downstream up to reach the trailing edge at T + ≈ 1.6 (Fig. 5.31h-ii and j-ii). At this phase, the negative ∆C p involves almost the whole suction surface of the airfoil (Fig. 5.33j). Compared to the configuration where the jets operates from x/c = 0.3, the recirculation region developed in response to the actuation at x/c = 0.5 has a streamwise and cross-stream bigger extent and reaches the trailing edge at an earlier phase (compare Fig. 5.31 h-i/j-i with h-ii/j-ii). Indeed, at T + = 2.04 the reattachment point downstream of the bubble induced after the actuation onset at x/c = 0.3 reaches the trailing edge. At the same phase, instead, this bubble "opens up", when the control operates from x/c = 0.5 which means that it is no longer closed and the flow is already relaxing to return to the baseline configuration (Fig. 5.31k-ii) and the loads are settling back to their baseline value after reaching the maximum at T + = 1.61 (Fig. 5.25e). Since the PVGJs are less effective in reattaching the flow field when operating from 0.5c, the effects of fluidic shaping induced by the actuation are less important compared to the actuation at x/c = 0.3. This is particularly clear by comparing the angles of inertial separation from the trailing edge (red vorticity patch) in Fig. 5.31h-i with h-ii. As a consequence, the global flow dynamics is less affected by the actuation operating from x/c = 0.5 and this produces a lower pressure increase near the trailing edge that is detrimental for the lift enhancement and drag reduction (Figs. 5.25e and 5.26e).

Figure 5.28 shows the evolution of the time instant corresponding to the phase of maximum lift (i.e. T + max , respectively) and of the maximum value of the lift coefficient (i.e., C lmax ) obtained for the two locations of the actuators at 0.3c and 0.5c. As already shown for the evolution of the T + min in Fig. 5.27a, also the T + max when the jets operate from 0.5c is smaller than for the case with the PVGJs at 0.3c (Fig. 5.28a). Indeed, when the jets operate from x/c = 0.5 the flow separation at mid-chord appers at an earlier phase, after the termination of the actuation, compared to the configuration with the PVGJs at 0.3c (Fig. 5.31). While the baseline separated region is advected downstream and evacuated from the suction surface at T + = 1.18 (Fig. 5.31f-ii), this new separation region spreads over the airfoil suction surface up to reach the trailing edge at T + ≈ 1.6. At the same phase, a region of negative ∆C p , associated with the formation of this separated region, and which contributes to the lift increase, spreads over the whole airfoil suction surface (Fig. 5.33j) generating the lift maximum variation (Fig. 5.25e). In the case of the PVGJs operated from 0.3c, the separation from mid-chord after the termination of the actuation, develops at a later phase and also reaches the trailing edge later (Fig. 5.31). As a consequence, the region of negative ∆C p , associated with the formation of this separated region, and which contributes to the lift increase, spreads over the airfoil suction surface later and involves the airfoil suction surface at a later phase, i.e. T + = 2.04 (Fig. 5.33k), and this corresponds to increase the time scale to attain the maximum lift.

The maximum lift coefficient C lmax is also affected by the actuation's location as shown in Fig. 5.28b versus the AoA. In particular, there are small differences (less than 1%) in the maximum value of the lift coefficient when the AoA is below 13°. At α = 14°, instead, the PVGJs operating from 0.5c in single-pulse mode induce a maximum lift coefficient which is about 14 % lower than for the case with the PVGJs at 0.3c. Indeed, in this configuration the actuators at 0.5c are less effective in controlling the flow field because they operate too close to the baseline separated region. As a consequence, they are not able to reattach the flow field downstream and a new separation region emerges too early compared with the

Influence of single-pulse duration

In order to study the influence of the pulse duration on the temporal evolution of the phase-averaged lift coefficient, we compare the effects induced by single-pulse controls of many durations with the steady case in Figs. 5.37 and 5.38, having the same meaning of Fig. 5.1 and 5.2, respectively. In this section we only consider the lift coefficient for sake of simplicity, but the same considerations can be made for the pressure drag and pitching moment, as well. The loads evolution in the lift decrease phase is not strongly affected by the actuation duration. A different scenario is found for the phase of lift increase. When the baseline flow field is attached to the airfoil (i.e. α < 12°), the loads evolutions, in this phase, are not influenced by the actuation duration (e.g. α = 5°and 9°Fig. 5.37a-b). In these configurations, the rate of lift increase dC l /dT + (Fig. 5.38a-b) is, indeed, almost the same for all the pulse durations. Different rates are, instead, found in the phase of lift increase when the baseline flow is partially separated over the airfoil and especially for α ⩾ 12°(Figs. 5.37c-f and 5.38c-f). This is particularly clear in Fig. 5.39 showing the variation of the maximum rate of lift increase (dC l /dT + max ) as a function of the pulse duration for all the incidences investigated in this work. It is evident that when the baseline flow is fully attached over the airfoil (i.e., α < 12°), the maximum rate of lift increase (dC l /dT + ) max stays almost unchanged, whatever the actuation duration. For a partially separated configuration (i.e., α ⩾ 12°), instead, we see that this rate is not constant anymore, but presents a maximum for actuation durations of ∆T + ≈ 0.5 because the transient flow dynamics following the end of actuation is strongly dependent on the duration of the pulse. An exception is the case of α = 16°, i.e. when the mean separation point is upstream of the actuators array. In this case a maximum is less discernible. Indeed, we find two local maxima for ∆T + ≈ 0.5 and 0.75. The maximum rate of lift variation (between all the cases investigated here) is attained for a single-pulse duration of ∆T + ≈ 0.46 and at α = 14°. Therefore, in order to investigate the physical mechanism producing this enhancement of the rate of lift variation, we focus on the case at α = 14°in what follows. We will also make some comparisons with other incidences.

To investigate the dynamical behaviour of the system we perform a coupled spatiotemporal PIV-pressure analysis. Figure 5.40 presents the phase-averaged distribution of the normalized spanwise vorticity (ω z c/V ∞ , positive if counterclockwise) at α = 14°following the onset of the single-pulse actuations of durations ∆T + = 0.29, 0.46 and 0.86 (column i, ii and iii, respectively). The phases analysed in Fig. 5.40a-h are represented on the evolution of the lift coefficient in figure Fig. 5.40j. T + = 1.01 is approximately the minimum of lift, whatever the pulse duration, while T + ≈ 1.88, 2.04 and 2.29 correspond to the maximum obtained with ∆T + = 0.29,0.46 and 0.86, respectively. The corresponding phase-averaged pressure variations ∆C p = C p -C p0 are presented in Fig. 5.41 at α = 14°f or these different pulse durations. In order to be consistent with the previous analysis in Sect. 5.1, we first investigate the flow dynamics associated to the phase of lift decrease and then to the phase of lift increase. The comparison between our reference case of ∆T + = 0.46 and a longer duration (∆T + = 0.86) provided useful insights into the mechanisms leading to increase the rate of loads variation. We have seen that after the termination of the actuation of ∆T + = 0.46, transient effects associated with the formation of a close separation bubble allows for increasing the maximum rate of lift variation. However, this bubble is formed for both the shorter actuations analysed here, i.e. ∆T + = 0.29 and 0.46 (Fig. 5.47), but in the case of ∆T + = 0.46 we clearly increase the rate of lift variation compared to 0.29 (Fig. 5.39). Therefore, in order to unveil the physical mechanisms that enhance the rate dC l /dT + for ∆T + = 0.46 than 0.29, we need to compare the dynamics of formation and evolution of the separation bubbles in these two cases by following the progression of the reattachment point x att , closing the bubble, along the airfoil suction surface. We, hence, carried out a Lagrangian analysis using the FTLE calculation as we made in Sect. 3.3.3 for the ∆T + = 0.46 duration. The comparison of the bubble dynamics for the two cases of ∆T + = 0.29 and 0.46 is presented Fig. 5.49 using the FTLE ridges (red line) representing repelling LCS.

From Fig. 5.49, we see that, at the same phase, the separation bubble following the actuation pulse of ∆T + = 0.29 has a bigger streamwise extent, compared to ∆T + = 0.46, and the reattachment point closing the bubble (x att ) reaches the trailing edge earlier. The reattachment point x att in response to the actuation of ∆T + = 0.29 reaches the trailing edge at T + ≈ 1.88 (Fig. 5.49e), while at this phase it is at about 96% of the chord after the actuation duration of ∆T + = 0.46 (Fig. 5.49f). At T + ≈ 1.88, that is when x att reaches the trailing edge, the pulse duration of ∆T + = 0.29 induces the maximum lift variation (Fig. 5.42). This is consistent with the observation of a negative ∆C p region over almost the whole suction surface in Fig. 5.41f-i. For T + > 1.88, the FTLE ridge does not intersect the surface of the airfoil anymore (Fig. 5.49g) and the bubble is said to "open up" after the actuation duration of ∆T + = 0.29 and slowly regenerates the baseline separation region. This is particularly evident from the representation of the vorticity distribution at T + = 2.29 in Fig. 5.40h-i. At this phase, while the effects of control are vanishing, the angle of inertial separation, represented by the positive vorticity patch shed from the pressure surface of the airfoil, is increasing in the upward direction and is returning back Chapter 6

Conclusions and perspectives

Alea jacta est -Caius Julius Cesar

PROLOGUE

This chapter reviews the main results of this work. Some perspectives are also provided for future works with an emphasis on the development of more effective closed-loop control strategies for performance and maneuverability enhancement. 

General synthesis

The aerodynamic design has traditionally attempted to optimize the airfoil sections and moving surfaces in order to enhance the performance of an aircraft. This has led to great advancements in modern aircrafts' performances and stability. However, these improvements are only valid if the aircraft travels in desired flight conditions, but in off-design situations (such as during unexpected gusting flows) these advantages can easily disappear. The unsteady loads generated in these particular cases can have a short duration and a large amplitude. Active flow control (AFC) techniques might help to alleviate these unsteady loads, but to increase the control effectiveness we need to optimize the variation rate of the force coefficients and moments induced by actuation. In other words, a control strategy that is able to produce a faster response of the flow around the airfoil can be very useful to alleviate random unsteady loads that may arise during every phase within the