BFS

Backward-facing step. O Origin fixed at the BFS step-edge at the middle of the wind tunnel. X, x Streamwise coordinate, attached to the lower wall of the wind tunnel. Y, y Wall-normal coordinate of the wind tunnel. Z, z Spanwise coordinate of the wind tunnel. H Wind tunnel height. h BFS height. ER Expansion ratio. AS Aspect ratio. U, U mean mean velocity component. V, V mean wall-normal mean velocity component. W, W mean Spanwise mean velocity component. RMS Root Mean Square. ⟨u ′2 ⟩ 1/2 , u rms Streamwise rms velocity. ⟨v ′2 ⟩ 1/2 , v rms wall-normal rms velocity. ⟨w ′2 ⟩ 1/2 , w rms Spanwise rms velocity. ⟨u ′ v ′ ⟩ Streamwise-wall-normal shear Reynolds stress. ⟨u ′ w ′ ⟩ Streamwise-spanwise shear Reynolds stress. ⟨v ′ w ′ ⟩ Wall-normal-spanwise shear Reynolds stress.
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iii Résumé Étendu En aérodynamique, l'optimisation des performances doit traiter de la réduction de traînée ou de l'augmentation de portance. Les défis sont souvent liés aux écoulements séparés. Le contrôle de la séparation peut être étudié dans le cas particulier d'une marche descendent arrondie (BFS) (Figure 3.6). L'écoulement séparé s'incurve vers le bas jusqu'à ce qu'il atteigne la paroi, formant la zone de rattachement. Malgré sa géométrie simple, un écoulement complexe est généré. Son domaine d'application couvre des domaines de recherche et de développement très variés tels que les profils aérodynamiques à grand angle d'attaque, les écoulements autour d'ailerons, les écoulements de séparation derrière les véhicules, les chambres de combustion, les chambres de mélange, les bateaux et les bâtiments [START_REF] Chen | A review of backwardfacing step (bfs) flow mechanisms, heat transfer and control[END_REF].

Cette thèse vise à développer un nouveau dispositif passif de contrôle de l'écoulement (FCD) basé sur le concept fractals/multi-échelles. Les obstacles fractals sont placés en amont d'une BFS située à x = 0, avec une distance x F CD de -3.85h et basée sur une hauteur h de 130 mm. L'effet de contrôle provoqué par le FCD est mesuré à l'aide des deux métriques : taille de la bulle de séparation et le point de rattachement moyen X R .

Le plus simple FCD est un obstacle droit. Par conséquent, notre approche commence par un cas de référence d'un obstacle droit placée le long de la direction z dans le plan y-z dont la hauteur est dans la direction y et l'envergure dans la direction z. Cette configuration est appelée cas L. Tout d'abord, nous devons fixer la hauteur du dispositif k. L'épaisseur de la couche limite (BL) δ varie le long de la rampe en Gradient de Pression Adverse (APG). Elle est d'environ 160 mm à l'abscisse du FCD. Usuellement, les Micro-Vortex Générateur (VG) ont une hauteur de 10 à 20 % de l'épaisseur BL pour des raisons de traînée. Pour un obstacle 2D droite, le paramètre géométrique principal est sa hauteur que nous choisissons de k = 20 mm, ce qui donne un rapport k/δ = 20/160 = 12, 5% et qui se situe dans la plage définie par [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. La FCD fractals/multi-échelles est une superposition de courbes sinusoïdales. Chaque courbe possède deux paramètres : l'amplitude A et la longueur d'onde W. Trois itérations sont construites (Figure 3.11). À chaque itération suivant la première, A est divisé par 2 et W par 4. Une simple fonction sinusoïdale avec une longueur d'onde W = 250 mm et une amplitude A = 30 mm (pour la première itération), cette configuration est appelée cas S1. La deuxième itération est appelée S2, et la troisième itération S3. Ainsi, à chaque itération, des angles plus nets sont générés. La longueur curviligne totale augmente à mesure que l'itération augmente. Si le facteur de relation géométrique W était encore augmenté, il produirait une petite longueur d'onde qui serait difficile à construire en raison de la limitation de fabrication. Différentes valeurs de divisions, voire le changement de phase sinusoïdale, ont été testées, mais aucune géométrie satisfaisante n'a été obtenue. Tous les FCD ont la même surface frontale. Une épaisseur de paroi de 2 mm est requise pour l'obstacle en raison de contraintes de fabrication.

Notre hypothèse est que le dispositif fractal créera de la vorticité, augmentera les gradients de vitesse locaux et pourrait alors créer également des tourbillons longitudinaux. De plus, comme la longueur d'onde est divisée par 4 à chaque itération (n), la longueur d'onde devient W n = W/(4 n-1 )), ce qui va forcer des longueurs d'onde plus petites dans l'écoulement.

Différentes configurations ont été testées. La longueur de notre FCD peut être augmentée simplement en maintenant l'amplitude fixe et en réduisant la longueur d'onde, comme dans configuration est appelée cas Sinef2 (c'est-à-dire une onde sinusoïdale simple avec A = 2,4k et W = 250/4 mm, voir Figure 3.18). La différence est que la longueur du dispositif Sinef2 augmente, mais son rapport A/W diminue. Par ailleurs, un FDC de plus petite surface frontale a été testé uniquement pour le dispositif S3 (meilleur cas de notre étude pour réduire la région de recirculation) avec une hauteur réduite à 10 mm (k = 0,0625δ). Ce cas est nommé S3 10. Ce test a conduit à une hauteur de FCD variable. Coté amont (Peak), la hauteur du dispositif est réduite de 20 mm à 10 mm, et coté aval (Trough), la hauteur est maintenue à 20 mm. De l'amont à l'aval, la hauteur varie linéairement de 10 à 20 mm. Cette nouvelle géométrie est appelée S3 -P10T20 (voir la Figure 3.20). Afin de certifier que ces dispositifs fractals/multi-échelles peuvent constituer une option viable pour le contrôle de l'écoulement, des Générateurs de Vortex (VG) ont été utilisés pour comparer leurs performances (Figure 3.15). Les VG utilisés dans notre expérience sont les mêmes meilleurs VG utilisés par [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF] pour réduire leur région de recirculation, dans la même soufflerie mais sur une séparation d'écoulement un peu différente. La géométrie des VG est esquissée dans la Figure 3.17 (type de pales de Lin). Les VG ont une hauteur k = 15 mm et une longueur de 2k, l'angle d'attaque est de 18 degrés, la distance entre chaque bord de fuite est de 2,5k et l'espacement entre chaque paire de VG est de 6k.

Toutes les campagnes ont été menées dans la soufflerie de couche limite à grand nombre de Reynolds du Laboratoire de Mécanique des Fluides de Lille (LMFL). Le modèle complet de rampe se compose d'une région de APG en amont d'une BFS arrondie (Figure 3.4). La seule technique de mesure de l'écoulement utilisée dans ce travail est la Vélocimétrie par Images de Particules (PIV). Différents agencements de PIV (2D2C PIV dans le plan (x-y) parallèle à l'écoulement et 2D3C PIV dans le plan (y-z) normal à l'écoulement sont utilisés dans les régions en amont et en aval d'une BFS. L'étude est menée à un nombre de Reynolds Re h = 100 000 (basés sur la hauteur h de la BFS et la vitesse d'entrée de la soufflerie). Cependant, des tests à Re h = 33 000 ont aussi été réalisés pour vérifier l'influence du nombre de Reynolds.

Dans le cas des FCD sinusoïdaux leur géométrie change dans la direction de l'envergure. Par conséquent, nous mesurons à trois positions : Amont (Peak), Milieu (Middle) et Aval (Trough), afin de mieux caractériser l'effet de cette position sur la région de recirculation. Pour ce faire, lors de l'expérience impliquant les plans PIV dans le sens du courant, premièrement le laser est fixé à l'axe central de la soufflerie. Deuxièmement, la FCD est déplacée latéralement jusqu'à ce que chaque position soit sous le faisceau laser, comme illustré dans la Figure 3.28. Cela signifie que, pour une FCD, trois nomenclatures différentes sont nécessaires : S1 Peak ou S1 P, S1 Middle ou S1 M, S1 Trough ou S1 T.

La convergence quantifie à la fois à quel point la valeur moyenne mesurée se rapproche de la valeur réelle et mesure la qualité de l'expérience. En supposant une intensité turbulente de 20 % et pour notre cas le plus défavorable, caractérisé par le plus faible nombre d'images non corrélées (N = 1537), le calcul à l'aide de l'équation 3.1 donne une incertitude de convergence de 1 % pour la vitesse moyenne et de 3,5 % pour la racine carrée moyenne (rms). Le bruit de la PIV est estimé en utilisant la zone de recouvrement entre deux caméras voisines, comme suggéré par [START_REF] Foucaut | Optimization of a spiv experiment for derivative moments assessment in a turbulent boundary layer[END_REF]. Le bruit des mesures de la vitesse dans la direction du courant et de la vitesse perpendiculaire à la paroi dans toutes les expériences PIV sur la majeure partie du champ de vision est inférieur à 0,5 pixel.

Le cas L produit des niveaux relativement significatifs de u rms , v rms et -⟨u ′ v ′ ⟩ dans la région du FCD, qui se trouve en amont de la BFS. Cependant, la taille de la région de recirculation de la BFS et la valeur de X R étaient similaires au cas de référence. De v Résumé Étendu plus, le dispositif Sinef2 a généré une quantité modérée de u rms , v rms et -⟨u ′ v ′ ⟩ dans la région du FCD, mais seulement une petite réduction de la région de recirculation de la BFS et de X R a été obtenue. Ces résultats suggèrent que la manière dont l'intensité de la turbulence est générée est au moins aussi importante que son intensité.

La région de recirculation BFS est plus petite pour les FCD fractals/multi-échelles (S1, S2 et S3 basées sur une superposition de courbes sinusoïdales) que pour l'écoulement de référence et pour le cas d'un obstacle droit (L) ayant la même hauteur et la même surface frontale que les FCD fractals. Au fur et à mesure que le nombre d'itérations fractales augmente (S1 à S2 à S3), le point de rattachement moyen X R se rapproche de la marche et la région de recirculation BFS est remodelée dans le plan transversal. En aval du FCD, à mesure que le nombre d'itérations fractales augmente, des tourbillons de plus en plus petits et nombreux sont générés, ce qui accroît l'hétérogénéité dans la direction de l'envergure. En fonction de la position transverse, différents types de tourbillons sont générés, certains tourbillons redirigeant l'écoulement vers la paroi et d'autres redirigeant l'écoulement loin de la paroi, ce qui augmente le transfert de quantité de mouvement entre les fluides rapides et les fluides lents. Des essais complémentaires modifiant la longueur et la hauteur de la courbe des FCD fractals ont finalement été effectués pour améliorer leur efficacité.

Les expériences SPIV en aval de la BFS ont révélé que la région de recirculation de la BFS subit une reconfiguration dans le plan y-z, avec des différences plus marquées dans la distribution de l'écoulement en envergure observées à mesure que le nombre d'itérations fractales augmente. Avec un nombre plus élevé d'itérations fractales, on trouve des inhomogénéités plus prononcées dans l'organisation de l'écoulement en envergure, et le vortex moyen dans le sens du courant généré devient plus fort. En amont de la BFS, à mesure que le nombre d'itérations fractales augmente, de plus petits et nombreux pics d'intensité de turbulence élevée apparaissent de manière mieux répartie, augmentant l'hétérogénéité dans la direction de l'envergure. Le plan dans le sens de l'écoulement 2D2C PIV NW (c'est-à-dire le plan x-y autour des FCD) a révélé un comportement de l'écoulement différent autour des positions Peak et Trough. En aval de la position du Trough, les parois concaves du FCD induisent la formation d'un vortex "envergure" qui contribue à évacuer le fluide lent loin de la paroi. En aval de la position du Peak, les parois convexes du FCD induisent la formation d'un vortex "envergure" qui contribue à faire circuler rapidement le fluide vers la paroi. Des tourbillons instantanés dans la direction de l'envergure sont trouvés en aval du FCD, suggérant que le FCD fractal génère un mélange de tourbillons dans le sens de l'écoulement et dans la direction de l'envergure. L'écoulement en amont du Sommet dévie sur les côtés, de sorte que l'écoulement se dirige vers le Trough, où les parois convergentes augmentent sa vitesse. Les parois du Trough constituent un cul-de-sac pour l'écoulement accéléré qui finit par heurter la paroi du Trough avec une vitesse plus élevée, entraînant ainsi des changements de vitesses plus violents et augmentant les intensités de turbulence. Par conséquent, la production de u rms , v rms et -⟨u ′ v ′ ⟩ augmente à mesure que l'on passe de l'amont au Milieu puis à l'aval. L'effet global de contraction diminue à mesure que le nombre d'itérations fractales augmente (S1 à S2 à S3), réduisant ainsi la production de u rms , v rms et -⟨u ′ v ′ ⟩. Des études précédentes ont suggéré que la réduction de la bulle BFS peut être obtenue en augmentant l'intensité de turbulence dans l'écoulement libre. Cependant, le dispositif S3 présente une meilleure répartition de u rms , v rms et -⟨u ′ v ′ ⟩ dans l'envergure que S1, ce qui signifie qu'un effet de contrôle de l'écoulement plus fort peut être obtenu avec vi moins de u rms , v rms et -⟨u ′ v ′ ⟩.

Les mesures par SPIV à la station ST1 (plan y-z juste en aval des FCD) montrent que les dispositifs S2 et S3 génèrent de petits tourbillons qui sont transportés en aval et finissent par fusionner en un grand tourbillon moyen de taille similaire à celui visualisé pour le cas S1 à la station ST2. Ce grand tourbillon induit une descente du fluide en aval de la position du Peak et une remontée en aval de la position du Trough. Bien que nous ayons observé que la descente et la remontée de fluide peuvent affecter X R de la BFS, elles peuvent également avoir un impact sur X S (c'est-à-dire le point de séparation moyen). De plus, à la station ST2 (juste en amont du bord d'attaque), la couche limite présente un facteur de forme H = δ * /θ d'environ 1,4 pour les cas du Peak et 1,9 pour les cas du Trough, suggérant que l'écoulement en aval de la position du Trough est plus proche de la séparation de la paroi que l'écoulement en aval de la position du Peak. Bien que nous n'ayons pas de mesure directe de X S , nous pouvons l'estimer indirectement en projetant la limite de séparation (définie par la ligne du coefficient de Simpson γ pu = 0,5) sur la paroi de la BFS à partir des résultats de 2D2C PIV dans la région de recirculation. La limite de séparation est détectée au début du champ de vision (à x/h = 1) à une hauteur inférieure pour tous les cas du Sommet que pour les cas du Trough, ce qui indique un possible décalage de X S .

Le dispositif VG génère principalement des tourbillons contrarotatifs principalement longitudinaux, qui selon [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] sont plus efficaces pour retarder le point de séparation de l'écoulement X S et réduire le point de recollement X R que les tourbillons en envergure. D'autre part, notre dispositif fractal S3 génère un mélange de tourbillons longitudinaux et transversaux, ce qui se traduit par une plus grande réduction de la région de recirculation de la BFS et de X R par rapport aux VG. Ces résultats indiquent qu'un mélange de tourbillons avec des orientations différentes pourrait être une stratégie plus efficace pour retarder la séparation de l'écoulement et réduire X R . Dans l'ensemble, ces résultats démontrent le potentiel de l'utilisation d'une stratégie de contrôle de l'écoulement fractale pour améliorer les performances de réduction de la séparation de l'écoulement.

L'influence de la hauteur de la S3 a été testée en utilisant le dispositif S3 10. Alors que le S3 10 a pu maintenir ses performances dans la réduction de la séparation de l'écoulement de la BFS en aval de la position du Peak, il a montré une détérioration en aval de la position du Trough. Cela renforce l'idée que les rôles du Peak et du Trough sont différents. Peut-être que le Trough a besoin d'une hauteur plus élevée pour pouvoir utiliser efficacement l'effet de contraction en sa faveur.

Sur la base des résultats du cas S3 10, nous avons proposé une dernière modification du dispositif fractal/multiscalaire optimal (S3), nommé S3 P10T20. Malgré la réduction de 25 % de la surface frontale du dispositif, le cas S3 P10T20 obtient un rattachement plus précoce de l'écoulement X R pour toutes les positions (Amont, Milieu et Aval) et une surface de bulle moyenne plus faible dans le plan transversal que le cas S3. Juste en aval du FCD, le cas S3 P10T20 génère une paire bien définie de tourbillons contrarotatifs moyens dans le sens du courant au Peak et une autre au Trough, tandis que le dispositif S3 génère une paire bien définie uniquement au Peak. En aval de la BFS, le cas S3 P10T20 induit une descente plus marquée que le cas S3. Les spectres spatiaux transversaux de la vitesse dans le sens du courant montrent qu'en aval immédiat du FCD à ST1, il y a plusieurs pics dans la courbe de Densité Spectrale de Puissance (PSD) dans la plage de bas numéro d'onde, ce qui indique que les dispositifs S3, S3 10 et S3 P10T20 injectent beaucoup d'énergie dans l'écoulement à différentes échelles de longueur, ce qui vii Résumé Étendu entraîne une plage de PSD suivant une pente claire en K -2 pour tous les dispositifs fractals en raison du fort gradient de vitesse créé entre les structures générées. La pente classique en K -5/3 n'est trouvée que pour l'écoulement de référence et pour tous les dispositifs fractals lorsque l'injection d'énergie devient faible (c'est-à-dire à une position plus éloignée de la paroi). En aval de la BFS à la station ST4, il n'y a pas de pics dans la courbe de PSD et la pente en K -2 à ST1 est remplacée par la pente classique en K -5/3 pour tous les cas.

En conclusion, les investigations expérimentales des FCD fractals à l'aide de la PIV ont démontré la faisabilité de l'utilisation de FCD fractals/multi-échelles en tant que dispositif de contrôle d'écoulement passif efficace pour réduire la séparation d'écoulement turbulent, en particulier dans le cas d'un BFS arrondi. Ces résultats contribuent à une meilleure compréhension du comportement de l'écoulement autour des FCD fractals et de leur efficacité dans le contrôle de la séparation d'un écoulement turbulent. viii Sum of three sine waves, fractal iteration 3. S3 10 S3 with half of the height (10 mm). S3 P10T20 S3 with half of the height at Peak 10 mm and 20 mm at Through.
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Flow Separation, a Classical Aerodynamic Problem

In aerodynamics, the optimization of performance has to deal with drag reduction or lift increase. The challenges are often linked with separated flows. Control of flow separation can be studied in the particular case of a Backward-Facing Step (BFS). The BFS is one of the classical geometries used to force flow separation (Figure 1.1) [START_REF] Abbott | Experimental investigation of subsonic turbulent flow over single and double backward facing steps[END_REF], [START_REF] Bradshaw | The reattachment and relaxation of a turbulent shear layer[END_REF]Wong, 1972),(McQueen et al., 2022a). Even if the incoming boundary layer is laminar, after the separation point the flow quickly becomes turbulent [START_REF] Simpson | Turbulent boundary-layer separation[END_REF]. The separated flow curves downward until it impinges on the wall, forming the reattachment zone. Despite its simple geometry, a complex flow is generated. Its application range covers very different areas of research and development such as airfoils at a large angle of attack, spoiler flows, separation flow behind vehicles, combustors, mixing chambers, boats and buildings [START_REF] Chen | A review of backwardfacing step (bfs) flow mechanisms, heat transfer and control[END_REF]. et al. (1987).

Flow Control Devices (FCDs) are generally placed upstream of the BFS. They can be passive or active. Two of the main metrics are the recirculation bubble size and the mean reattachment location X R . Several studies show that Vortex Generator (VG) [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF], jets [START_REF] Gautier | Control of the detached flow behind a backward-facing step by visual feedback[END_REF], fences [START_REF] Miau | Control of separated flow by a two-dimensional oscillating fence[END_REF] and cylinders [START_REF] Pujals | Drag reduction of a 3d bluff body using coherent streamwise streaks[END_REF] can be used to reduce the recirculation region. Each FCD has its own particular way of acting on the flow: the VG is based on its aerodynamic shape, the Jet requires extra energy to blow a fluid and the fence is a static simple geometry.

The tripping/fence mechanism usually can be used to force laminar to turbulent transition [START_REF] Braslow | Simplified method for determination of critical height of distributed roughness particles for boundary-layer transition at Mach numbers from 0 to 5[END_REF], [START_REF] Elsinga | Tomographic-piv measurement of the flow around a zigzag boundary layer trip[END_REF] and boundary layer thickening [START_REF] Klebanoff | Some features of artificially thickened fully developed turbulent boundary layers with zero pressure gradient[END_REF]. A fence can be placed upstream of the BFS (Figure 1.2) and depending on its upstream position the fence can act as an FCD, reducing the recirculation region [START_REF] Miau | Control of separated flow by a two-dimensional oscillating fence[END_REF], [START_REF] Neumann | Coherent structures in controlled separated flow over sharp-edged and rounded steps[END_REF]. This fence plus BFS set-up is the idea that will be developed in this PhD dissertation. 

Motivation

Flow separation is often associated with loss of performance, increase of drag (car) and loss of lift (aircraft). Competitive markets and environmental agendas are pushing the transport industry towards low-cost solutions with low CO2 emissions. Even a 1% improvement in performance could translate into US$100,000 per aircraft passenger per year in fuel [START_REF] Bolzon | Tubercles and their applications[END_REF]. FCDs such as VGs have been applied to aircraft to delay flow separation [START_REF] Whitford | Design for air combat[END_REF], [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF], [START_REF] Torenbeek | Synthesis of subsonic airplane design: an introduction to the preliminary design of subsonic general aviation and transport aircraft, with emphasis on layout, aerodynamic design, propulsion and performance[END_REF], [START_REF] Vos | Introduction to transonic aerodynamics[END_REF]. Another strategy is based on mass transfer, which consists of blowing fluid near the surface to bring more energetic flow towards the wall to delay separation [START_REF] Bushnell | Drag reduction in nature[END_REF]. In internal flows, additives are added to the fluid which reduces the pumping energy expenditure, so long oil pipelines can be used with minimal costs [START_REF] Lumley | Drag reduction by additives[END_REF].

The use of flow control increases the degree of freedom for aerodynamics optimization. This allows designers from the automotive industry to maintain a classical car design, such as a long-established car brand, while reducing fuel consumption.

As pointed out by [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF]: "The multitude and variety of hydro and aerodynamic vehicles and devices, taken for granted today, bear testimony to the tremendous advances that have been made in the development of means that avoid or modify separation". Despite many attempts over the past years, there are still many challenges left.

Scientists and inventors contemplate Mother Nature as a source of inspiration for their discoveries. [START_REF] Mandelbrot | The fractal geometry of nature[END_REF] realized that many geometries from nature repeat themselves over a wide range of scales, for example, snowflakes, galaxy clusters, trees, etc. He named these organized structures fractals. Aerodynamics and flow control can also be inspired by nature. Several examples can be cited. First, a humpback whale pectoral flipper has tubercles on the leading edge which increases its manoeuvrability [START_REF] Fish | Passive and active flow control by swimming fishes and mammals[END_REF]. For example, these tubercles have been applied to transonic airfoils to suppress the formation of the lambda-shock wave [START_REF] Sepetauskas | Wavy leading edge phenomena on transonic flow regime[END_REF]. Second, the skin of fast sharks has longitudinal riblets which reduce friction drag which was investigated by [START_REF] Bechert | The viscous flow on surfaces with longitudinal ribs[END_REF] and [START_REF] Garcia-Mayoral | Drag reduction by riblets[END_REF]. Third, the last example is the silent owl flight which is studied to reduce noise Chapter 1. Introduction on the wings of aeroplanes [START_REF] Jaworski | Aeroacoustics of silent owl flight[END_REF].

The present work is also bio-inspired. It applied the fractal/multiscale concept to fences for flow separation control.

Fractal/Multiscale FCD

The fence geometry does not need to be a straight bar, it can have any shape. The fractal/multiscale concept can be applied to this fence, resulting in spanwise/vertical geometric variations with similar geometrical structures such as those seen at the fractal mixing blades (Figure 1.3). Fractals/multiscale FCD are relatively new, therefore its application to flow control is still growing. Due to creative designs, an infinite number of configurations can be built and used for different problems. Some authors have already used the fractal concept to help understanding different features of turbulence [START_REF] Sreenivasan | The fractal facets of turbulence[END_REF], [START_REF] Meneveau | The multifractal nature of turbulent energy dissipation[END_REF]. Others have used it as an FCD to reduce noise [START_REF] Nedic | Aero-acoustic performance of fractal spoilers[END_REF], have applied it to blades for more efficient mixing in stirred tank [START_REF] Steiros | Effect of blade modifications on the torque and flow field of radial impellers in stirred tanks[END_REF], have applied to a wing trailing edges for reducing the energy associated with vortex shedding, as well as spanwise coherence [START_REF] Prigent | Coherent structures shed by multiscale cut-in trailing edge serrations on lifting wings[END_REF].

The specific fractal pattern used on the mixing blades of Figure 1.3 is called Minkowski. It is just one of many fractal geometries that can be created. This is described in more detail in the Literature Review. Our own fractal/multiscale FCD is introduced in chapter 3 Methodology.

Objectives

This thesis work aims to develop/propose a proof-of-concept study of fractal FCDs as new alternatives, among others, to be potentially used by the industry. It does not intend to find the FCD that best reduces the recirculation region with less additional drag. The aim of this experimental investigation is to provoke flow separation via a BFS and control it passively using fractal/multiscale passive FCD. The metrics X R (mean reattachment point), recirculation bubble area and turbulence intensities will guide this study regarding how much the FCD changes the flow in comparison to the reference flow.

The recirculation region is often controlled by a homogenous distribution of FCDs. For example, the solid fence has the same geometry regardless of its position, VGs are used in a linear array of FCD for jets and suction strategies. The fractal/multiscale concept proposes a heterogeneous geometry. Instead of a 2D recirculation region (on average), the fractal/multiscale can force a 3D recirculation region (on average). Therefore, the streamwise mean X R is now dependent on spanwise position. The mean recirculation bubble shape can also be deformed in three directions (x, y, z).

Traditional FCDs (fence, VG, jet) generate specific vorticity, turbulence intensity and flow reorganization in the surrounding fluid. One hypothesis is that Fractal/multiscale FCD can be built, in a particular way, to generate more vorticity with less turbulence intensities at one position and the opposite at another position. Increasing the flow reorganization with less turbulence intensity is also possible, as will be seen in this thesis. Therefore, the fractal/multiscale FCD increases the degree of freedom for optimization.

The turbulent flow has several length scales [START_REF] Tennekes | A first course in turbulence[END_REF]. Fractal/multiscale FCDs have several geometric length scales which produce several flow length scales. The large scales are represented by the velocity fluctuations (u ′ ) and the small scales are represented by vorticity [START_REF] Tsinober | An informal conceptual introduction to turbulence[END_REF]. As the number of fractal iterations increases, the separation of scales also increases and these two quantities (u ′ and vorticity) can be tuned accordingly to the fractal geometry and its number of iterations.

The fractal chosen in this thesis work is explained in chapter 3 Methodology, where also the description of the wind tunnel, the BFS and the experimental measurement technique (PIV) is done. There are five different experimental characterizations performed. First, 2D2C PIV in a streamwise plane upstream of the BFS to characterize the reference boundary layer synchronized with 2D2C PIV downstream of the BFS to characterize the recirculation region and to be able to measure the main metrics (bubble area, X R and turbulence intensities). Second, a 2D3C Stereoscopic PIV with two spanwise planes upstream and two downstream of the BFS. As the geometry of the fractal fence is not homogeneous in the spanwise direction, this transverse plane was important to capture the flow organization in the spanwise direction. Third, a 2D2C PIV in a streamwise plane, near the FCD, to better understand how the device is passively interacting with the flow. Fourth, an extended 2D2C PIV downstream of the BFS to better characterized the turbulence organization above the recirculation bubble of some FCD proposed. Finally, an extended 2D3C Stereoscopic PIV in one spanwise plane upstream and one downstream of the BFS and covering this time the full wavelength of the FCD proposed, aiming to get a better understanding of the spanwise reorganization of the flow. Extra FCD geometries are tested in chapter 7 to validate some physical hypotheses about the way the fractal/multiscale concept works.

Chapter 2

Literature Review

Chapter 2. Literature Review

Flow Separation

Flow separation has been studied since the Boundary Layer Theory proposed by Prandtl [START_REF] Prandtl | Uber flussigkeitsbewegung bei sehr kleiner reibung[END_REF]. Flow separation is explained by [START_REF] Prandtl | Uber flussigkeitsbewegung bei sehr kleiner reibung[END_REF] as a consequence of the increase of pressure in the streamwise direction [START_REF] Tani | History of boundary layer theory[END_REF]. The concept of the topographical pattern of limiting streamlines (Figure 2.1) can also be used to identify flow separation or reattachment [START_REF] Délery | Robert legendre and henri werlé: toward the elucidation of threedimensional separation[END_REF]. This method is used in this thesis when analysing the mean streamlines of the recirculation region to detect the reattachment point where the lines tend to divide. The mean streamlines around the FCD helped also to understand the role of the fractal FCD. [START_REF] Délery | Robert legendre and henri werlé: toward the elucidation of threedimensional separation[END_REF].

The criterion of vanishing wall-shear stress can be used to identify flow separation. However, it can be incomplete because it only refers to a small region near the wall with no information on the outer field organization which is also important. In general, flows are unsteady and the vanishing wall shear and/or flow reversal near the wall can not automatically be classified as flow separation. The boundary layer has to suffer a breakaway from the surface, only then it can be considered as flow separation [START_REF] Sears | Boundary-layer separation in unsteady flow[END_REF]. As [START_REF] Simpson | Turbulent boundary-layer separation[END_REF] additionally pointed out, the flow separation must be accompanied by an increase in wall-normal velocity. This wall-normal velocity interacts with the free-stream velocity, causing the entire flow to change its structure, resulting in loss of lift for wings and/or additional drag for vehicles. In Figure 2.2, the BL fully attached has a positive streamwise velocity gradient at the wall (∂u/∂y) w > 0. At the separation point (S), we have (∂u/∂y) w = 0 and the streamlines become more vertical, indicating an increase in the wall-normal velocity. We have then (∂u/∂y) w < 0 in the backflow region. Going downstream from S, the reverse flow region increases until a maximum then decreases.

The turbulent boundary layer (TBL) separation is sketched in Figure 2.3. In the traditional view (Figure 2.3a), the recirculation region is seen as an organized structure, with the backflow coming from far downstream and the detachment point D (or separation point S) being located at one specific point. In Simpson's view (Figure 2.3b), the backflow can come from far downstream, but also from nearby regions, resulting in a messier recirculation region. The separation region is identified in terms of a percentage of probability of upstream flow (γ pu ) [START_REF] Simpson | Turbulent boundary-layer separation[END_REF]. Only the instantaneous streamwise velocity u is used. For a fixed point in space, γ pu corresponds to the percentage of time of the flow moving upstream (i.e. u < 0) over the total time of observation. γ pu = 1 means that 100% of the time the flow is moving upstream, γ pu = 0 means that 100% of the time the flow is moving downstream (no backflow), γ pu = 0.5 means that 50% of the time the flow is moving upstream and 50% it is moving downstream. For [START_REF] Simpson | Turbulent boundary-layer separation[END_REF], γ pu = 0.5 at the wall characterize the detachment point D (or separation point S), γ pu = 0.2 at the wall corresponds to the intermittent transitory detachment (ITD) where the probability of finding backflow is low and γ pu = 0.01 at the wall corresponds to the incipient detachment (ID) where backflow is rarely found. The condition that gives the detachment point (D) [γ pu = 0.5] is the same for reattachment.

Flow Separation

The flow usually detaches because of Adverse Pressure Gradient (APG) often induced by the geometry. As the geometry changes, the pressure gradient changes. We can cite different examples like diffusers [START_REF] Smith | An experimental investigation of the transitory stall regime in two-dimensional diffusers[END_REF] and airfoils [START_REF] Harris | Two-dimensional aerodynamic characteristics of the naca 0012 airfoil in the langley 8 foot transonic pressure tunnel[END_REF]. A pure APG can be found in shock waves [START_REF] Babinsky | Shock wave-boundary-layer interactions[END_REF] or can be artificially generated if suction is applied to the opposite wall [START_REF] Griffin | Control of a canonical separated flow[END_REF]. The geometry can be the case of an obstacle facing the flow, such as a fence or a Forward Facing Step (FFS) [START_REF] Pearson | Turbulent separation upstream of a forward-facing step[END_REF]. The literature considers the Backward Facing Step (BFS) as a geometry-induced separation because the separation point is fixed at the step edge (Figure 1.1). Due to the sudden enlargement, the BFS imposes then an APG.

The BFS is a well popular model to study flow separation. [START_REF] Abbott | Experimental investigation of subsonic turbulent flow over single and double backward facing steps[END_REF] Chapter 2. Literature Review [START_REF] Simpson | Turbulent boundary-layer separation[END_REF].

studied which parameters can have a big influence on the BFS flow. The selected parameters were the Reynolds number and the step height (h) to boundary layer thickness (δ) ratio. The BFS problem is still widely studied because of its complexity of turbulent phenomena [START_REF] Chen | A review of backwardfacing step (bfs) flow mechanisms, heat transfer and control[END_REF]. Some advances have been made, for example, on the question of how h dictates how strongly the incoming flow will be modified for a given δ. Important distinctions are made in [START_REF] Bradshaw | The reattachment and relaxation of a turbulent shear layer[END_REF]. They defined weak perturbations as (h/δ << 1), strong (h/δ = 1) and overwhelming perturbations (h/δ >> 1). They suggested that an overwhelming perturbation is simpler because it is less dependent on the upstream initial condition. Maybe due to that, many published BFS studies have h > δ.

The reattachment point X R depends on h: increasing h increases X R /h [START_REF] Eaton | A review of research on subsonic turbulent flow reattachment[END_REF]. What makes the problem more complex is that X R /h depends on more variables than just h. [START_REF] Chen | A review of backwardfacing step (bfs) flow mechanisms, heat transfer and control[END_REF] consider that X R /h depends on the following variables: X R /h = f (AR, ER, Re θ , Re h , δ/h, θ/h, FST, β), where the aspect ratio (AR) is the ratio of the step height to wind tunnel width, the expansion ratio (ER) is the ratio of wind tunnel height after and before the step, Re θ is the Reynolds number based on momentum boundary layer thickness (θ), Re h is the Reynolds number based on the step height, FST is the free-stream turbulence, β is the Rotta-Clauser pressure gradient parameter which is related to the pressure gradient [START_REF] Schlichting | Boundary-layer theory[END_REF], p.578), by β = (δ * /ρu 2 τ )(∂p/∂x) [START_REF] Maciel | Outer scales and parameters of adverse-pressure-gradient turbulent boundary layers[END_REF]. The expansion ratio (ER) defined as H/(H -h), where H is the wind tunnel height, imposes a large decrease in the bulk velocity, or free-stream velocity, if ER >> 1. Thus, X R tends to increase with ER (Figure 2.4). The Reynolds number Re h also plays an important role. In Figure 2.4, at a low Re h between about 2000 to 5000, an increase in Re h results in a decrease of X R with a minimum reached around Re h ≈ 5000 -6000. With any further increase in Re h , X R increases until it becomes Reynolds number independent at Re h ≈ 30000. [START_REF] Armaly | Experimental and theoretical investigation of backward-facing step flow[END_REF] defined three flow regimes: laminar (Re h < 1200), transitional (1200 < Re h < 6600) and turbulent (Re h > 6600). In the laminar case, X R increases with Re h . In the transitional case, X R has a sharp decrease with Re h . In the turbulent case, X R increases until Re h is high enough so that X R becomes constant with any further increase in the Re h .

As mentioned earlier, the BFS produces an unsteady flow. Thus, some characteristics and frequencies are commonly shared among experiments and simulations. The reattachment point is not fixed in time, it moves upstream and downstream from the mean reattachment point. Its amplitude is about ±2h [START_REF] Simpson | Turbulent boundary-layer separation[END_REF], which is confirmed by the DNS of [START_REF] Le | Direct numerical simulation of turbulent flow over a backward-facing step[END_REF], where the mean X R is 6.28h and oscillates over 5 < X R /h < 7.5. [START_REF] Le | Direct numerical simulation of turbulent flow over a backward-facing step[END_REF] explained that this oscillation is due to the shear layer which has a vertical motion, called flapping. Furthermore, vortices are shed downstream of the BFS, the passage of these vortices above the location where the flow is instantaneously reattaching will be affected. As observed by [START_REF] Bradshaw | The reattachment and relaxation of a turbulent shear layer[END_REF], the shear layer originating from the step edge moves and becomes thicker as it is convected downstream. Eventually, this shear layer makes contact with the bottom wall. At this point, part of the shear layer keeps being convected downstream, but part is sucked by the recirculation region. As it is unsteady, the instantaneous reattachment point moves downstream and upstream. This movement can be normalized by the step height or by the bubble separation length L sep [START_REF] Mabey | Analysis and correlation of data on pressure fluctuations in separated flow[END_REF]. Its frequency is conveniently normalized using the Strouhal number St h = f h/U 0 , which usually falls in the range St h = 0.01 -0.02. This frequency is referred to as low frequency, which reflects the bubble growth and shrinking mechanism [START_REF] Cherry | Unsteady measurements in a separated and reattaching flow[END_REF]. The high frequency is the vortex shedding frequency of the shear layer with St h = 0.1 -0.2.

The recirculation bubble behind the BFS is not a "dead-air" zone [START_REF] Simpson | Turbulent boundary-layer separation[END_REF], it is an unsteady flow, it changes its size and the backflow velocity can reach 0.2U e inside the recirculation region, with U e being the local free stream velocity. Moreover, Le et al. Chapter 2. Literature Review (1997) pointed out that fluctuations inside the recirculation region, when compared to free-stream velocity, appear to be small. However, relative to the backflow velocity U b , the fluctuations could reach up to 0.4U b . Finally, inside the backflow region, the instantaneous streamwise velocity fluctuations can be greater than the local mean streamwise velocity [START_REF] Simpson | Aspects of turbulent boundary-layer separation[END_REF].

Flow Control

Flow control is a vast field of research, with applications ranging from engineering to medicine. In order to stay in the realm of mechanical engineering problems, the examples herein are going to be specific and more relevant to the BFS problem. As stated by [START_REF] Lumley | Control of turbulence[END_REF]: "We must also address the problem of how, when and where to interfere with the flow, in order to have the greatest effect". Flow control is any change made purposefully to the natural flow. Thus, for BFS flow, many types of flow control were tried such as a change in the geometry [START_REF] Tani | Experimental investigation of flow separation associated with a step or a groove[END_REF], inserting a fence [START_REF] Miau | Control of separated flow by a two-dimensional oscillating fence[END_REF], making the wall rougher [START_REF] Essel | Roughness effects on turbulent flow downstream of a backward facing step[END_REF], heating or cooling of the walls [START_REF] Guo | Thermal effect on the recirculation zone in sudden-expansion gas flows[END_REF], injection of extra mass using jets [START_REF] Derhille | Experimental assessment of the active flow control over the flight deck of a frigate[END_REF], etc. These examples can be classified into two groups: passive and active. A passive FCD, such as a fence or VGs, does not add energy to the system. However, if a fence moves via an actuator [START_REF] Cattafesta | Actuators for active flow control[END_REF], it adds energy to the system and is therefore considered as an active FCD.

Most of these FCD strategies are based on increasing the momentum transport from fast fluids to slow fluids [START_REF] Schlichting | Boundary-layer theory[END_REF]. Therefore, the boundary layer (BL) gains this extra energy and becomes stronger against the adverse pressure gradient (APG), delaying flow separation.

If separation is inevitable, similar strategies can also be used. The increase in mixing in the shear layer can increase entrainment, thereby reducing the size of the separation bubble [START_REF] Gad-El Hak | Separation control[END_REF]. A few examples are now mentioned of strategies to reduce flow separation, rather than avoid it.

Free-stream turbulence (FST) has an impact on the size of the recirculation bubble. Kiya and Sasaki (1983a) placed a cylinder rod upstream from a separation bubble. The wake produced at the rod is then convected downstream reaching the separation bubble. The interaction of the rod wake and recirculation bubble results in a reduction of the recirculation region. Kiya and Sasaki (1983a) have investigated different upstream positions and used different diameters of the cylinder for generating different integral length scales in the cylinder wake. Kiya and Sasaki (1983a) showed that the turbulence intensity was the main driving factor controlling the separated region. [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF] used different grid sizes, upstream from the test section, to get a nearly isotropic FST. Similar integral length scales were obtained regardless of the turbulence intensity (Tu). Low Tu = 0.2%, medium Tu = 3.4% and high Tu = 5.6% were tested. The size of the separation bubble got smaller with increasing Tu. Kiya and Sasaki (1983a) explained that the FST forced the shear layer to a higher rate of growth, as a result, an earlier flow reattachment is achieved. The application of FST to BFS also resulted in a reduction of the bubble size [START_REF] Isomoto | The effect of inlet turbulence intensity on the reattachment process over a backward-facing step[END_REF].

Vortex Generators (VG), which are passive FCDs, are commonly used to delay and reduce separation (Figure 2.5). This device is placed with an incidence angle against 2.2. Flow Control the flow forming an angle of attack. It works as a wing, the fluid that moves from the high pressure (lower surface) to the low pressure (upper surface) generates a streamwise vortex, similar to what happens at the wing tip of an aeroplane. The VGs can be organised to generate co-rotating or counter-rotating vortex pairs, the choice depends on the application. According to [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF], a VG generates a streamwise vortex which is more effective in delaying separation than a spanwise vortex which can be generated by a transverse cylinder for example. Streamwise vortices bring high-speed momentum into the near-wall region where much lower velocities are found. The enhanced mixing provided by VG enables the flow to strongly sustain the Adverse Pressure Gradient (APG). VGs are versatile and can also be used to attempt to delay the transition to turbulence [START_REF] Sattarzadeh | Consecutive turbulence transition delay with reinforced passive control[END_REF] or in transonic flow regimes for mitigating shockinduced separation [START_REF] Titchener | A review of the use of vortex generators for mitigating shock-induced separation[END_REF]. The BFS model is closely related to the Ahmed body ("car model"), which is a bluff body where many flow control strategies have been tried [START_REF] Choi | Control of flow over a bluff body[END_REF]. [START_REF] Pujals | Drag reduction of a 3d bluff body using coherent streamwise streaks[END_REF] applied VG to a -25 • slanted rear-end. The physics of this VG are illustrated in Figure 2.6. A simple wall-normal array of cylinders, with a relatively low height of 0.6δ, also produces counter-rotating vortices. The authors put more emphasis on flow separation reduction by generating large-scale coherent streaks induced by the large streamwise vortices.

The set-up of [START_REF] Neumann | Coherent structures in controlled separated flow over sharp-edged and rounded steps[END_REF] is similar to our BFS flow which will be used in the present work, however, they used LES simulation. The rounded BFS has a small curvature (i.e. smooth rounded BFS with a radius of 6.05h) and a Reynolds number Re h = 9100 was based on the experimental work done by [START_REF] Song | Experimental study of a separating, reattaching, and redeveloping flow over a smoothly contoured ramp[END_REF]. The fence has a height of 0.33h or 0.4δ and it is positioned at -4h upstream of the step edge, which is the same position and fence height used by [START_REF] Miau | Control of separated flow by a two-dimensional oscillating fence[END_REF]. The instantaneous vorticity field shows that for the reference flow, elongated structures can be found upstream and at the first portion of the rounded BFS (Figure 2.7). The fence breaks this organization, making the elongated structures shorter and increasing turbulence intensity (not well represented by this figure). This leads to a reduction of the recirculation bubble length (L sep = X R -X S ), where X S is the separation point and X S is the reattachment point. The recirculation bubble length L sep is reduced by 14% for the squared BFS and by 71% for the rounded BFS. Lowering the fence height to 0.2h for the rounded BFS, the L sep reduction is 57%. However, when the smaller fence is positioned closer to the step edge (-2h), the reduction is 66%. It is interesting to note that this bubble reduction was accomplished by delaying X S rather than influencing X R . For the reference case X S = 1.4h and X R = 4.9h, for the fence case (fence height 0.33h placed at -4h upstream of the step edge) X S = 2.7h and X R = 5.1h. [START_REF] Bentaleb | Large-eddy simulation of turbulent boundary layer separation from a rounded step[END_REF] using the same set-up as Neumann and Wengle ( 2004) but without flow control, have focused more on the physics via LES. The rounded BFS first accelerates the incoming BL near its step edge. As the flow progress further downstream over the rounded BFS, the APG increases and the BL decelerates rapidly until separation occurs. The unsteady shear layer has a high turbulence production (P) compared to turbulence dissipation (ϵ), which makes the non-equilibrium region reach a maximum ratio of P/ϵ = 3.3 at x/H = 1. A large turbulence eddy length scale is calculated as L = K 3/2 /ϵ. The variation of L downstream of the step edge normalized by the step height H is presented in Figure 2.8. The maximum value of L is around 1.2H, which is more similar to the step height than the separation length (around 3.5H).

As already mentioned, the recirculation region is not exactly a "dead-water" region [START_REF] Simpson | Aspects of turbulent boundary-layer separation[END_REF]. It presents a relatively non-negligible backflow velocity and skin friction. Moreover, the pressure indeed increases in the streamwise x-direction, but not in 2019) (Figure 2.9). The reattachment position is around X R = 8h for the BFS case, thus we could say that for the first half of the bubble (X R < 4h) the pressure presents a plateau. The "dead-water" analogy is more applied to airfoils, for example, the Laminar Separation Bubble (LSB) forces a much well-defined pressure plateau (Figure 2.10). The plateau decreases as the FST increases (Turbulence Intensity TI noted in Figure 2.9(a)).

Flow Control

Downstream of a BFS, a porous wall can be used in the bottom surface of the recirculation region (Figure 2.11). Underneath the porous plate, there is a free flow which can move up through the porous surface in a steady manner, reducing the shear layer flapping. The propagation of the pressure fluctuations is largely reduced. The porous wall also reduces the turbulence intensities, which results in an increase in the reattachment location, X R = 5.5 using a solid wall and X R = 6.5 using a porous wall ( [START_REF] Heenan | Passive control of backstep flow[END_REF]. Despite the porous wall increasing X R , the attenuation of the flapping is beneficial for fluid-structure interaction, reducing fatigue due to those fluctuations.

Figure 2.11: BFS with a porous wall (grey region) in the recirculation region. Extracted from [START_REF] Heenan | Passive control of backstep flow[END_REF].

Instead of a porous wall, a rough wall can also be used downstream of the BFS [START_REF] Essel | Roughness effects on turbulent flow downstream of a backward facing step[END_REF]. The roughness slightly increases X R . The streamwise and wall-normal mean velocities are also slightly affected. In the experiment of Essel and 2.2. Flow Control Tachie (2015), the streamwise and wall-normal Reynolds stresses are increased by 30% in the recirculation region, however, the Reynolds shear stress is not affected due to a loss of correlation between streamwise and wall-normal fluctuations.

FCDs can be placed anywhere, downstream, upstream and even detached from the wall (Figure 2.12), such as in the case of the Large Eddy Break Up (LEBU) [START_REF] Walsh | Riblet/lebu research at nasa langley[END_REF]. As described by [START_REF] Gad-El Hak | Flow control: fundamentals and practices[END_REF], the LEBU can be used to break the large vortices formed in the BL. One simple way is to place one or more splitter plates immersed in the outer part of the BL. [START_REF] Spazzini | Flow control downstream of a backward-facing step[END_REF] used the LEBU to stabilize the shear layer. The energy spectra, considering the wall shear stress fluctuations, showed a decrease in the energy content at all frequencies.

Figure 2.12: Sketch of the BFS with LEBU. Extracted from [START_REF] Spazzini | Flow control downstream of a backward-facing step[END_REF].

We arrive now to active flow control strategies. One way of injecting new energy into the system is to use jets. The fluid can be introduced in the normal direction (perpendicularly to the free-stream flow) [START_REF] Chovet | Dynamical aspects of a backward-facing step flow at large reynolds numbers[END_REF], tangential to the wall (same direction as the free-stream flow), or basically at any angle that the best response is achieved, even at the upstream direction [START_REF] Godard | Control of a decelerating boundary layer. part 1: Optimization of passive vortex generators[END_REF]; [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF]; [START_REF] Raibaudo | Transient characterization of the reattachment of a massively separated turbulent boundary layer under flow control[END_REF]; etc). The jets can be modelled similarly as a solid cylinder, as shown in Figure 2.6. The jet has typically a high-speed velocity, 2-3 times the free-stream velocity, therefore this cylindrical jet (air or water) acts as a "solid" blockage producing some vortices. These vortices will play a similar role as the vortex generators. The main difference is that now this active jet has an extra degree of freedom over passive FCDs. We can run the jets continuously or intermittently. Moreover, the jet velocity and its injection frequency can be a function of time. [START_REF] Chovet | Dynamical aspects of a backward-facing step flow at large reynolds numbers[END_REF] matched the jet blowing frequency with the Strouhal number of the vortex shedding. The interaction between this jet frequency with the shear layer from the BFS was positive, thus reducing the recirculation region.

A more recent FCD is the surface plasma discharge (dielectric barrier discharge or DBD) [START_REF] Corke | Dielectric barrier discharge plasma actuators for flow control[END_REF], which is also used for BFS control [START_REF] Benard | Control of the coherent structure dynamics downstream of a backward facing step by dbd plasma actuator[END_REF]. A shear layer is formed with a high frequency near the step edge where separation occurs. As the shear layer grows downstream, the vortices can pair with each other reducing the frequency. Moving more downstream, the shear layer will impinge into the wall where the shear layer will break. Part will be carried downstream and part upstream. This process generates one more frequency. The movement of the mean reattachment point is affected by the shedding and by the shear layer, resulting in the shear layer flapping motion, or bubble breathing, which has a low frequency. Thus, different frequencies can be used to achieve flow control. After testing many frequencies (Figure 2.13), Benard Chapter 2. Literature Review et al. ( 2016) found that all of them have a positive effect in reducing X R . Therefore, one can envisage the design of a fractal/multiscale FCD which will generate multiple frequencies at once from its multiscale geometry. Centering the main frequency of the fractal FCD at the shear layer frequency (shedding St h = 0.25 for [START_REF] Benard | Control of the coherent structure dynamics downstream of a backward facing step by dbd plasma actuator[END_REF]) can lead to higher positive effects.

For problems where no extra mass is desired, the synthetic jet [START_REF] Glezer | Synthetic jets[END_REF] can be used. They work as a chamber with an orifice and a moving membrane, the fluid is sucked into the chamber by an open orifice due to volume expansion imposed by the moving membrane, then later the same flow is ejected through the same orifice with the opposite movement of the membrane.

Figure 2.13: The mean reattachment position X R for BFS at different DBD frequencies. Extracted from [START_REF] Benard | Control of the coherent structure dynamics downstream of a backward facing step by dbd plasma actuator[END_REF].

The active flow control referenced above [START_REF] Benard | Control of the coherent structure dynamics downstream of a backward facing step by dbd plasma actuator[END_REF] and [START_REF] Chovet | Dynamical aspects of a backward-facing step flow at large reynolds numbers[END_REF] are open-loop, which means that the FCD is going to keep applying the same input regardless of changes in the flow. Due to faster computation capabilities, a closed-loop is feasible [START_REF] Brunton | Closed-loop turbulence control: Progress and challenges[END_REF]. The flow control system receives the feedback from the flow and a new input from the FCD is going to be generated. [START_REF] Gautier | Control of the detached flow behind a backward-facing step by visual feedback[END_REF] applied real-time computations to the velocity fields in a closed-loop, i.e. during the wind tunnel testing, fast computations are made and based on some criterion, the jet is actuated with a new input (i.e. the BFS flow data are analysed and a new feedback is generated). The BFS flow criteria were to track the bubble surface and the spatially averaged swirling intensity. In [START_REF] Gautier | Control of the detached flow behind a backward-facing step by visual feedback[END_REF] study, it was possible to adjust also in real-time the mean jet velocity.

A real-time flow control that can be turned on and off can reduce energy costs by using it only when required. [START_REF] Raibaudo | Transient characterization of the reattachment of a massively separated turbulent boundary layer under flow control[END_REF] used pulsed jets generating co-rotating vortices to control the flow over a -22 • ramp. The real-time measurement 2.3. Fractals of the wall friction was done by some hot-film sensors placed inside the recirculation bubble. The wall friction measurement inside the bubble region could then be related to the instantaneous dynamics of the separated flow and new flow control inputs can be generated.

Fractals

Nature has complex structures, it is not formed only by circles, squares, triangles, or simple shapes that engineers like to consider. There is a myriad of forms ranging from regular, irregular, scaled, etc. [START_REF] Mandelbrot | The fractal geometry of nature[END_REF] is considered to be the father of fractal geometry. He is famous for the question "How long is the coast of Britain?". [START_REF] Mandelbrot | The fractal geometry of nature[END_REF] explained that it depends on the size of your ruler, as the ruler (scale) gets smaller finer details become visible, increasing the total length. One classical example is the snowflake (Figure 2.14). Starting with a simple triangle, as the iteration increases, replacing each side of the triangle with a new smaller triangle, finer scales are formed resulting in a longer length. This fractal geometry is found in trees, rivers, blood vessels, lungs, romanesco broccoli, etc. Turbulent flows also may have fractal/multiscale characteristics because different scales are present within them, ranging from large scale to the Kolmogorov scale. Thus, authors tried to use this new concept in their favour. [START_REF] Sreenivasan | The fractal facets of turbulence[END_REF] tried to determine the fractal dimension of a turbulent/non-turbulent interface. [START_REF] Hurst | Scalings and decay of fractal-generated turbulence[END_REF] built fractal grids which they placed in a wind tunnel test section entry. They obtained higher turbulence intensities than classical grids for the same blockage ratio. Furthermore, this fractal grid experiment led to a new way of studying turbulence dissipation in turbulent flows [START_REF] Vassilicos | Dissipation in turbulent flows[END_REF]. Complex geometries can be simplified by a fractal model. For example, [START_REF] Bai | Near-wake turbulent flow structure and mixing length downstream of a fractal tree[END_REF] studied turbulence models for the wake generated by a tree. It is a complex geometry and infinite possibilities can be selected. In order to be replicated in any laboratory, it is known that the thickness of the trunk has to be split between the branches above and so on until the leaves. A simple model can be created by using a fractal idea, where at each split 3 new branches are generated with 1/2 of scale reduction. In this way, a tree study can be compared with other studies (Figure 2.15).

Fractals are also being used in the aeronautical field. [START_REF] Prigent | Coherent structures shed by multiscale cut-in trailing edge serrations on lifting wings[END_REF] replaced The fractal geometry can also be achieved by fixing the external length. A solid surface, for example by extrusion, becomes perforated/porous in fractal geometry such as the Sierpinski triangle. A solid spoiler plate used intentionally to reduce the lift can become a regular perforated/porous spoiler or a fractal one (Figure 2.17). [START_REF] Nedic | Aeroacoustic performance of fractal spoilers[END_REF] motivation for using fractal geometry was aero-acoustic performance. Indeed, the low-frequency noise generated by the recirculation region behind the solid spoiler is less dissipated by the atmospheric air than a higher frequency. Therefore, as fractals have smaller geometric structures which generate smaller flow structures, they could potentially generate higher frequencies. Furthermore, the flow passing through the porous wall disturbs the recirculation bubble behind the spoiler, decreasing its noise production.

The standard flow control devices (FCDs) such as VG, jet, DBD, cylinder and fence generally have one length scale and they generally have a homogeneous distribution. For example, a row of VGs or cylinders distributed in the spanwise direction, see re- spectively Figures 2.5 and 2.6. A fractal/multiscale device has more than one length scale and its distribution is non-homogeneous. Considering that a turbulent flow has a continuous spectrum involving a few decades of scales, the efficiency of an FCD with only one single scale should be as much questionable as a fractal/multiscale FCD. Moreover, as demonstrated in Figure 2.13, different DBD frequencies were able to reduce the reattachment length (X R ), therefore, a fractal/multiscale FCD which has the potential to generate several frequencies at the same time, can have a higher control potential with a multiplication of possible positive interactions. Fractals or multiscale geometries possess a few advantages. The geometry follows a mathematical rule, therefore it is easy to be replicated in any laboratory. The parameters responsible for the fractal formation are fixed and known, thus it is easier to change only one parameter at a time and test the effect on the flow. Nature has fractal elements and to model these elements a fractal geometry might be the best option. In terms of science, fractals applied as FCD are relatively new, therefore many features are yet to be explored.

The disadvantages are somehow related to the advantages. Even though fractals follow a simple equation, their geometry is quite complex. Its manufacture is more expensive and more difficult. The changes in one parameter do not mean that something else is not changed, for example when the number of fractal iterations increases the total length also increases. The multitude of scales comes with a cost. Generally, different Reynolds numbers and angles of attack (AOA) result in different responses for wings [START_REF] Abbott | Summary of airfoil data[END_REF]; [START_REF] Harris | Two-dimensional aerodynamic characteristics of the naca 0012 airfoil in the langley 8 foot transonic pressure tunnel[END_REF]) and for VGs [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]; [START_REF] Godard | Control of a decelerating boundary layer. part 1: Optimization of passive vortex generators[END_REF]). Therefore, for a specific fractal with multiple scales, there is a possibility that for some scales there is a positive gain while for other scales it will be the contrary. An overall positive gain is then not straightforward.

Chapter 3

Methodology

Chapter 3. Methodology All the campaigns were conducted in the large-scale boundary layer wind tunnel of the Laboratoire de Mécanique des Fluides de Lille (LMFL). The entire ramp model consists of an adverse pressure gradient (APG) region upstream of a rounded backwardfacing step (BFS). A new passive Flow Control Device (FCD) design is proposed based on the fractal/multiscale concept. The only flow measurement technique used in this work is Particle Image Velocimetry (PIV). Different PIV set-ups (streamwise (x-y plane) 2D2C PIV and spanwise (y-z plane) 2D3C PIV arrangements) are used in the upstream and downstream regions of the Backward Facing Step (BFS).

Wind Tunnel

The experiments are conducted in the LMFL boundary layer wind tunnel (Figure 3.1). The wind tunnel has a long test section with 20 m length, 2 m width and 1 m height. All sides are made of 10 mm glass, providing full optical access. The free stream velocity ranges from 1 to 10 m/s (±0.5%). During the experiment, the infinite wind tunnel velocity, at the entrance of the test section, is U ∞ = 9 m/s except for two configurations where it was fixed at 3 m/s to study Reynolds number effects. The wind tunnel is in a closed-loop configuration with temperature regulation of 17 ± 0.2 • C. The ramp model, starting at 9.4 m from the test section entrance, is inserted inside the wind tunnel (Figure 3.2). The original ramp (AVERT/EuHIT [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF]) starts with a smooth contraction, followed by a 2.14 m long flat plate at 1.5 • angle with respect to the wind tunnel floor (Favourable Pressure Gradient (FPG) region), then a 3.47 m flat plate at -5 • from wind tunnel floor (Adverse Pressure Gradient (APG) region) until it reaches the bottom wall (Figure 3.3). For this present work, a slight modification is done. The APG ramp is shortened to be homogeneous in the section and a rounded Backward Facing Step (BFS) is added. A sketch of this modification is presented in Figure 3.4.

The rounded BFS is a semicircle with a radius equal to height h of 130 mm. To compare with wind tunnel test section dimensions, the Expansion Ratio ER = H/(H-h) = 1/(1-0.13) = 1.15, where H is wind tunnel height. The 1.15 value is close to what authors commonly use ( [START_REF] Le | Direct numerical simulation of turbulent flow over a backward-facing step[END_REF], (Scarano et al., 1999), [START_REF] Chen | A review of backwardfacing step (bfs) flow mechanisms, heat transfer and control[END_REF]).

Wind Tunnel

The Aspect Ratio (AS) is the wind tunnel width divided by the BFS height (2/0.13) = 15, which suggests 2D flow in the wind tunnel centerline. Moreover, [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] analyzed the corner streamwise vortex on the -5 • ramp and validated the flow to be 2D over 80% of the wind tunnel width.

To analyze flow properties results in the next chapters, the coordinate system needs to be defined: the wind tunnel floor is at 0 • and the ramp floor where the FCD will be positioned is at -5 • . As the results of the 0 • recirculation region and the -5 • upstream region are not plotted in the same figure in this thesis, the x-direction will be the streamwise flow parallel to the wall. Therefore, the x-direction is the streamwise direction parallel to the -5 • ramp plate if on the ramp (red axis Figure 3.5), otherwise, the x-direction is the streamwise direction of the wind tunnel (0 • ) (i.e. in the recirculation region (green axis Figure 3.5)). A similar definition is used for wall-normal direction y (i.e. normal to the local wall). The spanwise z-direction comes as a consequence of defining an orthogonal right-handed reference frame.

The streamwise coordinate system (x = 0 m) is defined at the upstream step edge of the BFS (Figure 3.4). The APG starts 15.5h upstream of the step edge. The BFS origin is located close to where boundary layer separation is expected to occur. Downstream of the BFS, there is a long flat plate region covering almost 40h where the reattached flow can return to a classical BL. All results will be non-dimensionalized by h and by the test section entrance velocity U ∞ . In most cases, we have U ∞ = 9 m/s, but for two configurations we have U ∞ = 3 m/s to investigate Reynolds number effects. The recirculation region reference system x-y (green) is fixed at the step-foot at x = 1h. 400 mm to cover the entire wind tunnel width of 2000 mm. Each piece is polished with grid 500 sandpaper and water to obtain a smooth surface. The adjustment between each piece is about 0.2 mm. A black anodized aluminum 50 µm thick tape is added to ensure sealing between the 5 parts of the BFS, between the BFS and the wind-tunnel floor and between the BFS and the APG ramp. Chapter 3. Methodology

BFS

Flow Control Devices

The design and manufacture of the FCDs were prior to the wind tunnel experiments. Hence, no data was available in the APG ramp with the rounded BFS. However, as this present work has the same FPG and APG angles as [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF], our FCDs parameters were based on the boundary layer characteristics obtained by [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF]. We took the risk to assume that the BFS would have minor effects on the flow at a few step heights upstream where the FCD will be positioned. This distance FCD to BFS will be discussed in chapter 4.3. Thus, the BL characterization done by [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] is assumed to be valid, becoming a reference for the design of our FCD.

Even though the ramp design is not the same (Figure 3.4). This assumption is validated after the first experimental results in chapter 4.

The design concept for the new FCD is presented in chronological order, with emphasis given to the most important aspects based on the author's opinion.

The choice between passive or active FCD is based on simplicity. The active FCD requires dynamic actuation, along with actuators. Furthermore, the active system can be open-loop or closed-loop. For closed-loop cases, one needs to define how fast the response of the system needs to be. To simplify the problem, we decided to eliminate all these complicated parameters, therefore the passive system is our choice.

The passive devices, as shown in chapter 2, are many (VG, fences, surface rugosity, etc). Adding to that, there are many fractal designs (Koch curve, Minkowski sausage, Sierpinski triangle, etc). Combining passive and fractals, an infinite range of geometrical possibilities is open. Therefore, some selection and filtering must be done:

-The first design selection is based on how many times the flow interacts with the device during its passage. One of the most common fractals and recently used as a fractal FCD in microchannels [START_REF] Chen | Passive micromixer with baffles distributed on both sides of microchannels based on the koch fractal principle[END_REF], is the Koch curve presented in Figure 2.14. The fractal iteration 0 is shown in Figure 3.7. When the flow is crossing a straight line it interacts only once with the passive device. When iteration 1 is used (the Koch seed), there is still only one intersection. However, when iteration 2 is used, depending on where the flow crosses the fractal device, there could be 3 intersections. In principle, this is not a problem, but as some selection has to be done, the choice of allowing only one flow crossing is made. More intersections would increase drag because the flow is being perturbed, or blocked, more times. Also, fractal iteration 2 is passively interacting with the flow three times, not on the entire curve. An alternative arrangement producing multiple interactions would be that iteration 0 could be repeated in smaller lengths downstream, creating more small parallel lines, which would begin to resemble the cantor set (Figure 3.8). This can be viewed as a fractal/multiscale obstruction, where the flow would be interacting more than once on its downstream path. Thus, in order to avoid these multiple interactions, a simple sine multiscale design is chosen and no vertical lines (mean free-stream flow direction) are crossed more than once (Figure 3.11).

-The main parameters used to design our FCDs (i.e. FCD size and position) are the boundary layer (BL) thickness δ and its velocity profile. A small multiscale/fractal FCD, located relatively far upstream from the separation region, would create a perturbation that would grow as it is convected downstream. When passing over the recirculation region, its interaction would hopefully reduce the separated region. However, if the FCD is too far from separation for a fixed step height, the effect will vanish. On the other hand, a relatively small device in relation to the BL thickness δ is desired to reduce the [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. For the position upstream of the flow separation, values around 6 to 30 VG height are commonly used [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF].

Flow Control Devices

-The third design selection is related to the number of fractal iterations. The FCD is based on our hypothesis that as the number of fractal iterations increases, the generation of vorticity also increases due to smaller scales generated in the perturbation. For example, in Figure 3.11 the total length of our third iteration fractal fence, S3 which will be defined later, is 2.4 times longer than the straight line fence (iteration 0), which is achieved by addition of smaller geometrical scales which lead to steeper angles between the fence and the z-direction. These steeper angles (see Figure 3.12) can also/are expected to have an effect on the generation of vorticity.

-The fourth design selection is related to the Vortex Generator (VG) reference. Our fractal/multiscale devices are original, so they are not yet in the scientific literature. Thus, some reference is important to be able to help its creation. Our reference is the VG (Figure 3.9). It is a passive FCD immersed in the BL which generates streamwise vortices which induce momentum exchange between low-speed flow at the wall and highspeed flow away from the wall [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. Our hypothesis is that our fractal device will create vorticity, possibly then create streamwise vortices as well. There could then be some similarities between the flow organization generated by the VG with our FCD. The VG can generate counter-rotating vortices or co-rotating vortices depending on their alignment (see the upper sketch in Figure 3.9). VG works similarly to a wing, the angle of attack will induce a different flow on the lower and upper surface, which will lead to a vortex. The optimum height k is related to the BL thickness [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] [START_REF] Godard | Control of a decelerating boundary layer. part 1: Optimization of passive vortex generators[END_REF]. The spanwise spacing Z between each device has also an optimal distance, otherwise, vortices generated too close can annihilate each other, decreasing the performance of the flow control strategy [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. Big spacings Z between VGs lead to possibly no effect between VGs, therefore, the perturbation of a device has a limited transverse influence. There are VGs such as the Wishbone and Wheeler (see the lower sketch in Figure 3.9) that work as a mini ramp or wedge which creates directly the vortex pair. On the definition of our FCD parameters, we can accommodate the Chapter 3. Methodology optimization of transverse spacing between elements by selecting carefully the number of fractal iterations and their wavelength. Based on these key points discussed above, the FCD geometry can be finally presented. The simplest fence is a straight fence. Therefore, our fractal/multiscale approach starts with a reference case of a straight fence placed along the z-direction in the y-z plane. With its height in the y-direction and its span in the z-direction. This configuration is named L case. Then, due to the first design selection, our choice of fractal/multiscale FCD is a sinusoidal fence in the x-z plane with the same height. Due to similarities between our fractal/multiscale FCD and VG, some recommendations done by [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] for VG guided some of our geometrical decisions.

First, we have to fix the device height k. The BL thickness δ varies along the APG ramp, but it is around 160 mm. Micro-VG has a height of 10-20% of BL thickness for drag concerns. For a straight 2D fence, the main geometrical parameter is its height in the y-direction. We choose a height k = 20 mm which gives a k/δ = 20/160 = 12.5% which is inside the range defined by [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF].

The straight fence device does not have a wavelength W or amplitude A in the x-z plane, thus the following geometrical decisions are only applied to the fractal/multiscale ones. However, in order to keep the same frontal area against the flow, the height chosen for the straight fence device will be the height for all cases (except for some final modifications to our fractal/multiscale FCDs done in chapter 7).

Concerning the spanwise wavelength W. It has to be comparable to BL thickness (160 mm) or to a possible distance between streaks in the APG ramp. Unfortunately, due to 3D printing resolution, even for W = 200 mm, the round sine wave of the third iteration started to lose precision and becomes more triangular. The solution was to increase to W = 250 mm (W/δ = 1.56). This decision is not based on flow physics, but 3.2. Flow Control Devices on manufacturing constraints. However, this is of the order of the spanwise spacing of streamwise superstructure about 1δ suggested by [START_REF] Hutchins | Evidence of very long meandering features in the logarithmic region of turbulent boundary layers[END_REF].

Concerning amplitude A. The upstream flow is tripped first at Peak, second at the Middle and third at Trough (Figure 3.10). Thus, the distance from the device to the upstream step edge where separation is likely to occur will be different. If this distance is infinite, the difference between Peak and Trough is irrelevant. However, [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] recommendation is that when VG is positioned more than 30k from the flow separation point, VG starts losing its effectiveness. Assuming a simple sine wave, if the middle position is at 20k upstream of the step edge, the Peak will be 20k+A and the Trough 20k-A. As the Peak is more distant than the Trough, the Peak has to be below the limit of 30k suggested by [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. Consequently, the difference between Peak and Trough has to be limited, otherwise, the Trough might be in the optimum distance, while the Peak is not. Moreover, k = 20 mm is already defined, which means that 30k = 600 mm, which forces (A) to be small in comparison to 600 mm. For example, if we set the device at 500 mm upstream of the BFS and if we choose A = 30 mm (1.5k), this means a Peak-to-Trough difference of 60 mm (3k) for the simple sine in Figure 3.10. When the fractal number of iterations increases, not only does the curvilinear length increase, but the amplitude also increases as seen in Figure 3.11a, reaching A = 2.4k for iteration 3, or 4.8k Peak-to-Trough distance. This resulted in a Trough to step-edge distance of 22.6k and Peak to step-edge of 27.4k. The difference 27.4/22.6 is 21%. This can start to have an effect on the effectiveness of the Trough over the Peak, considering that the Peak stays inside the optimal range defined by [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. However, when lower (A) values are used, the sine wave seems to be flat which would be too close to a straight bar. In conclusion, A = 1.5k is a moderate and acceptable value.

In conclusion, the final decision is to use a simple sine with W = 250 mm, A = 30 mm (for the first iteration) and k = 20 mm. All FCD have the same frontal area. A wall thickness of 2 mm is required for the fence due to manufacturing constraints. The fractal/multiscale FCD is a superposition of sine curves. Each curve has two parameters: amplitude A and wavelength W. Three iterations are built (Figure 3.11a). At every iteration following the first one, A is divided by 2 and W by 4. So that at each iteration, sharper angles are generated (Figure 3.12). The total curvilinear Chapter 3. Methodology length increases as iteration increases. When increasing the geometric relation factor W, it would produce a small wavelength that would be difficult to build due to the manufacturing limitation. Different values of divisions, or even changing the sine phase, were attempted but no satisfactory geometry was achieved.

A short nomenclature is applied: reference case without any FCD is named (ref) for reference flow or uncontrolled flow, straight bar case is (L), simple sine (S1), with second multiscale iteration (S2) and with third iteration (S3). Due to the number of fractal/multiscale iterations, as the iterations increase the length of the curve increases, the maximum amplitude increases and the location of the Peak and Trough changes. The length normalized by W (W = 250 mm) grows from L to S1 and by increasing the number of fractal iterations (i.e. from S1 to S2 to S3). It is 1 for the L case, 1.13 for S1, 1.5 for S2 and 2.4 for S3. Regarding the maximum amplitude, it is 0 for the L case and it is 1.5k for S1 (amplitude A in Figure 3.10). For the S2 and S3 curves, it is a sum of the amplitudes, therefore the distance of the maximum Peak position to the center is 2.15k for S2 and 2.4k for S3 (the maximum Peak and Trough positions increase as we go from S1 to S2 to S3, see Figure 3.11(a)). The point that all fractal/multiscale FCDs have in common is located at the middle spanwise position. A fourth iteration is attempted (S4), but the 3D printing resolution was not high enough, making the sine curves to become triangular. Therefore, there are only three iterations tested.

A 3D rapid prototyping machine was used to print these fractal curves, the material used is a black Polylactic acid (PLA), with a wall thickness of 2 mm (Figure 3.11b).

The spanwise spacing positions (Z) between standard passive VG and their angle of attack have to be specified. For fractal/multiscale, as the number of fractal iterations increases (S1 to S2 to S3), Peak and Trough get near each other, reducing spacing Z and creating sharper angles (Figure 3.12). Compared to VGs where specific and constant parameters (angle of attack, spacing gap, VG geometrical size) are fixed, fractals have various values of them.

Our choice of using fractals are also based on the ratio of the amplitude (A) by the wavelength (W) at a specific number of fractal iteration (n). For example, as the amplitude is divided by 2 at each iteration (n) the amplitude is A n = A/(2 n-1 ), which
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forces smaller amplitudes at each iteration in the flow. Also, as the wavelength is divided by 4 at each iteration (n) the wavelength is W n = W/(4 n-1 )), which forces smaller wavelengths in the flow. Therefore, the ratio A n /W n = (A/W )2 (n-1) increases with the number of fractal iterations (n). This is important because we are trying to increase velocity gradient, in particular fluctuating velocity gradients. Moreover, the fractal concept has the property to increase its own length as the fractal number of iterations increases. A longer curve might interact more with the flow than a short curve. However, the length of our FCD can be increased just by keeping the amplitude fixed and reducing the wavelength, such as the Sinef2 device (i.e. simple sine with A = 2.4k and W = 250/4 mm, see Figure 3.18). The difference is that the length of Sinef2 device increases, but its ratio A/W decreases. The Sinef2 is tested in chapter 7.

Angle S3

Angle S1

Angle S2

spacing S2

spacing S3

Figure 3.12: Sketch of the increasing angle of attack and decreasing peak to trough spanwise spacing as fractal iteration increases.

In Figure 3.13, Computer-Aided Design (CAD) of L, S1, S2 and S3 devices are presented for a better view than the picture in Figure 3.13(b). The devices are visualized from the top view (x-z) with a small tilted angle. The flow is in the positive x-direction. The device height is wall-normal in the y-direction and the device span is in the zdirection. For each element, a 15 mm (0.75k) base and 2 mm height are added at the leeward side (downstream) of the fence. This base is used to increase the element stability and to glue them directly on the surface with a 10 µm double-sided tape. Because of this base, the straight bar is referred to as L case. Due to the CAD top view, the base (light grey) of 15 mm seems bigger than the height (dark grey) of 20 mm, see the descriptions of the dimensions in Figure 3.13(a). 
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A picture of the S1 device mounted on the ramp is shown in Figure 3.14. One FCD element has a span of 250 mm. As the wind tunnel has a width of 2000 mm, 8 FCD elements are needed. The junction of two elements is made with the help of black aluminum tape to ensure the continuity between elements. This led to minor imperfections in this region. Therefore, in order to avoid measurements in this location at the tunnel centreline, the assembly starts with one half-printed element near one wind tunnel side, followed by 7 elements and finished with the one-half element at the other wind tunnel side. This way, one entire device is centered on the wind tunnel test section. It is more complex for the Peak and Trough positions. For example, the S1 device is a simple sine wave, the Peak is located at (1/4)250 mm from the beginning of the device and the Trough at (3/4)250 mm. Therefore, instead of the assembly starting with one half-printed element near one wind tunnel side (as for S1 Middle), a small 1/4 element starts the assembly for centering the peak at z = 0 (respectively 3/4 for centering the Trough) and a big 3/4 (respectively 1/4) finish it. The S1 Peak and Trough positions are used for S2 and S3 devices in the experiment 2D2C PIV HS described in the next section due to forgetting of Peak and Trough migration with fractal iteration. In Figure 3.11(a), the maximum Peak and Trough are dislocated towards the center (125 mm) as the fractal number of iterations increases. For example, the spanwise distance of the maximum Peak and Trough is for S1 simply the wavelength (250 mm) divided by 2, which gives 125 mm; for S2 it reduces to 98 mm; for S3 it reduces to 88 mm (see Figure 3.11). Due to that, in the near-wake experiment 2D2C PIV NW described in the next section, the exact positioning of the Peak and Trough has to be aligned with the PIV laser. Therefore, different starting element pairs are printed. For S1 and all middle cases, the starting element and end element are the same (50/50). For S2 Peak case to be centered, the starting element should be 125 + 49 = 174 mm and the end element should be 250 -174 = 76 mm. For S2 Trough case, the opposite is done; the starting element is 76 mm and the end element is 174 mm. Therefore, the proportion for S2 is about (30/70 and 70/30 idem). For S3 Peak case, the starting element is 125 + 44 = 169 mm and the end element is 250-169 = 71 mm. The opposite for S3 Trough, the starting element 71 mm and ending element 169 mm, which gives a ratio of (32/68 and 68/32 idem). For Sinef2 (31/69 and 69/31 idem).

BFS

Stepedge In order to certify if these fractal/multiscale devices can be a viable option for flow control, Vortex Generators (VG) are used to compare their performance (Figure 3.15). The VGs used in our experiment are the same best VGs used by [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF] to reduce his recirculation region, in the same wind tunnel but on another flow separation. The VG geometry is sketched in Figure 3.17 (Lin vanes type). The VG has a height k = 15 mm and length of 2k, the angle of attack is 18 • , the distance between each trailing edge is 2.5k and the spacing between each VG pair is 6k. However, it is worth pointing out that the VGs used by [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF] were applied to different APG regions (ramp with an angle of divergence of -2 • compared to our -5 • ) and a different BFS (ramp at -22 • compared to our 1/4 of circle rounded BFS). Also, the ratio of the VG height to the boundary layer thickness was k/δ = 0.08 for [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF] and k/δ = 0.094 for our configuration. Therefore, the VG might have a different performance in terms of reducing flow separation in our test case.

S1 FCD Flow

As seen before, the VG device works as a wing, it has an angle of attack and the fluid that moves from the high pressure (lower surface) to the low pressure (upper surface) will generate a vortex, similar to what happens in the wing tip. The counter-rotating vortex creates two regions, one with upwash ejecting low momentum fluid to the outer region of the boundary layer, and another region with downwash bringing high momentum fluid from the outer region. When a streamwise PIV plane is placed in between the VGs pairs (upwash), it is named VG Between or V G B. When a streamwise PIV plane is in the middle (downwash), it is named VG Middle or V G M . For the choice to use VG as a comparison is not random. The VG is a passive FCD, it is submerged inside the BL and the vortices created by the VG (Figure 3.17 New FCD configurations have also been manufactured with the intent to provide a further understanding of the geometry characteristics and its flow interaction. They are tested in chapter 7.

The first modification is regarding the sine frequency. As the frequency is increased, the curve angle becomes sharper (Figure 3.12). Also, more Peaks and Troughs per spanwise length are created. The chosen wavelength is the same as the one used to build the S2 device, i.e. wavelength of iteration 2 which is the wavelength of the S1 device (250 mm) divided by 4. Also, we fixed the amplitude of this new simple sine case as the S3 device (2.4k, i.e. Peak to center or Trough to center distance). It is named Sinef2

Chapter 3. Methodology Figure 3.17: Sketch of VG and the counter-rotating vortices. In green, the Middle and Between represent the PIV laser location.

case and the curve is plotted in Figure 3.18, the CAD is given in Figure 3.19 and its set-up picture is presented in Figure 3.21(c). An extra consequence of increasing the frequency is the increase of the total curvilinear length, which is increased by 3.3 times the L device length. The tip edges are close to the third iteration in S3. This Sinef2 is then designed to understand if our FCD works due to fractality or because of the tip edge opening and closing angle.

The second modification is regarding drag. The original FCD height is k = 20 mm, which in relation to the Boundary Layer (BL) thickness is k = 0.125δ. This height is high enough to be effective in changing the recirculation bubble (based on the results in chapter 4). Therefore, a smaller frontal area of the FCD was tested only for the S3 device (the best case in reducing recirculation region) with the height reduced to 10 mm (k = 0.0625δ). It is named S3 10 case.

The third and last modification is regarding an improvement of the S3 device based on the results from 2D2C PIV RC and the 2D2C PIV NW experiments in chapter 7. A varying FCD height is proposed. At the Peak, the device height is reduced from 20 mm to 10 mm and at the Trough, the height is kept at 20 mm. From Peak to Trough, the height is linearly changed from 10 to 20 mm depending on the streamwise distance from the Peak position. This new geometry is named S3 P10T20 and the CAD is given in Figure 3.20 and the set-up picture can be seen in Figure 3.21(a)(b). The side view seems more aerodynamically pleasing, like a wedge than if the Peak had 20 mm and the Trough 10 mm. 
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Theory

Turbulence is a spatio-temporal chaotic behaviour of flows. In the case of a wake, this makes it impossible to determine the flow direction before the measurement. The experimental method needs to be able to measure a range of scales, from small scales (Kolmogorov) to large scales (larger than the integral length scale). The turbulence is also across space, i.e. two points separated in space can have different turbulent velocities, therefore the turbulent flow has infinity degrees of freedom (DOF). Ultimately, to better characterize the BFS flow, a point measurement is not enough and is not convenient. This requires the translation of this point of measurement to several positions to access the mean spatial organization of the flow. In BFS flow, for example, the Hot-Wire Anemometry (HWA) can be used in specific points of interest, where the temporal behavior is important to be quantified, such as near the reattachment point and the shear layer. However, as HWA is not sensitive to the flow direction, the reverse velocities which will happen with non-negligible probability in these recirculating regions will create a bias in the measurements. As our intention is to measure the recirculation bubble, its flow topology and regions of high turbulence intensities, Particle Image Velocimetry (PIV) is the best choice. Moreover, PIV is considered to be a non-intrusive technique, meaning that the measurement does not affect the natural flow. PIV, as described by [START_REF] Adrian | Particle-imaging techniques for experimental fluid mechanics[END_REF], consists in (Figure 3.22): seeding the flow with small particles which will perfectly follow the flow without changing its main characteristics. The particles are then illuminated two times separated by a short time interval dt by a thin laser sheet with a high-power pulsed laser. A powerful laser is often required because the particle diameter is of the order of 1 µm for air. Such a small diameter is required to obtain a very small Stokes number (Stokes number << 1) even for structures at the Kolmogorov scale so that they perfectly follow the flow. As a consequence of a small particle, there is a low level of light scattering by the particle. This explains the need for high-power lasers for PIV experiments. In order to increase the laser power/area, usually the laser is concentrated on a thin sheet of the order of 1 mm, which of course, the laser thickness has to be tuned according to the out-of-plane component of velocity to avoid loss of particle pair.

The determination of the particle velocity, which can be assumed to be the same as the fluid particle, is computed by using the simplest formula u = dx/dt. Two pieces of information are needed, the initial and the final points. The use of pulsed nanosecond lasers allows fixing the particles in the images to accurately measure the displacement. If the camera is not fast enough, the two laser pulses can be in the same image. In basic 2D2C (2 dimensions, 2 components) PIV measurements, this recording choice is called single frame/double exposure. Nowadays, the most common for low-frequency PIV is the double frame/single exposure. The single frame/single exposure can be used for time-resolved PIV (images taken at constant dt). The laser is synchronized with the camera placed at 90 • from the light sheet. At the time t 0 , the camera shutter is open to receive the scattering light, then the first laser pulse is turned on. The camera shutter is then closed just after the laser pulse. Then the camera makes a rapid copy of the first image to its buffer (typically this takes 100 ns to 500 ns) and then reopens the sensor for a long time for the second laser pulse. During this second long exposure 3.3. Particle Image Velocimetry Description time, the camera makes the transfer of image 1 to a computer. After dt, the second laser is sent. At the end of the transfer of image 1, the camera closes the shutter and makes the transfer of the image to a computer. Then the process can be repeated for recording another velocity snapshot. The laser pulse duration must be short to "freeze" the particle, otherwise, the particle will move during the recording process, blurring the recorded image (or a streak will be formed). Notice that there are three different time parameters. First, the laser has a pulse width (time that the pulsed laser is on) on the order of a few nanoseconds. Second, the time difference between the two laser pulses (dt) is the time that the particle will be allowed to travel, usually in the range 10-20 px. Third, the frequency acquisition, for example, the camera is recording at 10 HZ (0.1s). Finally, the recorded images are split into small Interrogation Windows (IW) and the most probable displacement of particles inside IW is determined by cross-correlation of the IW at t 0 and t 0 + dt. By dividing the displacements obtained by dt and taking into account the Magnification Factor (M f )[in m/px] obtained after calibrating the camera, a velocity map of the two velocity components in the measurement plane is obtained. This method is called double frame/single exposure 2D2C PIV. Generally, to improve the resolution, a multipass/multigrid algorithm is used [START_REF] Willert | Digital particle image velocimetry[END_REF] which will be described in the next paragraphs.

Interesting to note that many techniques measure the velocity indirectly. For example, pressure can be measured and then velocity can be estimated, or in the HWA, heat transfer is measured and then the velocity is estimated. PIV estimates the velocity by measuring the tracer particle, one advantage is that the velocity is calculated by using a simple well-established equation u = dx/dt. Figure 3.22: Sketch of a PIV system. Extracted from [START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF].

The number of PIV equipment necessary to run an experiment is quite large and expensive: laser, seeding particles, cameras, computer, Programmable Timing Unit (PTU) to synchronize laser and cameras, mirror to redirect the laser beam, lenses to converge and diverge the beam, calibration plate and a few more depending on the experiment. As it is not the objective here to explain everything in detail, for people interested in Chapter 3. Methodology the technique, a detailed description can be found in [START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF], [START_REF] Adrian | Particle image velocimetry[END_REF], [START_REF] Schröder | Particle image velocimetry: new developments and recent applications[END_REF] and [START_REF] Stanislas | Particle image velocimetry: Progress towards industrial application[END_REF].

A few guidelines extracted from the above references are summarized here for a good PIV. First, for a 2D2C PIV set-up, the camera has to be orthogonal to the FOV. Otherwise, perspective projection errors will occur and become rapidly non-negligible. Second, the particle image size has to be larger than 1 px and is optimal at 2 px. If smaller than 2 px, peak locking starts to occur, which means that displacements in pixels will be biased toward the closest rounded integer value (Figure 3.23). The size of particle images is tuned by selecting the fstop (f # ) number (aperture) of the camera lens. As the particle images obtained are dominated by the diffraction spot given by 2.44(1+|M |)λf # , where M is the magnification and λ is the laser wavelength [START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF], one way to achieve 2 px diameter is to run high f # values. However, the amount of light entering through the camera aperture reduces, so if the laser is not powerful enough, one has to deal with a small f # number and small particle image, leading to not optimum PIV results (high peak locking and high noise (Foucaut et al., 2004a)). Third, the laser dt needs to allow the particle to move by a maximum of 1/4 of the IW size (to avoid in-plane loss) and 1/4 of the laser sheet thickness (to avoid out-ofplane loss). The first condition can be released by using multipass/multigrid algorithm [START_REF] Willert | Digital particle image velocimetry[END_REF]. At the first step, the processing is done with a big IW respecting the displacement of less than 1/4 of the IW. Then in the second step, smaller IW is used but shifted by the predictor obtained at the first step to track the particles (remaining correction of displacement to measure between ±1px). This is iterated up to the final pass with a typical interrogation size achievable of 24 by 24 pixels. The second condition imposes the dt with fixed laser sheet thickness. Fourth, the mean gradient of displacement inside the IW should not exceed 1px. This condition is respected by decreasing dt if too strong gradients are detected or by using the image deformation method to compensate it if particle image diameter is larger than 1.3 px [START_REF] Lecordier | Advanced piv algorithms with image distortion validation and comparison using synthetic images of turbulent flow[END_REF] and [START_REF] Scarano | Iterative image deformation methods in piv[END_REF]. Finally, the number of particles per IW needs to be more than 10 to ensure a good cross-correlation (best around 20 particles), or given in Particle per Pixels (PPP) a value close to 0.04 ppp for classical final IW size of 24 by 24 pixels. When optimizing all those parameters, the particle light intensity (measured in counts) needs to be higher than the background (dark pixel). A minimum ratio of 3 is desired, especially for sCMOS sensors. During our experiment, for example, the sCMOS camera had 300-400 counts for the background noise, this means that our particle needs to have at least 1000 counts. In our experiment, this value was kept between 1500-2000 counts.

When the out-of-plane component is not negligible, this also creates a perspective projection error. Figure 3.24 shows a sketch of this perspective projection error. On the left, the green region represents the PIV laser in the x-y plane. The camera is perpendicular to the PIV plane, therefore the sensor is also in the x-y plane. Let's suppose a uniform flow U = (0, 0, W) with zero velocity in the x and y direction and a constant velocity in the z-direction. The particle inside the laser sheet is moving only in the z-direction. However, the perspective angle of the camera projects this ∆z displacement in the x-y plane of the camera (right figure). At the center of the camera, the angle α (left figure) is zero, resulting in no perspective error. As the angle α increases, the ∆z is computed as ∆x and ∆y. In our 2D2C PIV experiment, the free-stream flow (main one) is in the x-direction but we also have flow in the y and z-directions, especially Figure 3.24: Sketch of a PIV perspective error. Extracted from [START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF].

The extra devices (Sinef2, S3 10, VG, S3 at 3 m/s) were manufactured after the Stereo-PIV (SPIV) experiment campaign. Therefore, there is no measured information about their spanwise velocity W. However, the PIV perspective error can help us to infer if a flow is 2D or 3D on average. If the flow is 2D on average, the average particle displacement that contributes to an underestimation (red) and overestimation (blue) is equal (Figure 3.25), resulting in an average neutral particle displacement (black). In practice, the fluctuating velocities distribution can be not symmetric, so the average of over and under-estimations will not be perfectly compensated but will create a small bias. On the other hand, if the flow is 3D on average with a preferential direction, this means that there is more underestimation or overestimation, leading to a mean PIV perspective error non-negligible. In the 2D2C PIV HS experiment described later in this section, three cameras are merged at about x/h ≈ 3.4 and 5.6, therefore, the PIV perspective error is pronounced. For example, in displacement measured by the PIV) has to be between 100 and 200 for a good estimation of turbulence statistics [START_REF] Adrian | Twenty years of particle image velocimetry[END_REF]. The maximum displacement is determined by the dt, which is usually around 10 px. If the particle is allowed to move more, two big problems happen: out-of-plane loss and mean gradient increase inside IW increases. The out-of-plane loss refers to the particle that is moving in the z-direction (transverse to the x-y PIV plane). As the light sheet is thin (O(1 mm)), it is relatively easy to occur, especially when the flow is strongly turbulent (3D flow), which can lead to structures crossing the FOV. This has a direct impact on the range of turbulent scales that PIV can resolve. Due to that, the experimentalist has to choose which range is better for his problem. In this thesis, for example, the dissipative scales are not resolved. Definitely, some improvements were made in PIV since 1991. Still, in the review done by [START_REF] Westerweel | Particle image velocimetry for complex and turbulent flows[END_REF] the accuracy of determining the particle image displacement is around 0.05-0.2 px. If the particle displacement is 10 px, considering a typical PIV noise uncertainty of 0.1 px, thus the error in the velocity is 0.1/10 = 1%. This tends to increase to 5-10% for a velocity that is only 10% of the full scale which is generally the order of magnitude of fluctuating velocities of turbulent flow. This effect is better characterized by the variance overestimation due to PIV noise. If as an example, the standard deviation σ U is 10% of mean velocity U (i.e. equal to 1 px for 10 px displacement tuned for U), therefore, the PIV noise will overestimate the variance by noise 2 /σ 2 U = (0.1px) 2 /(1px) 2 = 1% (Foucaut et al., 2004a). If σ U drops to 3% of U but the noise remains the same 0.1 px, then the overestimation of the variance of velocity is (0.1px) 2 /(0.03px) 2 = 11% and so on. This indicates the great interest in well-tuning PIV displacement by taking into account all other PIV parameters.

PIV advantage is the capability of measuring instantaneous spatial derivatives of
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the velocity field. In some high-frequency experiments, the turbulence quantities can be resolved in time. PIV also dispenses the use of Taylor's frozen-turbulence hypothesis, which is often used in HWA (single-point), as it is a two-dimensional measurement technique. However, Taylor's frozen-turbulence hypothesis can be used with time-resolved 2D PIV to reconstruct a third spatial dimension from the two velocity components measurement with time. This is illustrated in [START_REF] Westerweel | Particle image velocimetry for complex and turbulent flows[END_REF], where from the time sequences of SPIV and Taylor's frozen-turbulence hypothesis, quasi-instantaneous 3D vortical structures in the flow are reconstructed. PIV together with DNS can give a better comprehension of the studied flow [START_REF] Bonnet | Experimental and computational fluid dynamics: decades of turbulent efd/cfd complementarity[END_REF]. PIV can however be used in high Reynolds number flows, whereas DNS is limited in Reynolds number. The biggest advantage of any experiment technique is that only the most relevant part has to be measured, while in DNS, the entire flow domain must be simulated, increasing the cost or even becoming unrealistic for actual technology.

Description of the Different PIV Set-ups

The main and only flow measurement technique used in this thesis is PIV. Several experimental campaigns are conducted to investigate different regions (downstream and upstream of the BFS) with different planes (streamwise and spanwise). Due to that, different PIV set-ups are adjusted for each campaign. Therefore, the Methodology PIV section is divided into four small ones. In chronological order, the 2D2C PIV HS and 2D2C PIV LS are the first experiments, the second is the 2D3C PIV (SPIV), the third is the 2D2C PIV RC and 2D2C PIV NW, finally the fourth is the SPIV2.

2D2C PIV HS and 2D2C PIV LS Measurements

The Backward Facing Step (BFS) flow is characterized by two synchronized 2D2C PIV set-ups located upstream and downstream of the step (Figure 3.26). The upstream setup is a large field of view upstream of the step edge. It is composed of 4 cameras Lavision sCMOS 16 bits that are running at a Low Speed 12 Hz PIV recording (2D2C PIV LS).

A common region of about 10 mm is set between cameras to obtain a continuous field of view after reconstruction. The downstream set-up is composed of 3 cameras Miro M340 that are running at a high-speed frequency of 192 Hz (2D2C PIV HS). Again, a common region of about 10 mm is set between cameras. All the cameras were equipped with Macro Nikkor 105mm lenses except the first camera of 2D2C PIV HS which was equipped with Nikkor 135 mm one due to only six 105 mm lenses available in the lab. Due to that, in Figure 3.26 the first camera of 2D2C PIV HS is further away from the PIV plane to get the same FOV. Both set-ups are using about the same Magnification Factor of M f ≈ 0.1 mm/px. The upstream region is illuminated by a BMI Nd: YAG laser coming from the left, which is not represented in Figure 3.26. In order to avoid wall reflections on the -5 • APG wall, the laser beam is also inclined at -5 • and cut tangent to the wall. It was introduced far upstream (about 8m) through a closed slot of 1 cm on the upper wall of the test section. The downstream region is illuminated by Quantronix Darwin duo high-speed laser. Its laser beam can be seen coming from the right in Figure 3.26. It was introduced with a mirror placed downstream inside partially to a cavity in the bottom wall of the wind tunnel and located about 1.2 m downstream of the end of FOV. Again, to limit the reflection, it was set tangent to the wall and cut just tangent. It was also cut in the vertical height to avoid propagation of this laser sheet in the field of view of 2D2C PIV LS set-up. The aim of the high-speed recording of 192 Hz was to capture more than statistics, such as the shedding frequency and to capture the beginning of the energy spectrum.

Two different lasers are used: on the APG ramp BMI laser Special Series 5000 (Nd: YAG), M 2 = 1.2, 250 mJ/pulse at 532 nm, f = 12 Hz. And in the recirculation region, Quantronix Darwin duo (Nd: YLF), M 2 = 20, 25 mJ/pulse at 527 nm, f = 192 Hz. The laser thickness is estimated with black paper and a calliper, then the final measurement is done with impact paper. The measured laser thickness is approximately 1.2 mm for the BMI laser and 2.5 mm for the Quantronix Darwin duo in the full field of view.

To better understand what upstream cameras and downstream cameras are recording, the mean streamwise velocity of reference flow (without actuators) can be seen in Figure 3.27. A strong reflection of the laser on the BFS can damage the camera chip, to avoid that the FOV of the recirculation region does not start at the BFS wall, but with a gap of 7.4 mm in the x-direction, which was enough to limit the laser reflection. (about 9.3s/run) at 192 Hz are recorded for the reference case. Each run has 1784 fields, corresponding to a total number of snapshots of 178400. For the slow-speed set-up, the acquisition frequency is 12 Hz, allowing 105 fields to be recorded during one run of high-speed set-up. Both fields of view are synchronized, which means that for every 192/12 = 16 images, they record the same flow. For the slow-speed set-up, 100 runs (about 8.75s/run) of 105 fields are recorded, which corresponds to 10500 images. For the flow control cases (L, S1, S2, S3), only high-speed set-up is used and fewer images are acquired: 11 runs of (about 9.3s/run), corresponding to 19624 images. The software DaVis from LaVision is used for image acquisition. The pre-processing software used is an in-house modification from the MatPIV toolbox for Matlab, written by [START_REF] Sveen | An introduction to matpiv v. 1.6. 1[END_REF]. A 2 times 3 points Gaussian fit for the cross-correlation peak is used. The algorithm is a Multigrid/multipass with 4 interrogation windows (IW) Scarano and Riethmuller (1999). Before the last IW pass, an image deformation is applied [START_REF] Lecordier | Advanced piv algorithms with image distortion validation and comparison using synthetic images of turbulent flow[END_REF]. To eliminate the spurious vectors, the universal outlier detection of [START_REF] Westerweel | Universal outlier detection for piv data[END_REF] is applied. The data are validated and all data are saved as Network Common Data Form (NetCDF).

For both systems, the dt between laser pulses was tuned to obtain about 13 px on the external flow to ensure good dynamical range. As the two systems do not have the same dt, a shift of low-speed lasers was done so that for both systems, dt/2 time corresponds to the same physical time. All parameters were tuned according to recommendations of [START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF] seen in the previous section 3.3.1.

The PIV process follows the description in the Methodology section. Four different grids are used in a multipass (64 64, 32 32, 32 32, 24 24). Before the final pass, image deformation is used to improve results quality. The final IW and then final resolution of the low-speed system is 2.46 mm and 2.82 mm for the high-speed one. A summary of the PIV parameters is found in Table 3.1.

The FCD geometry changes in the spanwise direction. Therefore, we measure at 3 positions Peak, Middle and Trough to better characterize the effect of this position on the recirculation region. In order to do this, during the experiment involving the streamwise PIV planes, first the laser is fixed at the wind tunnel centerline. Second, the FCD is shifted sideways until the Peak, Middle or Trough is under the laser beam, as shown in Figure 3.28. This means that for one FCD, three different nomenclatures are needed: S1 Peak or S1 P, S1 Middle or S1 M, S1 trough or S1 T. 
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f = 105mm f 1 = 135mm, f 2,3 = 105mm Working distance Z = 1435mm Z 1 = 1531mm, Z 2,3 =

2D2C PIV RC and 2D2C PIV NW Measurements

New FCDs were manufactured to test some hypotheses. Therefore, the recirculation region must be measured again with these new FCDs. This experiment is named 2D2C -PIV RC. The FOV is increased in the wall-normal direction to be bigger than the step height. As the recirculation bubble size was known from the previous experimental campaign presented in chapter 4, the FOV was reduced in the streamwise direction from three to two cameras, but still captured the reattachment point and full instantaneous bubble size. The cameras were 2 sCMOS Lavision ones as in 2D2C PIV LS with a magnification factor similar to about 0. There are two low-speed cameras. PIV laser is at the wind tunnel centerline. The calibration plate is also centered.

Looking at the flow organizations in the spanwise direction, one more experiment in the streamwise direction could explain more about how these structures are generated 3.3. Particle Image Velocimetry Description and how they progress downstream. The same laser and the two cameras described in 2D2C PIV RC are used, however, placed at the Near Wake region of the FCD. Due to that, this experiment is named 2D2C PIV NW (Figure 3.15). The laser needs to be parallel to the wall, as a consequence, the laser is partially blocked by the FCD (Figure 3.30). The FCD has a height of 20 mm and a strong reflection of the laser on the FCD damages the camera chip. To avoid that, the upstream camera (C1) is shifted 24 mm in the vertical direction. It is worth saying that the Stereo-PIV station ST1, which will be presented in the next section, is at x/h = -3.31. The downstream camera (C2) of this set-up starts exactly at x/h = -3.31. The cameras were equipped with a micro Nikkor 135mm lens running at f # = 8. The magnification factor was slightly better for a higher spatial resolution of about 0.06 mm/px. The laser was introduced by the same mirror as 2D2C PIV RC. It was just raised inside the test section and again the laser was tuned tangent to the wall. The laser thickness was 1.5mm in the FOV. The dt was also tuned to obtain 14 px displacement in the top region. The PIV process of the 2D2C PIV RC and the 2D2C PIV NW follows the description of the 2D2C PIV HS. Four different IW sizes are used in a multipass/multigrid algorithm [64 64, 32 32, 32 32, 24 24] with image deformation before the final pass. To test the Reynolds number effect, the same 9 m/s free stream used in the previous experiments is tested, but also a second one of 3 m/s. Due to that, as the velocity is three times slower, the PIV laser pulse delay dt has to be multiplied by three to keep the same 14 px particle displacement. A summary of the parameters is organized in Table 3.2. 

2D3C PIV Measurements

The stereoscopic PIV in the y-z plane is named SPIV (or 2D3C PIV) set-up. Two Lavision imager sCMOS cameras on a scheimpflug mount, are located on the top of the wind tunnel. One camera is upstream and the other downstream of the laser beam (which is entering from the side wind tunnel glass and normal to the local wall), see Figure 3.31. Therefore, the illumination on the particles is at 90 • scattering mode. As for the 2D2C PIV NW and RC, the Innolas splitlight compact was used. Its laser sheet thickness was tuned to 2 mm and it was introduced through a side glass of the test section and was orthogonal and tangent to the local wall to minimize reflection. The cameras were again equipped with a macro Nikkor 105 mm lens tuned at f# = 5.6. The magnification in the non-stretched direction was about 0.078 mm/px. Finally, the dt parameter was optimized to obtain 9 px displacement in the external flow region (smaller value tuned here to minimize the out-of-plane motion as the main flow passes through the light sheet). There are four SPIV stations, two stations upstream of the BFS stations ST1 = -3.31h and ST2 = -0.04h and two stations downstream of the BFS stations (i.e. inside the recirculation region) ST3 = 1.54h and ST4 = 2.54h, see Figure 3.32. For each station, 10,000 fields were recorded for each case to ensure good convergence of statistics. The ST1 is the station closer to the device location (x F CD = -3.85h) where it is expected that the SPIV will capture the small vortices just generated by the fractal/multiscale device. The ST2 located further downstream, but still in the APG ramp, has two goals, first to have flow information prior to the step, so just before flow separation. The second goal is to characterize the flow evolution from ST1 to ST2. The ST3 is chosen to be located at the nearest place as possible from the BFS trailing edge and was set at x = 1.54h, hence the SPIV measurements is inside the recirculation bubble. This will allow us to visualize the spanwise bubble shape and the early formation of the shear layer. The ST4 is located at x = 2.54h, so further downstream, but also inside the mean recirculation bubble. The transverse PIV plane of ST1 at x = -3.31h is near the FCD (Figures 3.32 and 3.33). The FCD middle is at x F CD = -3.85h. Measuring the light sheet distance from the FCD straight fence L case, this plane is at 3.5k downstream, where k is the FCD height. However, as the fractal/multiscale is not a straight line in the x-z plane, this distance to the measurements plane varies. This means that, in the S3 case, for example, the SPIV plane is at a distance k downstream from the Trough, 3.5k from the Middle and 7k from the Peak positions. As the ST2, ST3 and ST4 are further downstream, the distance of the Trough to the SPIV plane and Peak to the SPIV plane should become irrelevant as it gives only a few percent variations. The same software as for the other PIV experiments was used to process the recorded images. Four different IW sizes are used in a multipass/multigrid with image deformation before the final one [64 64, 32 48, 24 32, 18 24]. In SPIV, the cameras are at 45 • on both sides of the PIV plane, therefore the field of view is stretched in one direction. For this set-up, it is in the y-direction. The final IW of 18 px by 24 px is not square, but
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it is done with the purpose to obtain square one in the physical space by compensating the stretching (i.e. 18px √ 2 ≈ 24 px). The parameters of the SPIV measurements are summarized in Table 3.4. In SPIV, the out-of-plane motion is now measured, but a 3C reconstruction is needed. The Soloff method was used here [START_REF] Soloff | Distortion compensation for generalized stereoscopic particle image velocimetry[END_REF]. For that, the calibration target with markers at the same position on both sides was fixed on a 1 µm accuracy translation stage and pictures of the target were taken by both cameras from -5 to +5 mm from the station position with a step of 0.5 mm. After detecting the known symbol positions on all these recorded calibration images, a Soloff's camera model is fitted for each camera which is used to make the 3 components reconstruction. Prior to analysis, a self-calibration similar to [START_REF] Wieneke | Stereo-piv using self-calibration on particle images[END_REF] was performed to correct misalignments of laser and calibration target. The final mesh of the SPIV was constructed with constant step in the physical space and projected thanks to Soloff's functions into the camera frame to provide the points coordinates where the software needs to compute the 2D2C displacement on both cameras.

2D3C PIV x2 Measurements

The 2D3C PIV field of view does not cover the entire spanwise length of the FCD which is 250 mm. In order to eliminate any bias, a second camera was added on each side of the SPIV system, resulting in two cameras upstream and two cameras downstream of the y-z PIV plane instead of the one seen in Figure 3.31. For this set-up, we named as Chapter 3. Methodology 2D3C PIV x2 or SPIV2. There are only two stations: ST1 = -3.31h upstream of the BFS and ST4 = 2.54h downstream of the BFS. More fields were recorded 20,000 instead of 10,000. The same cameras and laser were used. The magnification in the non-stretched direction was about 0.067 mm/px at ST1 and 0.072 mm/px at ST4. Finally, the dt parameter was optimized to obtain 12 px displacement in the external flow region, 90 µs at ST1 and 80 µs at ST4. The ST1 is the station closer to the device location (x F CD = -3.85h) where it is expected that the SPIV will capture the small vortices just generated by the fractal/multiscale device. As the entire length of the FCD is recorded, spatial spectrum analysis is now possible. Only the cases ref, S3, S3 10 and S3 P10T20 were recorded. The second goal is to compare themselves and see what makes them produce a different BFS recirculation size. The station ST4 will allow us to visualize the spanwise bubble shape and differences in the velocity fields of each FCD.

The same software as for the other PIV experiments was used to process the recorded images. Four different IW sizes are used in a multipass/multigrid with image deformation before the final one [64 64,48 32,20 28,16 24]. The parameters of the SPIV2 measurements are summarized in Table 3.4. 

Convergence

The convergence is a quantification of how much the measured mean value is close to the true value. To improve the convergence, the number of samples has to be increased. However, PIV images can take rapidly a few TB of memory. To define the minimum
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number of samples to acquire with a fixed relative convergence uncertainty on the mean with 95% confidence interval, the mathematical approach proposed by [START_REF] George | Lectures in turbulence for the 21st century[END_REF] and also used by (Scarano and Riethmuller, 1999) can be used:

ϵ Umean,r = 1.96 √ N u rms U mean (3.1)
With N number of uncorrelated samples, among the recorded ones (samples at least separated by one integral time scale). We fixed the convergence uncertainty on the mean velocity ϵ Umean,r relative to the mean at 1%. For BL, 10% of turbulent intensity is feasible, even 25% locally close to the wall. Downstream of the BFS, a streamwise turbulent intensity around 20% [START_REF] Sujar-Garrido | Dielectric barrier discharge plasma actuator to control turbulent flow downstream of a backward-facing step[END_REF], [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF] is not uncommon. This leads to a minimum number of uncorrelated samples to be recorded of:

N > (1.96) 2 ϵ 2 Umean,r u rms U mean 2 > (1.96) 2 0.01 2 (0.2) 2 > 1537
All experiments need to have more than 1537 uncorrelated images to meet this 1% criterion. As the aim of the present work is not to exactly find the true value of the physical quantities, but more to compare different passive FCD, a convergence uncertainty at 1% is sufficient.

The relative convergence uncertainty for the rms can also be estimated according to the same authors:

ϵ urms,r = 1.96 √ 2N (3.2)
The uncertainty for rms is higher than the mean with the same number of samples. Using the same number of images N = 1537, the ϵ urms,r is 3.5%. The new number of uncorrelated samples to produce the same level of convergence of the mean (1% in our case) is N new = 19208 images. This level of uncertainty requires a large number of images, making PIV too expensive. Therefore, only better than 1% convergence uncertainty in the mean will be satisfied and the convergence on the standard deviation will be below 2.5% as for each case about or more than 3,000 uncorrelated samples were recorded.

The experiment 2D2C PIV HS is at high-speed. Therefore, not all images are uncorrelated. This experiment is the one with fewer uncorrelated samples so with higher convergence uncertainties. As seen before, the integral time scale (I) can be estimated by the simple equation V = L/I or I = L/V, where V is the velocity scale and L is the length scale. The streamwise velocity over the ramp is about 10 m/s above the recirculation bubble. The length scale will be of the order of the recirculation length (L sep ). Here, as it will be seen in the next chapter, the separation length with the largest length, for our reference case, is 3.92h (0.51 m), see Table 4.2. This gives an integral time scale of 51 ms.

In 2D2C PIV HS, 11 runs are recorded. The recorded time per run is 9.3s. This gives a total of 102.3s. Therefore, the number of uncorrelated samples is 102.3/0.051 = 2005 images, leading to a convergence uncertainty on the mean of 0.88% and on the standard deviation of 3.1%. In 2D2C PIV RC and 2D3C PIV, lower acquisition frequency is used at 10 Hz and 5 Hz, respectively. Therefore, as 10 Hz = 0.1s which is higher than I = 0.051 s, all images are uncorrelated.

PIV Noise

The PIV noise is estimated using the merging area between two neighbour cameras as suggested by [START_REF] Foucaut | Optimization of a spiv experiment for derivative moments assessment in a turbulent boundary layer[END_REF]. The measured velocity is equal to the true plus some noise (u M = u T + u N ) for each independent system. The camera 1 (C1) and camera 2 (C2) velocities can be combined in a manner that the noise can be extracted. Considering for each camera:

u M 1 = u T 1 + u N 1 and u M 2 = u T 2 + u N 2 ,
let's prove that the random noise of C1 can be estimated as:

ϵ C1 = ⟨u ′ N 1 2 ⟩ 1/2 = (⟨u ′ C1 u ′ C1 ⟩ -⟨u ′ C1 ⟩⟨u ′ C2 ⟩) 1/2 (3.3)
Which can be developed as:

ϵ C1 = (⟨(u ′ T 1 + u ′ N 1 )(u ′ T 1 + u ′ N 1 )⟩ -⟨u ′ T 1 + u ′ N 1 ⟩⟨u ′ T 2 + u ′ N 2 ⟩) 1/2 ϵ C1 = (⟨u ′ T 1 2 + 2(u ′ T 1 u ′ N 1 ) + u ′ N 1 2 ⟩ -⟨u ′ T 1 u ′ T 2 + u ′ T 1 u ′ N 2 + u ′ T 2 u ′ N 1 + u ′ N 1 u ′ N 2 ⟩) 1/2
The sum < . > can be distributed to all individual terms:

ϵ C1 = ⟨u ′ T 1 2 ⟩ i + ⟨2(u ′ T 1 u ′ N 1 )⟩ ii +⟨u ′ N 1 2 ⟩ -⟨u ′ T 1 u ′ T 2 ⟩ i -⟨u ′ T 1 u ′ N 2 ⟩ ii -⟨u ′ T 2 u ′ N 1 ⟩ ii - ⟨u ′ N 1 u ′ N 2 ⟩ iii
The bigger expression can be reduced using the following assumptions: first, the true measurement of C1 is the same as C2, thus

⟨u ′ T 1 u ′ T 2 ⟩ = ⟨u ′ T 1
2 ⟩ which simplify the term (i); second, the true measurement is uncorrelated to the noise of the same system or of the other system, leading to ⟨u ′ T u ′ N ⟩ = 0 which cancel of terms (ii); third, as C1 and C2 are two independent systems, the noise in C1 is uncorrelated with the one of C2, giving ⟨u ′ N 1 u ′ N 2 ⟩ = 0 which cancel also term (iii). After the simplification, equation 3.3 is proven.

The noise is estimated by equation 3.3. Only the reference case is available in the APG region (2D2C PIV LS). There are 4 cameras side by side to cover the APG ramp, therefore there are 3 merging regions shared by the pairs C1-C2, C2-C3 and C3-C4. As similar noise values are obtained in the 3 common regions, only the last pair C3-C4 is presented in Figure 3.34. The u left and u right means the noise of the left camera (C3) and the right camera (C4) respectively for the streamwise component (respectively v for wall-normal one). The noise is plotted relative to reference inlet velocity U ∞ , or also in pixels. The noise is higher near the wall due to the higher velocity gradient of the boundary layer but stays below 0.17 px. Usually, a well-tuned PIV system has a random error of 0.1 px [START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF], therefore the noise found in our set-up can be considered satisfactory.

In experiment 2D2C PIV HS, the FOV is inside the recirculation region downstream of the BFS. There are three cameras, therefore 2 merging regions shared by the pairs C5-C6 and C6-C7. The noise obtained between cameras C5 and C6 is similar to C6 and C7, so only the last pair is plotted in Figure 3.35. The noise is 0.5 px in the recirculation region close to the wall and can go up to 2.3 px in the region of the peak of streamwise turbulence intensity above the recirculation bubble (y/h > 0.6). It is a much higher value than 0.2 px obtained for the upstream region of the BFS (reference flow with the 2D2C -PIV LS). One reason is that the 3D recirculating flow has a higher spanwise fluctuating velocity than a BL (upstream region), thus increasing the out-of-plane loss of particles. The very high noise at the top part for y/h > 0.6 can also be due to a compromise done in this experiment with the laser having more power near the wall and less power on the top to improve results quality for the reattachment point and recirculation bubble size. The lens imperfection at the border can also add noise. The same noise on top is not present in Figure 3.34 because the PIV laser used on the ramp region is much stronger than the PIV laser used in the recirculation region. Also, in the full field of view, the particle image signal was low compared to the background noise of cameras due to the limited power of the high-speed laser used with a such large field of view with a thick laser sheet. This could also explain the high noise value obtained. However, these high noise values can be overestimated as the spanwise velocity fluctuations are high there, as a consequence, they are introducing projection errors bias as seen in section 3.3.1 (see Figure 3.24). These projection errors which are different on the left and right cameras will then bias the noise obtained by equation 3.3 with always an overestimation. This is confirmed with lower noise obtained for v component than for u component with a smaller maximum viewing angle for v as only a part of the vertical number of pixels was read in this experiment, but the full pixels of the camera chip in the horizontal direction were read. The random errors here take then the true random error and the projection errors. With the high dynamics range used for this experiment, they give of the order of less than 10% overestimation of the local variance (or less than 5% of the local standard deviation) which is acceptable to compare the turbulence organization of each control case around the recirculation bubble. In experiment 2D2C PIV RC, the FOV is bigger in the y-direction and shorter in the x-direction which reduces the maximum viewing angle on the side in the streamwise direction compared to 2D2C PIV HS. There are two cameras, therefore there is only one merging region shared by C1-C2 (Figure 3.36). The L case noise is calculated and presented in Figure 3.36. Lower noise values are found than 2D2C PIV HS, specifically at y/h = 0.8. This confirms that the high noise obtained in 2D2C PIV HS is related to the border of FOV where the PIV laser intensity is low in 2D2C PIV HS and where more projection errors are presented. For the set-up, the noise remains below 0.2 to 0.3 px maximum. High dynamics are also used, this time the local variance will be overestimated by less than 2.5%. This set-up will then provide a better representation of the turbulence organization around the recirculation bubble.

In experiment 2D2C PIV NW, there are two cameras, therefore again only one merging region is shared by C1-C2 (Figure 3.37). The L device is used again as for the other set-up. Very good noise values are obtained for y/h > 0.4 (below 0.1 px) which indicates high-quality measurement with again the high dynamics range used (here variance over-estimated by less than 1%). Closer to the wall, higher noise values are found for y/h < 0.4 than for y/h > 0.4 but remain low with values not exceeding 0.4 px. These high values are due to an increase in the velocity gradient in this region by the presence of the FCD which has a height of k/h = 0.15. Due to high turbulence intensities in this near-wall region, the variance over-estimation due to PIV random noise is also below 1%. This experiment provides then high-quality information on the turbulence organization just generated around the FCD. For the SPIV, no merging regions are available. As the spatial resolution (i.e. IW size) is not too different than 2D2C PIV LS and RC, for the reference case flow, the noise can be estimated by comparing the variances profiles at the same position of both set-ups, as the noise of 2D2C PIV LS and RC set-ups are known. Figure 3.38 presents the comparison of the streamwise and wall-normal variance normalized with U 2 ∞ for reference flow. The SPIV stations located upstream of the BFS are compared to 2D2C -PIV LS in Figures 3.38(a,b). The difference in the percentage of the variance for ST1 (u ST1) by LS (u LS) at y/h = 0.2 is calculated as (u LS -u ST1)/ (u LS) which gives about 4.5% for streamwise variance and 2.2% for wall-normal variance, see Figure 3.38(a). The difference for ST2 by LS at y/h = 0.2 is about 1.1% and 7.8%, see Figure 3.38(b). The SPIV stations located downstream of the BFS are compared to 2D2C -PIV RC in Figures 3.38(c,d). The difference in the percentage of the variance for ST3 by RC at y/h = 0.8 is about 2.6% for streamwise and at y/h = 0.75 is about 5.7% for wall-normal variance, see Figure 3.38(c). The difference for ST4 by RC at y/h = 0.7 is about 2.2% for streamwise and at y/h = 0.6 is about 3.5% for wall-normal variance, see Figure 3.38(d). The choice of y/h for each case was done where high values of variance are found. Therefore, a low difference can be expected at different y/h.

Another way of estimating SPIV noise is assuming that it is similar to the SPIV2 one. In the SPIV2, there is one merging region from the common region between cameras C1 and C2 upstream of the SPIV plane with cameras C3 and C4 downstream of the SPIV plane. Figure 3.39 shows the noise for the S3 case. The noise values are similar to those found in other PIV set-ups. At ST1, closer to the wall, higher noise values are found for y/h < 0.4 than for y/h > 0.4 but remain low with values not exceeding 0.7 px. At ST4, the noise remains low with values not exceeding 0.2 px, with the exception at the near wall and top wall.

High dynamics are also used, this time the local variance will be overestimated by less than 2.5%. This set-up will then provide a better representation of the turbulence organization around the recirculation bubble.

These high values are due to an increase in the velocity gradient in this region by the presence of the FCD which has a height of k/h = 0.15. Due to high turbulence intensities in this near-wall region, the variance over-estimation due to PIV random noise is also below 1%. This experiment provides then high-quality information on the turbulence organization just generated around the FCD. The primary goal of the first experimental campaign is to investigate if and how the fractal/multiscale passive devices affect the recirculation bubble size. We first measure the inlet condition of the incoming boundary layer, without using FCD (i.e. the reference flow), by 2D2C PIV in the streamwise-wall-normal (x-y) plane upstream of the BFS (2D2C PIV LS described in chapter 3). The recirculation region is investigated by comparing all FCD case flows (L, S1, S2 and S3) with the reference one. A 2D2C PIV in the streamwise-wall-normal (x-y) plane is used to characterize the recirculation bubble downstream of the BFS (2D2C PIV HS, see Figure 3.27).
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Characterization of the Flow Upstream of the BFS

Minimum knowledge about the upstream flow region is paramount for a reasonable estimation of the parameters of passive flow control strategy. As explained in chapter 3, the FCD conception was made prior to the wind tunnel experiments. Therefore, the height of the FCD geometry was based on [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] experiments, where they used the same wind tunnel, flow velocity and upstream ramp angle -5 • . The only difference is that they had a longer ramp going up to the wind tunnel bottom wall which we have cut to place our BFS (Figure 3.4). In this section, we check how the BFS (added to the ramp) affects the upstream velocity where the FCD is positioned (x F CD = -3.85h, position chosen in section 4.3). From the PIV 2D2C LS, a summary of flow characteristics of our experiment at 3.85h upstream of the step is presented in Table 4.1. This region is not a flat plate with a Zero Pressure Gradient (ZPG), but it is an Adverse Pressure Gradient (APG), with a ramp angle of -5 • . The main reason for this is to simulate a more realistic condition where the Boundary Layer (BL) would be subjected first to a mild APG, followed by a separation. For example, the flow over the upper surface of a wing starts in an FPG (near the leading edge), after at a downstream position an APG begins and eventually flow separation may occur. A similar sequence can be found in diffusers with flow separation following an APG region [START_REF] Runstadler | Diffuser Data Book: Diffuser Data and Interpretation[END_REF].

Figure 4.1 shows the evolution of the mean velocity profile along the ramp compared with [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF]. The BL is constantly being decelerated as it progresses downstream of the APG. The APG starts at x = -15.5h, but the measurement plane starts only at x = -7.31h and covers the position x F CD = -3.85h where the FCD will be installed and covers also a small area after the step-edge (x=0). The horizontal dashed line in Figure 4.1 representing the FCD height (k) shows that even though k = 0.125δ 99 , high velocities (U mean /U ∞ > 0.8) are directly interacting with the FCD. Therefore, the FCD at x F CD = -3.85h can produce a strong flow interaction due to these high velocities. The velocity data of [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] at the same position (x = -3.85h) show a similar profile to our experiment with small deviations above y/h = 1 due to a small difference in local external velocity and boundary layer thickness. This is not significant (2 to 3% variation on BL thickness) which validates our FCD height selection based on [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] BL.

For a first analysis, the choice of log law constants has a minor impact on the BL profile, more on drag (or u τ ) [START_REF] Smits | High-reynolds number wall turbulence[END_REF]. We then assume classical values of κ = 4.1. Characterization of the Flow Upstream of the BFS Table 4.1: Reference flow parameters at x = -3.85h in the APG region (ramp angle of -5 • ). Data obtained using low-speed PIV set-up, u τ estimated with a Clauser chart method.

Wind tunnel inlet velocity 9 m/s U 99 at x F CD = -3.85h about for all 12 m/s δ 99 at x F CD = -3.85h 160 mm δ * at x F CD = -3.85h

23 mm θ at x F CD = -3.85h 16 mm is not unrealistic. The main idea behind this log plot of the mean streamwise velocity profile at x F CD = -3.85h (Figure . 4.2) is not to claim the validity of the law of the wall, it is firstly to check if u τ = 0.36 m/s is a reasonable value by comparing our results to [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF]. If the profiles are very close, our choice of u τ = 0.36 m/s is then valid. Secondly, the objective was also to get an idea of where the height of the FCD is placed in terms of the mean flow profile in wall units. In Figure . 4.2, the tip of the FCD is located at y + = 480 which corresponds to the beginning of the wake region. Figure 4.3 shows profiles of u + rms , v + rms , -⟨u ′ v ′ ⟩ + (the upper case + sign signifies normalization with skin friction velocity u τ ). Our values are again similar to the values obtained by [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF], therefore the small effect of the BFS at this station is further validated. The agreement is nearly perfect for y larger than FCD height k. For y < k, the agreement is good for u + rms and v + rms , but a small deviation is observed for -⟨u ′ v ′ ⟩ + reaching 17% of difference, probably linked with convergence uncertainty which is higher for this component of a crossed term (10,500 snapshots here compared to 30,000 in [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF]). The inner peak usually found in the range u + rms = 12-15 [START_REF] Smits | High-reynolds number wall turbulence[END_REF] [START_REF] Cuvier | Characterisation of a high reynolds number boundary layer subject to pressure gradient and separation[END_REF] is not visible because the first PIV measurement point is at y + = 29. However, the second peak is visible, which is a characteristic of high Re number and/or APG region [START_REF] Skaare | A turbulent equilibrium boundary layer near separation[END_REF]. The location of the maximum peak is similar to [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] and is nearly at the device height k. This will give a direct interaction between the FCD and the flow structures responsible for this second peak created by the APG, leading to a stronger flow control impact with low drag generated by the device. For example, if the FCD height was k + = 2000 or k + = 4000, in the author's opinion this would increase drag but not lead to a much greater flow control impact (positive or negative). Firstly, from y + = 2000 to y + = 4000, the maximum mean velocity is almost the same and it is only 40 to 50% more than the one at k + = 480 selected. Secondly, the physics responsible for the sublayer and a layer such as a log-layer (if it exists in APG flows [START_REF] George | Is there a universal log law for turbulent wall-bounded flows?[END_REF]) and the second peak in the Reynolds stresses is already under y + = 2000. Therefore, the author doesn't expect to see great changes, but only a strong increase in FCD frontal area leading to higher device drag.

u τ at x F CD = -3.85h 0.
This comparison between our and the set-up of [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] where there was no BFS shows that the upstream region at least at 3.85h upstream of the step edge is not strongly affected by the rounded BFS.

Figure 4.4 shows x-y fields of velocity statistics for the reference flow upstream of the BFS. The mean streamwise velocity U mean gradually decreases with downstream x-direction, as seen in Figure 4.1. The mean wall-normal velocity V mean has an abrupt change close to the step-edge (x/h = 0), which indicates that the flow is following the rounded BFS wall, or is already separated and driven downwards (negative V mean ) in order to get reattached further downstream. The rms velocities u rms , v rms and the Reynolds shear stress -⟨u ′ v ′ ⟩ have higher values near the wall and tend to zero at the BL limit before the free-stream. Although the BL is subjected to an APG, their values hardly evolve until x/h = 0 close to flow separation. The second peak of all Reynolds stresses just spread in the wall-normal location when evolving downstream. The recirculation flow downstream of the BFS was characterized with the 2D2C PIV HS set-up described in chapter 3. The rounded BFS has a height and length h, with the step-edge at x = 0. We remind that the x-axis in the recirculation region is streamwise and parallel to the wind tunnel bottom wall. The PIV Field of View (FOV) starts at x = 0 + h + 7.4 mm (Figure 4.5). The 7.4 mm is the gap left as discussed in chapter 3 to avoid strong laser reflection from the BFS to the camera chip.

For the reference flow, the mean flow streamlines show the recirculation region (given in Figure 4.5) and help to understand how the flow is organized on average. The BFS contour is added to the plot to emphasize two points: first, the FOV height is smaller than the step height (h) and second, the flow separation point X S is not inside the FOV. This BFS contour will be suppressed for the rest of the figures. The reattachment position X R can be found by looking for mean streamwise velocity equal to zero near the wall. In our case, the first PIV measurement point which is at y/h = 0.01 (or y = 1.4 mm) didn't allow a direct measurement of this point and we defined X R by U = 0 at the first measured point from the wall (around 3.92h here). For determining the mean recirculation border, a first criterion with U = 0 can be used, U < 0 being the recirculation region. For unsteady backflow detection in the instantaneous fields, a similar method is used with the instantaneous streamwise velocity equal to zero to define the instantaneous border. This boundary is called Recirculation Region Interface (RRI) [START_REF] Stella | Mass entrainment-based model for separating flows[END_REF]. Figure 4.6 shows our RRI for the reference flow. One specific instantaneous picture is selected, regions where the instantaneous streamwise velocity is negative are represented in yellow, while the positive regions are represented in blue. The negative velocity region is the upstream flow or backflow region, called recirculation region. The positive velocity is the downstream flow, which follows the free stream flow direction. The RRI is an unsteady phenomenon and the mean flow gives a biased picture which doesn't give information about its unsteadiness.

The reattachment position X R can also be determined by using the Simpson backflow coefficient (γ pu or χ W ) and setting it to 0.5 [START_REF] Simpson | Turbulent boundary-layer separation[END_REF]. This coefficient (γ pu ) represents the probability of upstream flow. γ pu = 1 means that in that region the flow is always (100% of the time) moving upstream, γ pu = 0 means that the flow is always moving downstream, hence no reverse flow. This criterion indicates clearly the unsteady behaviour of the separation. In the reference flow, the difference between the two methods is bigger near the reattachment region (Figure 4.5b), given a difference of X R by +0.1h (Here again we defined X R where γ pu = 0.5 at the first PIV point from the wall). A better estimation could have been obtained by a linear extrapolation of the γ pu profile at the wall with the points higher than 0.3 as suggested by [START_REF] Dengel | An experimental investigation of an incompressible turbulent boundary layer in the vicinity of separation[END_REF] and [START_REF] Lögdberg | On the robustness of separation control by streamwise vortices[END_REF]. [START_REF] Le | Direct numerical simulation of turbulent flow over a backward-facing step[END_REF] used four methods to determine X R in their DNS of the BFS. By U mean = 0, zero wall-shear stress (τ W = 0) or ∂U/∂y = 0, dividing streamline (ψ = 0) and γ pu = 0.5. The first three methods gave results within 0.1% of each other. The fourth method, γ pu = 0.5, is 2% within the other three. In our reference flow, X R = 3.92h using γ pu = 0.5 and X R = 3.82h using U mean = 0. Therefore, a 0.1h difference is obtained, which is about 2.5%.

The difference between Simpson γ pu = 0.5 and U mean = 0 can be explained by the instantaneous streamwise velocity. Three fixed points in space (x, y) are chosen: one point (x, y) ≈ (1.5h, 0.5h) where both methods have similar values, one point (x, y) ≈ (3.38h, 0.16h) near reattachment where U mean = 0 and one point (x, y) ≈ (3.49h, 0.16h) where γ pu = 0.5. The Probability Density Function (PDF) of the instantaneous streamwise velocity is calculated. The corresponding standard deviation (std), skewness (s) and kurtosis (K) of the instantaneous streamwise velocity are also calculated. The Gaussian fit is generated using the mean and the std from each respective case. The normal distribution has s = 0 and K = 3. Where both contours (γ pu = 0.5, U mean = 0) collapse (Figure 4.7(a)) the distribution has a low skewness s = 0.07. Where both contours don't collapse, s is above 0.4 (Figure 4.7(b,c)). Any symmetrical distribution has s = 0, the mean and median are equal. The skewness measures the difference between the mean 4.2. Characterization of the Recirculation Region Downstream of the BFS and the median. If the skewness is not zero, it means that larger excursions (velocity in our case) in one direction are more probable than in the other. In the Simpson method, if one point has -1 m/s or -2 m/s it is counted as one backflow realization. In the U mean = 0 method, the information of the velocity magnitude is registered and bigger velocities might skew the distribution, so X R calculated by U = 0 is skewed in relation to γ pu = 0.5. In this work, the Simpson coefficient is the chosen method, firstly because we have a large sample size which makes the statistics more converged. Secondly, this method allows us to use contour levels (Figure 4.11) whereas the method using U mean = 0 gives only one contour line. Finally, it gives an indication of the unsteadiness of the separation.

Optimal FCD Streamwise Position

It is worth remembering that FCD design was done prior to wind tunnel experiments. Hence, no information about the recirculation region was available prior to design. The FCD geometry being completed and manufactured, the important missing parameter is to find where, upstream of the step-edge (x = 0), this FCD should be placed in order to reduce most of the recirculation region. As discussed in chapter 3, [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] recommends a maximum position of 30 times the device height (k), however, it is a guideline for Vortex Generator (VG), the fractal/multiscale device may require a different position. The 2D2C PIV set-up used to characterise the base flow (2D2C PIV LS and HS) has 4 cameras upstream and 3 cameras downstream of the BFS (Figure 3.26). To quickly test the FCD positioning, only the first camera downstream of the BFS was used. The FOV of this camera was covering about 85% of the separation length of L sep = 51 cm, so most of the backflow area is captured with this camera. For each FCD position, only one run of full memory (1780 fields) was recorded. To speed up processing time, 1 field over 10 was processed to obtain 178 fields at 19.2 Hz for each position. The time separation is larger than the integral timescale estimated at 19.6 Hz in chapter 3, the recirculation bubble shape is obtained by averaging these 178 uncorrelated fields. Using the convergence equation 3.1, given N = 178 assuming the same turbulence intensity 0.2, the convergence uncertainty in the mean streamwise velocity is ϵ U ≈ 3%.

The reference flow is recorded first, then the L case second and its results are compared to the reference one. The main flow control efficiency metrics, in this thesis, are the reattachment point X R (or separation length measured from the step-edge at x = 0) and the backflow area. The backflow area can be determined by the region where the mean streamwise velocity (U) is less than zero, or the area under the curve U = 0, which means that the flow is directed upstream as seen in the previous section. In this section only, we use the U = 0 criterion as the backflow criterion because the Simpson criterion can not be converged with this small amount of samples. The reattachment point X R is located where the backflow boundary meets the wall (Figure 4.8) or, here, where it meets the first measurement point from the wall.

In the reference flow, the recirculation bubble is not completely captured by the field of view (FOV) of camera 1 only, but most of it is. For the L case, several upstream positions were tested from x F CD = -100 to -1000 mm with increments of -200 mm to find the optimum position from the step edge (x = 0). The separation border of each L streamwise position tested is plotted in Figure 4.8 and compared to the reference flow.

At x F CD = -100 mm (-0.77h), the backflow gets so big that its boundary almost leaves the FOV. Probably the flow downstream of the FCD does not reattach before the step-edge, similar to wing stall, which increases the recirculation bubble. Given that x F CD = -100 mm (5k) is only five times the FCD height, this distance suggests that 5k is too short for flow reattachment. This was also noted by [START_REF] Miau | Control of separated flow by a two-dimensional oscillating fence[END_REF]. In their case, they increased the height of the straight bar and not the streamwise location, but the effect is similar if k is the good scaling parameter.

At x F CD = -300 mm (-2.31h), the backflow boundary is smaller than at x F CD = -100 mm (-0.77h) and slightly bigger than the reference flow, indicating a possible reattachment downstream of the FCD.

At x F CD = -500 mm (-3.85h), the backflow becomes slightly smaller than the reference, showing that a straight bar can be used as a flow control strategy to reduce the 4.3. Optimal FCD Streamwise Position recirculation region.

At x F CD = -700 mm (-5.38h), the backflow boundary is now fully inside the FOV and X R (i.e. is the streamwise position of the mean reattachment point of L sep ) can be visualized, indicating a better control efficiency.

At x F CD = -900 mm (-6.92h), X R is closer to BFS than for x F CD = -700 mm (-5.38h), but the backflow boundary gives a bigger surface at the beginning (1 < x/h < 2.5), roughly the same in the region 2.5 < x/h < 3 and smaller only for x/h > 3.

At x F CD = -1100 mm (8.46h), the backflow area is similar to when the L device is at x F CD = -700 mm (-5.38h). Regarding X R , the L device at x F CD = -1100 mm (8.46h) is similar to when the L device is at x F CD = -900 mm (-6.92h). Therefore, the L device at x F CD = -1100 mm (8.46h) gives the best case so far. However, the low number of PIV images might not be representative enough of the true average. The small number of samples allows only the criterion U = 0 to be used to detect the separation border, which of course is highly sensitive to convergence uncertainty. We can therefore consider that x F CD = -700 mm (-5.38h), -900 (-6.92h) mm and -1100 mm (8.46h) have comparable performances, in particular comparable X R positions which are within the FOV for all these three x F CD values. The number of fractal/multiscale devices is 3 (S1, S2, S3). For each fractal/multiscale device, we concentrate attention on three positions (Peak, Middle, Trough) (Figure 3.28). This gives 9 potential cases to record with PIV. It is impractical to test all configurations at each position. We chose to make the test on optimum streamwise position only for S3 because it is the most fractal/multiscale FCD (third iteration). Among the spanwise positions, the Middle seems the most judicious, because this position might represent some kind of average, regarding flow control effects, of the Peak and the Trough positions. Then, for the S3 Middle case, some upstream positions are tested (-300, -500 and -700 mm) to find the best location. The separation border for each position compared to the reference and L cases at x F CD = -500 mm (-3.85h) is given in Figure 4.9.

At x F CD = -300 mm (-2.31h), the backflow area and X R position are much smaller than the reference and L cases at any x F CD position. This shows that the fractal/multiscale device is efficient at short distances compared to the L case.

At x F CD = -500 mm (-3.85h), the backflow area and X R position have similar values as at x F CD = -300 mm (-2.31h).

At x F CD = -700 mm (-5.38h), the S3 Middle efficiency starts to decrease. Note that the X R position is still smaller than for the L case at any x F CD position. After analyzing all preliminary results, the streamwise location of the FCD has to be defined. In Figure 4.10, the backflow areas under the curve of Figures 4.8 and 4.9 are normalized with h 2 . For four cases (reference and L at x F CD = -0.77h, -2.31h, -3.85h), X R is not captured by the FOV, therefore their backflow areas are underestimated. Comparing the L and S3 cases, the L case generates the smaller recirculation regions for x F CD = -700 mm (-5.38h), -900 (-6.92h) mm -1100 mm (8.46h), while the S3 one for x F CD = -300 mm (-2.31h) and x F CD = -500 mm (-3.85h). Since the S1 and S2 cases have not been tested, it is perfectly possible that their maximum recirculation reduction is achieved if they are placed at different positions with respect to the BFS than L and S3 cases. However, choosing a different x F CD for each case would result in too much difference in PIV set-ups. For example, in the Stereo-PIV station ST1 (Figure 3.32), in order to keep the transverse PIV plane at the same downstream distance of the FCD, the entire SPIV set-up would have to be shifted. The same would happen for the near-wake experiment 2D2C PIV NW set-up (Figure 3.30). Therefore, it has been decided to place all FCDs in the same (x) position.

Based on the previous results, the criteria adopted are the following:

-The height of the FCD is k = 20 mm, which means that x F CD = -500 mm (25k) and x F CD = -700 mm (35k). Lin (2002) recommends a limit of 30k for VG, hence x F CD = -500 mm (-3.85h) is inside this range. If in the future a VG needs to be tested for comparisons (which will be the case in chapter 7), it would also meet this recommendation. Therefore, x F CD = -500 mm (25k) appears to be a limit for the choice.

-the L device placed at x F CD = -300 mm (-2.31h) increased the recirculation bubble, therefore going in the opposite direction aimed by this work which is to reduce 4.3. Optimal FCD Streamwise Position the recirculation region. So positions below -300 mm are eliminated.

-the S3 Middle device at x F CD = -500 mm (-3.85h) leads to a strong reduction of the recirculation region. For the L device, x F CD = -500 mm (-3.85h) is also an interesting position because the L device clearly reduces the recirculation region when placed at x F CD = -700 mm (-5.38h), -900 (-6.92h) mm, -1100 mm (8.46h) with not so much difference in terms of separation area reduction.

In conclusion, x F CD = -500 mm (-3.85h) is the most reasonable position and it is the value used in this thesis for all FCDs. 

Effects of the FCD on the Recirculation Bubble

In all the following stages of this work, the actuators are placed at the optimum position found in section 4.3 (i.e. x F CD = -3.85h upstream of the BFS). We start by investigating the L case performance against the reference flow by showing in Figure 4.11 the γ pu contours of both cases in the recirculation region obtained with the 2D2C PIV HS setup. The γ pu contours are similar with a small reduction of area of every isocontour of γ pu for the L control case. The X R is at 3.92h for reference flow and X R is at 3.86h for L case (again, defined by the isocontour γ pu = 0.5 represented by the white line in Figure 4.11). The L case is clearly affecting the flow, but at this x F CD = -3.85h, the X R is only slightly affected. Even though X R is similar, the L case has a bigger maximum bubble with γ pu = 0 going over x/h = 5 and a minimum bubble with γ pu = 0.9 where the flow is 90 % of the time towards the BFS. The larger isocontour γ pu = 0 in the L case indicates a more fluctuating flow with an instantaneous recirculation bubble which can be larger but with a low probability of appearance. The maximum possible value of γ pu is 1, but no cases, including fractal ones, reached this value. This means that at any position inside the recirculation region, you can eventually find some downstream flow (i.e. u > 0). 3.10). In the simple sine wave case named S1, all three positions have a smaller X R than the reference flow. The reattachment point is for the reference X R = 3.92h, S1 Peak X R = 3.12h, Middle X R = 3.20h and Trough X R = 3.34h, see summary in Table 4.2. The backflow area represented by the region where γ pu < 0.5 is summarized in Table 4.3. Figure 4.12 shows γ pu fields downstream of the BFS for the S1 case at 3 spanwise positions of the device. Also, all contour levels get smaller as you go from Trough to Middle to Peak, showing that these three positions need to be studied separately.

The second multiscale iteration S2 case (defined in Figure 3.11) also follows the same trend as S1. The bubble size decreases from Trough to Middle to Peak (see Figure 4.13 presenting the γ pu fields in the same way as for S1). In the S1 and S2 Trough cases results, there is a protuberance (γ pu = 0) which looks like a "belly", which combines with a larger X R . The explanation for this belly shape is given later in this chapter where the velocity fields will be discussed and the explanation will be reinforced in chapter 5.

The last iteration S3 case returns similar results as the S1 and S2 cases (Figure 4.14). Comparing the S1, S2 and S3 cases we can see some trends in the fractal/multiscale FCD. As the number of fractal iterations increases (S1 to S2 to S3), the bubble area at the Trough position and all γ pu contour levels get bigger whereas at the Middle and Peak positions, the bubble areas get smaller. This means that the bubble appears differently depending on location (Peak, Middle, Trough) and this difference is enhanced as the number of fractal iterations increases.

One hypothesis made by the author to explain the better performance of the S3 at Middle and Peak locations is that as the number of fractal iterations increases, the increased irregularity of the fence forces more velocity gradients into the flow, leading to a higher exchange of momentum between low-and high-speed flow regions. Similarly to many other flow control devices, passive or active, this momentum exchange results in the delay of flow separation or earlier reattachment [START_REF] Gad-El Hak | Flow control: fundamentals and practices[END_REF].

For a better comparison between the controlled case and spanwise location on the device, Figure 4.15 shows isocontours γ pu = 0.5 (i.e. separation border). The backflow region and reattachment point X R of each case can be more easily compared in this Figure 4.15. The recirculation region is smaller for the fractal/multiscale fences than for the straight L one and the reference configurations. Moreover, the size of the recirculation region decreases as the number of fractal iterations increases. In the classical BFS flow, the separation point X S is fixed at the step-edge, but in the rounded BFS the X S can be delayed. As already mentioned, X S is not captured by the FOV, the step-edge is at x = 0 and the footstep is at x = h, hence X S must be somewhere between these two locations. In the S3 Peak case, the γ pu = 0.5 contour is at y = 0.3h at the beginning of FOV x/h ≈ 1, however, it is around y = 0.6h for the reference one. It cannot be confirmed, but we might assume that the X S is delayed in the S3 Peak case linked to this much smaller size of the bubble close to BFS. As mentioned in the Literature Review, [START_REF] Neumann | Coherent structures in controlled separated flow over sharp-edged and rounded steps[END_REF] used a fence (our L case) to reduce the recirculation region for a rounded BFS. In fact, they could only delay the separation point X S , while the X R was kept at the same position. Delaying X S results in a reduction of the effective step height (the vertical distance from X S to the bottom wall) and as the X R is strongly influenced by the step height [START_REF] Eaton | A review of research on subsonic turbulent flow reattachment[END_REF], the X R is also reduced. The S3 Trough case has a separation border at y > 0.6h and yet has X R smaller than the reference flow. One possible reason for this smaller X R in comparison to the reference flow is given in the SPIV results in chapter 5.2, where spanwise measurements are done near the step-edge (Station ST2 at x = -0.04h). Indeed, a considerable increase in the turbulence intensities is found with an extra 3D mean flow phenomenon induced by the FCD device which can explain the X R reduction.

In the Trough case, there is a "belly" which makes the backflow area bigger as the number of fractal iterations increases, however, the reattachment point remains almost at the same position. Thus, there are no clear gains for the Trough region. In Figure 4.15, the mean recirculation bubble can be seen as a big vortex that rotates clockwise. It induces a secondary mean flow due to the blockage of the BFS located close to the wall and at the footstep (left bottom corner) for the Peak, Middle and Trough cases. This creates mean positive streamwise velocities close to the wall in this region visible in Figure 4.15 with a second border of γ pu = 0.5. This secondary recirculation can be found at low Re h = 2000 [START_REF] Armaly | Experimental and theoretical investigation of backward-facing step flow[END_REF], at high Re h = 64,200 [START_REF] Chovet | Dynamical aspects of a backward-facing step flow at large reynolds numbers[END_REF] and at high Mach numbers (M = 2) [START_REF] Bolgar | The effect of the mach number on a turbulent backward-facing step flow[END_REF]. Due to its small size in comparison to the primary recirculation, we are going to focus on the latter.

As already mentioned, there is a clear trend of separation length increase as we go from Peak to Middle to Trough regions. This indicates strong 3D effects generated by the flow control devices and they get stronger as the number of fractal iterations increases. A 2D BFS flow at a relatively high Re h number can be obtained by direct numerical simulations. When the third dimension is allowed, the appearance of hairpin vortices (Λ-shape) [START_REF] Bao | Some physical aspects of separation bubble on a rounded backward-facing step[END_REF] helps to reduce the recirculation bubble [START_REF] Lesieur | Turbulence[END_REF], p.57). Our reference flow is a real 3D flow, but it is homogenous in the spanwise direction in the center part, hence the FCD by breaking this homogeneity might enhance the 3D effects, reducing the recirculation region further.

In our experiment, X S is not captured, but we can suspect that some delay may happen. The X R for the L case at x F CD = -3.85h is the same as the reference, but when placed at x F CD = -5.38h the X R was definitely reduced. In Table 4.2, there is no information about X S , because it is outside our PIV field of view. The bubble length L sep is not equal to X R , because X R is measured from the step edge (x=0) and X S can be after this point. In this work, as the X S point is not measured, we will define the separation length L sep by X R position (i.e. L sep is the streamwise distance from step edge x=0 to X R ). This definition of L sep leads probably to an overestimation as the separation point can be delayed. For example, the S3 Peak case seems to have a delayed flow separation as previously mentioned, therefore its bubble length L sep should be smaller than the X R coordinate from the step edge. The average X R over the Peak, Middle and Trough shows that X R averaged decreases as the number of fractal iterations increases (Table 4.2).

In order to analyze how unsteady the recirculation region is, the backflow area is defined as the area under the curve of Simpson coefficient γ pu = 0.5. The area is normalized by the square of step height (h 2 ). Summing the area for each image corresponding to the three spanwise locations on the device, the total area can be calculated and its average over Peak, Middle and Trough positions (Table 4.3) can then be obtained. The bubble area is reduced more for S1, S2 and S3 cases than for the L case. The average of the bubble area shows that indeed the fractal/multiscale FCD is reshaping the bubble rather than reducing its 3D mean size (values of S1, S2 and S3 are very close). The bubble size decreases at the Peak, while the bubble size increases at the through. Moreover, this bubble reshaping is enhanced as the number of fractal iterations increases.

Effects of the FCD on the Recirculation Bubble

The bubble is 3D, therefore, the average of three positions (Peak, Middle, Trough) is not fully representative of the total bubble volume. For example, in chapter 5, the SPIV experiment describes better the shape of the bubble in the spanwise direction and as in Figure 5.31, the backflow area is calculated and S3 seems to be reducing more the bubble than the S1. 4.16 we plot pdfs of the logarithm of the normalized backflow area. The Gaussian pdf fits are generated using the mean and the standard deviation (std) from each respective case. We recall that the skewness (s) for a Gaussian distribution is 0 the kurtosis (K) is 3. As the backflow quantity is always positive the Gaussian distribution is replaced by the log normal distribution, therefore, these values of s = 0 and K = 3 are now a control test if the backflow area has a log-normal distribution. The Peak case pdfs are towards the left and more spread towards the negative values of the logarithm of the backflow area. The Middle case pdfs are still towards the left. The Trough case pdfs are centered at about 0 for S1 like the L and the reference flows, but around positive values, i.e. towards the right for S2 and S3. The backflow area is a representation of the recirculation bubble size. The bubble has a physical barrier (BFS) on one side (left side) and on the other side (right side) the bubble can grow freely. Therefore, the Trough, L and reference cases are more centered at zero and above zero because the mean bubble size is bigger and spread further from the BFS, so there are probably fewer constraints that squeeze it against the lower wall, so this can give a more stable bubble. The mean backflow area is small for the Peak cases due to positive control effects. As seen in Figures 4.12, 4.13 and 4.14, the bubble is being squeezed against the left wall (BFS) and this might reflect the high negative values (Figure 4.16) due to intermittent strong flow control constraints. The downstream region of BFS is analyzed using x-y fields of velocity statistics. All values are normalized with U ∞ . The analysis of the mean streamwise velocity U mean /U ∞ shows differences between the reference and controlled cases (Figure 4.17). For x/h > 7, i.e. further downstream, the reference flow has a faster maximum velocity than all L, Trough and Middle cases, but a slower maximum velocity than the Peak ones. In the Middle cases, relatively fast velocities can be found in this region, but smaller than in Peak cases. The Trough cases have slower maximum velocities than the Middle and Peak. The maximum streamwise velocity (0.7U mean /U ∞ ) is only reached by the reference and the Peak cases. The minimum negative velocity inside the bubble is -0.2U ∞ for all cases, which is similar to -0.18U ∞ found by [START_REF] Le | Direct numerical simulation of turbulent flow over a backward-facing step[END_REF]. All cases reached this value but a large area of negative U mean is found for the Trough cases. Perhaps, due to this large negative area, which is related to the size of the recirculation region, the contour levels are more spaced in streamwise direction for Trough than for Peak cases, thus inducing smaller velocities observed at a fixed distance from the wall at a fixed streamwise position. This results in a smaller velocity gradient dU mean /dy for Trough than Peak cases at this streamwise station x/h = 7. If we assume that the Peak cases are the best because they have the smallest X R and bubble size, we may venture to say that a higher mean streamwise velocity gradient in vertical direction, so a faster recovery, is a good indication for a small X R . However, the Trough cases have a low gradient, so a slow recovery but their X R are also smaller than the reference flow. Therefore, instead of X R , the recirculation area might be a better parameter. The S3 Trough case has 42% more backflow area than the reference flow (Table 4.3); this bigger area might be affecting more the flow downstream of the X R than this point location itself does. Figure 4.18 shows x-y fields of the normalized mean wall-normal velocity component V mean /U ∞ downstream of the BFS. All cases have V mean /U ∞ > 0 near the step, but not all of them have V mean /U ∞ < 0 above X R position. The Peak cases have the minimum V mean /U ∞ = -0.15 while the Trough cases have the maximum V mean /U ∞ = 0.05. Consequently, the Peak cases have a smaller recirculation bubble due to this strong downwash and the Trough cases have a bigger one. This is perfectly understandable as the separated shear layer, which is originated at the separation point (i.e. on the step), is growing and going down towards the bottom wall as it is convected downstream. Therefore, a negative V mean above X R would help to redirect the shear layer down to impinge onto the wall, facilitating the flow reattachment. This is the downwash effect seen in Figure 3.17 which represents a sketch of a classical VG [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. For the opposite, a positive V mean above X R would push the shear layer away from the wall, making the reattachment much more difficult. Analyzing the influence of the number of fractal iterations, it can be seen that at the peak position, as the iteration increases S1 to S2 to S3, the downwash observed on V mean becomes stronger. The S3 Peak case has a larger region with V mean /U ∞ = -0.15 than S2 Peak case and S2 Peak than S1 Peak case, which agrees with a bubble size becoming smaller from S1 to S2 to S3. A similar analysis is extended to S3 Middle case, where a small bubble size is accompanied by a strong negative V mean . So a negative and large region V mean is related to a small bubble, a positive V mean region is related to a large bubble. The Trough cases have a large bubble and it increases from S1 to S2 to S3; positive V mean increases from S1 to S2 to S3. This is one possible explanation for why the "belly" shape is formed for the Trough cases (Figure 4.15c), as this positive V mean is pushing the entire bubble up. [START_REF] Mcqueen | The double backward-facing step: interaction of multiple separated flow regions[END_REF] have also observed the influence of negative V mean (downwash) in reducing the BFS recirculation region.

In a classical BFS flow, or downstream of a buff body, the streamlines have a similar topology (Figure 2.1) as our reference flow (Figure 4.5). In the region near the step, it is expected to have positive values for V mean (streamlines going up) and in the regions near X R negative values for V mean (streamlines going down). However, the S2 and S3 Trough cases have positive V mean instead of negative V mean near X R . The PIV measurements are in the x-y plane, so no transverse organization is available between the measurement planes. However, one hypothesis can be drawn with the formation of a mean streamwise vortex in the y-z plane for the S2 and S3 cases (Figure 4.19). In particular, such a mean streamwise vortex can also generate spanwise mean flow velocity which will be investigated in chapter 5. The increase of the turbulence intensity can be used to delay flow separation or to reduce recirculation bubble (Kiya and Sasaki, 1983a), [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF]. The idea that these flow control devices are increasing the turbulence upstream can not be checked as this 2D2C PIV plane is downstream of the BFS, but it is expected and it will be investigated in the next chapter. Nevertheless, we can look at the turbulence intensities generated by the FCD downstream of the BFS.

Trough Peak Streamwise Vortex V mean V mean V mean V mean W mean W mean
Figure 4.20 shows x-y fields of the normalized streamwise turbulence intensity u rms /U ∞ downstream of the BFS. In the reference flow, u rms is surprisingly high when compared with the controlled cases, even though it is low upstream of the BFS (Figure 4.4). This indicates that the BFS shear layer alone can produce a comparable turbulence intensity to the controlled cases. The second surprise is the reduction in u rms from S1 Peak to S2 Peak to S3 Peak, even though the bubble size of the S3 Peak case is smaller than S1 Peak. This contradicts expectations based on previous observations with different FCDs that an increase of the u rms upstream of the separation results in a reduction of the bubble size (Kiya and Sasaki, 1983a), [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF]). In the S1, S2 and S3 Middle cases, u rms is increased compared to the reference, which could correlate with bubble size reduction. At the same time, however, S1, S2 and S3 Middle cases have similar u rms values regardless of the fact that the recirculation region is reduced as 92 4.5. Flow Topology Downstream of the BFS Induced by FCD the number of fractal iterations increases. For the Trough cases, the maximum region is shifted up in the y direction (the same for Middle cases) which makes it difficult to say that S3 Trough has smaller values of u rms than S1 Trough. To conclude, streamwise turbulence intensity u rms generated by different FCDs, at least downstream of the BFS, cannot be correlated to mean bubble size.

Figure 4.20 displays some abrupt u rms changes: first about x/h ≈ 3.4 and second about x/h ≈ 5.6 which correspond to the merging regions between two cameras. One hypothesis is based on the PIV perspective error, explained in chapter 3, see Figure 3.24. This PIV perspective error is unnoticed when only one camera is used, as it has a continuous increase from center to the border of FOV. If the flow is turbulent and non-homogeneous, this creates non-negligible perspective errors due to strong non-zero instantaneous spanwise velocities (w). However, when more cameras are used, placed side by side, they share a common region named merging region. At this region, the PIV perspective error of camera 1 is inverted with the one of camera 2 (right border for camera 1 and left border for camera 2, see Figure 3.24). This abrupt change makes the PIV perspective error more visible. Our recirculation region is recorded by three cameras positioned side-by-side (Figure 3.26). Therefore, there are two merging regions: Camera 1 with Camera 2 at x/h ≈ 3.4 and Camera 2 with Camera 3 at x/h ≈ 5.6. The abrupt u rms changes are stronger for the fractal/multiscale S1, S2 and S3 cases because they induce more 3D flow, therefore more spanwise velocity w, as shown in the Stereo-PIV study of chapter 5.

Figure 4.21 shows x-y fields of the normalized streamwise turbulence intensity v rms /U ∞ downstream of the BFS. In all cases, region of high v rms spreads over a larger region than u rms (Figure 4.20). In the L case, the maximum v rms value (not inside the field of view, but which can be inferred by the measured position of high v rms ) is near the backflow region (white line). The large region of high v rms being near the backflow region for all controlled cases might be beneficial for the flow reattachment. In the S1, S2 and S3 cases, the maximum v rms /U ∞ value is 0.16, which is higher than the reference and L cases where v rms /U ∞ = 0.14. This slightly higher v rms might be one of the reasons that S1, S2 and S3 cases have smaller X R than the reference and L cases (Table 4.2). However, for the Peak cases, as the number of fractal iterations increases (S1 Peak to S2 Peak to S3 Peak) the v rms decreases, similarly to u rms . For the Peak, the maximum of v rms is closer to the wall compared to the Middle and Trough, with the Trough the furthest away from the wall of the three positions. The region of high v rms above the bubble is not enough for good control efficiency, it should be close to the wall to provoke flow reattachment.

Figure 4.22 shows x-y fields of the normalized Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ downstream of the BFS. The quantity -⟨u ′ v ′ ⟩ is low inside the recirculation region for all cases, as it is for the classical BFS [START_REF] Le | Direct numerical simulation of turbulent flow over a backward-facing step[END_REF]. Regions of high -⟨u ′ v ′ ⟩ are found outside the recirculation region, in the shear layer or above. In the reference flow, high values are found further away from the step or bottom wall and outside the backflow region (white line) due to the large height and length of the recirculation region. As stated before for u rms and v rms , as the number of fractal iterations increases (S1 Peak to S2 Peak to S3 Peak) -⟨u ′ v ′ ⟩ also decreases. Moreover, the region of high -⟨u ′ v ′ ⟩ for S1 Peak spreads from about x/h ≈ 1.7 to x/h ≈ 4. A clear retraction of the region of high -⟨u ′ v ′ ⟩ is observed as the number of fractal iterations increases. In the Trough cases, such retraction is not happening, however, the X R is about the same for S1, S2 and S3 

Summary of Chapter 4

This experiment is unique in its conception. Firstly, the classical square BFS is replaced by a rounded BFS. Secondly, the flat upstream region is replaced by an APG ramp at -5 • . Thirdly, an extra set of passive FCDs using the fractal/multiscale concept is designed and tested for flow control. The fractal design is based on the sum of sines generating smaller amplitudes and wavelengths as the number of fractal iterations increases (S1 to S2 to S3). The FCD is a fence with a height chosen to be small relative to the BL thickness (k/δ = 0.125) in order to minimize drag and, nevertheless, keep flow control ability. All FCDs have the same height and projected frontal area (i.e. projected on the y-z plane). The reference flow (without FCD) in the APG ramp is fully attached even at the BFS edge. At x F CD = -3.85h, Re τ = 4,000 and at the BFS Re h = 100,000 ensure that we are working with high Reynolds number turbulent flow separation. The FCD L case is firstly placed at several upstream positions (x F CD = -0.77h to -8.46h) and the choice streamwise FCD position upstream of BFS x F CD = -3.85h is based on the results of preliminary tests that the recirculation bubble size for the reference flow is similar but slightly larger than the L case, but smaller for the S1, S2 and S3 Middle cases. This x F CD = -3.85h distance upstream of the BFS also meets the criteria suggested by [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] for VGs (x F CD = 25k) whereby maximum efficient placement must be smaller than 30 times the device height k.

The reattachment point streamwise position X R decreases systematically as the number of fractal iterations increases. The same systematic trend is observed for the recirculation bubble area. These trends hold for the Peak and Middle regions but not for the Trough region. The FCD generates turbulence and an increase in the free-stream turbulence intensity usually results in the reduction of the bubble size [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF]. However, it is shown that in some of our fractal/multiscale FCD cases, the opposite is true. Indeed, for the Peak cases as the number of fractal iterations increases, the turbulence intensity decreases but the bubble size decreases. A possible hypothesis is that as the number of fractal iterations increases, the FCD total length increases and at the same time, new smaller length scales are created that could generate more turbulence and vorticity close to FCDs which reorganize the flow faster to obtain good control effects without high turbulence necessarily remaining above the bubble. Obviously, this hypothesis could not be tested because in this chapter 4 the PIV plane is not near the FCD region. This hypothesis will be tested in chapters 5 and 7.

In the recirculation region, the same minimum mean velocity U mean /U ∞ = -0.2 is found for all cases. This value is similar to a classical square BFS [START_REF] Le | Direct numerical simulation of turbulent flow over a backward-facing step[END_REF]. The region where this minimum value is reached is more spread for the Trough than the Peak cases. However, the wall-normal velocity V mean field is drastically changed with the fractal FCDs. In the reference flow, negative V mean values (mean flow towards the wall) are found near X R as expected. However, the fractal/multiscale FCD Peak cases increase this negative V mean which results in X R reduction, while the Trough cases have a positive V mean which results in backflow area increase (X R is still smaller for any Trough case than the L and reference flow). The flow separation point X S is on the left of the FOV, hence is not captured. Nevertheless, if we track the separation border defined by Simpson coefficient γ pu = 0.5, at the closest FOV position from the BFS at x/h ≈ 1, the γ pu = 0.5 for the reference flow starts at about y/h = 0.6 and for S3 Peak at about y/h = 0.3, which indicates that the flow separation might be delayed, therefore adding 4.6. Summary of Chapter 4 an extra reason for S3 Peak to have the smallest X R and bubble size.

Different bubble shapes are found at the Peak, Middle and Trough positions. Therefore, the S1, S2 and S3 devices are forcing a strong 3D flow which not only decreases X R but also reshapes the recirculation region. The bubble is taller downstream of the Trough and shorter downstream of the Peak. All these observations together suggest that an extra 3D flow phenomenon must be playing a role which is not present in the L case which is homogenous in the spanwise direction. From these results, it can be educed that a sine shape creates a 3D mean flow and a 3D characterization should therefore be very relevant. Unfortunately, a 3D observation of the flow is not feasible at this time with the PIV set-up used in this chapter, but in the following one, we study the flow in several spanwise planes by a Stereo-PIV set-up measuring all three velocity components.

Chapter 5

Multiscale Structures Generated by Passive Fractal/Multiscale Devices One of the main objectives of fractal FCD is to reduce the separation region. In chapter 4, we have proven the effectiveness of such systems in a systematic way given that the mean reattachment X R reduction improves as the number of fractal iterations increases. The passive flow control devices change the separation region geometry in the spanwise direction, forcing 3D effects on the flow as seen in the previous chapter 4. In order to better visualize the 3D nature of the flow, new measurements are done. They consist of a Stereo-PIV in transverse planes (y-z) which are able to capture aspects of 3D flow patterns generated in the lee of each fractal/multiscale position (Peak, Middle, Trough). All four SPIV stations are illustrated in Figure 3.32. In the upstream region of the BFS, two measurement stations have been chosen: ST1 at x = -3.31h to measure near the FCD (x F CD = -3.85h) and study its interaction with the flow and ST2 at x = -0.04h to study the evolution of these interactions and the flow just before the step edge, where separation occurs. In the downstream region of the BFS, we have two further measurement stations: ST3 at x = 1.54h to measure near the BFS and study the formation of the shear layer and ST4 at x = 2.54h to measure the recirculation bubble topology in the spanwise direction. In this chapter, as in chapter 4, all results will be normalized with U ∞ as the reference velocity scale and h the step height as the reference length scale.

5.1 Near Wake Downstream Flow of the FCD (Station ST1 at x = -3.31h)

The 2D3C PIV set-ups are sketched in Figure 3.31 and 3.32. As explained in chapter 3 (Figure 3.33), the transverse PIV plane of ST1 at x = -3.31h is near the FCD. The FCD middle is at x F CD = -3.85h. Measuring the light sheet distance from the FCD straight fence L case, this PIV plane is at 3.5k downstream, where k is the FCD height. However, the fractal/multiscale FCD is not a straight line in the x-z plane. This means that, in the S3 case for example, the SPIV plane is at a distance k downstream of the Trough, 3.5k of the Middle and 7k of the Peak positions. Due to this close position, a small recirculation region is captured downstream of the Trough with negative mean streamwise velocities observed in Figure 5.1 which presents the mean streamwise velocity field obtained at this station ST1 with the SPIV set-up described in chapter 3. This is not the case for the Peak as it is located further upstream of the SPIV plane, hence the flow is already reattached. Beginning with the analysis of the SPIV mean streamwise velocity (Figure 5.1), we can observe that for the reference flow, it is relatively 2D and the velocity grows quickly from the wall. Downstream of the L case, the blockage creates a negative region which corresponds to a recirculation region typical of a fence. Due to the straight L fence the geometry of which is invariant by translation in the z-direction, the flow is relatively 2D. In the S1 case, a 3D effect can be observed linked to the sine device geometry and to the different distances of the Peak and Trough from the measurement plane. For example, downstream of the Trough position, the nearest to the measurement plane, the recirculation bubble is captured by the negative velocity around z/h = -0.4, while at the Peak (z/h = 0.4) a positive velocity of U mean /U ∞ = 0.1 is found nearest to the wall, Chapter 5. Multiscale Structures Generated by Passive Fractal/Multiscale Devices meaning that the flow is reattached. In the S2 case, the area downstream of the Peak (z/h = 0.4) is fully reattached and even faster positive streamwise velocity U mean /U ∞ = 0.6 is found. More local Peaks and Troughs per spanwise length generate smaller regions per spanwise length where U mean /U ∞ is different from its neighbour. The same can be said about the S3 case: as the number of fractal iterations increases (S1 to S2 to S3) smaller demarcated regions appear. Near the Trough (z/h = -0.4, y/h = 0.3), a kink in the velocity field can be seen, whereas it is smooth in the S2 case. The number of mean streamwise vortices seems to be the same in the S2 and S3 cases; this doesn't mean that the S3 device does not generate more mean streamwise vortices, as these vortices might be merged before reaching the present SPIV plane or start to be built. As we know from the results of the previous chapter 4, the recirculation size is reduced when the number of fractal iterations increases for the Peak and Middle positions (Table 4.3). These multiple smaller vortices might then have a bigger overall positive flow control influence than one big vortex produced by the S1 case. Figure 7.39 shows y-z fields of the normalized mean wall-normal velocity V mean /U ∞ at station ST1 upstream of the BFS. In the reference flow, the mean wall-normal velocity V mean is near zero, which is expected for a canonical two-dimensional Boundary Layer (BL) in a mild adverse pressure gradient. In the L case, there is a negative velocity region near the wall linked with the small recirculation bubble and a positive velocity one above y/h = 0.2. The device height is about y/h = 0.15, which means that the L device is redirecting the flow upwards as an obstacle would do. In the S1 case, however, the flow is redirected upwards by the Trough and downwards by the Peak at station ST1. This enhances momentum exchange between the slower flow near the wall and the faster free-stream. This corresponds to the main principle behind a vortex generator (VG) for separation delay or recirculation reduction as described by [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF]. In the S2 and S3 cases, smaller pockets of momentum exchange are formed with more regions with alternating positive and negative V mean .

Figure 5.3 shows y-z fields of the normalized mean wall-normal velocity W mean /U ∞ at station ST1 upstream of the BFS. In the reference flow, the mean spanwise velocity W mean is almost zero (within the measurement error and convergence uncertainty) in the full field due to a 2D flow. In the L case, the same observation can be done which agrees with a 2D geometry. In the S1 case, the upper fluid layer (y/h > 0.2) is moving to the right (positive z) and the bottom layer is moving to the left (negative z). The black arrows in Figure 5.3 look like a mean vortex. In the S2 and S3 cases, even though small average rotating structures are seen (black arrows), a major region with positive W mean is still present, with a larger tendency of the upper fluid layer to move to the right and the bottom layer to move to the left. This reinforces the idea that fractality introduces numerous structures with different sizes that are superimposed in the near field before interacting with the BFS flow.

Figure 5.4 shows y-z fields of the normalized streamwise turbulence intensity u rms /U ∞ at station ST1 upstream of the BFS. In the reference flow, there is a region of high u rms level near the wall due to the second outer-peak as already seen in the previous chapter 4 where the BL profile on the ramp is investigated (Figure 4.3). The presence of the L device nearly doubles the intensity of the u rms . The maximum u rms location is at y/h = 0.3, which is higher than y/h = 0.2 in the reference flow. In the S1 case, the maximum u rms value is as much as three times higher than the reference one. However, its spatial distribution is not uniform: there is a region of higher u rms downstream of the Trough than downstream of the Peak. The sine S1 device with its geometry in the x-z plane replicates its sine shape into the flow in the z-y plane. In the S2 and S3 cases, smaller regions of high intensity are formed. Downstream of the S2 and S3 Trough, the intensity is similar to the S1 case, whereas for the Peak, smaller regions of high intensity are formed. This might be an advantage, in terms of flow control over the S1 Peak region. Perhaps, smaller and better distributed regions of high u rms , v rms and w rms may be more useful for flow control of the separation bubble downstream than a large and single localized one (S1 case) as it can correspond to better use of the entire spanwise length of the device as a turbulence generator. These small regions of high intensity are more curved (Figure 5.4(f)), which perhaps is an indication that the S3 device strongly redirects the free stream flow. Paying attention to the mean V and W vectors (black 5.1. Near Wake Downstream Flow of the FCD (Station ST1 at x = -3.31h) arrows) in Figure 5.4(d), one big mean vortex is formed and its downwash at z/h = 0.4 (negative V mean in Figure 7.39(d)) brings the mean flow toward the wall. This might also bring together the regions of high u rms toward the wall to y/h = 0.2. The opposite can be seen at z/h = -0.4 where the upwash (positive V mean in Figure 7.39(d)) brings the region of high u rms away from the wall to y/h = 0.35. The Reynolds Stress Equation have the following terms: advection, production, transport, pressure-velocity, etc. We are suggesting that the advection term might play a dominant role, through V mean , in dictating where the turbulence intensities are located. Figure 5.5 shows y-z fields of the normalized wall-normal turbulence intensity v rms /U ∞ at station ST1 upstream of the BFS. The reference, L and S1 cases behave similarly for v rms as for u rms with respect to maximum intensity locations. However, v rms exhibits a different behaviour for the S2 and S3 cases. In the S2 case, the maximum values of v rms are more evenly spread in the spanwise direction. For the S3 case, the region of highest v rms is on the Peak side, which is opposite to the S1 case where the region of highest v rms is on the Trough side. In the L and S1 cases, the region of high v rms lies between y/h = 0.2-0.4. In the S2 and S3 cases, the region of high v rms spreads towards the wall (y/h = 0), which might bring energy to this near-wall region favouring the flow separation control later downstream.

Figure 5.6 shows y-z fields of the normalized spanwise turbulence intensity w rms /U ∞ at station ST1 upstream of the BFS. In the reference and L cases, w rms is homogeneous in the spanwise direction but with higher w rms values for the L case. In the S1 case, the region of high w rms is almost at the same location as the regions of high u rms and v rms . In the S2 case, the region of high w rms is located near the Middle position. In the S3 case, w rms has high values at the Peak region.

Even though the fractal/multiscale FCD geometry is rather complex (or perhaps because of that), the ratio of v rms /w rms is approximately equal to 1 for each respective FCD case. The values of v rms and w rms are also not far from u rms , suggesting weak local isotropy in the turbulence generated by the fractal devices.

Figure 5.7 shows y-z fields of the normalized Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ at station ST1 upstream of the BFS. In the reference and L cases, the Reynolds shear stress -⟨u ′ v ′ ⟩ is shown to have a homogeneous spanwise distribution. In the S1 case, a slight curvature appears in the spanwise direction. As the regions of high u rms and v rms were located near each other, it results in a fairly long region of high -⟨u ′ v ′ ⟩. In the S2 and S3 cases, the regions of high intensity are more highly curved. Similarly to u rms and v rms peak values which are more distributed in the spanwise direction, there are hot spots of -⟨u ′ v ′ ⟩ in this spanwise direction too. These spots are vertically organized, with high values on the top and low values on the bottom. In the previous chapter 4, we have seen that in the recirculation region (Figure 4.22), -⟨u ′ v ′ ⟩ gets smaller as the number of fractal iterations increases. This seems to be the case here at this station also from S1 to S2 to S3 at Peak, Middle and Trough position. This is particularly marked for the S3 Peak case which has the smallest bubble size with the lowest -⟨u ′ v ′ ⟩ here.

In boundary layer flow, -⟨u ′ v ′ ⟩ is positive due to a preponderance of sweeps (Q4) and ejections (Q2) on average [START_REF] Wallace | Quadrant analysis in turbulence research: history and evolution[END_REF]. It is then responsible for the main part of the production of turbulent kinetic energy through -⟨u ′ v ′ ⟩dU/dy. In the reference and L cases, -⟨u ′ v ′ ⟩ remains positive similar to turbulent BL flow. However, in the S1, S2 and S3 cases, especially for S2 and S3, -⟨u ′ v ′ ⟩ is negative in some regions. This means that the events in the quadrants Q1 and Q3 are relevant for these regions. Figure 5.8 shows y-z fields of the normalized Reynolds shear stress -⟨u ′ w ′ ⟩/U 2 ∞ at station ST1 upstream of the BFS. In the reference and L cases, low values of -⟨u ′ w ′ ⟩ are found. In the S1 case, some spots of positive and negative -⟨u ′ w ′ ⟩ appear, but with relatively modest -⟨u ′ w ′ ⟩ values when compared to S2 and S3 cases. The "hot" spots get horizontally organized for the S2 and S3 cases, with high and low values alternating side by side. Increasing the number of fractal iterations causes increased alternation of positive and negative high values of -⟨u ′ w ′ ⟩ near the wall, in particular, downstream of the Peak region. The region downstream of the Trough seems disorganized, however, as explained before, the Trough is near the SPIV plane and the Peak is further away (Figure 3.33). Figure 5.9 shows y-z fields of the normalized Reynolds shear stress -⟨v ′ w ′ ⟩/U 2 ∞ at station ST1 upstream of the BFS. In the reference and L cases, we find low -⟨v ′ w ′ ⟩ values for both cases which are again characteristic of 2D flows. In the S1 case, regions of high -⟨v ′ w ′ ⟩ values are formed around the center of the big mean vortex in the Middle region which indicates that this vortex changes a lot in shape and strength instantaneously. In the S2 and S3 cases, there is also a region of high -⟨v ′ w ′ ⟩ in the Middle region and an additional region of modest-intensity -⟨v ′ w ′ ⟩ in the Peak region. One hypothesis is that, as the turbulent momentum transfer depends on -⟨u ′ v ′ ⟩ (dominant turbulent term in the streamwise equation of BL), a better distributed region of high -⟨u ′ v ′ ⟩ (S3 case) would enhance the mixing across the entire device. In the pursuit of the optimum position of the FCD (see chapter 4, section 4.3), the S3 Middle at x F CD = -2.31h produces similar bubble size and X R as at x F CD = -3.85h (Figure 4.9). On the other hand, the L case needs a bigger upstream location |x F CD | > 3.85h to substantially reduce the bubble size. This might indicate that the S3 device generates better mixing (beneficial for flow control of recirculation bubble) at short distances than the L case.

A similar point can be made for -⟨u ′ w ′ ⟩ and -⟨v ′ w ′ ⟩. In the reference and L cases, -⟨u ′ w ′ ⟩ and -⟨v ′ w ′ ⟩ are near zero. In the S1 case, non-zero values appear but with modest intensity. In the S2 and S3 cases, high positive and low negative values emerge. From the perspective of Reynolds shear stresses being related to turbulent momentum transfer, or related to the events in the quadrants (Q1, Q2, Q3, Q4), we can infer that the fractal/multiscale devices (S2 and S3) are enhancing the movement of fluid parcels in all directions. Therefore, not only momentum exchange between the free stream with the slow fluid near the wall is happening, given that U mean near the wall is increased, but also momentum exchange between the sides in the spanwise direction. Figure 5.9: Reynolds shear stress -⟨v ′ w ′ ⟩/U 2 ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.

Flow Just Upstream of the Ramp Step Edge

(Station ST2 at x = -0.04h)

Boundary Layer Profiles

The station ST2 is located just before the step-edge at x = -0.04h, see Figure 3.32. The mean streamwise velocity profiles are plotted in Figure 5.10 downstream of the specific spanwise Peak, Middle and Trough positions. The average over the spanwise direction limited by the FOV and over time is also plotted. There is just one caveat: the SPIV FOV does not capture the entire spanwise length of the devices, therefore the average in . The results give similar BL profiles than the Middle position, meaning that in some average sense the fractal/multiscale S1, S2 and S3 devices lead to faster recovery than the L case. This might explain why the S1, S2 and S3 cases have a smaller reattachment location X R in the recirculation region downstream of the step when compared to the L case (Table 4.2), but it does not explain why smaller X R values are obtained as we go from S1 to S2 to S3. The flow separation depends on the mean streamwise velocity profile of the BL, as discussed in Figure 5.10, but as mentioned earlier, previous studies have concluded with the idea that increased free-stream turbulence can be used near the BFS to reduce flow separation. As expected, the FCD produces turbulence when interacting with the flow, as can be seen in Figure 5.11 which presents the u rms profile, so the mean streamwise velocity profile is not the only important parameter to look at to explain the efficiency of each control cases. The L case presents the worst BL recovery (Figure 5.10(d)) and the highest average u rms values (Figure 5.11(d)). The L case has the same X R as the reference flow (Table 4.2) and bigger X R than any S1, S2 and S3 cases. Therefore, the low BL profile recovery seen in Figure 5.10(d) might have a stronger effect on L case, suppressing the effect of an increased u rms . In the S1, S2 and S3 cases at the Peak location, u rms is low compared to the L case but higher than the reference flow with a peak close to the wall. At the Trough, u rms presents a peak higher than for the L case but further away from the wall. As the BL separation first starts with a small reverse flow near the wall, a modest u rms region near the wall might be beneficial to avoid flow separation, which agrees with the fact that the Peak cases have the smallest recirculation bubble. The Trough cases have a BL recovery which is worse than the L The upstream region ST2 is at x = -0.04h of the BFS.

Flow

case (Figure 5.10(c)) but with a region of higher maximum u rms . However, this region of high u rms is further from the wall, therefore it might not be effective in bringing high momentum flow towards near the wall. A summary of some BL characteristics just before separation at ST2 are given in Table 5.1. The calculations are done with the kinematic viscosity of air equal to 1.5.10 -5 m 2 /s (T = 20 • C, P about 1.013 bars). The boundary layer thickness (δ 99 ) is taken as the point where the local mean free stream velocity (U e ) is 0.99U. As the PIV has a limited FOV, U e is the average of the last 8 PIV points. The BL displacement thickness δ * and the momentum thickness θ are given by: In all cases, the BL thickness and the mean streamwise velocity (U e ) have nearly the same values. The BL thickness δ 99 is around 3.5% bigger for the controlled cases, which is a small gain that would make a weak impact on the recirculation region. However, the BL displacement thickness δ * and the momentum thickness θ have bigger gains. [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF] gave some attention to the parameter θ as it had a strong effect on his BFS problem. In the reference flow, δ * and θ values are similar to the Peak cases. These values and their associated Reynolds numbers Re δ * and Re θ increase as we go into the Middle region and increase again in the Trough one. In the previous chapter 4 (Table 4.2), it is shown that X R increases as we go from Peak to Middle To Trough. Therefore, an increase in δ * and θ is correlated with an increase in X R as already pointed out by [START_REF] Simpson | Turbulent boundary-layer separation[END_REF].

δ * = ∞ 0 1 - u(
The shape factor H = δ * /θ is an indication of the BL stability. For turbulent boundary layer near separation, the shape factor can reach H sep ≈ 2.76 ± 0.23 [START_REF] Castillo | Separation criterion for turbulent boundary layers via similarity analysis[END_REF]. The experiment of a flow over a rounded BFS by [START_REF] Song | Experimental study of a separating, reattaching, and redeveloping flow over a smoothly contoured ramp[END_REF] showed that for Re θ = 3400 (Re h = 28, 560) the mean separation point X S and the 5.2. Flow Just Upstream of the Ramp Step Edge (Station ST2 at x = -0.04h) mean reattachment point X R become constant with increasing Re θ . Our smallest value is Re θ = 12, 100 in the S1 Peak case, hence any small increase in Re θ should not affect our X R . [START_REF] Song | Experimental study of a separating, reattaching, and redeveloping flow over a smoothly contoured ramp[END_REF] showed that there is a Favourable Pressure Gradient (FPG) around the rounded step-edge due to the wall curvature effect. Downstream of the stepedge, the flow expansion increases, leading to a strong Adverse Pressure Gradient (APG) causing flow separation. This first FPG helps to decrease the shape factor H or to keep it constant. At the step-edge, [START_REF] Song | Experimental study of a separating, reattaching, and redeveloping flow over a smoothly contoured ramp[END_REF] found the shape factor H = 1.28 and at the separation point they found H = 2.13. In our experiment, in the reference and Peak cases, we have H ≈ 1.4, so the BL is stable even though near the step-edge. In the Trough cases, H > 1.92 which shows that BL is near separation and, as seen before, the BL profile has one inflexion point (Figure 5.10) which makes the BL unstable. This suggests that the BL separation for Peak regions is delayed in comparison with Trough ones. Coincidentally or not, the bubble area and X R have a smaller value for the Peak region than for the Trough one. The momentum thickness and the shape factor increase look to be correlated directly to bubble size increase.

Flow over a cylinder produces a wake. The width of this wake gets smaller as the BL separation is delayed. Our experiment is a flow over a rounded BFS. Therefore, delaying the separation point X S results in a smaller effective step height (diameter in the cylinder case) which is the vertical distance between X S and the bottom wall. The reattachment point X R is dependent on the step height h, see [START_REF] Eaton | A review of research on subsonic turbulent flow reattachment[END_REF]. Therefore, a smaller effective step height would result in a smaller bubble length. Despite the logic, it is not a rule. [START_REF] Neumann | Coherent structures in controlled separated flow over sharp-edged and rounded steps[END_REF], also studying flow over a rounded BFS, could reduce the separation length (L sep = X S -X R ) for the controlled case with a straight fence upstream of the BFS. However, the mean reattachment point was for the uncontrolled case X R = 4.9h and for the controlled case X R = 5.1h. The separation length reduction was actually due to the X S delay, the controlled case having X S = 2.7h against X S = 1.4h for the uncontrolled case. So reducing the effective step height gives lower separation length and smaller recirculation region but does not necessarily make the reattachment point X R closer to BFS.

As discussed in chapter 4, the Simpson coefficient γ pu = 0.5 contour is closer to the wall at the beginning of the FOV (i.e. close to BFS) for all Peak cases than for the respective Trough cases (Figure 4.15). For example, the S2 Peak γ pu = 0.5 is at about y/h = 0.4 and x/h ≈ 1 and for the S2 Trough at about y/h = 0.7. It was suggested that the Peak might be delaying the flow separation. This seems to be confirmed here.

Transverse Flow Organisation

In this next part, the velocity fields are shown in the y-z plane and their evolution is often compared with the upstream station ST1.

Figure 5.12 shows y-z fields of the normalized mean streamwise velocity U mean /U ∞ at station ST2 upstream of the BFS. In the reference and L cases, there is a homogeneous U mean distribution, even though ST2 is near the step-edge, i.e. near separation. In the S1, S2 and S3 cases, the flow downstream of the Peak (right side) has a region of higher U mean closer to the wall than downstream of the Trough region (left side). A faster near-wall flow has more energy to resist flow separation than a slower one.

The extra feature that makes the S1, S2 and S3 much better in reducing the recirculation than the L case might be related to the formation of a mean vortex, see the black Table 5.1: BL properties at ST2 at x = -0.04h for all cases. The kinematic viscosity of air is 1.5.10 -5 m 2 /s (T = 20 • C, P about 1.013 bars). Peak (P), Middle (M) and Trough (T).

ref L S1 P S2 P S3 P S1 M S2 M S3 M S1 T S2 T S3

T U e (m/s) 11. 28 11.36 11.45 11.47 11.45 11.40 11.43 11.41 11.39 11.42 arrows (V, W) in Figure 5.12. It is worth recalling that at ST1, the S1 device generates one single mean vortex, while being convected downstream it can be expected to grow in size. The S2 and S3 devices generate several smaller mean vortices at ST1 and as they are convected downstream, they seem to merge into one big single mean vortex. All the big vortices downstream of the S1, S2 and S3 devices (at ST2) are similar in strength and size, they are off-centered, closer to the Trough region and as going from S1 to S2 to S3, the mean vortex gets closer to the wall. Figure 5.13 shows y-z fields of the normalized mean wall-normal velocity V mean /U ∞ at station ST2 upstream of the BFS. In the reference and L cases, there is a clear downwash (negative V mean ) region near the wall for all z. This shows how rapidly the flow follows the curve of the rounded BFS. In the S1, S2 and S3 cases, two distinct regions are formed: left (Trough) with upwash (positive V mean ) and right (Peak) with (negative V mean ). The natural behaviour is for the flow to follow downwards the rounded BFS, thus a downwash in the wall direction helps the reattachment and reduces the length of the recirculation region as the flow will be more parallel to the local wall. This could be the reason we find a small X R downstream of the Peak region. On the contrary, upwash is detrimental, the part of the vortex downstream of the Trough region is redirecting the flow up and a larger value of X R is indeed seen downstream of the Trough in all cases.

Figure 5.14 shows y-z fields of the normalized mean spanwise velocity W mean /U ∞ at station ST2 upstream of the BFS. In the reference flow, the mean spanwise velocity increases at the near wall region from W mean /U ∞ nearly zero at ST1 to W mean /U ∞ = 0.012 at ST2 as the flow tries to react to direction change of the wall introduced by the BFS. In the L case, W mean presents similar values to the reference flow, showing that reference and L can be considered a 2D flow. In the S1, S2 and S3 cases, the centers of the high W mean values (red) and low W mean values (blue) regions get closer to the wall and more intense as the number of fractal iterations increases. A mean vortex being closer to the wall and more intense could be more effective for flow control, as the BL separation starts with a small reverse flow near the wall. This might help the S3 case to be the best for reducing the recirculation bubble. The mean vortex is nearer the wall in the S3 case than in the S2 case and it is nearer to the wall in the S2 case than in the S1 case. In the S1, S2 and S3 cases, a small positive W mean region (the red region near the wall is centered at z/h = 0.2) is under a region of negative W mean . This region of positive W mean seems not to be connected to the big mean vortex (formed by the two big upper regions). As the number of fractal iterations increases, this small positive region of W mean gets smaller. This perhaps suggests that this region is not beneficial in reducing the recirculation bubble, as S3 has the smallest such region and the smallest recirculation bubble. Figure 5.15 shows y-z fields of the normalized streamwise turbulence intensity u rms /U ∞ at station ST2 upstream of the BFS. The first remark is the disappearance of the small regions of high intensity generated at ST1 by the fractal/multiscale devices (Figure 5.4). In the L case, the region of maximum u rms has a small shift away from the wall, from y/h = 0.3 (ST1) to y/h = 0.4 (ST2). The S1, S2 and S3 return a bigger shift away from the wall of the region of maximum u rms from ST1 to ST2: in ST1 the maximum u rms is at y/h = 0.35 and at ST2 it is at y/h = 0.7. Maybe if this region of high u rms was nearer the wall to strongly interact with the shear layer that is formed in the step-edge, the FCD could reduce even further the recirculation region. However, it is known that high u rms upstream of the BFS can lead to a smaller recirculation region (Kiya and Sasaki, 1983a) [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF]. The S1 has the highest turbulence intensity values, however, its vortex center is farther from the wall than S3 and the S1 average BL profile 123

Chapter 5. Multiscale Structures Generated by Passive Fractal/Multiscale Devices is less recovered than S3 (Figure 5.10(d)). In the previous chapter 4, it is shown that in the recirculation region the u rms decreases from S1 Peak to S3 Peak (Figure 4.20), nevertheless, the bubble size is smaller in the S3 Peak case than in the S1 Peak case. There may physically indeed be some recirculation bubble reducing effect caused by enhanced free stream turbulence, but there are other effects (mean streamwise vortex, different θ and δ * at different spanwise positions) related to the 3D nature of the flow which can also reduce the bubble size. Figure 5.16 shows y-z fields of the normalized wall-normal turbulence intensity v rms /U ∞ at station ST2 upstream of the BFS. The position of maximum v rms gets closer to the wall in all controlled cases, perhaps enhancing its flow control effect. In the S1, S2 and S3 cases, the maximum v rms values are off-centered and downstream of the Trough region. This means that in principle, the region downstream of the Trough position has high free-stream wall-normal turbulence intensity, which would help to reduce the recirculation bubble according to [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF]. However, the Trough region has the biggest X R , which disagrees again with the common view that a high free-stream turbulence leads to a shorter recirculation bubble (Kiya and Sasaki, 1983a) [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF]. It is true that X R downstream of the Trough is bigger than X R downstream of the Peak in the S1, S2 and S3 cases (Figure 4.15), but when comparing to the reference flow, X R downstream of the Trough region is shorter for the S1, S2 and S3 cases. Perhaps, if the turbulence intensity was low downstream of the Trough, X R would be bigger.

Figure 5.17 shows y-z fields of the normalized spanwise turbulence intensity w rms /U ∞ at station ST2 upstream of the BFS. The same trends are seen in Figure 5.16 and 5.15. It is worth pointing out that the turbulence intensities, i.e. of u rms , v rms and w rms decrease at ST2 (immediately upstream of the BFS) as the number of fractal iterations increases. Perhaps surprisingly, X R decreases with increasing number of fractal iterations. As seen, in the previous chapter 4, downstream of the BFS in the recirculation region, u rms , v rms and -⟨u ′ v ′ ⟩ values are decreasing too with increasing number of fractal iteration as we go from S1 Peak to S2 Peak to S3 Peak which has the smallest recirculation bubble, see Figures 4.20,4.21 and 4.22, which is similar to the trend observed in ST2.

Figure 5.18 shows y-z fields of the normalized Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ at station ST2 upstream of the BFS. It is noticeable that for all cases -⟨u ′ v ′ ⟩ is positive, whereas at ST1 negative values of -⟨u ′ v ′ ⟩ are found for the S2 and S3 cases (Figure 5.7) linked with non-classical dominance of Q1 and Q3 events.

In Figure 5.18, at the ST2, the reference flow has low values of -⟨u ′ v ′ ⟩ compared to controlled ones. In the L case, there is a region of high -⟨u ′ v ′ ⟩ near the wall which is more than two times the peak value of the reference flow but smaller than the peak of S1 to S3 cases. In the S1, S2 and S3 cases, the region of highest -⟨u ′ v ′ ⟩ is downstream of the Trough region. As the number of fractal iterations increases from S1 to S2 to S3 the intensity of -⟨u ′ v ′ ⟩ decreases. The (y-z) maps of -⟨u ′ v ′ ⟩ are similar (just intensity difference) at ST2 for S1, S2 and S3 cases, which agrees with the u rms and v rms results.

Figure 5.19 shows y-z fields of the normalized Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ at station ST2 upstream of the BFS. In the reference flow, at the convergence uncertainty, all values are zeros. In the L case, unlike -⟨u ′ v ′ ⟩ where a region of high values is found at y/h = 0.3, -⟨u ′ w ′ ⟩ becomes near zero as one expects in planar flows. In the S1, S2 and S3 cases, one big positive -⟨u ′ w ′ ⟩ region is centered around z/h = -0.2. At z/h = -0.6, parts of one big negative -⟨u ′ w ′ ⟩ region are also partially seen in the figure. This suggests a periodic behaviour in the (y-z) plane as expected with the geometry of the fractal devices. In the downstream region of the S2 and S3 devices, at ST1, small and numerous vortices are formed (Figure 5.8). All these small vortices in ST1 merged into a big one in ST2, which is visible in Figure 5.19 with alternating positive and negative -⟨u ′ w ′ ⟩ regions side by side. station ST2 upstream of the BFS. In the reference and L cases, both of them have near zero -⟨v ′ w ′ ⟩ values as expected with planar mean flow. In the S1, S2 and S3 cases, there are two periodic behaviours in the (y-z) plane: alternating positive and negative -⟨v ′ w ′ ⟩ regions side by side and an extra periodic behaviour alternating positive and negative -⟨u ′ w ′ ⟩ regions on upper and lower layers. This might be a consequence of the W mean flow organization, even if the field of view is not wide enough to be sure, but it 

Flow Just Upstream of the Ramp

Step Edge (Station ST2 at x = -0.04h)

Summary of ST2

• In all cases, the BL mean profile is attached at ST2.

• In the Peak cases, the BL parameters (U e , δ, δ * , θ and H) return similar values as in the reference flow.

• In the L and Trough cases, the BL parameters (δ * , θ and H) return different values from the reference flow, suggesting slower BL recovery and a BL near separation with high H value. Moreover, the BL velocity profile has an inflexion point.

• In the reference and L cases, all figures show a homogeneous spanwise distribution for the mean velocities, turbulence intensities and Reynolds shear stresses as expected for a 2D flow.

• In the L case, the turbulence intensities are higher than in the reference flow, however, both have the same X R .

• In the S1, S2 and S3 cases, downstream of the Trough region the flow is redirected away from the wall and downstream of the Peak region the flow is redirected towards the wall. A big mean streamwise vortex is visible and gets closer to the wall as we go from S1 to S2 to S3.

• As the number of fractal iterations increases, the turbulence intensities decrease.

• The regions of high values of turbulence intensities are off-centered and downstream of the Trough region.

• The regions of high -⟨u ′ v ′ ⟩ are downstream of the Trough region and high absolute values of -⟨u ′ w ′ ⟩ and -⟨v ′ w ′ ⟩) are downstream of the Middle region. However, the Peak cases have the smallest bubble size, showing that perhaps the negative wall-normal V mean (downwash) downstream of the Peak has a greater effect on bubble reduction than a high turbulence level.

Flow Just Downstream of the Ramp

Step Edge (Station ST3 at x = 1.54h)

The station ST3 is located inside the recirculation region (Figure 3.32) and just downstream of the BFS. This measurement plane allows capturing the early development of the recirculation region. From the previous 2D3C SPIV at stations ST1 and ST2, we could infer that in the APG ramp, the flow in the S1, S2 and S3 cases is not homogeneous in the spanwise direction. Also from the 2D2C PIV reported in chapter 4, the recirculation bubble has been found to be different depending on the position (Peak, Middle, Trough). Now, the aim is to study how the recirculation flow downstream of the BFS behaves in the spanwise direction in these three positions. The Simpson coefficient was also applied to the transverse 2D3C PIV plane to obtain a transverse view now of the separation at the studied station ST3. The separation border (Simpson Coefficient γ pu = 0.5) is presented in Figure 5.21 for all cases.

The backflow area was also computed by the area below the separation border. In Figure 5.21, the recirculation area given in the legend is normalized by h 2 . All controlled cases have similar backflow areas. The smallest backflow area is for the S3 case by a ratio of ref/S3 = 0.63/0.5 = 1.26. It appears that the fractal/multiscale FCD is mostly reshaping the 3D flow with a clear sine shape observed of the bubble height in transverse direction for S2 and S3 (not so clear sine shape in the S1 case which looks to behave slightly differently). So the bubble reduction globally observed in the mean spanwise area given in Figure 5.21 hides a larger bubble size localized at some spanwise positions, at least up to this station ST3.

In chapter 4, the 2D2C PIV plane is aligned with the Peak, Middle and Trough of the S1 device, therefore the average backflow area of S1 is smaller than S2, see Table 4.3. However, the bubble is 3D and as consequence the backflow area depends on the spanwise position. In Figure 5.21, the maximum and minimum backflow areas are located in different spanwise positions and vary for each case (S1, S2, S3), showing that a single or limited number of 2D2C PIV planes will bias the backflow area comparison. An estimation of the volume will be more reliable with several streamwise and transverse planes.

Figure 5.22 shows y-z fields of the normalized mean streamwise velocity U mean /U ∞ at station ST3 downstream of the BFS. The mean streamwise velocity iso-contours U = 0 show shapes similar to the Simpson γ pu = 0.5 (Figure 5.21). Both upstream (ST2) and downstream (ST3) of the BFS, the reference and L cases have a homogenous mean flow in the spanwise direction. The negative value means that the flow is upstream from y/h = 0 to y/h < 0.5 in the reference flow and from y/h = 0 to y/h < 0.4 in the L case. At ST2, S1, S2 and S3 lead to similar flow topologies, but as the number of fractal iterations increases, the flow field is reshaped into an increasingly curved flow. Perhaps a response to an increased injection of vorticity by higher fractal iteration.

Figure 5.23 shows y-z fields of the normalized mean streamwise velocity V mean /U ∞ at station ST3 downstream of the BFS. In the reference flow, the mean wall-normal velocity V mean is positive at y/h < 0.5. In the L case, there is a slightly slower V mean . In the S1, S2 and S3 cases, V mean seems to inherit the upwash and downwash from ST2. Inside the bubble, the left region (upwash) and right region (downwash) are still present, more or less similar at ST3 as at ST2. At ST2, upstream of the BFS, the minimum downwash value is V mean /U ∞ = -0.06 and maximum upwash is V mean /U ∞ = 0.02 for the S3 case (Figure 5.13), thus a factor of 3. At ST3, downstream of the BFS, the minimum downwash is V mean /U ∞ = -0.15 and the maximum upwash is V mean /U ∞ = 0.03 for S3 case, which corresponds now to a factor of 5. The upwash almost keeps its strength from ST2 to ST3, but the downwash gets stronger from ST2 to ST3 due to the natural bending of the flow towards the bottom wall. In the S1 case, there is a similar upwash-to-downwash ratio, but when compared to S2 and S3 the downwash region is farther away from the wall for S1. In the S1 case, the maximum downwash is at y/h = 1.2, while S2 and S3 can bring this downwash region down to y/h = 0.8. This wall proximity of the downwash region can lead to a faster flow reattachment, which can be confirmed in Figure 5.21, where the backflow area in the downwash region (z/h > 0) is smaller than in the upwash region (z/h < 0).

Figure 5.24 shows y-z fields of the normalized mean streamwise velocity W mean /U ∞ at station ST3 downstream of the BFS. In the reference flow, a non-negligible region of W mean positive and negative appears in the y-z plane. We recall that the reference flow has a homogeneous flow in the spanwise direction at ST1 and ST2. However, downstream of the BFS at ST3, the reference flow loses its homogeneity. This loss of homogeneity can comes from the corner vortices generated on the two wind tunnel side walls Cuvier (2012), [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF].

In the L case, some organization in the spanwise direction might be present but is not clearly visible. Lower velocities W mean than the reference are reached, thus showing a control effect on the organization of the spanwise structures of the reference flow which can be responsible for a large backflow region. In the S1 case, the region of high positive W mean is off-centered. The maximum W mean is at y/h = 1.1 and z/h = 0.6. In the S2 case, the maximum velocity W mean is nearer to the wall at y/h = 0.9 and centered at z/h = 0.2. Also, the negative W mean increases when compared with the reference and S1. In the S3 case, similar values to S2 case are reached, however, the center of the maximum W mean is at z/h = 0 and the negative W mean region is around z/h = 0.1.

In the streamwise-wall-normal (x-y) PIV plane (PIV 2D2C HS), the flow inside the recirculation bubble is rotating clockwise, suggesting a spanwise mean vortex (Figure 4.5a). In the spanwise-normal to wall (z-y) SPIV plane, the flow is also allowed to rotate. With closer attention to the black arrows [V,W] in Figure 5.23 and 5.24, some rotation can be visualized. In the reference and L cases, no rotation is visible in the y-z Chapter 5. Multiscale Structures Generated by Passive Fractal/Multiscale Devices plane. In the S1 case, a weak rotation can be seen, which becomes mild in the S2 case and strong in the S3. As a consequence of this mean rotation, the flow topology changes not only in the streamwise but also in the spanwise direction. The Simpson coefficient shows clearly this modification in the y-z plane (Figure 5.21). The flow topology is no longer homogeneous in the spanwise direction and the flow is therefore more 3D. It has been reported in the literature [START_REF] Lesieur | Turbulence[END_REF]) that a three-dimensional flow in the BFS case, can give vortices with a Λ shape, which helps to reduce the size of the recirculation bubble. In our case, in addition to the possible appearance of these Λ-vortices, the flow rotation in the y-z plane seen at ST3 for the S3 case can enhance the momentum exchange, therefore helping to reduce the recirculation region.

Figure 5.25 shows y-z fields of the normalized streamwise turbulence intensity u rms /U ∞ at station ST3 downstream of the BFS. In the reference flow, a maximum region of u rms is at y/h = 0.8, so above the recirculation bubble as found by several authors ( [START_REF] Kostas | Particle image velocimetry measurements of a backward-facing step flow[END_REF], [START_REF] Hudy | Particle image velocimetry measurements of a two/three-dimensional separating/reattaching boundary layer downstream of an axisymmetric backward-facing step[END_REF] and (Mohammed-Taifour and Weiss, 2016)). The region is very concentrated when compared to the L case which has a reduced maximum value but spreads into a broader area centered at y/h = 1, so farther away from the wall. There is no big difference between the S1, S2 and S3 cases. There is a rounded region of high u rms which is more centered, influencing more the Middle and Trough regions. Note that at ST2, the rounded region of high u rms is more on the Trough side.

Figure 5.26 shows y-z fields of the normalized wall-normal turbulence intensity v rms /U ∞ at station ST3 downstream of the BFS. In the reference and L cases, the regions of high v rms are similar to the previous u rms analysis. In the S1, S2 and S3 cases, v rms is more spread than u rms with regions of high v rms downstream of the Peak position. This might show that the S1, S2 and S3 cases are better at redistributing the energy from the streamwise fluctuations u ′ to v ′ . Note that in chapter 4 (Figure 4.15), the Peak cases have recirculation regions smaller than the Trough cases. Figure 5.26 shows that regions of high v rms are closer to the wall on the Peak side, which might help to reduce the recirculation region in the Peak region by the high momentum exchange with external flow produced by a large value of v ′ fluctuations. There is a gradual v rms decrease as the number of fractal iterations increases (S1 to S2 to S3).

Figure 5.27 shows y-z fields of the normalized spanwise turbulence intensity w rms /U ∞ at station ST3 downstream of the BFS. In the reference flow, w rms takes about the same values as v rms . In the L case, w rms is greater than v rms and both quantities are higher than for the reference flow. In the S1, S2 and S3 cases, as the number of fractal iterations increases, w rms decreases and its maximum region is now more on the right of the FOV (Peak). This trend of decreasing intensity was also seen in 2D2C PIV HS (Figure 4.20,4.21 and 4.22) for the Peak cases, where S3 Peak has the smallest recirculation bubble with the lowest turbulence intensity.

Figure 5.28 shows y-z fields of the normalized Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ at station ST3 downstream of the BFS. In the reference flow, a maximum region of -⟨u ′ v ′ ⟩ is at y/h = 0.8. This region is very concentrated when compared to the L case which is located further away from the wall at y/h = 1. In the S1, S2 and S3 cases, the maximum region of -⟨u ′ v ′ ⟩ is centered at the Middle (z/h = 0) and -⟨u ′ v ′ ⟩ values gradually decrease as the number of fractal iterations increases. Note that, in all cases, -⟨u ′ v ′ ⟩ is positive. are found. In the S1, S2 and S3 cases, -⟨u ′ w ′ ⟩ has the same periodic behaviour as at ST2 (Figure 5.19). The horizontal organization has been kept from ST2 to ST3 with alternating positive and negative -⟨u ′ w ′ ⟩ regions side by side. It may be interesting to note that -⟨u ′ w ′ ⟩ increases as the number of fractal iterations increases (S1 to S2 to S3). station ST3 downstream of the BFS. The quality of this image, with a grainy texture, can be attributed to convergence uncertainty and very small values close to zero. Indeed, its maximum is -⟨v ′ w ′ ⟩/U 2 ∞ = 0.002, very low when compared with the maximum of -⟨u ′ v ′ ⟩/U 2 ∞ = 0.02 and -⟨u ′ w ′ ⟩/U 2 ∞ = 0.01. The -⟨v ′ w ′ ⟩ is then about 5 times smaller than -⟨u ′ w ′ ⟩ which is itself about 2 times smaller than -⟨u ′ v ′ ⟩. The periodic behaviour with alternating positive and negative -⟨v ′ w ′ ⟩ regions at ST2 is hardly seen at ST3. • As the number of fractal iterations increases, the Simpson coefficient γ pu = 0.5 line (i.e. separation border) is reshaped to an increasingly high amplitude sine wave in the y-z plane with the highest bubble height located near the Trough and smallest near the Peak.

• As the number of fractal iterations increases, a stronger mean vortex (clockwise or around x-axis) is formed in the y-z plane. It induces a downwash located downstream of the Peak region and an upwash located downstream of the Trough region.

• In the reference flow, the regions of high u rms , v rms , w rms and -⟨u ′ v ′ ⟩ are concentrated and they are homogeneous in the spanwise direction. In the L case, these regions are less concentrated and more spread in the wall-normal direction.

• In the S1, S2 and S3 cases, the regions of high u rms , v rms , w rms and -⟨u ′ v ′ ⟩ are, as for the L flow, more spread in the wall-normal direction than uncontrolled flow.

They are located at a high y/h value downstream of the Trough and located at a low y/h value downstream of the Peak.

• In the S1, S2 and S3 cases, the regions of high -⟨u ′ w ′ ⟩ have a horizontal periodic behaviour with alternating positive and negative -⟨u ′ w ′ ⟩ regions side by side. Thus mixing of momentum.

• The region of high u rms presents similar values in S1, S2 and S3 cases. The maximum v rms , w rms and -⟨u ′ v ′ ⟩ values decrease as we go from S1 to S2 to S3, whereas the maximum -⟨u ′ w ′ ⟩ value increases as we go from S1 to S2 to S3.

Flow Just Downstream of the Ramp

Step Edge (Station ST4 at x = 2.54h)

The station ST4 studied now is at x = 2.54h, so 1h downstream of ST3 at x = 1.54h. The further away from the BFS reattachment point is for the reference flow (X R = 3.92h) and the nearest is for the S3 Peak (X R = 2.71h). Therefore, ST4 is located inside the recirculation bubble for all cases at about half the bubble length defined from the BFS end edge and reattachment point for reference and L cases.

In the previous section 5.3, we have demonstrated that the fractal/multiscale S1, S2 and S3 FCDs are reshaping the flow topology from 2D to 3D organization and they are changing slightly the bubble area. Here at ST4 (see Figure 5.31 showing the backflow area in this investigated plane delimited again by Simpson coefficient γ pu = 0.5 isoline; the area under the curve is given normalized by h 2 as done in the previous section 5.3 for ST3), the reshaping is further increased and the reduction of the bubble area is more pronounced. In the reference and L cases, the shape seems the same as at ST3 (Figure 5.21) but the area is reduced from ST3 to ST4 from 0.63 to 0.42 for the reference flow and from 0.55 to 0.42 for the L case. In the S1, S2 and S3 cases, the isoline is increasingly reshaped for the S2 and S3 cases. The area is reduced from ST3 to ST4 from 0.55 to 0.34 for the S1 case, from 0.54 to 0.33 for the S2 and 0.50 to 0.30 for the S3. The ratio areas reference/S3 is 0.63/0.5 = 1.26 at ST3 and it is now 0.48/0.3 = 1.6 at ST4. This ratio increases as x/h increases from ST3 to ST4. This is explained by the fact that the incoming flow is parallel to the upstream wall and when the flow separates, the natural tendency is for the flow to keep moving in the same direction. Therefore, in the first half of the recirculation bubble (X < 0.5X R ), the shear layer is slowly approaching the bottom wall and in the second half (X > 0.5X R ), the direction sharply increases towards the wall. In the Trough case, this sharp increase is abrupt. This change is produced by, or enhanced by, the vortex merging process. According to [START_REF] Ma | Analysis of flapping motion of reattaching shear layer behind a two-dimensional backward-facing step[END_REF], the shear layer can in fact be divided in two regions: X < 0.5X R with slow shear layer growth and X > 0.5X R , i.e. after the vortex merging takes place, with a more rapid shear layer growth.

Figure 5.32 shows y-z fields of the normalized mean streamwise velocity U mean /U ∞ at station ST4 downstream of the BFS. In the reference and L cases, the U mean is homogenous in the spanwise direction. In the S1, S2 and S3 cases, U mean isocontours are increasingly curved as the number of fractal iterations increases. For S2 and S3 cases, the black arrows (V, W) in Figure 5.32 show the presence of a mean streamwise vortex (clockwise direction or rotating around -x-axis). This vortex is also visible at ST3. Therefore, close to the wall, strong U mean is present downstream of the Peak and weak U mean values are found downstream of the Trough in a region which extends farther from the wall.

Figure 5.33 shows y-z fields of the normalized mean wall-normal velocity V mean /U ∞ at station ST4 downstream of the BFS. In the reference and L cases, both present the same degree of homogeneity in the spanwise direction. In the S1, S2 and S3 cases, the difference between positive and negative V mean increases as the number of fractal iterations increases. The positive V mean values are downstream of the Trough region and negative ones are downstream of the Peak region. The center of the mean streamwise vortex, see the black arrows (V, W), is towards the Trough region. As discussed in chapter 4, the x-y plane obtained by the 2D2C PIV HS measurements in the recirculation region shows a "belly" shape for the S1, S2 and S3 Trough cases (Figure 4.15). The "belly" shape can be explained following the assumptions that a negative (downwash) V mean favours a rapid reattachment (Peak) by squeezing the flow against the wall, while the positive (upwash) V mean does the opposite (Trough). The vertical positive V mean pushes the fluid and shear layer upwards, creating a "belly" in the recirculation region.

Figure 5.34 shows y-z fields of the normalized mean spanwise velocity W mean /U ∞ at station ST4 downstream of the BFS. In the reference and L cases, the appearance of the spanwise structure discussed in ST3 (Figure 5.24) is also present at ST4. The mean spanwise velocity W mean is stronger for the reference flow than for the L case, as was observed at ST3. The L device generates its own wake upstream of the BFS and, perhaps, the wake of the device interacts with the shear layer of the BFS, producing a different outcome than in the reference flow. In the S1 case, the minimum negative W mean region is at z/h = 0 and the maximum positive W mean region is at z/h = 0.5. If both regions were located more on top of each other, like in the S2 and S3 cases, the mean streamwise vortex for the S1 case would perhaps be stronger.

The lack of a mean streamwise vortex for the reference flow is due to a homogeneous V mean in the spanwise direction (Figure 5.33). Therefore, the reference flow has only a shear motion through the y-z plane. On the other hand, the S2 and S3 cases have a non-homogeneous V mean , with positive V mean values downstream of the Trough and negative V mean values downstream of the Peak, thereby inducing a rotation motion in the y-z plane.

In chapter 4, we found that the topology of the backflow region is reshaped by the FCDs selected. However, we have just slices of the 3D recirculation bubble in the three x-y planes investigated. At the Trough region, we observed a belly and around x/h ≈ 3, an abrupt reattachment, while a smooth reattachment is observed at the Peak region (Figure 4.15(c)). With the help of the SPIV, two hypotheses are elaborated regarding the abrupt reattachment at the Trough region. The First Hypothesis is based on the observation that the Peak region reattaches earlier than the Trough region. Therefore, the Trough region will be surrounded by reattached flow with inverted direction and stronger magnitude. By viscosity, the backflow will be slowed down and then entrained in the streamwise direction by these surrounding high-speed positive streamwise velocities. The second hypothesis is based on the observations done on V and W components. The black arrows showing the distribution of (V, W) in Figure 5.34 show that at the Peak (z/h = 0.4) region, the downwash flow is towards the bottom wall. As the wall is solid, the flow has to be redirected. Part of this redirection goes to the sides, increasing the mean spanwise velocity W mean . Therefore, faster and more energetic flow moves from the Peak to the Trough region, squeezing the recirculation bubble region at the Trough, thus forcing an abrupt bubble size reduction. Figure 5.35 shows y-z fields of the normalized streamwise turbulence intensity u rms /U ∞ at station ST4 downstream of the BFS. In the reference and L cases, the region of high u rms is more spread at ST4 towards the wall (y/h ≈ 0.6-1.2) than at ST3 (y/h ≈ 0.8-1.2) (Figure 5.25). In the S1, S2 and S3 cases, the region of high intensity u rms has a similar concentration as at ST3, but its bottom part is at y/h ≈ 0.6 for ST4 and at y/h ≈ 0.7 for ST3. This is progressing towards the wall as the downstream distance increases from ST3 to ST4, thus indicating that the shear layer is moving towards the wall. Figure 5.36 shows y-z fields of the normalized wall-normal turbulence intensity v rms /U ∞ at station ST4 downstream of the BFS. In all cases, the normalized wall-5.4. Flow Just Downstream of the Ramp Step Edge (Station ST4 at x = 2.54h) normal turbulence intensity v rms is definitely more spread than at ST3 (Figure 5.36), especially towards the wall. This spread is also related to the X R location. The shear layer impinges on the wall, which is then split into two parts: one moving downstream and one upstream. In addition to that, as explained by [START_REF] Simpson | Turbulent boundary-layer separation[END_REF], the upstream flow does not come from infinity towards the wall, it can come from near regions like from the top of the shear-layer (Figure 2.3). Therefore, all this entrainment near X R helps to spread/mix the turbulence intensities.

In the S1, S2 and S3 cases, v rms decreases as the number of fractal iterations increases (Figure 5.36), which is a common trend already observed at ST2 (Figure 5.16) and ST3 (Figure 5.26).

Figure 5.37 shows y-z fields of the normalized spanwise turbulence intensity w rms /U ∞ at station ST4 downstream of the BFS. In all cases, the normalized spanwise turbulence intensity w rms is more spread at ST4 than at ST3 due to similar reasons as explained in Figure 5.36. In the S1, S2 and S3 cases, w rms decreases as the number of fractal iterations increases. The w rms spread is higher for the S1, S2 and S3 cases than for the reference and L cases. A hypothesis for this difference can be explained in two steps. Firstly, the X R of the S1, S2 and S3 (especially at the Peak and Middle regions) is nearer to ST4 than the X R of the reference and L cases (Table 4.2). Secondly, the shearlayer impingement takes place at about X R location and, due to the non-penetrable wall, V mean goes to zero at the wall. By continuity, part of the wall-normal motion goes to the spanwise motion which creates mean spanwise velocity gradient ∂W/∂z. This process is unsteady, therefore spanwise fluctuations w ′ also increase. The mean gradient and fluctuations of the spanwise velocity component increase the term -⟨w ′ w ′ ⟩∂W/∂z which is responsible for turbulence production Figure 5.38 shows y-z fields of the normalized Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ at station ST4 downstream of the BFS. In all cases, the region of high -⟨u ′ v ′ ⟩ is more spread than at station ST3. In the S1, S2 and S3 cases, the region of highest -⟨u ′ v ′ ⟩ moved from the Middle position (z/h = 0) at ST3 towards downstream of the Trough position (z/h ≈ -0.4) at ST4. Also, -⟨u ′ v ′ ⟩ decreases as the number of fractal iterations increases.

Figure 5.39 shows y-z fields of the normalized Reynolds shear stress -⟨u ′ w ′ ⟩/U 2 ∞ at station ST4 downstream of the BFS. In the reference and L cases, low -⟨u ′ w ′ ⟩ values are obtained. In the S1, S2 and S3 cases, the same periodic behaviour of -⟨u ′ w ′ ⟩ is still observed in ST3 (Figure 5.29), however with slightly higher maximum and minimum -⟨u ′ w ′ ⟩ values. Also, -⟨u ′ w ′ ⟩ increases as the number of fractal iterations increases as in ST3.

Figure 5.40 shows y-z fields of the normalized Reynolds shear stress -⟨v ′ w ′ ⟩/U 2 ∞ at station ST4 downstream of the BFS. As in ST3 (Figure 5.30), the low values of this component combined with convergence uncertainty make these figures appear very noisy. The map of -⟨v ′ w ′ ⟩ seems however more disorganized than the other components and -⟨v ′ w ′ ⟩ ends up having one order of magnitude less than -⟨u ′ v ′ ⟩. 

Streamwise Evolution of Streamwise Turbulence Intensity Behind FCD

A global view of how the normalized streamwise turbulence intensity u rms /U ∞ evolves through all stations can be seen in Figures 5.41 to 5.45. We recall that the FCD is located at X F CD = -3.85h, ST1 (x = -3.31h) and ST2 (x = -0.04h) are upstream of the BFS and ST3 (x = 1.54h) and ST4 (x = 2.54h) are downstream of the BFS. The reference flow (Figures 5.41) starts at ST1 with a low level of u rms with slightly higher values nearwall which is characteristic of a BL with mild APG (second peak around y + = 300). The level is maintained until ST2. Despite the upstream low level, a moderate level of u rms is then generated downstream of the BFS due to the shear generated by the sudden expansion. The L device (Figures 5.42) generates a concentrated and high level of u rms at ST1. Going downstream, the concentrated and high level of u rms spreads which decreases the values to a moderate level of u rms at ST2. Downstream of the BFS, the region of moderate u rms is much more spread for the L than for the reference. Both reference and L presents a similar maximum of u rms , have similar bubble size and X R . The S1 (Figures 5.43),S2 (Figures 5.44) and S3 (Figures 5.45) devices generate different regions of high u rms at ST1: S1 just one region, S2 three regions and S3 almost four regions. This shows that as the number of fractal iterations increases, more regions are formed. At ST2, S1, S2 and S3 present similar results with S1 having a slightly higher value of u rms than S2 and S3. Downstream of the BFS, regions of high u rms are still present for S1, S2 and S3 at both stations ST3 and ST4. The difference is that at ST4, two distinct regions can be visualized for S2 and S3 but one for S1, which might be related to the presence of streamwise vortex in the FOV for S2 and S3. 

Summary of Chapter 5

to be better recovered just upstream of the BFS than in the Trough region, showing that perhaps the negative wall-normal V mean (downwash) downstream of the Peak has a great effect in bubble reduction. Due to this similar mean flow organization of S1, S2 and S3, their regions of high u rms , v rms , w rms , -⟨u ′ v ′ ⟩, -⟨u ′ w ′ ⟩ and -⟨v ′ w ′ ⟩ are also similar, however their magnitudes decrease as the number of fractal iterations increases.

The turbulence intensities are relatively high for the L case upstream of the BFS, which may compensate for its poor BL profile, resulting in a recirculation bubble with the same size as the reference flow. In general, for the fractal FCD, the turbulence intensities decrease as the number of fractal iterations increases and the region with the maximum turbulence intensity is downstream of the Trough.

At ST3 (x = 1.54h), downstream of the BFS, the spanwise view of the recirculation region is reshaped. As the number of fractal iterations increases, the flow topology is reshaped to a sine in the y-z plane. The S1 vortex visible at ST2 is suppressed at ST3. However, it is still present for the S2 and S3 cases (big mean streamwise vortex visible in the mean velocity fields). This mean streamwise vortex, still present in the recirculation region, leads to a high wall-normal velocity V mean and spanwise velocity W mean for S2 and S3 cases, inducing a downwash downstream of the Peak region and an upwash downstream of the Trough region. This might be correlated with a smaller bubble size for the Peak and a bigger one for the Trough.

The reference flow has a thin region where high values of u rms , v rms , w rms and -⟨u ′ v ′ ⟩ are concentrated, perhaps showing that the shear layer is thin. However, for all controlled cases (L, S1, S2, S3) this region is largely more spread, perhaps showing that the shear layer is thick. The maximum v rms , w rms and -⟨u ′ v ′ ⟩ values decrease as we go from S1 to S2 to S3 (whereas u rms presents similar values for S1, S2 and S3 cases), however the maximum -⟨u ′ w ′ ⟩ value increases as we go from S1 to S2 to S3. The last component of Reynolds stress -⟨v ′ w ′ ⟩ is found much lower than all the others.

At ST4 (x = 2.54h), similar conclusions to those drawn at ST3 can be made with only a few differences. Firstly, a more pronounced bubble size reduction is achieved, when compared to the reference flow. Secondly, the shear-layer impingement takes place near the ST4 location for the Peak region. The non-penetrable wall forces the wall-normal velocity to decrease towards the wall while the spanwise velocity increases, therefore creating a region of high w rms near the wall for the Peak cases.

Regarding the bubble "belly" shape and the abrupt reattachment after this "belly" shape discussed in chapter 4 downstream of the Trough region in the x-y plane, the y-z SPIV plane offers a different view to understand this organization. The bubble shape downstream of the Trough position can be divided into two parts: first, near the BFS the bubble has a large size and, second, further downstream the bubble has an abrupt reattachment. For the first part, the large size of the bubble "belly" is perhaps generated by the Peak region feeding backflow fluid to the Trough region, as a consequence the bubble at the Peak region shrinks and the bubble at the Trough region grows. For the second part, the abrupt reattachment downstream of the Trough region is perhaps generated by another phenomenon. The Peak region reattaches earlier than the Trough region. Therefore, the Trough region will be surrounded by reattached flow with inverted direction and stronger magnitude. By viscosity, the backflow will be slowed down and then entrained in the streamwise direction by these surrounding high-speed positive streamwise velocities, forcing an abrupt reattachment. Part of this faster fluid is redirected by the mean streamwise vortex in the spanwise direction, which is detected by the increase of the mean spanwise velocity. Therefore, faster and more energetic flow moves from the Peak to the Trough region, squeezing the recirculation bubble region at the Trough and forcing an abrupt bubble size reduction.

The SPIV performed at several streamwise stations and presented in this chapter, allowed us to better understand how the lowest turbulence intensity case (i.e. the S3 Peak) can have the smallest bubble size. The bubble size reduces as the number of fractal iterations increases. The underlying mechanism might be the generation of smaller and smaller regions of high turbulence intensity as the number of fractal iterations increases. In terms of flow control, a high number of small regions of high turbulence intensity seems to have a stronger effect than a big one, as they seem to have a higher impact in modifying the mean flow organization. Furthermore, the mean wall-normal velocity plays an important role downstream of the downwash region (i.e. behind Peak) where we obtained the best bubble reduction.

In this chapter, the reference and S3 cases are tested for two free-stream velocities: the original U ∞ = 9 m/s (Re h = 100, 000) and a lower velocity U ∞ = 3 m/s (Re h = 33, 000). Two different PIV set-ups are used in the discussion: streamwise 2D2C PIV -RC in the recirculation region (Figure 6.1) to investigate the behaviour of X R with the Reynolds number; and another streamwise 2D2C PIV NW at a position on the ramp which is near-wake for the S3 device to investigate the dependence of Reynolds number of the flow at this position (Figure 6.9).

Reynolds Number Dependence in the Recirculation Region for the Reference and S3 cases

On the basis of existing literature [START_REF] Armaly | Experimental and theoretical investigation of backward-facing step flow[END_REF], [START_REF] Song | Experimental study of a separating, reattaching, and redeveloping flow over a smoothly contoured ramp[END_REF], [START_REF] Nadge | High reynolds number flow over a backwardfacing step: structure of the mean separation bubble[END_REF] for an expansion ratio ER < 2, the BFS could be considered to be in a high Reynolds number regime when Re h is larger than about 25,000 to 40,000. At Re h > 36, 000, the mean flow field is nearly independent of Reynolds number and X R remains constant with further Re h increase in the experiment of [START_REF] Nadge | High reynolds number flow over a backwardfacing step: structure of the mean separation bubble[END_REF]. As discussed in chapter 5.2, the experiment of a flow over a rounded BFS of [START_REF] Song | Experimental study of a separating, reattaching, and redeveloping flow over a smoothly contoured ramp[END_REF] showed that the separation X S and the reattachment X R points become constant when Re θ > 3400, which correspond to Re h = 28, 560. Our smallest value is Re θ = 12, 100 in the S3 Peak case at the position x/h = -0.04h for U ∞ = 9 m/s. We don't have measurements at x/h = -0.04h for 3 m/s, but reducing U ∞ from 9 m/s to 3 m/s, it might give Re θ around 3,400. The recirculation bubble should then be independent of the Reynolds number in our case.

We vary the Reynolds number to test the similarity between U ∞ = 3 m/s and U ∞ = 9 m/s in our experiments. There is no intention of comparing results to any other experiment or simulation. Our intention is to investigate if the recirculation bubble size and its reattachment point (X R ) are Reynolds number independent. Reynolds number independence is an important issue if our control strategy is to be used in real applications where the Reynolds number can be higher.

The experiment performed for chapter 4 (2D2C PIV HS) has a longer FOV in the x-direction, but it is smaller in the y-direction (see the rectangle in Figure 6.1) than the experiment used to characterize the BFS recirculation bubble in this chapter (2D2C -PIV RC). The FOV is even taller than the BFS which enables us to capture the entire shear layer now.

The Reynolds number is based on the step height (h) and each case is normalized with its corresponding wind tunnel velocity at the entrance of the test section, named U ∞ . In our reference case, the wind tunnel velocity of 9 m/s (Re h = 100, 000) gives a reattachment point at X R = 3.92h and when the wind tunnel velocity is reduced to 3 m/s (Re h = 33, 000) it gives X R = 4.52h, which corresponds to an increase of 14% (Figure 6.2 shows the separation border detected by Simpson coefficient γ pu = 0.5 for both velocities). Comparing both Simpson coefficient γ pu = 0.5 contours, the first part (x/h < 2.5) downstream of the BFS has a common behaviour with both wind tunnel velocities (3 m/s and 9 m/s). For x/h > 2.5, the difference increases progressively downstream. A similar observation was done for all controlled cases between station ST3 (at x = 1.54h) and ST4 (at x = 2.54h) with the bubble area under the γ pu = 0.5 line being approximately the same for S1, S2, S3 at ST3, but becoming different at ST4 (SPIV results of chapter 5, see Figure 5.31). This can be explained by the slow growth of the shear layer during the first half of the recirculation bubble [START_REF] Ma | Analysis of flapping motion of reattaching shear layer behind a two-dimensional backward-facing step[END_REF].

In conclusion, the literature recommends Re h >= 33, 000 and/or Re θ >= 3400 for Reynolds number independence of the separation point X S and the reattachment point X R . However, Figure 6.2 suggests that a Reynolds number higher than Re h = 33, 000 (U ∞ = 3 m/s) is required for Reynolds number independence of X R in the reference case.

It is unclear at this stage whether the main reason for this different Reynolds number behaviour is the rounded BFS geometry or the APG -5 • ramp upstream of the flow separation. The APG is characterized by the Clauser parameter β = (δ * /ρu 2 τ )(∂p/∂x), consequently, the APG at U ∞ = 9 m/s might be different than at U ∞ = 3 m/s. [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF] calculated β for U ∞ = 9 m/s and U ∞ = 5 m/s on the same APG -5 • ramp (see [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF], Table 5 and6) and different values for β were found for these two different free stream velocities. To investigate if the fractal/multiscale FCD performs differently at a lower Reynolds number, only the S3 device which is our best case in reducing the bubble size is tested. The separation border comparison for both free-stream velocities is given in Figure 6.3. The Peak and Middle positions at 9 m/s have a similar X R , but at 3 m/s the difference between X R at the Peak and Middle positions gets bigger. The Trough seems to be affected substantially, but in fact, X R is only 1.24 times higher than the 9 m/s case, while the Peak is 1.21 times higher and the Middle 1.29 times higher (total average 1.25 times higher separation length). The backflow area till x/h ≈ 2.2 downstream of the Trough is the same for U ∞ = 3 m/s and 9 m/s however this did not prevent a large difference further downstream. The Peak and Middle have an overall vertical shift, the contours at x/h = 1 increased by about 0.1h in the y-direction. For example, the contour for S3 Peak at 9 m/s is at y/h ≈ 0.4 and at 3 m/s it is at y/h ≈ 0.5, which may indicate that the flow separation is delayed for 9 m/s but not or less for 3 m/s case.

Comparing the reference case with the S3 case, the decrease in Reynolds number led to a relatively larger BFS recirculation bubble in the S3 case. Analysing the X R reduction performance, the ratio of the reference case at 3 m/s with the reference case at 9 m/s is

X 3m/s R /X 9m/s R = 1.14.
The ratio of the S3 case at 3 m/s with the S3 case at 9 m/s is Peak, Middle and Trough). The reasons for these ratios are explained in the following analysis of the velocity fields in Figure 6.4 for the reference case and in Figures 6.5, 6.6, 6.7 for the S3 case. We must therefore note that the flow control performance is Reynolds number dependent at least up to Re h = 100, 000. Analysing the X R reduction performance, the ratio of the reference case to the S3 case at 3 m/s gives

X 3m/s R /X 9m/s R = 1.25 (average of
X ref R /X S3 R = 1.21, with X S3
R taken as the average over Peak, Middle and Trough. However, the same at 9 m/s gives X ref R /X S3 R = 1.33. This means that S3 is better at reducing X R at 9 m/s, i.e. Re h = 100, 000, than at 3 m/s, i.e. Re h = 33, 000. This is an indication that not only the BFS, but also the FCD performance might be Reynolds dependent somewhere between Re h = 33, 000 and Re h = 100, 000, or even up to a higher Reynolds number.

The same decrease of the Reynolds number from Re h = 100, 000 to Re h = 33, 000 resulted in different ratio of X R for the reference case (X

3m/s R /X 9m/s R = 1.14) and for S3 (X 3m/s R /X 9m/s R = 1.25).
As the BL momentum is an important parameter for flow separation, we wonder if the ratio of the Reynolds number based on the BL momentum thickness (Re 3m/s θ /Re 9m/s θ ) would be disproportionally changed when comparing the reference case to the S3 case.

The FCDs geometry was based on the 9 m/s BL characteristics, however, they are not really optimized for 9 m/s due to manufactured constraints and approximations 6.1. Reynolds Number Dependence in the Recirculation Region for the Reference and S3 cases reduction.

In chapter 3, one of the fractal/multiscale hypotheses is that these devices would increase the turbulence intensity and this would help to reduce the bubble size. This was observed by other authors (Kiya and Sasaki, 1983b) and [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF] where they could reduce the separation region by increasing the free-stream turbulence. In the 2D2C PIV HS study in chapter 4, this behaviour was expected to happen, but was not clearly observed. As the number of fractal iterations increases (S1 to S2 to S3) the turbulence intensity decreases for Peak cases and the recirculation bubble decreases (Figure 4.20,4.21,4.22) which corresponds to the contrary of what could be expected. Moreover, the Trough locations have higher turbulence intensity but larger X R than the Peak cases, contradicting also the expectation that higher turbulence intensity leads to smaller X R . However, as shown in the SPIV study of chapter 5, see Figure 5.4, the S1, S2 and S3 cases generate different multiscale flow structures. Therefore, the BFS flow with the S1 device is different from the BFS flow with the S3 device. Now, in this section, the same device S3 can be compared at two different Reynolds numbers. The higher Reynolds number cases (Figures 6.5, 6.6 and 6.7(a)) present higher turbulence intensities than the lower Reynolds number cases (Figures 6.5, 6.6 and 6.7(b)), agreeing with literature (Kiya and Sasaki, 1983a), [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF] which states that a higher free-stream turbulence reduces flow separation. In chapter 5, the wake downstream of the FCD was investigated with the SPIV in the y-z plane at station ST1 (which is at x = -3.31h, so at 0.54h from the middle line of FCD), see Figure 3.31. The flow is clearly different at Peak and Trough positions and different between S1, S2 and S3 cases. The present section studies the PIV measurement in the x-y plane (Figure 3.30) where the evolution of these structures downstream of the device can be better visualized. The set-up used described in chapter 3 is referred to as 2D2C PIV NW. We recalled that the upstream camera of this set-up was vertically shifted to avoid the laser reflection on the FCD being captured by the camera sensor, thus preventing possible damage on the sensor. Therefore, this region was not recorded (corresponding to the white rectangle in figures 6.9 to 6.12). The vertical black line plotted inside the white rectangle represents each FCD spanwise position (Peak, Middle, Trough). Figure 6.8 shows x-y fields of velocity statistics for the reference cases at Re h = 33, 000 and Re h = 100, 000. The fields at 9 m/s and 3 m/s are similar with small differences. At 3 m/s, the results of this 2D2C PIV NW are the only ones available for the base flow. The maximum U mean /U ∞ is greater than 1 in the FOV for both 3 m/s and 9 m/s because of the wind tunnel contraction before the APG plate (see wind tunnel sketch in Figure 3.2). As the ramp is negatively inclined compared to the wind tunnel floor, it is an APG flow (Figure 4.1), so the maximum velocity changes along the ramp (local external velocity close to 12 m/s for the 9 m/s case and 3.6 m/s for the 3 m/s case). The wall-normal V mean velocity is a higher fraction of U ∞ in the FOV for 3 m/s than for 9 m/s. The u rms regions are similar for both cases, however, there are regions of higher v rms /U ∞ values for 3 m/s than for 9 m/s. Regarding the Reynolds shear stress -⟨u ′ v ′ ⟩, it is more spread for 3 m/s than for 9 m/s.

The velocity statistics are not the same for U ∞ = 9 m/s and 3 m/s, confirming the discussion in the previous section concerning the fact that even though the upstream ramp is fixed at -5 • , the APG parameter β = (δ * /ρu 2 τ )(∂p/∂x) is not the same for both Reynolds numbers due to variation in BL characteristics.

Our FOV ends at x/h = -2.15. Hence, we do not know if these differences between U ∞ = 9 m/s and 3 m/s persist all the way up to x/h = 0 (where the BFS begins). However, it is interesting to notice that for the reference flow, regions of slightly higher turbulence intensities normalized with U ∞ are found for 3 m/s than for 9 m/s around the FCD (Figure 6.8), but regions of higher turbulence intensities normalized with U ∞ are found for 9 m/s than 3 m/s downstream of the BFS (Figure 6.4).

The boundary layer upstream of the FCD is fully attached. At the device location, the device forces a flow separation and an FCD recirculation bubble is formed downstream of the fence wall (Figure 6.9) and another recirculation is also formed downstream of the BFS (Figure 4.11), as seen in the previous chapters and sections. In order not to confuse the recirculation regions downstream of the BFS and downstream of the FCD, these two regions are referred to as BFS recirculation and FCD recirculation. The SPIV at ST2 at x/h = -0.04, just at the edge of the BFS, showed that the BL is fully attached for all cases (ref, S1, S2 and S3), see Figure 5.10. However, we don't know how large is the FCD recirculation. Answering this question is one of the aims of 2D2C PIV NW Chapter 6. Reynolds Number Dependence measurements.

Figure 6.9 shows the Simpson coefficient fields downstream of the FCD, only for the S3 cases at Re h = 33, 000 and Re h = 100, 000. At the Peak and Middle locations, the separation area captured by the field of view is small and thus is not shown. It does not mean that behind the FCD there is no separation, most part of it is hidden inside the white rectangle with a slightly non-zero value of γ pu captured inside the field of view. In the Trough location, both Re h give similar Simpson coefficient contours, but with longer separation at the smallest velocity. The bubble appears to be split into two areas, one close to the wall with a very small wall-normal extension and one localized on the edge of the FCD height. [START_REF] Pieris | Flow development upstream of a fence[END_REF] stated that for Re k > 4000 (based on the fence height k and the incoming BL local free stream velocity U e ) the fence can be considered fully turbulent. Our case is at a high Reynolds number, Re k ≈ 16, 000 at the maximum local velocity, considering the BL U e ≈ 12 m/s at x F CD = -3.85h in the absence of the FCD (Table 4.1). Our fence is much lower than the BL thickness k/δ = 0.125 and is located on an APG plate, which makes it difficult to find in the literature.

In the SPIV performed at station ST2 in chapter 5, it was evidenced that the boundary layer profiles which present the worst recovery are the Trough cases (Figure 5.10) while the Peak cases present the best BL recovery. This faster BL recovery downstream of the Peak might be related with a probably smaller FCD flow separation (hidden in the white rectangle in Figure 6.9) or an FCD separation started much upstream from ST2 due to much upstream location of Peak fence wall (i.e. Trough position closer to BFS than the Peak position, see Figure 3.10).

The topology of the velocity statistics for S3 is discussed in chapter 7. In this chapter, we focus on Reynolds number dependence. Figures 6.10, 6.11 and 6.12 show velocity statistics for the S3 case at Re h = 33, 000 and Re h = 100, 000 around the FCD for respectively Peak, Middle and Trough positions. It is also worth keeping in mind that the 3 m/s cases have a larger BFS recirculation region than 9 m/s at all spanwise locations (Figure 6.3).

In Figure 6.10, the Peak region at 9 m/s has a region of higher maximum U mean /U ∞ value than at 3 m/s, probably linked with a larger BL thickness at 3m/s (Figure 6.8 with a plateau of U mean nearly not captured at 3 m/s) so highest value is not captured by this limited field of view. The incoming flow at U ∞ = 9 m/s is slightly more deflected away from the wall (V mean /U ∞ > 0) upstream of the FCD and it is slightly more deflected towards the wall (V mean /U ∞ < 0) downstream of the FCD than at U ∞ = 3 m/s. Regarding the u rms , v rms and -⟨u ′ v ′ ⟩ values normalized with U ∞ , they are slightly higher at U ∞ = 9 m/s than at U ∞ = 3 m/s. These slight differences are coherent with literature observations on X R (higher upstream turbulence intensities give smaller bubble sizes). Indeed, in section 6.1, we found X 3m/s R /X 9m/s R = 1.21 at Peak location. Therefore, this improvement of 21% in reducing X R by increasing the Reynolds number correlates with high turbulent intensities and stronger downwash V mean .

Figures 6.11((Middle region) and 6.12(Trough region) show similar trends as the Peak region for 3 m/s and 9 m/s. Similar slight differences in velocity statistics between 3 m/s and 9 m/s are then also coherent with the large X R difference observed in Figure 6.3.

In Figure 6.2, both reference (9 m/s and 3 m/s) separation border lines are on top of each other at x/h = 1 which indicates that the separation point X S might be the 6.2. Reynolds Number Dependence in the Near-Wake Region of the Reference and S3 cases same for both velocities. Unfortunately, the field of view of the 2D2C PIV NW set-up does not cover this region. The separation border lines of these two velocities remain together up to x/h = 2. Therefore, rms velocities upstream of the BFS have a weak effect on X S (slightly higher turbulence intensities observed at the lowest velocity). In Figure 6.3, both S3 Trough separation border lines at 9 m/s and 3 m/s present the same behaviour, they are on top of each other at x/h = 1 and remain together up to x/h = 2, even though at 9 m/s the S3 case produce regions of higher rms velocities than at 3 m/s. However, this is different for the S3 Middle and Peak cases, the separation border lines at the two free-stream velocities are at different wall-normal distances for these two FCD spanwise locations at the beginning of the field of view of 2D2C PIV RC (x/h = 1), which indicates that X S might be delayed for 9 m/s (separation border at a lower wall-normal distance). A possible reason for X S being about the same for U ∞ = 3 m/s and 9 m/s in the S3 Trough location might be related with an FCD recirculation downstream of the Trough which ends closer to the BFS edge than the FCD recirculation downstream of the Middle and Peak locations (Figure 6.9). Therefore, the BL at the Trough position has a weak BL recovery (Figure 5.10) and high rms velocities might not be enough to delay X S . The only common trend between the reference flow and the S3 case is that the BFS reattachment point X R reduces when the Reynolds number increases.

The main goal of the flow control is to reduce the BFS recirculation region. X R is obviously strongly related to the height of the step which is constant in this thesis. For the S3 case, the highest values of u rms , v rms and -⟨u ′ v ′ ⟩ normalized with U ∞ are within about 10% higher at the maximum free-stream velocity than at the lower one. This means that the total amount of Turbulent Kinetic Energy (TKE) (without normalizing) generated by the S3 device at 9 m/s is much higher than at 3 m/s. This extra energy generated by the FCD can make a substantial difference in the BFS flow. First, the separation point X S can be delayed by this extra energy. Second, this extra energy can interact with the shear layer downstream of the BFS by creating a mean eddy structure inducing a strong V mean component. The V mean is important for reducing the BFS bubble as strong downwash (V mean < 0) forces the shear layer to move towards the wall, forcing earlier reattachment. The downwash has two effects, it can delay the separation point X S and also it can force an earlier reattachment point X R . Summary of Chapter 6

• The BFS flow is typically considered to have a high Reynolds number behaviour when Re h > 36, 000 for an expansion ratio ER < 2. Above Re h > 36, 000, the mean flow field is nearly independent of Reynolds number and X R remains constant with further Re h increase [START_REF] Nadge | High reynolds number flow over a backwardfacing step: structure of the mean separation bubble[END_REF]. However, our reference flow is Reynolds dependent in the range tested between Re h = 33, 000 and Re h = 100, 000. This is probably due to the APG -5 • ramp upstream of the BFS which is the main difference with the previous study of [START_REF] Nadge | High reynolds number flow over a backwardfacing step: structure of the mean separation bubble[END_REF].

• In the BFS recirculation region, decreasing the Reynolds number from Re h = 100, 000 (9 m/s) to Re h = 33, 000 (3 m/s) results in a larger proportional increase of the bubble length for the S3 control device than the reference flow (X 3m/s R /X 9m/s R = 1.14 for the reference case compare to X 3m/s R /X 9m/s R = 1.25 for the S3 case). This shows that the S3 FCD adds its own effect on the Reynolds number dependence which combines with the effect of the non-zero APG. These results indicate that both the BFS and the flow control mechanism of the S3 device are dependent on the Reynolds number for the range of Reynolds numbers tested in this study. Furthermore, the separation length ratio of the reference flow to the S3 case at 3 m/s is X ref R /X S3 R = 1.21 whereas the same ratio at 9 m/s is X ref R /X S3 R = 1.33. Therefore, the performance of the FCD in reducing the recirculation bubble is also Reynolds number dependent.

• For the reference flow, higher turbulence intensities normalized with U ∞ are found upstream of the BFS (near-wake) for 3 m/s than for 9 m/s, but lower turbulence intensities normalized with U ∞ are found downstream of the BFS (recirculation) for 3 m/s than for 9 m/s. This confirms that the recirculation region is being reduced by more factors than just an increase in the turbulence intensities upstream of the BFS.

• For the S3 case, higher turbulence intensities normalized with U ∞ are found upstream of the BFS (near-wake) and downstream of the BFS (recirculation) for 9 m/s than for 3 m/s. In all three positions (Peak, Middle, Trough), X R is smaller for 9 m/s than for 3 m/s. Possibly, X S is delayed for the Peak and Middle, but not for the Trough. Perhaps, the slightly higher turbulence intensities for the S3 Trough is not enough to delay X S due to a bad BL recovery downstream of the FCD.

• The V mean has the strongest effect on the BFS recirculation size. The BFS recirculation increases for V mean > 0 (upwash) and decreases for V mean < 0 (downwash).

• In chapter 4, in the recirculation region, we found that for the Peak cases, as the number of fractal iterations increases (S1 to S2 to S3), the turbulence intensities decrease and the bubble size decreases. However, S1, S2 and S3 are not the same FCD. For fixed FCD, for example S3, increasing turbulent intensities via increasing Reynolds number reduces the recirculation region. This behaviour of reducing the bubble size by increasing turbulent intensities for a given unchanged FCD agrees with the literature (Kiya and Sasaki, 1983a), [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF].

The PIV set-ups which are used for the flow analysis in this chapter are the same as in chapter 6, except in section 7.3 where the SPIV2 is used. The proof of concept -fractal/multiscale fence as a passive flow control device -was demonstrated in chapter 4 where it was shown that the mean reattachment X R decreases as the number of fractal iterations increases whilst the turbulence intensities decrease. Some further understanding of how the fractal/multiscale passive devices work was obtained by the stereo PIV in chapter 5. As the number of fractal/multiscale iterations increases, smaller flow structures appear which on average look like streamwise eddy motions. In the present chapter, four additional FCDs are tested to elucidate how the FCD geometrical parameters influence the flow control in the aim of optimizing our fractal multiscale devices. First, a high-frequency simple sine FCD, named sinef2, is tested to study the influence of a larger number of Peaks and Troughs per spanwise length and to test if a longer non-fractal/non-multiscale FCD can generate more velocity gradients. Second, the original S3 has a height k = 20 mm, so a S3 with a smaller height k = 10 mm is tested. It is named S3 10. It is aimed at reducing the drag generated by the FCD with the hope to conserve the flow control effect of reducing the BFS recirculation region. Third, a standard Lin's Vortex Generator (VG) is tested to compare with our best case S3. Fourth and finally, from the results of all FCDs (S1, S2, S3, sinef2, S3 10), we propose one last fractal/multiscale FCD, named S3 P10T20, which is designed based on the roles of the Peak and Trough elucidated further in this chapter.

Near-Wake Field of L, S1, S2 and S3 Original Devices

The near-wake field is located upstream of the recirculation region and is around the FCD region, as seen in Figure 3.30. Our flow control strategy is based on flow control upstream of the BFS. Therefore, flow interactions between fence and flow will be convected downstream and will interact with the BFS recirculation region. In section 6.2, our attention was on the (Reynolds numbers Re h = 30, 000 and Re h = 100, 000) influence of the reference and S3 cases. In this section, we focus on each case individually and try to explain the reasons why the flow behaves differently for each original device (ref, L, S1, S2 and S3). The new devices build to optimize the parameters are discussed in the next section 7.2. The incoming boundary layer thickness δ at the FCD position X F CD = -3.85h is much bigger than our FCD height k (k/δ = 0.125). However, an FCD recirculation bubble is expected to be formed downstream of the FCD due to the fence blockage as seen in chapter 6.

We remind that the mean line of fractal/multiscale FCDs is placed at X F CD = -3.85h corresponding to the Middle position. For each fractal FCD the positions of the Peak and Trough differ in the x-direction, see Figure 3.11. Table 7.1 gives the streamwise positions of the Peak, Middle and Trough for FCDs L, S1, S2 and S3.

The reference, L, S1, S2 and S3 are the cases that have been imagined at the beginning and discussed so far. We have information about their respective BFS recirculation region (chapters 4 and 5). In this section 7.1 we present the near-wake flow for the reference, L, S1, S2 and S3 cases. In section 7.2 we present the near-wake flow and the Chapter 7. Improvement of the Passive Fractal/Multiscale Devices FOV. For S2 Trough, the flow reattaches earlier at X F CD R ≈ -2.4h. The S3 Trough case presents a different flow topology (see Figure 7.1(e)(f)): the backflow (Simpson γ pu = 1) is detached from the bottom wall and it is located at a wall-normal height close to the tip of the FCD. The separation stop at X F CD R ≈ -2.7h and γ pu = 0 contour line is at X F CD R ≈ -2.15h. [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] recommends placing the VG about 5-30k upstream of the separation point (in our case at the BFS location x/h = 0). Similarly, we can propose a recommended distance where to place S3 upstream of the BFS. The minimum distance can be determined by γ pu = 0 limit of the Trough to obtain no backflow at the separation point of the BFS (backflow stops much upstream for the Peak and Middle positions). This gives a separation length of 3.48h -2.15h = 1.33h(8.6k) (S3 Trough position is at x = -3.48h). Therefore, as the middle position is at x = -3.85h, the S3 device should be then at least at 3.85h -2.15h = 1.7h(11k) upstream the BFS edge. This short distance will have to be tested in future investigations. However, in the preliminary results of section 4.3, see Figure 4.9, the S3 Middle was placed at X F CD = -2.31h (15k) and the BFS recirculation was reduced, which indicates that the FCD flow is reattached upstream of the BFS. The S3 Trough case was not tested at X F CD = -2.31h (15k). The maximum distance was not tested in section 4.3, but the S3 device was moved further upstream at x F CD = -5.38h(35k), the BFS recirculation bubble was still reduced but less effective for the Middle position. In conclusion, a recommended range for the S3 device middle position upstream of the BFS is about 11-35k. Observing Figures 7.1(b)(c), the FCD bubble size decreases as we go from Trough to Middle to Peak (Peak is not shown because the flow separation is hidden inside the unmeasured white rectangle). Also, the bubble decreases as the number of fractal iterations increases for Trough regions (Figures 7.1(c)(d)(e)). It might have a similar trend for Middle and Peak regions, however as the separation border lies inside the white rectangle, it cannot be confirmed. This however indicates that the distance of reattachment points at each spanwise location of the device to the step edge plays an important role in the reduction of the BFS separation bubble. [START_REF] Orellano | Numerical simulation (dns and les) of manipulated turbulent boundary layer flow over a surface-mounted fence[END_REF] pointed out that at a similar Reynolds number and expansion ratio, the relative recirculation length is larger for the fence (recirculation length normalized by k) than for the BFS (recirculation length normalized by h). For example, for a Reynolds number based on the obstacle height (Re h or Re k = 14,000), the BFS has a X BF S R = 6.5h and the fence X F CD R = 13k. One of the reasons is that in the fence location, the incoming flow is redirected upwards, while in the BFS location the flow remains parallel [START_REF] Smits | Flow over a square bar roughness[END_REF]. The fence has then to be located sufficiently upstream so that the flow deviated away from the wall by the fence vanish completely at the BFS edge. It is interesting to point out that the separation length of the fence given by [START_REF] Orellano | Numerical simulation (dns and les) of manipulated turbulent boundary layer flow over a surface-mounted fence[END_REF] corresponds nearly to the minimum distance to set our S3 fractal device.

The flows downstream of the Peak, Middle and Trough are different which give different modulation of the BFS recirculation region. The Simpson Coefficient shows a large FCD bubble downstream of the Trough and a smaller FCD bubble downstream of the Peak (hidden by the unmeasured region close to the wall). However, the Simpson Coefficient cannot explain how the flow behaves after the FCD separation. For answering that, a simple mean streamline analysis is used to visualize the mean flow direction. Figure 7.2 shows mean streamlines for each FCD. Of course, the x-y PIV plane only provides the streamwise and wall-normal velocities. The spanwise information is lost, so our 2D streamlines are not real 3D streamlines, so they should be interpreted with care. In the reference flow, the streamlines are parallel to the ramp. In the L case, the streamlines look like a perfect recirculation zone. The bubble center is around y/h = 0.2 and the FCD recirculation is quite large, with the X F CD R downstream of x/h = -2.5 as not captured by the FOV, which agrees with the slow recovery of the BL velocity profile observed at station ST2 for the L case (Figure 5.10). The fences usually redirect the flow upwards for quite some distance (see L case), but in the S1 Peak position (Figure 7.2(c)), the streamlines are going down after a short distance. This downwash favors a rapid reattachment behind the fence and explains the separation border (i.e. Simpson Coefficient γ pu = 0.5 line) being inside the white rectangle for the Peak cases.

On the other hand, the streamlines are going up for the S1 Trough up to the end of the FOV (Figure 7.2(d)), which favors a slow reattachment which can have an impact up to the step edge, inducing then a large BFS recirculation region. In the S2 and S3 Trough cases, the streamlines are more vertical just downstream of the FCD. Compare to the S1 Trough case, these two cases (S2 and S3) present a rapid change in the streamlines direction at x/h about -2.75 where downstream from this point, the streamlines become rapidly parallel to the wall. This rapid change in streamlines direction is also observed for the S1 Trough, but further downstream at x/h = -2.25. The shift of this point explains probably the larger BFS bubble observed for the S1 Trough case than for the S2 and S3 Trough cases.

In Figure 5.1(f) from the SPIV study of chapter 5, the mean wall-normal (V) and spanwise (W) velocity components for the S3 case at ST1 shows the appearance of mean streamwise counter-rotating vortices. Therefore, combining the information of the streamwise counter-rotating vortex seen in the SPIV plane in Figure 5.1(f) at ST1, 7.1. Near-Wake Field of L, S1, S2 and S3 Original Devices with the above streamlines observations with streamlines rapidly going down at a short distance after the fence at the Peak region and going up at the Trough (Figure 7.2) for a much longer distance downstream of the fence, a sketch of a plausible flow structure induced by the fractal/multiscale device is drawn in Figure 7.3. The "spanwise" Peakvortex (Figure 7.3(a)) is pumping flow towards its center in the direction of the wall, which agrees with the streamlines going down in Figure 7.2(c). The "spanwise" Troughvortex (Figure 7.3(b)) does the opposite, it is also pumping flow towards its center but in the direction away from the wall, which also agrees with the streamlines going up in Figures 7.2(d)(e)(f). The "V" shape of the fence wall in a top view at Peak and "inverted V" at the Trough creates the vortex legs which induce a strong flow pumping mechanism in the center (towards the wall at Peak and away from the wall at Trough), which strengthens the momentum transfer. Probably close to the Middle position, one leg from the "spanwise" Peak-vortex and one leg from the "spanwise" Trough-vortex meet.

The two vortices (Peak-and Trough-Vortex) have a different curvature orientation link with the fence wall shape ("V" or "inverted V" in a top view), see Figure 7.3, which induces a different convection velocity (i.e. mean travelling velocity of vortex cores) when this structure will come off from the fence. As the acquisition frequency of the camera is low, this feature cannot be confirmed. The mean streamlines give a mean flow, therefore x-y fields of the instantaneous velocity downstream of the FCD can help to identify or confirm the existence of these vortices. Figure 7.4 shows an instantaneous, yet quite typical, velocity field of the S1 Trough case. In order not to pollute the figure, only 1 arrow is plotted every 10 points. There are spanwise clockwise vortices being formed by S1 case, which might support the sketch proposed in Figure 7.3. These vortices can be the signature of the flow structure in Figure 7.3, exactly at center position between the left and right legs of the "spanwise" Trough vortex. Perhaps, in some sense, this is similar to the signature of the head of the hairpin vortex structure found by [START_REF] Adrian | Vortex organization in the outer region of the turbulent boundary layer[END_REF] in turbulent boundary layers (Figure 7.5).

The flow structure proposed in Figure 7.3 might not be realistic, however, the instantaneous velocity field shows a spanwise vortex (see Figure 7.4) which agrees with the proposal. Cylinders or grooves oriented in the transverse direction as for our FCD generate also spanwise vortices. However, the Stereo-PIV y-z plane in chapter 5 section 5.1 at ST 1 = -3.31h, shows mean streamwise vortices near the FCD (Figure 5.4) and in section 5.2 at ST 2 = -0.04h, one big mean streamwise vortex is visualized (Figure 5.15). Around the "spanwise" vortices created, there are then some streamwise ones generated probably due to the "V" shape of the "spanwise" vortices. As we do not have measurements in an x-y PIV plane at ST2, we cannot say if the "spanwise" vortices persist up to ST2. Figure 7.6 shows x-y fields of velocity statistics for the reference and L cases around the device. In the L case, there is a large region of negative streamwise velocity with a peak value reaching U mean /U ∞ = -0.4. As a comparison, the flow in the BFS recirculation reaches a minimum of U mean /U ∞ = -0.2 for all cases (Figure 4.17). The wall-normal V mean is positive upstream of the FCD, suggesting that the L device redirects the flow away from the wall. Usually, with fences and Forward Facing Steps (FFS) there is also a recirculation upstream. Here, this region can not be captured because the camera 1 FOV is shifted above the fence (near-wall missing measurements materialized by a white rectangle in all the figures). A negative V mean region is located downstream of the fence (x/h > -3), indicating that the flow is being directed towards the wall to eventually be reattached. The region of high u rms originates at the tip of the FCD and grows as it is convected downstream. The region of high u rms is spread suddenly in the wall-normal direction at x/h = -3 where the negative V mean region starts and becomes then more closely parallel to the wall and to the streamlines showed in Figure 7.2(b). The width of this region is about the FCD height k. The region of high v rms is more (2000). spread than u rms . A similar trend is observed in the BFS recirculation region of this FCD (Figure 4.21). The region of maximum v rms is located far from the FCD (x/h > -3).

Regarding the Reynolds shear stress -⟨u ′ v ′ ⟩, a large amount of -⟨u ′ v ′ ⟩ is present in the flow downstream of the FCD and it increases with downstream distance in a very similar way as the v component. At x/h = -2.5, the region with high Reynolds shear stress has a width of the same size as the device height k. In the Stereo-PIV experiment at ST1 of chapter 5, the turbulence intensities are well concentrated for the L case (Figures 5.4,5.5,5.7). However, now we can see that they actually quickly spread downstream of the x/h = -3.2.

Figure 7.7 shows x-y fields of velocity statistics for the S1 case around the FCD. As the S1 device is placed in the x-z plane, the vertical black bar plotted inside the white region indicating fence wall position in the FOV is more upstream than the L case for the Peak position, at the same position for the Middle position and downstream for the Trough position, see positions in Table 7.1. The Peak wall faces the flow first, then the Middle wall and then the Trough wall (see Figure 7.7). The U mean contours have a higher deflection downstream of the Trough than at the Peak position, which agrees with the observed large FCD recirculation region downstream of the Trough and the small one downstream of the Peak position. In the case of the Peak, the negative U mean is inside the white rectangle, so it is not visible in the FOV. The minimum value of U mean /U ∞ is -0.4 for the Trough, which is the same obtained for the L case. The mean wall-normal velocity V mean increases in the region upstream of the fence walls from Peak to Middle to Trough. The Peak geometry is similar to the shape of an arrow against the incoming flow, which makes it easier for the flow to deviate from the obstacle by a deflection to the sides, thus increasing less V mean on top of the device as all the blocked flow rate does not pass above the fence wall (Figure 7.8). On the other hand, the Trough walls are a dead-end for the flow that is sliding on the side walls. Thus, the Trough wall converging blockage redirects the flow in the vertical direction to pass the fence which increases V mean . In the region downstream of the fence walls, the flow is directed towards the wall (i.e. negative V mean ) at the Peak, which agrees with a Peak-vortex pumping flow towards the wall (Figure 7.3(a)). On the other hand, the flow is directed away from the wall (i.e. positive V mean ) at the Trough, which agrees with a Trough-vortex pumping flow away from the wall (Figure 7.3(b)).

In Figure 7.7, the u rms , v rms and -⟨u ′ v ′ ⟩ values increase as we go from Peak to Middle to Trough, additionally the regions of high intensity u rms , v rms and -⟨u ′ v ′ ⟩ spread more and become more inclined from Peak to Middle to Trough. At the Trough, these regions are evolving strongly inclined from the wall downstream of the fence which imposes a far away from the wall region, further downstream, of high turbulence intensities at the BFS edge. The higher turbulence values for the Trough can also be related to a contraction effect. The two walls on each side of the Trough form a convergent (Figure 7.8). The flow between these two walls accelerates and finally impacts the Trough wall with higher velocity, resulting in more violent changes of velocities, thus increasing the turbulence intensities. At the Middle position, the S1 walls are still inclined towards the Trough, so the flow would continue to slide on it. However, the turbulence intensities are higher at the Middle than at the Peak position. One possible explanation is that at the Middle position, the flow coming from the Peak is accelerated due to the convergent, which creates a stronger shear with the flow arriving from upstream of the fence, thus creating more turbulent fluctuations.

Figure 7.9 shows x-y fields of velocity statistics for the S2 case around the FCD. The results are similar to the S1 case in some aspects. The U mean is still strongly disturbed by the Trough walls, creating a large FCD recirculation. The maximum V mean (V mean /U ∞ = 0.75) is obtained in the S2 Trough case (similar to S1 Trough case), whereas the minimum V mean (V mean /U ∞ = -0.5) is obtained in the S2 Peak case as for the S1 device but with much larger value for the S2 (minimum V mean /U ∞ = -0.3 for the S1 peak). This confirms that the Peak of the S2 device generates stronger downwash than the Peak of the S1 device. Downstream of the Peak region, the flow bends towards the wall with almost the same magnitude (V mean /U ∞ = -0.5) as the Trough is redirecting the flow upwards (V mean /U ∞ = 0.75). The u rms , v rms and -⟨u ′ v ′ ⟩ are slightly higher for the Peak position and lower for the Middle and Trough positions than for the corresponding S1. The slightly higher turbulence for the S2 Peak than for the S1 Peak might be related to the sharp slope/angle of the S2 device (Figure 3.12).

Figure 7.10 shows x-y fields of velocity statistics for the S3 case around the FCD. The FCD recirculation region is small for the S3 at the Peak and Middle, similar to the S2 case. At the Trough position, the FCD recirculation of the S3 device is smaller than for S1 and S2 ones and fully captured by the FOV. Therefore, the S3 Peak presents the highest positive U mean and the smallest backflow region. At the Peak position, the negative V mean region extends up to x/h = -3, which forces the flow towards the wall. The u rms , v rms and -⟨u ′ v ′ ⟩ values for the Trough are smaller than for the S1 Trough case. Actually, we can say that as the number of fractal iterations increases from S1 to S2 to S3, the u rms , v rms and -⟨u ′ v ′ ⟩ values for the Trough decrease. The flow modification due to the contraction effect can be a reasonable explanation, the contraction from Peak to Trough is modified by superposition of smaller local Peaks to local Troughs convergent introduced by second fractal iteration. These smaller local Peaks to local Troughs convergents are again split with even smaller ones with the third fractal iteration of S3. Then, increasing the fractality (S1 to S2 to S3) reduces the overall contraction effect from Peak to Trough. Regarding -⟨u ′ v ′ ⟩, it presents negative values at the tip of the FCD and it quickly becomes positive downstream for the S3 Peak and Middle cases. However, for the S3 Trough, downstream of the FCD, two distinct regions of -⟨u ′ v ′ ⟩ are observed. One negative close to the wall and one positive above it. The positive region is evolving downstream as the one observed for the S1 and S2 Trough. The negative region is also observed for the S1 and S2 Trough but it is more developed for the S3 device. This region is probably linked with the FCD recirculation area split into two regions, one close to the wall and one at the tip of the fence.

Finally, the L device is compared with fractal FCDs. Regarding the u rms , v rms and -⟨u ′ v ′ ⟩ values, we were expecting that the L device, being a straight fence without convex curvature (Peak) or concave curvature (Trough), would have values somewhere between the values obtained by the Peak and Trough positions. However, the S1 Middle has higher values than L. This indicates that the converging effect is predominant over the step jump effect (i.e. flow jumping over the fence wall) even at the Middle. The accelerated flow from Peak to Middle near the wall due to the converging blockage of the fence creates strong shear with the flow above arriving at the fence, thus inducing more velocity fluctuations than the separation bubble created by the L device.

Comparing fractal FCDs is always difficult. For example, our fractal iteration is done in the x-z plane keeping the y-direction fixed (see CAD drawing in Figure 3.13). Therefore, a small local Peak of the S3 device has the same height in vertical direction as a Peak of the S1 device, but the distance between local Peaks is much smaller for the S3 than for the S1. This might have a consequence on the fractality effect, so on the flow control efficiency. To know if this consequence is positive or negative, another experimental investigation has to be done, but it is beyond the scope of this study.

generating less turbulence intensities behind this position. However, at the Trough, the flow is highly perturbed and generates more turbulence intensities. As this perturbation travels downstream, it propagates sideways reaching first the middle then the Peak.

We were expecting that the Sinef2 device, which has a longer curvilinear length with steeper slopes/angles (see Figure 3.18) than the S1 device, would result in higher production of u rms , v rms and -⟨u ′ v ′ ⟩. The contraction effect is supposed to be the main one responsible for regions with high production of u rms , v rms and -⟨u ′ v ′ ⟩ at the Trough. The contraction inlet can be approximated as the distance from Peak to Peak which imposes the flow to converge to a singular point at the Trough. The Sinef2 device has a Peak-to-Peak distance of 62.5 mm whereas the S1 device value is 250 mm. The S1 device would then induce a larger contraction effect with then a higher velocity at the Trough, thus creating larger turbulence intensities. The Sinef2 results support then the contraction hypothesis. However, the S2 device has a local Peak-to-local Peak distance similar to that of the Sinef2 device and the S3 device a smaller distance of about 15.62 mm (Figure 3.18), but yet S2 and S3 cases generate higher u rms and v rms regions than the Sinef2 case. Even though the S2 and S3 devices have a shorter distance between local Peak-to-local Peak, they still have the S1 wavelength of 250 mm (the S3 device is the third fractal iteration, so it has 250 mm, 62.5 mm and 15.62 mm wavelengths). Therefore, part of the flow in the S2 and S3 cases is going to be strongly contracted by the "first converging iteration". The slope/angle plays a role in guiding the flow towards the Trough. Making it sharper minimizes the perturbation generated at the Peak which could lead to lower flow control efficiency.

Figure 7.12 shows the separation border downstream of the BFS for the Sinef2 device at Peak, Middle and Trough positions against the reference flow. The bubble reduction at each position is minimal with minor differences between the Peak, Middle and Trough positions. Therefore, a longer device with steeper slopes/angles and no fractality seems to have a small controlling effect on the BFS flow separation.

This could mean that for our configuration (APG and BFS), the free-stream turbulence generated upstream in the near-wake region alone cannot reduce the BFS recirculation region located further downstream. This agrees with the fact that for cases S1, S2 and S3, the FCD and BFS regions downstream of the Trough are the regions with the highest turbulence intensity and the smallest reduction in BFS recirculation bubble. A certain induced negative V mean would have been required to bring these regions of high turbulence to the BFS recirculation region and reduce it.

The slope/angle of the Sinef2 device is approximately the same as the VG walls (VG angle is 18 • in Figure 3.18). Therefore, a sharp slope/angle does not generate streamwise vortices as it does for the VGs. Having more Peaks and Troughs per spanwise length also did not help to reduce the BFS bubble as the simple high-frequency Sinef2 FCD does not show significant differences in X R for the Peak, Middle and Trough locations compared to reference flow (Figure 7.12). This may suggest that the small gap between Peak and Trough in the Sinef2 FCD is not optimal as it induces a small contraction. This gap problem is known for VG. The distance between each pair of VGs must be optimized, otherwise neighbouring vortices that are too close may inhibit each other. The frequency of the first iteration has then to be chosen large enough to induce a large contraction effect from Peak to Trough. The value W 1/δ = 250mm/160mm =≈ 1.5 chosen for S1 here could be closer to optimum. The curvilinear length can then have a positive effect if it is increased by introducing more fractal iterations rather than 202 by increasing the number of Peaks and Troughs per span. Fractal length and sharper slopes/angles influence the flow by the multiscale way in which that length is achieved, not by increasing length with higher slopes/angles per span unit. How the length is generated is more important than its length.

Figure 7.13 shows x-y fields of velocity statistics for the Sinef2 case downstream of the BFS. Comparing Sinef2 to reference, the minimum negative U mean is smaller and the negative V mean is less intense for the Sinef2. This means that the Sinef2 case presents a weak downwash. In general, a strong downwash helps to reattach the flow. The regions of highest u rms , v rms and -⟨u ′ v ′ ⟩ are even less intense for Sinef2 than for the reference flow (Figure 6.4). This second tool to reduce the separation (high turbulence intensity) is then also not present, explaining the poor control efficiency. Moreover, Sinef2 Peak, Middle and Trough positions seem to present similar velocity fields. It can be supposed that no 3D structures or not enough intense ones are created by the Sinef2 device upstream of the BFS which would have induced strong momentum exchange near the wall, creating further downstream a reduction of the separation as observed in the S3 case for example. The Sinef2 device generates much higher u rms , v rms and -⟨u ′ v ′ ⟩ values upstream of the BFS (Figure 7.11) than the reference flow (Figure 6.8). Perhaps, the turbulence was dissipated fast by the flow so that no real control efficiency is obtained. Moreover, no residuals of these high values upstream of the BFS are still present above the bubble with even lower values measured than the reference flow (Figure 7.13 versus Figure 6.4(a)).

Benchmark test With Vortex Generator

Vortex generators (VGs) for flow control [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] are well recognized. It is therefore interesting to compare the fractal/multiscale FCD flow control performance against these well-known devices. We compared of course our S3 (our best case) with the VG ((Cuvier, 2012) best case), see Figure 3.18. To save time, as it was not the purpose of this study, we did not optimize the VGs on our flow configuration which is slightly different from the one of Cuvier (2012), see section 3.2. We considered that the best case of Cuvier ( 2012) is close to optimal for our BFS. The VG trailing edge is placed at x/h = -3.85, corresponding to 33k upstream of the step edge. It is just at the limit of the optimal range. There are two important reference positions for the counter-rotating VG configuration: the in Between position (B) which is a plane between two pairs of VGs (upwash region) and the Middle position (M) which is in the middle of one pair (downwash region), see Figure 3.17. Note that our S3 also creates a downwash region downstream of the Peak and an upwash region downstream of the Trough. The VG set-up is presented in Figure 3.15. As the VGs work like a wing at an angle of attack just before stall, there is no FCD recirculation region just behind them.

Figure 7.14 shows x-y fields of velocity statistics around the FCD for the VG cases compared with the reference flow. The U mean is slightly changed. The VG middle case shows a slightly larger U mean velocity near the wall than the reference and VG Between cases. The negative V mean in the VG Middle indicates the downwash region as expected which brings high-speed flow towards the wall, thus explaining the larger U mean observed close to the wall. However, the upwash region is not very obvious in Figure 7.14(c) for the VG Between (very small positive V mean ). The values of u rms , v rms and -⟨u ′ v ′ ⟩ are comparable to the reference flow which indicates a low drag addition. These observations were expected as VGs are known to modify mainly the mean flow organization by creating streamwise vortices.

So far, VGs present the lowest flow perturbation and extra drag among all cases. However, VGs can only be useful if they are able to reduce the BFS bubble. Figure 7.15 shows the separation bubble for the reference, S3 and VG cases downstream of the BFS. Both VG positions lead to similar bubble sizes and X R values but the VG Middle leads to slightly lower values than the VG Between. This is certainly due to the downwash flow induced by the VG Middle position. The VG cases have a smaller bubble size and X R than the reference flow, proving its efficiency as a flow control device even if their effects are small here, probably due to slightly too large a distance between VG and step edge. Comparing VG and S3, the VG has a smaller bubble area than the S3 Trough but larger than the S3 Peak and Middle. The reattachment point X R is further downstream for VG than for any S3 case.

Although the VG device generates a small disturbance upstream of the BFS, the BFS recirculation region and X R are reduced more (Figure 7.15) than the Sinef2 case (Figure 7.12), even though the Sinef2 case has much higher turbulence intensity in the FCD region than the VG case. This indicates that the VG, due to its aerodynamic profile, has a low drag penalty while having some flow control performance related to the reduction of the BFS recirculation region. The VG device must surely produce less additional drag than the S3 device, but the BFS recirculation bubble is larger in the case of the VG device (3D average of the separation area over the different spanwise positions) globally the total drag of a BFS (i.e. the gain in drag by the reduction of the separation is larger than the extra drag added by the device)? To answer this question, a specific experiment has to be done, which is beyond the scope of this thesis. [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] discusses the effective height of the VG for flow separation over a smooth BFS (see Figure 2.5). For VG with a height k/δ = 0.8, a strong three-dimensional flow replaces the baseline (reference) flow. The regions downstream of the upwash and downwash (generated by VG) were clearly captured by [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] using oil visualization. When a smaller VG was used with k/δ = 0.2, the three-dimensional flow was drastically reduced. [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] concluded that the VG with k/δ = 0.8 produced strong vortices and consequently high drag. The VG with k/δ = 0.2 produced mild vortices and consequently low drag and yet the flow separation was controlled for k/δ = 0.2 case. Our VG case has no apparent three-dimensional recirculation region (VG B and VG M have similar separation borders in Figure 7.15), while our S3 is clearly reshaping the recirculation region (Peak, Middle and Trough regions have completely different BFS bubble sizes in Figure 7.15). This might suggest that our S3 device produces stronger and larger vortices than the VG. Our fractal FCD also generates higher turbulence intensities than the VG, which might also help to delay flow separation. This may also suggest that the height selected for our fractal FCD is slightly too large. [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] pointed out that for a BFS flow, flow control devices that generate streamwise vortices, such as VGs, are more effective in delaying flow separation and in reducing X R than spanwise vortices. In this chapter, we are concluding that our fractal/multiscale FCDs generate a mix of streamwise and spanwise vortices. Therefore, a mix of streamwise and spanwise vortices can be more effective, as the S3 case presents a smaller BFS recirculation region than the VG case. In the BFS recirculation region, for the comparison between the VG and S3 cases, we select to show only the Middle case for the S3 device so as not to overload the figure. This station can be considered representative of a spanwise average over the three positions, Peak, Middle and Trough (i.e. the Trough presents different results than the Middle, but as we combine the results of the three positions, the most representative of the average would be the Middle position). The velocity statistics normalized with U ∞ downstream of the BFS of the VG case against the S3 Middle case are presented in Figure 7.16. The VG Middle and Between positions have similar BFS recirculation regions (Figure 7.15) and, therefore, they also have similar velocity fields. The minimum negative U mean 7.2. Flow Control Efficiency With Varying Original Fractal FCD Parameters region is larger for VG than for the S3 Middle case due to a much larger separation. The maximum positive U mean is reached in the FOV for VG but not for S3 Middle, see y/h > 1.2. The VG Middle generates more negative V mean than VG Between due to the presence of the downwash region downstream of the BFS for this Middle position.

The S3 Middle case generates a larger downwash than the VG Middle case, which creates a smaller bubble size for the S3 Middle case. The size of the region with maximum u rms is similar in size for the VG Middle and Between cases, but it is larger for the S3 Middle case. The region of high v rms is significantly larger for the S3 Middle case than for the VG cases. Even though the S3 Middle has regions with higher u rms and v rms , the Reynolds shear stress -⟨u ′ v ′ ⟩ is lower than that of the VG cases. This shows that the instantaneous velocity fluctuations u ′ and v ′ are more correlated for the VG than for the S3 Middle. Furthermore, the region of strong u ′ and v ′ correlation is further downstream at x/h ≈ 2.5 -3 for the VG Between than for the VG Middle which is at x/h ≈ 1.5.

Analyzing only VG Middle and Between cases, the VG Middle has a slightly smaller bubble size and X R than the VG Between (Figure 7.15). Analyzing Figure 7.16, VG Middle generates stronger downwash than VG Between and the maximum turbulence intensities values of both cases are similar. This observation reinforces the hypothesis that the downwash (negative V mean ) plays a major role in reducing the bubble size and X R .

As shown by [START_REF] Godard | Control of a decelerating boundary layer. part 1: Optimization of passive vortex generators[END_REF], the counter-rotating VGs generate streamwise vortices with diameters being a fraction of the VGs height k (38k downstream of the VGs, the diameter is about 0.65k). The fractal/multiscale S1, S2 and S3 also generate streamwise vortices as seen in chapter 5 (see station ST1 in Figure 5.4). We can estimate from this figure that S1 generates a mean vortex with a size of about 0.96 h (half the device wavelength (or 6.2k) ) and devices S2 and S3 generate mean vortices with a much smaller size of about 0.4 h (or 2.6k). Therefore, our fractal FCDs generate vortices which are much larger than the ones generated by standard VGs of [START_REF] Lin | Control of turbulent boundary-layer separation using micro-vortex generators[END_REF]. This suggests, once again, that our device height is probably too big. the Peak keeping or slightly improving its efficiency and the Trough losing efficiency. This behaviour is worth studying and we do so now. Downstream of the BFS, the velocity fields of S3 10 Peak are expected to be similar to S3 Peak due to their similar bubble size and X R shown in Figure 7.20. Figure 7.21 shows x-y fields of velocity statistics for the S3 and S3 10 Peak cases downstream of the BFS. The streamwise velocity U mean is similar as expected, with S3 10 presenting slightly larger regions of U mean /U ∞ = 1 on the top of the FOV (y/h > 1.2) and smaller regions of minimum U mean /U ∞ = -0.2 than the S3 Peak case. These slight differences are reflected in slightly smaller bubble size and X R for the S3 10 than for the S3 Peak case (Figure 7.20). The wall-normal negative velocity V mean , as observed in the previous chapters 4 and 5, seems to favour reattachment by redirecting the flow towards the bottom wall. The minimum V mean /U ∞ = -0.18 region around x/h ≈ 1, reaches y/h = 0.4 for the S3 10 Peak case at reattachment point and reaches y/h = 0.5 for the S3 Peak case. This negative V mean region nearer the bubble explains the slightly smaller bubble. The regions of high u rms reached the same maximum magnitude for both cases but are slightly less spread downstream for the S3 10 case. This may not affect negatively X R because the region of high intensity u rms starts at x/h = 2 for both cases. The v rms and -⟨u ′ v ′ ⟩ present the same maximum values in both cases, but they are spread over a larger region for the S3 Peak case than for the S3 10 Peak case.

The S3 10 Middle case presents a larger bubble size than the S3 Middle case but with the same X R . Figure 7.22 shows x-y fields of velocity statistics for the S3 and S3 10 Middle cases downstream of the BFS for the purpose of understanding this observation. The streamwise velocity U mean seems to follow the shape of the bubble (white line). Although the bubble is larger for the S3 10 than S3 Middle case, the maximum U mean in the FOV for the S3 10 Middle case is higher than for the S3 Middle case. The minimum wall-normal velocity V mean (i.e. the more negative V mean region) is clearly further away from the bubble (y/h > 1) in the S3 10 Middle than in the S3 Middle (y/h > 0.6). A negative V mean squeezes the bubble against the wall, thus reducing its size. The region of strong negative V mean further away from the wall in the S3 10 Middle case might Chapter 7. Improvement of the Passive Fractal/Multiscale Devices explain why the BFS recirculation bubble is larger for S3 10 Middle than for S3 Middle. However, the turbulence organization might be playing a role too. The u rms is less spread for the S3 10 Middle case, but both have the same maximum u rms value. The v rms and -⟨u ′ v ′ ⟩ are also more spread but have higher values for the S3 Middle case than for the S3 10 Middle case. In conclusion, it is a bit surprising that even though the S3 Middle case presents a stronger downwash (negative V mean ) and higher turbulence intensities than the S3 10 Middle case, the reattachment point X R remains indifferent to these quantities. However, it is to be noted that close to the reattachment point (x/h about 2.75 at the Middle position), the region of negative V mean extends suddenly towards the wall for both cases, forcing reattachment at the same point just downstream. Only the separation point X S is clearly delayed for S3 Middle. Probably the separation point position is very sensitive to small perturbations upstream, leading to a large change in bubble area but with no necessary change in X R .

Figure 7.23 shows x-y fields of velocity statistics for S3 and S3 10 Trough cases downstream of the BFS. The bubble size and X R are much larger for the S3 10 Trough case than for the S3 Trough case (Figure 7.20). The minimum streamwise velocity U mean /U ∞ = -0.2 covers a larger region for the S3 10 Trough case and yet the S3 10 Trough case achieves a higher maximum U mean than S3 Trough at the top of the FOV. In the S3 10, it is as if the flow does not see the step at the beginning of the FOV with the isosurface nearly parallel to the upstream -5 • slope plate. For y > h, the velocity gradient stays nearly the same at the beginning of the FOV, thus explaining the higher streamwise mean velocity found for the S3 10 device. In the S3 10 Trough case, the wall-normal velocity V mean /U ∞ near the reattachment point is positive (around 0.07) which should definitely make it harder for the flow to reattach to the wall. As explained in chapter 5, this positive wall-normal velocity might be responsible for the bubble belly shape with the surrounding reattached flow at Middle attracted towards the Trough by these positive V mean , thus forcing a sudden reattachment at Trough. Not only is the belly shape affected but X R is affected too as the S3 Trough case has not only a smaller bubble size but also a smaller X R than the S3 10 Trough case. The region of maximum u rms is higher for the S3 Trough case than for the S3 10 Trough case and it is more spread too as observed at the other positions. The same observations can be done for v rms . The region of high -⟨u ′ v ′ ⟩ is slightly further away from the wall with slightly larger values for the S3 10 Trough case than for the S3 Trough case. However, like for the u and v components, this region is less spread in the wall-normal direction for the S3 10 case. In conclusion, neither the turbulence nor V mean can really explain why S3 Trough and S3 10 Trough return so different backflow areas. We are forced to conclude that a 3D effect must explain this difference, i.e. flow coming from neighbouring Middle and/or from Peak regions forcing sudden reattachment at Trough, thus creating the belly shape.

In general conclusion, the S3 10 Peak case generates a slightly smaller BFS recirculation region than the S3 Peak case (Figure 7.20). Therefore, at least for this Peak position, with half of the device height, we produce less drag in the FCD region and we still manage to reduce the BFS recirculation region with the same efficiency. As shown in Figure 7.20, S3 10 Middle presents a bigger BFS recirculation region than S3 Middle, which means that an increase in the turbulence intensities with a strong negative V mean at the S3 Middle are most important to force a reduction in the BFS bubble size. At the Trough, the separation was increased by reducing the height of the device. This • The streamlines behind the FCD show that the Peak redirects the flow towards the wall and the Trough redirects the flow away from the wall. Furthermore, the convex geometry of the FCD at the Peak might create a "spanwise" vortex structure that pumps flow towards the wall and the concave geometry of the FCD at the Trough might create another "spanwise" vortex structure that pumps flow away from the wall.

• The devices S1, S2 and S3 generate a mix of spanwise and streamwise vortices just downstream of the FCD.

• In the FCD region, u rms , v rms and -⟨u ′ v ′ ⟩ values increase as we go from Peak to Middle to Trough. A contraction effect from Peak to Trough linked with the shape of the fence might be one of the reasons.

• One hypothesis is that the longer the length of the fence, the higher will be the velocity gradients generated by the fence and therefore the more reduced will the bubble size and X R be. Another hypothesis is that a sharper slope/angle at the Peak and Trough might generate more velocity gradients. To test these hypotheses, an extra device Sinef2 has been tested. However, the Sinef2 case resulted in almost zero reduction of bubble size and X R , even though it generated much more u rms , v rms and -⟨u ′ v ′ ⟩ in the FCD region than the reference flow but lower than the S3 case. This shows that the increase of the device length with sharper slopes/angles can have a minimal advantage if it is not done in a fractal/multiscale way as is done for the S3 device. It is also concluded that the first wavelength W1 of the first iteration has to be not too small compared to the boundary layer thickness (δ) so as not to break the contraction Peak to Trough effect. The value of W 1/δ = 1.56 used for S1 was in the working range.

• The low drag VGs of [START_REF] Lin | Control of turbulent boundary-layer separation using micro-vortex generators[END_REF], which generate streamwise vortices, produce the lowest turbulence intensities, even lower than the Sinef2 device. Still, the VGs managed to reduce the BFS bubble much more than the Sinef2. This proves that VGs is an efficient FCD (i.e. it manages to reduce BFS bubble with an additional low drag). However, the VG devices reduced the BFS bubble less than the fractal/multiscale S3 device. This also proves that our fractal devices are valuable alternatives for flow control.

• Reducing the height of S3 from 20 mm to 10 mm gives an extra configuration S3 10. The S3 10 Peak case generates slightly smaller BFS bubble size and X R than the S3 Peak case while the S3 10 Trough case generates a much larger bubble size than the S3 Trough case. This suggests that 10 mm is better for the height at

Final Improvement of the Fractal Device

Based on the understanding of the flow generated by the fractal FCDs acquired in the previous sections, it was decided to improve our best actuators S3. The S3 device is now modified according to the observations presented in this chapter with the aim to produce a smaller BFS separation with a more homogeneous reduction in the spanwise direction. The new geometrical changes are based on:

-The S3 10 device (height of 10 mm) has a similar BFS recirculation region at the Peak position as the original S3 (height of 20 mm), see Figure 7.20. This means that at this position, the S3 10 Peak has a similar control efficiency but lower additional drag linked with lower frontal area. Therefore, reducing the height in the Peak region made S3 10 efficiency better.

-In the Trough position, the S3 10 Trough presents a much larger BFS recirculation region than the S3 Trough (Figure 7.20). Therefore, reducing the height in the Trough region made S3 10 efficiency worse.

-The convex geometry of the Peak wall creates a "spanwise" vortex structure that pumps high-velocity flow towards the wall and the concave geometry of the Trough wall creates a " vortex structure that pumps low velocity flow away from the wall (Figure 7.3). Also, a contraction effect from Peak to Trough has to be strong enough so that the device has a positive control effect. There could be a coupling between the contraction effect and the "spanwise" vortex generated at the Trough, thus reducing the contraction by reducing the height (S3 10) may reduce the control efficiency at Trough.

Based on that, it is difficult to elect the best option. However, the Trough has the contraction effect (Figure 7.8) which could favour the Trough-vortex.

Pondering those analyses, we intuitively decided that the new geometry consists of the original S3, but with varying heights in the spanwise direction. The Peak device height is then reduced from 20 mm to 10 mm and the Trough height is kept at 20 mm. From Peak to Trough, the height is linearly changed from 10 to 20 mm depending on the streamwise distance from the Peak position. The new device created has also now a multiscale height. We call this FCD height modulation. This new geometry is named S3 P10T20 and the set-up can be seen in Figure 3.21(a). The side view seems more aerodynamic, like a wedge than if the Peak had 20 mm and the Trough 10 mm. For a better image resolution, see S3 P10T20 in Figure 3.20.

Figure 7.24 shows the separation border (i.e. Simpson coefficient γ pu = 0.5) for the S3, S3 10 and S3 P10T20 cases downstream of the BFS. At the Peak position, the BFS recirculation region of S3 P10T20 outperformed S3 10 and S3 even though, at this position, it has the same height of 10 mm as the S3 10. At the Middle position, the S3 10 becomes not so effective, but S3 P10T20 is still effective and has a smaller BFS recirculation region and X R than S3. At the Trough position, the S3 P10T20 Trough loses its effectiveness in reducing the recirculation region, however, it is still better than the S3 10 Trough in relation to BFS bubble size and X R . The S3 P10T20 Trough bubble size is larger than the S3 Trough, but both X R are approximately the same. The conclusion is that the S3 P10T20 device is more effective in reducing the BFS recirculation bubble than the S3 10 device. Regarding the S3 P10T20 and S3 devices, if the only metric is the BFS bubble volume then maybe S3 P10T20 and S3 are equivalent. If the metric is X R , however, then S3 P10T20 case has a smaller X R at all positions (Peak, Middle, Trough). Adding to the BFS observations, the fact that 7.2. Flow Control Efficiency With Varying Original Fractal FCD Parameters S3 P10T20 FCD has a smaller frontal area (-25% than S3), the most efficient FCD is the S3 P10T20 device. As stated in the previous analysis, the most important contributions for reducing the bubble size appear to be mainly the negative V mean (downwash) and, secondly, the presence of regions of high u rms , v rms and -⟨u ′ v ′ ⟩. Since the S3 P10T20 device is inspired by the S3 and S3 10 devices, the three cases are discussed together in each figure of x-y fields of velocity statistics.

Figure 7.25 shows x-y fields of velocity statistics for the S3, S3 10 and S3 P10T20 Peak cases downstream of the BFS. The U mean is similar for all three cases, which reflects the similar BFS bubble size. The region with minimum U mean /U ∞ = -0.2, also found for the reference flow, is reducing in size as we go from S3 to S3 10 to S3 P10T20 for the Peak cases. The negative velocity V mean (downwash) is more pronounced for the The 2D3C PIV field of view used in chapter 5 does not cover the entire spanwise length of the FCD which is 250 mm. In order to compare the S3, S3 10 and S3 P10T20 transverse organizations without any bias, a larger field of view was recorded using four cameras instead of two. All results in this section are at station ST1 = -3.31h just downstream of the FCD and at station ST4 = 2.54h downstream of the BFS and inside the recirculation bubble of the reference flow. The details of this SPIV set-up (called SPIV2) are given in chapter 3.

Transverse Flow Organisation at Station ST1 Just Downstream of the FCD

The fractal FCDs generate a mix of streamwise and spanwise vortices, but only the streamwise ones are visible with this SPIV2 plane due to the mean streamwise velocity gradient hiding the spanwise ones. Figure 7.28 shows the mean wall-normal (V) and spanwise (W) velocity components normalized by U ∞ . The frame in Figure 7.28(a) indicates that the streamwise velocity is entering the figure. It is the same for all the following figures and then it is not repeated. In order not to pollute the figure, only 1 arrow is plotted every 10 points. Figure 7.28(b) shows that the S3 device generates one pair of streamwise counter-rotating vortices at the Peak and another one, not as well-defined, at the Trough. The counter-rotating vortices around the Peak generate a downwash at the Peak and the ones at the Trough generate an upwash in agreement with the observations already made with the streamwise plane in this thesis. Figure 7.28(c) shows that the S3 10 device generates a well-defined pair of streamwise counter-rotating vortices at the Peak and Trough with smaller size than S3 linked to the smaller height of this device. Figure 7.28(d) shows that the S3 P10T20 case, as for the S3 10, presents a well-defined pair of vortices downstream of the Trough and one at the Peak. Therefore, both heights generate a well-defined pair of vortices. Figure 7.29 shows y-z fields of the mean velocities normalized by U ∞ at station ST1 downstream of the FCD. The mean streamwise velocity U mean /U ∞ shows that the backflow region around the Trough region (i.e. negative streamwise velocity) decreases with the device frontal area (i.e. S3 to S3 P10T20 to S3 10). Therefore, faster streamwise velocities just upstream of the BFS will be generated by S3 10 and S3 P10T20 than by S3, which can improve the control efficiency. The mean wall-normal velocity V mean /U ∞ shows a better-defined alternation for the regions of positive and negative V mean /U ∞ values for the S3 10 and S3 P10T20 cases than for the S3 case, which corresponds to the well-defined counter-rotating vortices visualized in Figures 7.28(c)(d). S3 presents large regions of strong negative V mean /U ∞ downstream of the Peak position, suggesting stronger counter-rotating vortices for the S3 than for the S3 10 and S3 P10T20 Peak positions. At the Trough, a strong positive V mean is present away from the wall. This region is also present but less intense for the S3 P10T20 and completely missing for S3 10. This region can be linked to the control efficiency downstream of the Trough. As the bubble size at the Trough position of the three cases decreases, the strength of this region increases. The mean spanwise velocity W mean /U ∞ fields are not so different between the cases. Figure 7.30 shows y-z fields of the RMS velocities normalized by U ∞ at station ST1 downstream of the FCD. The regions of high u rms , v rms and w rms decreases as we go from S3 to S3 P10T20 to S3 10. The S3 case presents a region of higher u rms downstream of the Trough position and regions of higher v rms and w rms downstream of the Peak. Therefore, the S3 presents a heterogeneous distribution of u rms , v rms and w rms across the span. The S3 10 case presents relatively high u rms , v rms and w rms with a more homogeneous distribution across the span. The S3 P10T20 case presents distributions close to S3, with values close to those at the Trough and smaller at the Peak.

Figure 7.31 shows y-z fields of the Reynolds stresses normalized by U 2 ∞ at station ST1 downstream of the FCD. The Reynolds stresses decrease as we go from S3 to S3 P10T20 to S3 10 as for the turbulence intensities. The -⟨u ′ v ′ ⟩/U 2 ∞ show for the three cases a distributed organization, with a nearly constant spacing in the spanwise direction, of structures with high negative values close to the wall and high positive above. The -⟨u ′ w ′ ⟩/U 2 ∞ presents strong positive and negative alternations in the near wall region. The -⟨v ′ w ′ ⟩/U 2 ∞ seems to be coupled to the -⟨u ′ w ′ ⟩ organization for S3 and S3 10 cases with high positive and negative values around the ones of -⟨u ′ w ′ ⟩. Only S3 P10T20 presents a different organization with high positive values near the wall downstream of For flow control, the mean flow and the turbulence have an effect in controlling separated flows. In Figure 7.24, the BFS mean reattachment position X R is definitely improved for the S3 P10T20 case at all positions. Regarding the mean flow, the S3 P10T20 and S3 10 devices generate more well-defined vortices than the S3 device. Regarding turbulence intensity, the S3 P10T20 device generates more turbulence intensity than the S3 10 device but less than the S3 device. In conclusion, the S3 P10T20 case presents the best results because it generates well-defined counter-rotating vortices which helps to bring high momentum fluid near the wall. Additionally, the S3 P10T20 device generates a reasonable amount of turbulence intensity which can also promote momentum exchange to delay or reduce the separation. Our flow control strategy using the fractal concept is based on the hypothesis that a fractal FCD would generate different flow scales linked with the wavelength of each iteration (here W1 = 250 mm for S1, W2 = 62.5 mm added in S2 and W3 = 15.62 mm added in S3). A spatial spectral analysis can test this hypothesis. The SPIV2 field of view is slightly wider than the FCD spanwise length. In order to use the Fast Fourier Transform (FFT) to calculate the Power Spectral Density (PSD), we can assume that the flow is going to behave periodically in z-direction (spanwise) due to the periodic forcing. Therefore, we have cropped the velocity fields in the transverse direction to fit almost exactly the device length period (i.e. W1 = 250 mm). The Power Spectra Density is then calculated along the spanwise direction (z) at a fixed distance from the wall (y) using the method proposed by [START_REF] Foucaut | Piv optimization for the study of turbulent flow using spectral analysis[END_REF]. The PSD is averaged on the 20,000 uncorrelated fields recorded to ensure good convergence. The PSD convergence uncertainty can be estimated as 100%/ (N ) = 100%/ (20, 000) = 0.7% for each point [START_REF] George | Lectures in turbulence for the 21st century[END_REF]. Figure 7.32 shows the spatial transverse PSD of the streamwise velocity normalized with U 2 ∞ h at six wall-normal distances: one-quarter of the S3 FCD height (5 mm), onehalf (10 mm), S3 FCD height (20 mm), 1.5 times (30 mm), two times (40 mm), three times (60 mm) and four times (80 mm). Four cases are plotted together, the reference, S3, S3 10 and S3 P10T20. The K -5/3 (dashed line) and K -2 (dotted line) lines are added for assistance in the slope estimation.

In the transverse spectra of streamwise velocity (Figure 7.32), for wall-normal dis-7.3. Transverse Analysis of the 3D Flow Generated by the Different S3 Devices The previous station ST1 at x = -3.31h is located upstream of the BFS. The station ST4 at x = 2.54h is located downstream of the BFS, which is a streamwise position located inside the BFS recirculation for the reference flow, but near the mean reattachment position for the S3, S3 10 and S3 P10T20 Peak and Middle positions. Figure 7.33 shows the mean wall-normal (V) and spanwise (W) velocity components normalized with U ∞ downstream of the BFS at ST4 = 2.54h. In the reference flow, the mean spanwise velocity increases near the wall, which breaks the 2D flow visualized upstream of the BFS. Therefore, the upstream 2D flow becomes more 3D downstream of the BFS, however as the values are low, the physical interpretation is difficult, but this 3D organisation can comes from the corner vortices generated on the two wind tunnel side walls [START_REF] Cuvier | Active control of a separated turbulent boundary layer in adverse pressure gradient[END_REF], [START_REF] Cuvier | Extensive characterisation of a high reynolds number decelerating boundary layer using advanced optical metrology[END_REF]. In the S3, S3 10 and S3 P10T20 cases, a clear mean streamwise counter-rotating vortices pair is visualized at the Trough position and a strong downwash at the Peak. In chapter 5, only one vortex is captured by the smaller field of view at ST3 and ST4. Now, in this section, we confirm the formation of a streamwise counter-rotating vortices pair inside the BFS recirculation region. These figures also clearly show the flow going from Peak to Trough to reattach the Trough flow.
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The backflow area is strongly dependent if the field of view is located more in the upwash or downwash region. Therefore, a large field of view allowed us to calculate more reliably the backflow area with the area under the separation border defined by Simpson Coefficient γ pu = 0.5 line. The separation border and the backflow area normalized by h 2 (given in the legend) is presented in Figure 7.34. In section 5.4, the ratio of the areas reference/S3 was 0.48/0.3 = 1.60. Now, considering the entire spanwise device length, this ratio is 0.65/0.43 = 1.51, which gives a difference due to a bias of 6%. The separation border maximum height increases and is shifted towards the center (z/h = 0 or Middle) as we go from S3 to S3 P10T20 to S3 10. The S3 P10T20 and S3 10 cases present the highest and the minimum separation border height, which suggests that they modify the mean flow more than the S3 case. The normalized bubble area for the S3 case is 0.43, for S3 10 it is 0.48 and for S3 P10T20 it is 0.39, which indicates that the S3 P10T20 device is working better than both S3 and S3 10.

Figure 7.35 shows y-z fields of the mean velocity normalized with U ∞ downstream of the BFS at station ST4 at x = 2.54h. In the S3, S3 10 and S3 P10T20 cases, the backflow region (i.e. negative streamwise velocity) reaches a minimum velocity of U mean /U ∞ = -0.15. The distance between the center of the two vortices around the Trough position is about 0.5h and this region is the upwash region (i.e. positive V mean ). The device spanwise length is 1.92h, so approximately 1/4 (0.5h) of the span of the device is dominated by an upwash and 3/4 is dominated by a downwash (i.e. negative V mean ). The downwash strength increases as we go from S3 to S3 10 to S3 P10T20. The upwash of S3 is weaker than S3 10 and S3 P10T20 (these two have similar upwash strength). As the downwash is an important flow control parameter, which not only brings the shear layer towards the wall to be reattached but also turbulence intensities, the S3 P10T20 Peak region favours an earlier reattachment. The maximum and minimum spanwise velocities are weaker for S3 than S3 10 and S3 P10T20 (these two have similar strengths). As the mean wall-normal and spanwise velocities are stronger for S3 10 and S3 P10T20, it confirms that both induce stronger mean counter-rotating streamwise vortices inside the BFS recirculation bubble than the S3. Figure 7.36 shows y-z fields of the RMS velocity normalized with U ∞ downstream of the BFS at station ST4 at x = 2.54h. In the S3, S3 10 and S3 P10T20 cases, the region of high u rms is large, further away from the wall at Trough than for Peak position and its strength decreases as we go from S3 to S3 P10T20 to S3 10. The v rms fields present similar behaviour as the u rms ones. The main difference is that for the S3, S3 10 and S3 P10T20 cases, the regions of high intensity are spread over a larger area. The w rms fields present similar behaviour as v rms .

Figure 7.37 shows y-z fields of the Reynolds stresses normalized with U 2 ∞ downstream of the BFS at station ST4 at x = 2.54h. In the S3, S3 10 and S3 P10T20 cases, all values of -⟨u ′ v ′ ⟩ are positive. The values increase as we go from S3 to S3 P10T20 to S3 10. With ∂U mean /∂y > 0 in this region, the production term -< u ′ v ′ > ∂U mean/∂y increases the turbulent kinetic energy. The alternation between regions with positive and negative -⟨u ′ w ′ ⟩ reflects which side each region is in relation to the counter-rotating vortex pair. The intensity increases as we go from S3 10 to S3 to S3 P10T20, showing that the S3 P10T20 fluctuation velocities are better correlated than in S3 and S3 10 cases. The highest values of -⟨v ′ w ′ ⟩ are still low (i.e. maximum value 0.0025). These low values compromise the physical interpretation, however, we can observe a better organization for the S3 10 and S3 P10T20 cases. The S3 P10T20 device can be considered a successful version of the S3 device. The reasons behind this success may be attributed to a better mean streamwise counterrotating vortex formation and a moderate production of turbulence intensities just downstream of the FCD. These two points increase the downwash flow which brings towards the wall the flow to be reattached and they increase the spanwise flow near the wall which helps the momentum transfer inside the recirculation region.

Figure 7.38 shows the spatial transverse PSD of the streamwise velocity normalized with U 2 ∞ h at four wall-normal distances: 0.1h, 0.5h, h and 1.4h. Four cases are plotted together, the reference, S3, S3 10 and S3 P10T20. The K -5/3 (dashed line) and K -2 (dotted line) lines are added for assistance in the slope estimation. At each height, the behaviour of each PSD curve changes.

In Figure 7.38, all PSD curves follow the slope K -5/3 (dashed line), thus indicating that the structures which are generated by the FCD at ST1 (see peaks in Figure 7.32) are not captured in ST4 or probably they vanished before reaching the BFS. Without these structures, the PSD curve follows the slope K -5/3 instead of the slope K -2 . For wall-normal distance y = 0.1h, the S3 P10T20 case presents higher PSD values and the reference the lower ones. For y = 0.5h, all curves collapse for Kh > 10. For y = h, the S3 case becomes the case with higher PSD values and the reference flow remains the one with lower PSD values. For y = 1.4h, the reference flow presents again the lowest PSD values, followed by the S3 10 case which agrees with the fact that at ST1 it presents In the near-wake experiment, the role of Peak and Trough is now better understood. One hypothesis is that the Peak creates a "spanwise" vortex that is pumping the flow towards the wall and the Trough creates another "spanwise" vortex that is pumping the flow away from the wall (Figure 7.3). These flow structures result in a mix of spanwise and streamwise vortices. The flow upstream of the Peak deviates to the sides, thus reducing the production of turbulence intensities. The deviated flow goes to the Trough, where the convergent walls increase its velocity. The Trough walls are a dead-end for the accelerated flow that finally impacts the Trough wall with higher velocity, resulting in more violent changes of velocities, thus increasing the turbulence intensities. Therefore, the production of u rms , v rms and -⟨u ′ v ′ ⟩ increases as we go from Peak to Middle to Trough. The overall contraction effect reduces as the number of fractal iterations increases (S1 to S2 to S3), thus reducing the production of u rms , v rms and -⟨u ′ v ′ ⟩. Previous studies have suggested that the reduction of BFS bubble can be achieved by increasing the turbulence intensity in the free-stream. However, S3 device has a better distribution of u rms , v rms and -⟨u ′ v ′ ⟩ across the span than S1, therefore a stronger flow control effect can be achieved with less u rms , v rms and -⟨u ′ v ′ ⟩. Moreover, a reduction of u rms , v rms and -⟨u ′ v ′ ⟩ is often related to a reduction in drag.

The Sinef2 device with a longer curvilinear wall and steeper slopes/angles was used to test some hypotheses. The first hypothesis is that the device length contributes to an increase in the production of velocity gradients, which would enhance the flow control. The result is actually the opposite. First, Sinef2 barely reduces the BFS bubble size and X R . Second, Sinef2 induces less u rms , v rms and -⟨u ′ v ′ ⟩ downstream of the FCD (Figures 7.11) and in the BFS recirculation region (Figures 7.13) than S3. The FCD device with steeper slopes/angles also appears to be counterproductive. The slope/angle plays a role in guiding the flow towards the Trough. Making it sharper minimizes the perturbation generated at the Peak (converging effect) which could lead to lower flow control efficiency. If the wall is too sharp, the flow will easily jump over the fence without any substantial flow modification, reducing the FCD flow control efficiency. Fractal length and sharper slopes/angles influence the flow by the multiscale way in which that length is achieved, not by increasing length with higher slopes/angles per span unit. How the length is generated is more important than its length.

The VG is a well-recognized FCD and so it was tested to be compared against fractal/multiscale FCDs. The VGs present the lowest flow perturbation and extra drag among all cases downstream of the FCD. The VGs generate streamwise counter-rotating vortices that mainly modify the mean flow organization, which is enough to reduce the BFS bubble and X R . For example, the VGs reduced the BFS bubble much more than the Sinef2, even though the Sinef2 device generates much more turbulence intensity downstream of the FCD than the VGs. Comparing VG and S3 at any position (Peak, Middle, Trough) the S3 case generates a smaller X R than the VG (Figure 7.15). This proves that our fractal devices are valuable alternatives for flow control. The VG device must surely produce less additional drag than the S3 device. As the drag was not measured, it is impossible in this study to determine which device provides the best overall gain.

Reducing the height of S3 from 20 mm to 10 mm gives an extra configuration S3 10. The S3 10 generates lower u rms , v rms and -⟨u ′ v ′ ⟩ values than the S3 in the FCD region, indicating an FCD drag reduction. In terms of BFS recirculation reduction, the S3 10 Peak has a slightly smaller BFS bubble and X R than S3 whereas the S3 10 Trough has a much larger BFS bubble and X R than S3. This suggests that a height of 10 mm is better for Peak but 20 mm is better for Trough. This also indicates that the roles of the Peak and Trough are different. This information is used to build our last improved device S3 P10T20.

The S3 P10T20 device is based on linear variations in heights in the spanwise direction. The Peak device height is then reduced from 20 mm to 10 mm and the Trough height is kept at 20 mm. Finally, the S3 P10T20 device produced a smaller X R than S3 at all positions (Peak, Middle, Trough) with -25% FCD frontal area reduction. The contraction effect from Peak to Trough has to be strong enough for the device to have a positive control effect. There could be a coupling between the contraction effect and the "spanwise" vortex generated at the Trough, thus reducing the contraction by reducing the height, such as for S3 10, may reduce the control efficiency at Trough. The positive results of S3 P10T20 in terms of reducing X R and the BFS bubble size globally show that the strategy of varying FCD height is useful. This reinforces the view that the roles of the Peak and Trough are different. The Trough may create a "spanwise" Troughvortex (Figure 7.3b) linked with a contraction effect from Peak to Trough generated by the first fractal iteration wavelength W1, while the Peak may create a "spanwise" Peakvortex (Figure 7.3a) which helps to create a strong downwash (negative V mean ) flow. Our BFS flow problem is 3D, hence the Peak, Middle and Trough regions interact with each other. This shows that few 2D2C PIV planes cannot explain the full complexity of the fractal/multiscale devices.

The transverse SPIV2 plane is proposed to better compare the S3, S3 10 and S3 -P10T20 devices. Downstream of the FCD at ST1, the S3 10 and S3 P10T20 devices generate one well-defined pair of mean streamwise counter-rotating vortices at the Peak and another at the Trough, whereas the S3 device generates a well-defined pair only at the Peak. The turbulence intensities increase as we go from S3 10 to S3 P10T20 to S3. For flow control, the mean flow and the turbulence have an effect in controlling separated flows, thus the S3 P10T20 device appears to be the best candidate to reduce the recirculation region. Downstream of the BFS at ST4, indeed the area under the separation border is the smallest for the S3 P10T20 case. Only one well-defined pair of mean streamwise counter-rotating vortices is present downstream of the Trough position for all cases. However, higher downwash and spanwise flows are present for the S3 -P10T20 case than for the S3 case.

The large SPIV plane allowed us to compute the spatial transverse spectra of the streamwise velocity (similar behaviour observed for the other components, so not shown). Downstream of the FCD at ST1, several peaks in the PSD curve indicate that the S3, S3 10 and S3 P10T20 devices are injecting a lot of energy into the flow at different length scales, thus resulting in a PSD range that follows a clear K -2 slope for all fractal devices due to the sharp gradient created between the intense structures generated. The classical K -5/3 slope is only found for the reference flow and for all fractal devices when the injection of energy becomes small. Downstream of the BFS at ST4, there are no peaks and the K -2 slope in ST1 is replaced by the classical K -5/3 slope for all cases. of BFS bubble can be achieved by increasing the turbulence intensity in the free-stream. However, S3 device has a better distribution of u rms , v rms and -⟨u ′ v ′ ⟩ across the span than S1, therefore a stronger flow control effect can be achieved with less u rms , v rms and -⟨u ′ v ′ ⟩.

The SPIV at ST1 (y-z plane just downstream the FCDs) shows that the S2 and S3 devices generate small vortices that are convected downstream and eventually merge into a large mean vortex with a similar size as that visualized for the S1 case at ST2. This large vortex induces a downwash downstream of the Peak position and an upwash downstream of the Trough position. While we have observed that downwash and upwash can affect the BFS X R , they may also have an impact on X S (i.e. the separation point). Moreover, at ST2 (just upstream step edge), the BL presents a shape factor H = δ * /θ of about 1.4 for Peak cases and 1.9 for Trough cases, suggesting that the flow downstream of the Trough position is closer to flow separation from the wall than that downstream of the Peak position. Although we do not have a direct measurement of X S , we can estimate it indirectly by projecting the separation border (defined by the Simpson coefficient γ pu = 0.5 line) to the BFS wall from the 2D2C PIV results in the recirculation region. The separation borders is detected at the beginning of the field of view (at x/h = 1) at a lower height for all Peak cases than for the Trough cases, indicating a possible delay in X S .

The VG device generates mainly streamwise counter-rotating vortices, which according to [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] are more effective in delaying flow separation point X S and reducing the reattachment point X R than spanwise vortices. On the other hand, our fractal S3 device generates a mix of streamwise and spanwise vortices, resulting in a greater reduction of the BFS recirculation region and X R compared to VGs. These findings indicate that a mix of vortices with different orientations could be a more effective strategy for delaying flow separation and reducing X R . Overall, these results demonstrate the potential of using a fractal flow control strategy for improving flow separation reduction performance.

The influence of the S3 height was tested using the S3 10 device, the S3 height is reduced from 20 mm to 10 mm in order to reduce frontal drag while maintaining its ability to reduce the BFS recirculation bubble. While the S3 10 was able to maintain its performance in reducing BFS flow separation downstream of the Peak position, it showed deterioration downstream of the Trough position. This reinforces the view that the roles of the Peak and Trough are different. Perhaps, the Trough needs a higher height to be able to effectively use the contraction effect in its favor.

Based on the results of the S3 10 case, we proposed a final fractal device modification to the best fractal/multiscale FCD (S3), resulting in a new device named S3 P10T20. The height of S3 is halved at the Peak position (from 20 mm to 10 mm) and remains unchanged at the Trough position (20 mm), with a linear transition in between. Despite reducing the frontal area of the device by 25%, the S3 P10T20 case achieves an earlier flow reattachment X R for all positions (Peak, Middle and Trough) and a lower bubble area averaged in the transverse plane than the S3 case. Just downstream of the FCD, the S3 P10T20 case generates one well-defined pair of mean streamwise counter-rotating vortices at the Peak and another one at the Trough, whereas the S3 device generates a well-defined pair only at the Peak. Downstream of the BFS, the S3 P10T20 case induces a stronger downwash than the S3 case. The spatial transverse spectra of the streamwise velocity showed that just downstream of the FCD at ST1, there are several peaks in the PSD curve in the low wavenumber range which indicates that the S3, S3 10 and S3 -P10T20 devices are injecting a lot of energy into the flow at different length scales, thus resulting in a PSD range that follows a clear K -2 slope for all fractal devices due to the strong velocity gradient created between the structures generated. The classical K -5/3 slope is only found for the reference flow and for all fractal devices when the injection of energy becomes small (i.e. at a position further away from the wall). Downstream of the BFS at ST4, there are no peaks in the PSD curve and the K -2 slope in ST1 is replaced by the classical K -5/3 slope for all cases.

In conclusion, the experimental investigations of fractal FCDs using Particle Image Velocimetry (PIV) demonstrated the feasibility of using fractal/multiscale fences as an effective passive flow control device for reducing turbulent flow separation, particularly in the case of a rounded Backward-Facing Step (BFS). These findings contribute to a better understanding of the flow behaviour around fractal FCDs and their effectiveness in controlling turbulent flow separation.

Perspectives and Future works

To complement this work, a list of perspectives and future works that can be done to further understand our fractal/multiscale FCDs, as well as some suggestions of applications to real problems and the application of the fractal concept to a conventional FCD, are provided.

Drag

A frequent question in flow control is about the relation between cost and benefit. Passive FCD has a low operational cost and often a low production cost when compared to active FCD. The benefit depends on the application. For example, buildings, chimneys and bridges are weakly concerned about aerodynamic drag while cars and aeroplanes are extremely concerned. This drag penalty is based on how much drag the FCD produces versus how much it decreases the BFS full object drag. Many FCD strategies can have a zero gain, including active FCDs. The amount of energy saved by reducing the recirculation region might be the same as that dissipated by the fractal/multiscale FCD. Therefore, an experiment to measure the overall fractal/multiscale devices added drag could be proposed. The drag generated by the FCD and the drag generated by the BFS under the FCD influence are two different quantities, the sum of both being the main goal to be reduced. The FCD is fixed to the wall, therefore the FCD drag has to be known in order to calculate the stress forces on the wall. Furthermore, the FCD can introduce a specific frequency into the flow which might induce fluid-structure interactions such as resonance, leading to structural damage.

Vorticity

Our choice of using fractals is also based on the ratio of the amplitude (A) by the wavelength (W) at a specific fractal iteration (n): A n /W n = (A/W )2 (n-1) . The ratio increases with the number of fractal iterations (n) creating smaller amplitudes and wavelengths. This is important because we are trying to increase velocity gradient, in particular fluctuating velocity gradients. The vorticity is also expected to increase with n. Therefore, a high-resolution PIV experiment would allow us to calculate these quantities (velocity gradients, vorticity) correctly and see if they increase as the number of fractal iterations increases. With vorticity, then we can compute the dissipation and check for equilibrium or not with production = dissipation.

Shear-Layer Frequency

The shear layer of the BFS is often better excited by a specific forcing frequency. Flow control using jets is tuned to frequencies equal to the vortex shedding, shear layer flapping or any other frequency that maximizes the reduction of the recirculation region [START_REF] Benard | Control of the coherent structure dynamics downstream of a backward facing step by dbd plasma actuator[END_REF]. The fractal/multiscale FCD might produce a broader frequency band and as also observed by [START_REF] Benard | Control of the coherent structure dynamics downstream of a backward facing step by dbd plasma actuator[END_REF], different frequencies have different performances in reducing the BFS recirculation region. It could be interesting to verify if the bandwidth generated by the fractal FCD has a dominant frequency. Assuming that this dominant frequency is directly related to the wavelength of the FCD, the fractal/multiscale FCD can be designed to produce a dominant frequency around the vortex shedding. To measure these frequencies, the pressure fluctuations can be measured on the wall similarly to [START_REF] Benard | Control of the coherent structure dynamics downstream of a backward facing step by dbd plasma actuator[END_REF], or if it is too noise a hot-wire can be used outside the BFS recirculation region. This has the potential to further increase the efficiency of the fractal FCD, increasing the flow control cost-benefit.

Flow Perceiving the Fractality

The Reynolds number dependence showed that our last fractal iteration device S3 performed worse in reducing the recirculation region at a lower Reynolds number (Figure 6.3). Therefore, how the flow, in terms of Reynolds number, perceives the S3 fractal device can change. For example, at a low Reynolds number, perhaps the flow cannot effectively interact with the smaller fractal geometries of S3. We could go the other way by trying higher fractal iterations. We attempted to 3D print a fourth iteration S4, but it was not possible due to machine resolution creating sharp Peaks and Troughs instead of smooth ones. Nevertheless, if in the future we manage to build the S4 device and if we obtain that the turbulence intensities, mean flow organization and BFS bubble size are the same for S3 and S4, this might means that the fractal concept achieved its own limit. However, if another test is made at a higher Reynolds number and then different results for S3 and S4 are obtained, we could suggest that the flow at a higher Reynolds number is perceiving the small fractals of S4.

X S Effect and Square BFS

The shear layer reattaches earlier in the S3 case than in the reference case. Due to the rounded BFS, the flow separation point X S is not fixed. However, a significant portion of the earlier reattachment can be attributed to the fractal/multiscale FCD delaying X S . Measuring X S can provide information on the effective BFS height and separation length (X R -X S ). An alternative method for dealing with X S is to use a classical square BFS configuration, where the flow separates at the sharp BFS edge, resulting in a fixed X S at the step-edge. This square BFS configuration would allow comparison of our fractal/multiscale FCD to a vast literature (i.e. many works use square BFS) and would enable the determination of the degree to which X R and bubble reshaping are actually linked to the delay of X S . We can also measure in our configuration the position of X S with 2D2C PIV in this region. To minimize the reflection of the laser on the wall, we can apply rhodamine paint on the wall and add filters on cameras lenses at the laser wavelength.

Bubble Belly Smoke Testing

The hypothesis regarding the "belly" shape of the bubble can be tested using smoke testing or a particle tracer. The BFS bubble downstream of the Trough position near the BFS is large, leading us to hypothesize that the Peak region feeds backflow fluid to the Trough region. To test this hypothesis, a tracer can be injected near the BFS in the Peak position, and if the trace particles move towards the Trough and most of them are entrained, we could conclude that the Peak region indeed feeds the Trough region, increasing the bubble "belly".

The bubble "belly" induces fast reattachment, which we believe is due to the Peak region reattaching earlier than the Trough region. As a result, the Trough region is surrounded by reattached flow with inverted direction and stronger magnitude, causing the backflow to slow down and be entrained in the streamwise direction by the surrounding high-speed positive streamwise velocities, resulting in an abrupt reattachment. To test this hypothesis, a tracer can be injected near the reattachment position (i.e. further away from the BFS) in the Peak position. If the trace particles move towards the Trough region but do not get entrained and instead move downstream, this indicates that the flow at the Peak region squeezes the flow at the Trough region, resulting in a fast reattachment.

Combustion

It is clear that this bubble reshaping forces the recirculation bubble to be bigger at the Trough and smaller at the Peak. These two different regions (Peak and Trough) with the flow almost reattached side by side with a recirculating flow can be applied to a combustion chamber. In high flow velocity, it is really difficult to ignite a flame, but it is even more difficult to keep it stable, with the risk of failed combustion resulting in a bigger problem. The BFS can work as a flame anchor, due to its naturally lower velocity region inside the recirculation zone [START_REF] Pouech | Premixed flame ignition in high-speed flows over a backward facing step[END_REF]. In Figure 8.1, instead of the cylindrical spark device, individual injectors could be placed downstream of the Trough regions, where there are lower velocities in a bigger recirculation volume. Thus, this ability to reshape the recirculation region in the y-z direction, with bigger recirculation zones alternating with small ones, can have different applications. Regarding the possibility of combustion application, low velocity can be achieved up to the step height downstream of the Trough region. With a streamwise vortex inside the recirculation Obstacles Fractals/Multi-échelles pour le Contrôle Passif de la Séparation des Écoulements Turbulents.

Cette thèse vise à développer un nouveau dispositif passif de contrôle de l'écoulement (FCD) basé sur le concept fractal/multi-échelles. Les obstacles fractals sont placées en amont d'une marche descendant arrondie (BFS) et l'étude est menée à un nombre de Reynolds Re h = 100 000 (basés sur la hauteur h de la BFS et la vitesse d'entrée de la soufflerie). Cependant, des tests à Re h = 33 000 ont aussi été réalisés pour vérifier l'influence du nombre de Reynolds. La technique de vélocimétrie par image de particules (PIV) a été utilisée pour toutes les expériences. La région de recirculation BFS est plus petite pour les FCD fractals/multi-échelles (S1, S2 et S3 basées sur une superposition de courbes sinusoïdales) que pour l'écoulement de référence et pour le cas d'un obstacle droit (L) ayant la même hauteur et la même surface frontale que les FCD fractals. Au fur et à mesure que le nombre d'itérations fractales augmente (S1 à S2 à S3), le point de rattachement moyen X R se rapproche de la marche et la région de recirculation BFS est remodelée dans le plan transversal. En aval du FCD, à mesure que le nombre d'itérations fractales augmente, des tourbillons de plus en plus petits et nombreux sont générés, ce qui accroît l'hétérogénéité dans la direction de l'envergure. En fonction de la position transverse, différents types de tourbillons sont générés, certains tourbillons redirigeant l'écoulement vers la paroi et d'autres redirigeant l'écoulement loin de la paroi, ce qui augmente le transfert de quantité de mouvement entre les fluides rapides et les fluides lents. Des essais complémentaires modifiant la longueur et la hauteur de la courbe des FCD fractals ont finalement été effectués pour améliorer leur efficacité.

Mots clés: Contrôle des écoulements, marche descendante, séparation de l'écoulement, vélocimétrie par image de particules, turbulence.

Fractal/Multiscale Fences for Passive Control of Turbulent Flow Separation. This thesis aims at developing a new passive Flow Control Device (FCD) based on a Fractal/Multiscale concept. The fractal fences are placed upstream of a rounded Backward-Facing Step (BFS) and the study is made at a Reynolds number Re h = 100,000 (based on the BFS height h and wind tunnel inlet velocity). However, some tests at Re h = 33,000 were also carried out to test the Reynolds number influence. The Particle Image Velocimetry (PIV) technique was performed for all experiments. The BFS recirculation region is smaller for the fractal/multiscale FCDs (S1, S2 and S3 based on a superposition of sine curves) than for the reference flow and for the straight fence case (L) having the same height and frontal area. As the number of fractal iterations increases (S1 to S2 to S3), the mean reattachment point X R moves towards the step and the BFS recirculation region is reshaped in the transversal plane. Downstream of the FCD, as the number of fractal iterations increases, smaller and more numerous eddies are being generated, increasing the heterogeneity across the spanwise direction. Depending on the spanwise position, different types of eddy are generated, some eddies redirecting the flow towards the wall and others redirecting the flow away from the wall, thus increasing the momentum transfer between fast and slow fluids. Complementary tests changing the FCD curve length and height were finally done to improve the FCD efficiency.

Keywords : Flow control, Backward-Facing Step, flow separation, Particle Image Velocimetry, Turbulence.

3. 1

 1 Sketch of the LMFL wind tunnel. Extracted from Cuvier et al. (2017) . . xv List of Figures 3.2 Ramp model inside LMFL wind tunnel, flow from left to right. Extracted from Cuvier et al. (2017) . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 EUHIT ramp model inside LMFL wind tunnel, flow from left to right. Figure modified from Cuvier et al. (2017) . . . . . . . . . . . . . . . . . . 3.4 EUHIT ramp model inside LMFL wind tunnel, flow from left to right. Figure modified from Cuvier et al. (2017) . . . . . . . . . . . . . . . . . . 3.5 The upstream reference system x-y (red) is fixed at the step-edge at x = 0. The recirculation region reference system x-y (green) is fixed at the step-foot at x = 1h. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6 Picture of the ramp model inside the wind tunnel with an example of FCD (L case). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7 Flow over the Koch curve . . . . . . . . . . . . . . . . . . . . . . . . . . 3.8 Cantor set . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9 Sketch of several VGs. Figure modified from Lin (2002). . . . . . . . . . 3.10 Top view of the flow over the sine curve. . . . . . . . . . . . . . . . . . . 3.11 a) Fractal-multiscale FCD is formed by dividing the amplitude A by 2 and the wavelength W by 4 at each iteration. S1: a simple sine wave A30W250 (blue curve). S2: A30W250 + A15W62.5 (red curve). S3: A30W250 + A15W62.5 + A7.5W15.625 (green curve). b) 3D printed devices. . . . . . 3.12 Sketch of the increasing angle of attack and decreasing peak to trough spanwise spacing as fractal iteration increases. . . . . . . . . . . . . . . . 3.13 Computer-Aided Design (CAD) of L, S1, S2 and S3 devices. All devices have a height of k = 20 mm, a base of x = 15 mm and a main wavelength of W = 250 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.14 Picture of the S1 FCD on the ramp. . . . . . . . . . . . . . . . . . . . . . 3.15 VG set-up: flow direction is from left to right. Two cameras on the other side aligned with the VG. On the right, the mirror is used to reflect the laser coming from below the wind tunnel. . . . . . . . . . . . . . . . . . . 3.16 Sketch of VG geometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.17 Sketch of VG and the counter-rotating vortices. In green, the Middle and Between represent the PIV laser location. . . . . . . . . . . . . . . . . . . 3.18 New case sinef2 and Vortex Generator (VG) with previous cases S1, S2 and S3. The VG has an angle of attack of 18 • . . . . . . . . . . . . . . . . 3.19 CAD top view of Sinef2 device. . . . . . . . . . . . . . . . . . . . . . . . 3.20 CAD views of S3 P10T20 device. . . . . . . . . . . . . . . . . . . . . . . 3.21 The S3 P10T20 device and Sinef2 placed on the ramp. Flow is from left to right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.22 Sketch of a PIV system. Extracted from

  3.25 Sketch of the PIV perspective error: under and overestimation cases. . . 3.26 Experimental set-up 2D2C PIV LS and HS: Flow direction is from left to right. There are four Low-speed cameras (left) and three High-speed cameras (right). PIV lasers are at the wind tunnel centerline. . . . . . . . xvi 3.27 Streamwise mean velocity at the upstream (low-speed cameras) and downstream (high-speed cameras) of the BFS (2D2C PIV LS and HS set-ups). Both systems are synchronized only for the reference case. . . . . . . . . 3.28 Top view of the flow over the sine curve. The horizontal dashed lines represent the Peak, Middle and Trough positions. . . . . . . . . . . . . . 3.29 Recirculation set-up (2D2C PIV RC): Flow direction is from right to left. There are two low-speed cameras. PIV laser is at the wind tunnel centerline. The calibration plate is also centered. . . . . . . . . . . . . . . . . . 3.30 Sketch of the Near-field set-up (2D2C PIV NW). FCD L case is drawn. . 3.31 Sketch of the SPIV set-up in the APG ramp region at ST1 at x = -3.31h upstream of the BFS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.32 Sketch of the locations of the different SPIV measurements. . . . . . . . 3.33 Sketch of the SPIV plane distance to the S1 device. . . . . . . . . . . . . 3.34 PIV random noise estimated from the common region between cameras C3 and C4 upstream of the BFS (2D2C PIV LS). Reference case. . . . . 3.35 PIV random noise estimated from the common region between cameras C6 and C7 downstream of the BFS (2D2C PIV HS). Straight bar L case. 3.36 PIV random noise estimated from the common region between cameras C1 and C2 downstream of the BFS (2D2C PIV RC). Straight bar L case. 3.37 PIV random noise estimated from the common region between cameras C1 and C2 downstream of the FCD (2D2C PIV NW). Straight bar L case. 3.38 Streamwise (u) and wall-normal (v) variances normalized with U 2 ∞ . a) u LS is the streamwise variance normalized with U 2 ∞ from 2D2C PIV LS, u ST1 is from SPIV at station ST1, similar notation for wall-normal v. b) ST2 variances compared to LS ones. c) ST3 variances compared to 2D2C PIV RC d) ST4 variances compared to 2D2C PIV RC ones. . . . . 3.39 PIV random noise estimated from the common region between cameras C1 and C2 upstream of the PIV plane with cameras C3 and C4 downstream of the PIV plane. The S3 case is chosen. (a) and (b) presents the noise at ST1 = -3.31h and (c) and (d) presents the noise at ST4 = 2.54h. . . . 4.1 Streamwise mean velocity profiles of the reference flow upstream of the step. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2 Streamwise mean velocity profiles in wall units at streamwise position x F CD = -3.85h upstream of the BFS. The inclined dotted line corresponds to the log law. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3 RMS velocity profiles and Reynolds shear stress one in wall units at streamwise position x F CD = -3.85h upstream of the BFS . . . . . . . . . 4.4 Velocity statistics normalized with U ∞ for the reference flow upstream of the BFS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5 Mean streamlines of the reference flow in the recirculation region downstream of the BFS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6 Recirculation Region Interface (RRI) for the reference flow. Negative instantaneous streamwise velocity u is represented by the yellow surface and positive u by the blue surface. . . . . . . . . . . . . . . . . . . . . . xvii List of Figures 4.7 The Probability Density Function (PDF) of the instantaneous streamwise velocity u. a) point with a match between U = 0 and Simpson, b) Reattachment point defined with U = 0 at first point from the wall, c) Reattachment point defined with γ pu = 0.5 at first point from wall. . . . 4.8 Separation boundary (i.e. where U mean = 0) for different streamwise positions of L device. Reference is without FCD. The streamwise position of the L device on the ramp upstream of the BFS is given by x F CD . . . . 4.9 Separation boundary (i.e. where U mean = 0) for different streamwise positions of S3 device at Middle compared to reference flow and L case at -500h. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.10 Backflow area for various FCD streamwise positions normalized with h 2 for L and S3 Middle cases. . . . . . . . . . . . . . . . . . . . . . . . . . . 4.11 Simpson coefficient γ pu fields downstream of the BFS for reference and L cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location. . . . . . . . . . . . . 4.12 Simpson coefficient γ pu fields downstream of the BFS for reference and S1 cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location. . . . . . . . . . . . . 4.13 Simpson coefficient γ pu fields downstream of the BFS for reference and S2 cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location. . . . . . . . . . . . . 4.14 Simpson coefficient γ pu fields downstream of the BFS for reference and S3 cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location. . . . . . . . . . . . . 4.15 Separation border of all controlled cases and all spanwise positions on the device investigated. (Separation border detected by Simpson coefficient γ pu = 0.5). The recirculation region is downstream of the BFS. . . . . . . 4.16 Histogram of the backflow area statistics downstream of the BFS. The Gaussian fit is generated by using the histogram mean and std. . . . . . 4.17 Normalized streamwise mean velocity U mean /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5. . . . . . . . . . . . . . . . . . . . . 4.18 Normalized wall-normal mean velocity V mean /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5. . . . . . . . . . . . . . . . . . . . . 4.19 Sketch of the possible streamwise vortex formation in the y-z plane. . . . 4.20 Normalized streamwise mean velocity u rms /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5. . . . . . . . . . . . . . . . . . . . . 4.21 Normalized wall-normal mean velocity v rms /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5. . . . . . . . . . . . . . . . . . . . . 4.22 Normalized Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5. . . . . . . . . . . . . . . . . . . . . . . . . xviii 6.1 Mean streamlines of the reference separated flow at 9 m/s downstream of the BFS obtained with the new experiment 2D2C PIV RC. The rectangle is the FOV of the 2D2C PIV HS of chapter 4. . . . . . . . . . . . . . . . 6.2 The separation border (detected by the Simpson coefficient γ pu = 0.5) for the reference cases downstream of the BFS. . . . . . . . . . . . . . . . . 6.3 Separation border (detected by the Simpson coefficient γ pu = 0.5) for the S3 cases downstream of the BFS. The black lines represents U ∞ = 9 m/s and red lines U ∞ = 3 m/s cases. . . . . . . . . . . . . . . . . . . . . . . . 6.4 Velocity statistics at U ∞ = 3 m/s and 9 m/s for the reference case downstream of the BFS. The white line is the Simpson coefficient γ pu = 0.5 line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.5 Velocity statistics at U ∞ = 3 m/s and 9 m/s for S3 Peak cases downstream of the BFS. The white line is the Simpson coefficient γ pu = 0.5 line. . . . 6.6 Velocity statistics at U ∞ = 3 m/s and 9 m/s for S3 Middle cases downstream of the BFS. The white line is the Simpson coefficient γ pu = 0.5 line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxii 6.7 Velocity statistics at U ∞ = 3 m/s and 9 m/s for S3 Trough case downstream of the BFS. The white line is the Simpson coefficient γ pu = 0.5 line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.8 Velocity statistics for the reference cases at U ∞ = 3 m/s and 9 m/s around the FCD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.9 Simpson coefficient fields around the FCD for the S3 cases. The dashed black line is the bubble separation border defined by the Simpson coefficient γ pu = 0.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.10 Velocity statistics around the FCD for S3 Peak cases at U ∞ = 3 m/s and 9 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.11 Velocity statistics around the FCD for S3 Middle cases at U ∞ = 3 m/s and 9 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.12 Velocity statistics around the FCD for S3 Trough cases at U ∞ = 3 m/s and 9 m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.1 Simpson coefficient γ pu fields around the FCD for the biggest FCD flow separation cases. The dashed black line is the bubble separation border defined by Simpson coefficient γ pu = 0.5. The vertical black line marks the position of the Middle in (a) and (b) and of the Trough in (c), (d), (e) and (f). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.2 Mean streamlines at U ∞ = 9 m/s around the FCD. . . . . . . . . . . . . 7.3 A sketch of the flow structure generated by the device at Peak and Trough positions. View from upstream of the device with an inclination of about 45 • from the wall. Arrows indicate flow directions. The continuous blue shape indicates the shape taken by the "spanwise" vortex structure created. The circle with a cross indicates flow strongly going towards the wall and with a point strongly going away from the wall. . . . . . . . . . 7.4 Instantaneous velocity field showing the formation of spanwise vortices downstream of the S1 Trough position at U ∞ = 9 m/s. The red point indicates approximate the spanwise vortex centers near x/h = -3. One arrow is plotted every 10 points. . . . . . . . . . . . . . . . . . . . . . . . 7.5 Sketch of a hairpin eddy attached to the wall. Extracted from Adrian et al. (2000). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.6 Velocity statistics normalized with U ∞ = 9 m/s for the reference and L cases around the FCD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.7 Velocity statistics normalized with U ∞ = 9 m/s for S1 cases around the FCD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.8 Sketch of the flow around the Peak, Middle and Trough. The flow deviates at the Peak wall. The flow slides towards the Middle wall. The contraction effect at the Trough accelerates the flow. . . . . . . . . . . . . . . . . . . 7.9 Velocity statistics normalized with U ∞ = 9 m/s for S2 cases around the FCD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.10 Velocity statistics normalized with U ∞ = 9 m/s for S3 cases around the FCD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.11 Velocity statistics normalized with U ∞ = 9 m/s for Sinef2 cases around the FCD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii List of Figures 7.12 Separation border downstream of the BFS for the Sinef2 case (Separation border detected by Simpson coefficient γ pu = 0.5). . . . . . . . . . . . . . 7.13 Velocity statistics normalized with U ∞ = 9 m/s for the Sinef2 cases downstream of the BFS. The white line is the bubble border defined by the Simpson coefficient γ pu = 0.5 line. . . . . . . . . . . . . . . . . . . . . . . 7.14 Velocity statistics normalized with U ∞ = 9 m/s around the FCD for VG cases. The vertical black line at x/h = -3.85 is the projection of the VG, they are not in the PIV FOV. . . . . . . . . . . . . . . . . . . . . . . . . 7.15 BFS separation border (detected by Simpson coefficient γ pu = 0.5) for the reference, S3 and VG cases at U ∞ = 9 m/s. . . . . . . . . . . . . . . . . 7.16 Velocity statistics normalized with U ∞ = 9 m/s for S3 Middle and VG cases downstream of the BFS. The white line is the bubble border defined by the Simpson coefficient γ pu = 0.5 line. . . . . . . . . . . . . . . . . . . 7.17 Velocity statistics normalized with U ∞ around the FCD for S3 Peak case at U ∞ = 3 m/s and 9 m/s and for S3 10 Peak case at U ∞ = 9 m/s. . . . 7.18 Velocity statistics normalized with U ∞ around the FCD for S3 Middle case at U ∞ = 3 m/s and 9 m/s and for S3 10 Middle case at U ∞ = 9 m/s. 7.19 Velocity statistics normalized with U ∞ around the FCD for S3 Trough cases at U ∞ = 3 m/s and 9 m/s and for S3 10 Trough case at U ∞ = 9 m/s.214 7.20 BFS separation border (detected by Simpson coefficient γ pu = 0.5) for S3 (black) and S3 10 (red) cases at U ∞ = 9 m/s and S3 (blue) at U ∞ = 3 m/s.215 7.21 Velocity statistics normalized with U ∞ for the S3 and S3 10 Peak cases at U ∞ = 9 m/s downstream of the BFS. The white line is the separation border (Simpson coefficient γ pu = 0.5). . . . . . . . . . . . . . . . . . . . 7.22 Velocity statistics normalized with U ∞ for S3 and S3 10 Middle cases at U ∞ = 9 m/s downstream of the BFS. The white line is the separation border (Simpson coefficient γ pu = 0.5). . . . . . . . . . . . . . . . . . . . 7.23 Velocity statistics normalized with U ∞ for S3 and S3 10 Trough cases at U ∞ = 9 m/s downstream of the BFS. The white line is the separation border (Simpson coefficient γ pu = 0.5). . . . . . . . . . . . . . . . . . . . 7.24 BFS separation border (detected by Simpson coefficient γ pu = 0.5) for the S3, S3 10 and S3 P10T20 at U ∞ = 9 m/s. . . . . . . . . . . . . . . . . . 7.25 Velocity statistics normalized with U ∞ = 9 m/s for S3, S3 10 and S3 -P10T20 Peak cases downstream of the BFS. The white line is the separation border (Simpson coefficient γ pu = 0.5). . . . . . . . . . . . . . . . . 7.26 Velocity statistics normalized with U ∞ = 9 m/s for S3, S3 10 and S3 -P10T20 Middle cases downstream of the BFS. The white line is the separation border (Simpson coefficient γ pu = 0.5). . . . . . . . . . . . . . . . 7.27 Velocity statistics normalized with U ∞ = 9 m/s for S3, S3 10 and S3 -P10T20 Trough cases downstream of the BFS. The white line is the separation border (Simpson coefficientγ pu = 0.5). . . . . . . . . . . . . . . . 7.28 Mean wall-normal (V) and spanwise (W) velocity components normalized with U ∞ just downstream of the FCD at station ST1 (x = -3.31h

4. 1

 1 Reference flow parameters at x = -3.85h in the APG region (ramp angle of -5 • ). Data obtained using low-speed PIV set-up, u τ estimated with a Clauser chart method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2 Reattachment point X R using Simpsons's coefficient γ pu = 0.5 at the first point measured at the wall. Recirculation region downstream of the BFS. 4.3 Backflow area normalized by h² defined by the area under the boundary of Simpsons's coefficient. γ pu = 0.5. Normalized by h 2 . Recirculation region downstream of the BFS. . . . . . . . . . . . . . . . . . . . . . . . 5.1 BL properties at ST2 at x = -0.04h for all cases. The kinematic viscosity of air is 1.5.10 -5 m 2 /s (T = 20 • C, P about 1.013 bars). Peak (P), Middle (M) and Trough (T). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.1 Location of the Peak, Middle and Trough positions for the different FCD cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 1 . 1 :

 11 Figure 1.1: Sketch of a classical Backward-Facing Step (BFS). Extracted from Driver et al. (1987).

Figure 1 . 2 :

 12 Figure 1.2: Sketch of a Backward-Facing Step (BFS) with a fence. Extracted from Neumann and Wengle (2004).

Figure 1

 1 Figure 1.3: Sketch of the fractal blade. Modified from Steiros et al. (2017).

Figure 2 . 1 :

 21 Figure 2.1: Sketch of average streamlines representing separation and reattachment points. Extracted from[START_REF] Délery | Robert legendre and henri werlé: toward the elucidation of threedimensional separation[END_REF].

Figure 2 . 2 :

 22 Figure 2.2: Sketch of a BL separation. S is the separation point and PI is the point of inflexion. Extracted from (Schlichting and Gersten (2016), p.150).

Figure 2 . 3 :

 23 Figure 2.3: Sketch of a TBL separation. a) traditional view, b)Simpson's view. Extracted from[START_REF] Simpson | Turbulent boundary-layer separation[END_REF].

Figure 2 . 4 :

 24 Figure 2.4: Reattachment point L r (in this thesis it is denoted by X R ) versus Re h for various values of expansion ratio ER. Extracted from Chovet et al. (2017).

Figure 2 . 5 :

 25 Figure 2.5: Vortex generator used for flow separation control over the rounded Backward Facing Step (BFS). Extracted from Lin (2002).

  slanted rear-end of the Ahmed body

Figure 2 . 6 :

 26 Figure 2.6: Sketch of vortex generator flow and its application on Ahmed Body. Extracted from Pujals et al. (2010).

Figure 2 . 7 :

 27 Figure 2.7: Instantaneous spanwise vorticity for reference and fence cases. Extracted from Neumann and Wengle (2004).

Figure 2

 2 Figure 2.8: LES results for Length scale of a rounded BFS. The dashed line represents the zero time-averaged streamwise velocity. The solid line represents the dividing mean streamline. Extracted from Bentaleb et al. (2012).

Figure 2

 2 Figure 2.9: DNS results for pressure coefficient C P for classical BFS. Extracted from Pont-Vílchez et al. (2019).

Figure 2

 2 Figure 2.10: Pressure Coefficient C P distribution (a) LSB over airfoil (Breuer, 2018) (b) recirculation region in the BFS (Pont-Vílchez et al., 2019).

Figure 2 .

 2 Figure 2.14: Sketch of a fractal snowflake.

Figure 2 .

 2 Figure 2.15: Sketch of a fractal tree. Extracted from Bai et al. (2012).

  the flat trailing edge by a serrated one (Figure2.16). Instead of a typical triangular serration (sawtooth), they preferred a multiscale sine geometry. They claimed that due to the multiscale geometry, the vortex shedding energy as well as the spanwise coherence was reduced.

Figure 2 .

 2 Figure 2.16: Sketch of a fractal trailing edge. Extracted from Prigent et al. (2017).

Figure 2 .

 2 Figure 2.17: Sketch of a fractal spoiler. Extracted from Nedic et al. (2012).

Figure 3

 3 Figure 3.1: Sketch of the LMFL wind tunnel. Extracted from Cuvier et al. (2017)

Figure 3

 3 Figure 3.2: Ramp model inside LMFL wind tunnel, flow from left to right. Extracted from Cuvier et al. (2017)

Figure 3

 3 Figure 3.3: EUHIT ramp model inside LMFL wind tunnel, flow from left to right. Figure modified from Cuvier et al. (2017)
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 35 Figure3.5: The upstream reference system x-y (red) is fixed at the step-edge at x = 0. The recirculation region reference system x-y (green) is fixed at the step-foot at x = 1h.

Figure 3 . 6 :

 36 Figure 3.6: Picture of the ramp model inside the wind tunnel with an example of FCD (L case).

  Figure 3.7: Flow over the Koch curve

Figure 3 . 9 :

 39 Figure 3.9: Sketch of several VGs. Figure modified from Lin (2002).

  Figure 3.9: Sketch of several VGs. Figure modified from Lin (2002).

Figure 3

 3 Figure 3.10: Top view of the flow over the sine curve.

Figure 3

 3 Figure 3.11: a) Fractal-multiscale FCD is formed by dividing the amplitude A by 2 and the wavelength W by 4 at each iteration. S1: a simple sine wave A30W250 (blue curve). S2: A30W250 + A15W62.5 (red curve). S3: A30W250 + A15W62.5 + A7.5W15.625 (green curve). b) 3D printed devices.

Figure 3

 3 Figure 3.13: Computer-Aided Design (CAD) of L, S1, S2 and S3 devices. All devices have a height of k = 20 mm, a base of x = 15 mm and a main wavelength of W = 250 mm.

Figure 3 .

 3 Figure 3.14: Picture of the S1 FCD on the ramp.

  ) have some resemblance with the flow structures generated by S1, S2 and S3 devices in the 2D3C PIV measurements presented in chapter 5.1.

Figure 3 .

 3 Figure 3.15: VG set-up: flow direction is from left to right. Two cameras on the other side aligned with the VG. On the right, the mirror is used to reflect the laser coming from below the wind tunnel.

Figure 3 .

 3 Figure 3.16: Sketch of VG geometry.

Figure 3

 3 Figure 3.18: New case sinef2 and Vortex Generator (VG) with previous cases S1, S2 and S3. The VG has an angle of attack of 18 • .

Figure

  Figure 3.19: CAD top view of Sinef2 device.

Figure 3

 3 Figure 3.20: CAD views of S3 P10T20 device.

Figure 3

 3 Figure 3.21: The S3 P10T20 device and Sinef2 placed on the ramp. Flow is from left to right.

Figure 3

 3 Figure 3.23: Histogram of displacement biased towards integral values due to peak locking. Extracted from[START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF].

Figure 3

 3 Figure 3.25: Sketch of the PIV perspective error: under and overestimation cases.

Figure 3 .Figure 3 Figure 3

 333 Figure 3.26: Experimental set-up 2D2C PIV LS and HS: Flow direction is from left to right. There are four Low-speed cameras (left) and three High-speed cameras (right).PIV lasers are at the wind tunnel centerline.

  1 mm/px. The cameras were also equipped with micro Nikkor 105 mm at f # = 4. The dt was tuned to obtain 14 pixels on top of the field of view for high dynamics range. The calibration plate used in the recirculation region can be seen in Figure3.29. Fewer images are recorded, 6000 instead of 19624, however at a lower frequency of 10 Hz ensuring that much more images are uncorrelated. The estimation of the number of uncorrelated is based on assuming an integral time scale which is found by bubble length divided by free stream velocity (L sep /U e = (0.51m)/(10m/s) = 51ms). In 11 runs of 9.3s in 2D2C PIV HS, the number of uncorrelated samples is estimated as (9.3s.11)/51ms = 2005 images compared to 6000 now. A low frequency, but more powerful laser is used, instead of the faster Quantronix Darwin 25 mJ/pulse used in the 2D2C PIV HS experiment, we used Innolas laser Spitlight Compact 400, M 2 = 12, 140 mJ/pulse at 532 nm, acquisition frequency f = 10 Hz. This allowed a bigger FOV in the vertical direction. The laser was introduced similarly inside the wind tunnel as for 2D2C PIV HS with a mirror downstream of the FOV into partially a cavity in the bottom test section wall. The laser thickness was 2 mm and again it was cut tangent to the wall to minimize the reflection. A summary of the PIV parameters is found in Table3.2.

Figure 3 .

 3 Figure 3.29: Recirculation set-up (2D2C PIV RC): Flow direction is from right to left. There are two low-speed cameras. PIV laser is at the wind tunnel centerline. The calibration plate is also centered.

Figure 3 .

 3 Figure 3.30: Sketch of the Near-field set-up (2D2C PIV NW). FCD L case is drawn.

Figure 3 .

 3 Figure 3.31: Sketch of the SPIV set-up in the APG ramp region at ST1 at x = -3.31h upstream of the BFS.

Figure 3 .

 3 Figure 3.32: Sketch of the locations of the different SPIV measurements.

Figure 3

 3 Figure 3.33: Sketch of the SPIV plane distance to the S1 device.

Figure 3

 3 Figure 3.34: PIV random noise estimated from the common region between cameras C3 and C4 upstream of the BFS (2D2C PIV LS). Reference case.

Figure 3

 3 Figure 3.35: PIV random noise estimated from the common region between cameras C6 and C7 downstream of the BFS (2D2C PIV HS). Straight bar L case.

Figure 3

 3 Figure 3.36: PIV random noise estimated from the common region between cameras C1 and C2 downstream of the BFS (2D2C PIV RC). Straight bar L case.

Figure 3

 3 Figure 3.37: PIV random noise estimated from the common region between cameras C1 and C2 downstream of the FCD (2D2C PIV NW). Straight bar L case.

Figure 3 .

 3 Figure 3.39: PIV random noise estimated from the common region between cameras C1 and C2 upstream of the PIV plane with cameras C3 and C4 downstream of the PIV plane. The S3 case is chosen. (a) and (b) presents the noise at ST1 = -3.31h and (c) and (d) presents the noise at ST4 = 2.54h.
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 41 Figure 4.1: Streamwise mean velocity profiles of the reference flow upstream of the step.

Figure 4

 4 Figure 4.2: Streamwise mean velocity profiles in wall units at streamwise position x F CD = -3.85h upstream of the BFS. The inclined dotted line corresponds to the log law.

Figure 4

 4 Figure 4.3: RMS velocity profiles and Reynolds shear stress one in wall units at streamwise position x F CD = -3.85h upstream of the BFS

Figure 4

 4 Figure 4.4: Velocity statistics normalized with U ∞ for the reference flow upstream of the BFS.

  4.2. Characterization of the Recirculation Region Downstream of the BFS 4.2 Characterization of the Recirculation Region Downstream of the BFS

Figure 4 . 5 :

 45 Figure 4.5: Mean streamlines of the reference flow in the recirculation region downstream of the BFS.

  Figure 4.7: The Probability Density Function (PDF) of the instantaneous streamwise velocity u. a) point with a match between U = 0 and Simpson, b) Reattachment point defined with U = 0 at first point from the wall, c) Reattachment point defined with γ pu = 0.5 at first point from wall.

Figure 4

 4 Figure 4.8: Separation boundary (i.e. where U mean = 0) for different streamwise positions of L device. Reference is without FCD. The streamwise position of the L device on the ramp upstream of the BFS is given by x F CD .

  Figure 4.9: Separation boundary (i.e. where U mean = 0) for different streamwise positions of S3 device at Middle compared to reference flow and L case at -500h.

Figure 4

 4 Figure 4.10: Backflow area for various FCD streamwise positions normalized with h 2 for L and S3 Middle cases.

Figure 4 .

 4 Figure 4.11: Simpson coefficient γ pu fields downstream of the BFS for reference and L cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location.

  Figure4.12: Simpson coefficient γ pu fields downstream of the BFS for reference and S1 cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location.

  Figure 4.13: Simpson coefficient γ pu fields downstream of the BFS for reference and S2 cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location.

  Figure 4.14: Simpson coefficient γ pu fields downstream of the BFS for reference and S3 cases. The white line is the separation border defined by Simpson γ pu = 0.5. The black marker (X) is the X R location.

Figure 4 .Figure 4

 44 Figure 4.15: Separation border of all controlled cases and all spanwise positions on the device investigated. (Separation border detected by Simpson coefficient γ pu = 0.5). The recirculation region is downstream of the BFS.

  Figure 4.17: Normalized streamwise mean velocity U mean /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5.

  Figure 4.18: Normalized wall-normal mean velocity V mean /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5.

Figure 4 .

 4 Figure 4.19: Sketch of the possible streamwise vortex formation in the y-z plane.

  Figure 4.20: Normalized streamwise mean velocity u rms /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5.

  Figure 4.21: Normalized wall-normal mean velocity v rms /U ∞ for Peak, Middle and Trough regions downstream of the BFS. The white line is the separation border defined by Simpson γ pu = 0.5.

  Figures 5.1 to 5.9 present all the components of the mean velocity and the Reynolds stresses. Within the result plots, a black line representing the fractal/multiscale geometry is drawn. It indirectly indicates the orientation and position of the Peak, Middle and Trough points. The FCD is of course placed on the solid floor (x-z) and not on the SPIV plane (y-z). This line is to assist the understanding of the relation of the measurement point to the Peak, Middle and Trough positions. In the figures, black arrows represent the vertical (wall-normal) and spanwise mean velocities (V, W). In order not to pollute the figure, only 1 arrow is plotted every 10 points.
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 51 Figure 5.1: Normalized mean streamwise velocity U mean /U ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.

Figure 5 . 2 :

 52 Figure 5.2: Normalized mean wall-normal velocity V mean /U ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.

Figure 5 . 3 :

 53 Figure 5.3: Normalized mean spanwise velocity W mean /U ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.
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 54 Figure 5.4: Normalized streamwise turbulence intensity u rms /U ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.
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 55 Figure 5.5: Normalized wall-normal turbulence intensity v rms /U ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.

Figure 5 . 6 :

 56 Figure 5.6: Normalized spanwise turbulence intensity w rms /U ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.
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 15758 Figure 5.7: Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ (colorbar) field just downstream of the FCD. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.

  Figure 5.10(d) might have a bias. In the Middle position, the Boundary Layer (BL) profile of fractal/multiscale fences S1, S2 and S3 recovers faster than the straight L fence, but all controlled cases remain far from the reference flow. The BL for S1, S2 and S3 Trough cases (Figure5.10(c)) has a slow recovery with a profile typical of decelerated BL with an inflexion point. This usually means that flow separation is near, which correlates with a large bubble size (Figure4.15(c)). At the Peak position, the BL profile of fractal/multiscale S1, S2 and S3 cases have recovered faster than the straight L case and nearly match the mean flow profile of the reference flow. This higher velocity near the wall than Trough (Figure4.15(c)) correlates well with a smaller bubble size). The aim of flow control is to gain overall improvement. If one region (Peak) is improving the system but at the same time another region (Trough) is deteriorating it, the flow control performance is debatable. Therefore, the average over the spanwise extend of the FOV, thus including Peak, Middle and Trough regions, can give some indication of overall performance (Figure5.10(d))

Figure 5 .

 5 Figure 5.10: Boundary layer profiles of the normalized mean streamwise velocity for all control cases at Peak, Middle, Trough and spanwise averaged profile in the PIV FOV. The upstream region ST2 is at x = -0.04h of the BFS.

Figure 5 .

 5 Figure 5.11: Boundary layer profile of the normalized streamwise turbulence intensity for all control cases at Peak, Middle, Trough and spanwise averaged profile in the PIV FOV. The upstream region is at ST2 at x = -0.04h from the step-edge.

Figure 5

 5 Figure5.12: Normalized mean streamwise velocity U mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.

Figure 5

 5 Figure5.13: The vertical velocity V mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.

Figure 5

 5 Figure 5.14: Normalized mean spanwise velocity W mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.

Figure 5

 5 Figure 5.15: Normalized streamwise turbulence intensity u rms /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.
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 55 Figure 5.16: Normalized wall-normal turbulence intensity v rms /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.
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 255 Figure5.17: Normalized spanwise turbulence intensity w rms /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.

Figure 5

 5 Figure 5.19: Reynolds shear stress -⟨u ′ w ′ ⟩/U 2 ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.

Figure 5

 5 Figure 5.20: Reynolds shear stress -⟨v ′ w ′ ⟩/U 2 ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST2 at x = -0.04h upstream of the BFS.
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 35 Figure5.21: Separation border detected with Simpson coefficient γ pu = 0.5 for all cases at ST3 at x = 1.54h (downstream of the BFS). The area under the curve given in the legend is normalized by h 2 .
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 5 Figure 5.22: Normalized mean streamwise velocity U mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST3 at x = 1.54h downstream of the BFS.

Figure 5

 5 Figure 5.23: Normalized mean wall-normal velocity V mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST3 is at x = 1.54h of the step-edge. The downstream region of the BFS.
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 55 Figure 5.24: Normalized mean spanwise velocity W mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST3 at x = 1.54h downstream of the BFS.
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 55 Figure 5.25: Normalized streamwise turbulence intensity u rms /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST3 at x = 1.54h downstream of the BFS.
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 55 Figure 5.26: Normalized wall-normal turbulence intensity v rms /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST3 at x = 1.54h downstream of the BFS.
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 55 Figure 5.28: Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST3 at x = 1.54h downstream of the BFS.

Figure 5

 5 Figure 5.30: Reynolds shear stress -⟨v ′ w ′ ⟩/U 2 ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST3 at x = 1.54h downstream of the BFS.

Figure 5

 5 Figure5.31: Separation border detected with Simpson coefficient γ pu = 0.5 for all cases at ST4 at x = 2.54h (downstream of the BFS). The area under the curve given in the legend is normalized by h 2 .

Figure 5

 5 Figure 5.32: Normalized mean streamwise velocity U mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.

Figure 5

 5 Figure 5.33: Normalized mean wall-normal velocity V mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.

Figure 5

 5 Figure 5.34: Normalized mean spanwise velocity W mean /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.

Figure 5

 5 Figure 5.35: Normalized streamwise turbulence intensity u rms /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.
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 55 Figure 5.36: Normalized wall-normal turbulence intensity v rms /U ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.

Figure 5

 5 Figure 5.38: Reynolds shear stress -⟨u ′ v ′ ⟩/U 2 ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.

Figure 5

 5 Figure 5.39: Reynolds shear stress -⟨u ′ w ′ ⟩/U 2 ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.

Figure 5

 5 Figure 5.40: Reynolds shear stress -⟨v ′ w ′ ⟩/U 2 ∞ (colorbar) field for all cases. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST4 at x = 2.54h downstream of the BFS.

  Figure 5.41: Normalized streamwise turbulence intensity u rms /U ∞ for the reference flow at the four streamwise stations ST1 to ST4.
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 5 Figure 5.42: Normalized streamwise turbulence intensity u rms /U ∞ for the L case at the four streamwise stations ST1 to ST4..

Figure 5 .

 5 Figure 5.44: Normalized streamwise turbulence intensity u rms /U ∞ for the S2 case at the four streamwise stations ST1 to ST4..
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 61 Figure 6.1: Mean streamlines of the reference separated flow at 9 m/s downstream of the BFS obtained with the new experiment 2D2C PIV RC. The rectangle is the FOV of the 2D2C PIV HS of chapter 4.
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 62 Figure 6.2: The separation border (detected by the Simpson coefficient γ pu = 0.5) for the reference cases downstream of the BFS.
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 63 Figure 6.3: Separation border (detected by the Simpson coefficient γ pu = 0.5) for the S3 cases downstream of the BFS. The black lines represents U ∞ = 9 m/s and red lines U ∞ = 3 m/s cases.

  Figure 6.5: Velocity statistics at U ∞ = 3 m/s and 9 m/s for S3 Peak cases downstream of the BFS. The white line is the Simpson coefficient γ pu = 0.5 line.

Figure 6 . 9 :

 69 Figure 6.8: Velocity statistics for the reference cases at U ∞ = 3 m/s and 9 m/s around the FCD.

  Figure 6.11: Velocity statistics around the FCD for S3 Middle cases at U ∞ = 3 m/s and 9 m/s.

  7.1. Near-Wake Field of L, S1, S2 and S3 Original Devices

  Figure 7.1: Simpson coefficient γ pu fields around the FCD for the biggest FCD flow separation cases. The dashed black line is the bubble separation border defined by Simpson coefficient γ pu = 0.5. The vertical black line marks the position of the Middle in (a) and (b) and of the Trough in (c), (d), (e) and (f).
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 72 Figure 7.2: Mean streamlines at U ∞ = 9 m/s around the FCD.

Figure 7

 7 Figure 7.3: A sketch of the flow structure generated by the device at Peak and Trough positions. View from upstream of the device with an inclination of about 45 • from the wall. Arrows indicate flow directions. The continuous blue shape indicates the shape taken by the "spanwise" vortex structure created. The circle with a cross indicates flow strongly going towards the wall and with a point strongly going away from the wall.

Figure 7

 7 Figure 7.4: Instantaneous velocity field showing the formation of spanwise vortices downstream of the S1 Trough position at U ∞ = 9 m/s. The red point indicates approximate the spanwise vortex centers near x/h = -3. One arrow is plotted every 10 points.
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 75 Figure 7.5: Sketch of a hairpin eddy attached to the wall. Extracted from Adrian et al. (2000).

Figure 7

 7 Figure 7.11: Velocity statistics normalized with U ∞ = 9 m/s for Sinef2 cases around the FCD.

Figure 7

 7 Figure 7.12: Separation border downstream of the BFS for the Sinef2 case (Separation border detected by Simpson coefficient γ pu = 0.5).

Figure 7

 7 Figure 7.15: BFS separation border (detected by Simpson coefficient γ pu = 0.5) for the reference, S3 and VG cases at U ∞ = 9 m/s.

Figure 7

 7 Figure 7.20: BFS separation border (detected by Simpson coefficient γ pu = 0.5) for S3 (black) and S3 10 (red) cases at U ∞ = 9 m/s and S3 (blue) at U ∞ = 3 m/s.

7. 2 .

 2 Flow Control Efficiency With Varying Original Fractal FCD Parameters suggests that an intermediate height may be more optimal. Intermediate Summary of Extra Configurations for the Passive Fractal/Multiscale Devices • The recirculation region behind the FCD decreases from Trough to Middle to Peak and as the number of fractal iterations increases (S1 to S2 to S3).

Figure 7

 7 Figure 7.24: BFS separation border (detected by Simpson coefficient γ pu = 0.5) for the S3, S3 10 and S3 P10T20 at U ∞ = 9 m/s.

7. 3 .

 3 Transverse Analysis of the 3D Flow Generated by the Different S3 Devices 7.3 Transverse Analysis of the 3D Flow Generated by the Different S3 Devices
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 7 Figure7.28: Mean wall-normal (V) and spanwise (W) velocity components normalized with U ∞ just downstream of the FCD at station ST1 (x = -3.31h). One arrow is plotted every 10 points.

Figure 7

 7 Figure7.29: Mean velocity fields normalized with U ∞ just downstream of the FCD at station ST1 (x = -3.31h). Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry.

Figure 7

 7 Figure7.30: RMS velocity fields normalized with U ∞ just downstream of the FCD at station ST1 (x = -3.31h). Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry.

Figure 7

 7 Figure7.31: Reynolds stresses fields normalized with U ∞ just downstream of the FCD at station ST1 (x = -3.31h). Black arrows represent the wall-normal and spanwise mean velocities (V, W). The solid black line represents the fractal/multiscale geometry.

Figure 7

 7 Figure7.32: Spatial transverse spectra of streamwise velocity for the reference, S3, S3 10 and S3 P10T20 cases just downstream of the FCD at station ST1 at x = -3.31h.
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 37 Figure 7.33: Mean wall-normal (V) and spanwise (W) velocity components normalized with U ∞ downstream of the BFS at ST4 = 2.54h.

Figure 7

 7 Figure 7.34: Separation border detected with Simpson Coefficient γ pu = 0.5 for reference, S3, S3 10 and S3 P10T20 downstream of the BFS at ST4 = 2.54h. The area under the curve given in the legend is normalized by h 2 .
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 777 Figure 7.35: Mean velocity fields normalized with U ∞ (colorbar) downstream of the BFS at station ST4 at x = 2.54h. Black arrows represent the mean wall-normal and spanwise velocities (V, W). The solid black line represents the fractal/multiscale geometry.

Figure 7

 7 Figure7.39: Normalized mean wall-normal velocity V mean /U ∞ (colorbar) field just downstream of the FCD. Black arrows represent the vertical and spanwise mean velocities (V, W). The solid black line represents the fractal/multiscale geometry. Station ST1 at x = -3.31h upstream of the BFS.
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Table 3 .

 3 1: PIV recording parameters of 2D2C PIV LS and HS Interrogation window 24 by 24 px 2 (2.46 by 2.46 mm 2 ) 24 by 24 px 2 (2.82 by 2.82 mm 2 )

	Parameters	2D2C PIV LS	2D2C PIV HS
	Position	Upstream of the BFS	Downstream of the BFS
	Plane	x-y	idem
	Max. in-plane velocity	≈ 12 m/s	≈ 6 m/s
	Camera	Lavision imager sCMOS	Phantom Miro 340
	Frequency	12 Hz	192 Hz
	Recorded images	10,500	19,624
	Chip size	2560 px by 2160 px	2560 px by 1600 px
	Pixel size	6.5 µm	10 µm
	Field of view	1010(x) by 213(y)mm 2	850(x) by 100(y)mm 2
	Magnification	M ≈ -0.066	M ≈ -0.086
	Magnification factor	M f ≈ 0.1024 mm/px	M f ≈ 0.1177 mm/px
	Aperture	f# = 4	f# = 4
	Overlap	60%	60%
	Vector spacing	1.04mm 2	1.37mm 2
	Vector grid	988 by 208	720 by 86
	Recording lens		
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 3 Interrogation window 24 by 24 px 2 (2.44 by 2.44 mm 2 ) 24 by 24 px 2 (1.43 by 1.43 mm 2 )

			.2: PIV recording parameters
	Parameters		2D2C PIV RC	2D2C PIV NW
	Position		Downstream BFS	upstream BFS
	Plane		x-y	idem
	Camera	Lavision imager sCMOS	idem
	Frequency		10 Hz	idem
	Recorded images		6,000	idem
	Chip size		2560 by 2160 px 2	idem
	Pixel size		6.5 µm	idem
	Field of view	512 (x) by 172 (y) mm 2	290 (x) by 125 (y) mm 2
	Magnification		M ≈ -0.064	M ≈ -0.108
	M factor M Overlap	60%	idem
	Vector spacing		1.04 mm	0.6 mm
	Vector grid	495 (x) by 169 (y)	487 (x) by 209 (y)
	Recording lens		f = 105 mm	f = 135 mm
	Aperture		f# = 4	f# = 8
	Working distance		1699 mm	1190 mm
	Illumination	Innolas laser 140mJ/pulse	idem
			at 532 nm
	Laser thickness		2 mm	1.5 mm
	Laser M 2		12	idem
	Pulse delay 9 m/s		130 µs	60 µs
	Pulse delay 3 m/s		390 µs	180 µs
	Seeding	Glycol-water d p ≈ 1µm	idem
			54

f ≈ 0.10185 mm/px M f ≈ 0.05977 mm/px
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	.3: SPIV recording parameters
	Parameters	SPIV
	Position	two cameras on top wall
	PIV plane	YZ
	Max. in-plane velocity	≈ 12 m/s
	Camera	Lavision imager sCMOS
	Chip size	1600x2160 px 2
	Pixel size	6.5 µm
	Frequency	5 Hz
	Recorded fields	10,000
	Aperture	F # = 5.6
	Recording lens	f = 105mm
	Field of view	176.6 by 165.8 mm 2
	Interrogation window	18x24px 2 (1.9 by 1.9 mm 2 )
	Overlap	50%
	Vector spacing	0.9mm 2
	Vector grid	197 by 185
	Mean magnification factor 0.078 mm/px non-stretched direction (Z)
	Illumination	Innolas laser 140 mJ/pulse at 532 nm
	Laser thickness	2 mm
	Pulse delay	80 µs
	Seeding	Glycol-water d

p ≈ 1 µm

Table 3

 3 

		.4: SPIV2 recording parameters	
	Station	ST1 = -3.31h	ST4 = 2.54h
	Position	four cameras on top wall	idem
	PIV plane	YZ	YZ
	Max. in-plane velocity	≈ 12 m/s	≈ 9 m/s
	Camera	Lavision imager sCMOS	idem
	Chip size	1600x2160 px 2	idem
	Pixel size	6.5 µm	idem
	Frequency	10 Hz	idem
	Recorded fields	20,000	idem
	Aperture	F # = 5.6	idem
	Recording lens	f = 105mm	idem
	Field of view	263.2 (z) by 164.5 (y) mm 2	272.3 by 189.3 mm 2
	Interrogation window	16x24px 2 (1.61 by 1.61 mm 2 )	(1.73 by 1.73 mm 2 )
	Overlap	57%	60%
	Vector spacing	0.7mm 2	idem
	Vector grid	235 (y) by 377 (z)	270 (y) by 390 (z)
	Mean magnification factor 0.067 mm/px non-stretched direction (Z)	0.072
	Illumination	Innolas laser 140 mJ/pulse at 532 nm	idem
	Laser thickness	2 mm	idem
	Pulse delay	90 µs	80 µs
	Seeding	Glycol-water d	

p ≈ 1 µm idem

Table 4 .

 4 2: Reattachment point X R using Simpsons's coefficient γ pu = 0.5 at the first point measured at the wall. Recirculation region downstream of the BFS.

		ref	L	S1	S2	S3
	Peak	-	-	3.12h 2.74h 2.71h
	Middle 3.92h 3.86h 3.20h 3.09h 2.82h
	Trough	-	-	3.34h 3.42h 3.46h
	Average 3.92h 3.86h 3.22h 3.08h 2.99h

Table 4 .

 4 3: Backflow area normalized by h² defined by the area under the boundary of Simpsons's coefficient. γ pu = 0.5. Normalized by h 2 . Recirculation region downstream of the BFS.

		ref	L	S1	S2	S3
	Peak	-	-	0.48 0.30 0.24
	Middle 0.95 0.81 0.64 0.62 0.39
	Trough	-	-	0.84 1.17 1.35
	Average 0.95 0.81 0.66 0.70 0.66
	In Figure				

  Just Upstream of the Ramp Step Edge (Station ST2 at x = -0.04h)
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Chapter 4

Reshaping the Recirculation Bubble by Passive Fractal Devices Chapter 4. Reshaping the Recirculation Bubble by Passive Fractal Devices cases. All in all, the position of the region of high -⟨u ′ v ′ ⟩ might have an impact on the X R position, but not necessarily the magnitude of -⟨u ′ v ′ ⟩ as also found for v rms .

Summary of ST1

• In the reference and L cases, all figures for the mean velocities, turbulence intensities velocities and Reynolds shear stresses are homogeneous in the spanwise direction.

• In the S1, S2 and S3 cases, downstream of the Trough region the mean flow is redirected away from the wall and downstream of the Peak region the mean flow is redirected towards the wall.

• As the number of fractal iterations increases:

-faster streamwise flow is brought closer to the wall downstream of the Peak region.

-smaller flow organization appears, which on average looks like streamwise vortices.

-u rms , v rms , w rms , -⟨u ′ v ′ ⟩ and -⟨u ′ w ′ ⟩ are spread towards the wall downstream of all regions (Peak, Middle and Trough).

• In the S1, S2 and S3 cases, positive and negative values of -⟨u ′ i u ′ j ⟩ are distributed in a near periodic fashion.

Flow Just Downstream of the Ramp

Step Edge (Station ST4 at x = 2.54h)

Summary of ST4

• The reshaping of the separation border, defined by the Simpson coefficient γ pu = 0.5 line, into a sine wave in the y-z plane increases from ST3 to ST4 for the S1 device and especially for the S2 and S3 devices.

• The reduction of the bubble area (i.e. area under the Simpson γ pu = 0.5 line) is further increased at ST4 for all controlled cases.

• In all cases, the region of high u rms , v rms and w rms spread more at ST4 than at ST3, indicating that the shear layer grows with downstream position.

• In the S1, S2 and S3 cases, the region of high w rms is largely spread downstream of the Peak region due to shear-layer impingement onto the wall at about the X R location, which is near the ST4 plane.

• As observed in ST3, in the S1, S2 and S3 cases, -⟨u ′ w ′ ⟩ has a horizontal periodic behaviour with alternating positive and negative -⟨u ′ w ′ ⟩ regions side by side.

• -⟨u ′ v ′ ⟩ decreases and -⟨u ′ w ′ ⟩ increases as the number of fractal iterations increases (S1 to S2 to S3).

Chapter 5. Multiscale Structures Generated by Passive Fractal/Multiscale Devices

Summary of Chapter 5

The stereo-PIV performed in this chapter at four streamwise planes allowed us to visualize the different flow behaviours generated by the fractal/multiscale flow control devices (FCD) at X F CD = -3.85h. The FCD near-field, recorded at station ST1 at x = -3.31h, provides the information that the S1, S2 and S3 devices are types of streamwise vortex generators. As the number of fractal/multiscale iterations increases, mean streamwise vortices are being generated, smaller in size but larger in number. This increases the heterogeneity in the spanwise direction. Downstream of the Trough position, the flow is redirected away from the wall, creating an upwash flow which makes the separation downstream of the FCD bigger. On the other hand, downstream of the Peak position, the opposite is happening: the flow is redirected towards the wall, creating a downwash flow which creates faster reattachment. At ST1 (x = -3.31h), the L case has regions of high u rms , v rms , w rms and -⟨u ′ v ′ ⟩ concentrated at y/h = 0.3 which corresponds to twice the FCD height k. In the S1 case, the regions of high u rms , v rms , w rms and -⟨u ′ v ′ ⟩ are concentrated at y/h = 0.3 downstream of the Trough with a gradual transition to y/h = 0.1 downstream of the Peak. In the S2 and S3 cases, as they have more local Troughs and Peaks per spanwise length, these concentrated regions are more highly curved, have more alternations and are more spread towards the wall. Furthermore, negative and positive regions of -⟨u ′ v ′ ⟩, -⟨u ′ w ′ ⟩ and -⟨v ′ w ′ ⟩ are generated. This suggests one hypothesis: the S3 device generates small "hot-spots" with high turbulence intensity distributed in the spanwise direction, whereas the S1 device generates only one big "hot-spot" with high turbulence intensity. Smaller but large number of "hot-spots" lead to better mixing downstream of the FCD, which appears to result in a better reduction of the recirculation bubble downstream of the BFS. The turbulent momentum transfer depends on -⟨u ′ v ′ ⟩, -⟨u ′ w ′ ⟩ and -⟨v ′ w ′ ⟩. Therefore, in the S3 case the Reynolds stresses being best distributed enhances the mixing across the entire device which creates the highest positive control effect observed on the recirculation region.

At ST2 (x = -0.04h), near the step edge, the boundary layer (BL) profile is affected by the FCD located upstream. All controlled cases have an attached BL at this station. All Peak BL mean streamwise velocity (U) profiles recover faster with similar profiles as reference BL ones. All Trough BL U profiles do not recover well, retaining an inflexion point and low velocity near the wall. The L case also has an inflexion point in the BL U profile and also does not have a good recovery at this station. In the Peak cases, the shape factor is H ≈ 1.4 and for the Trough cases, the shape factor is H > 1.92. Higher H values show that the BL is near separation. This can contribute to a bigger bubble downstream of the Trough and a small bubble downstream of the Peak. Note that this explains why the L needs to be put further upstream (i.e. X F CD < -3.85h) for better efficiency, as observed in section 4.3. If further away, better BL recovery so smaller separation.

The mean velocity fields show a big mean vortex for the S1, S2 and S3 cases at ST2. Even though the S2 and S3 devices produce smaller vortices at ST1, evolving downstream, they all merge into one big vortex with a similar size as the one generated by the S1 device. However, the mean vortex gets closer to the wall as we go from S1 to S2 to S3. The vortex creates a downwash region downstream of the Peak and an upwash one downstream of the Trough. Perhaps, this helps the BL in the Peak region Chapter 6

Reynolds Number Dependence 6.1. Reynolds Number Dependence in the Recirculation Region for the Reference and S3 cases discussed in chapter 3. Perhaps, a fairer comparison would be to change the height of the FCD at 3 m/s, making the ratio k/δ constant (or k/θ constant).

The velocity fields may help in the explanation of the Reynolds number effects. In all figures 6.4, 6.5, 6.6 and 6.7, the white line is the Simpson γ pu = 0.5 line. Each case is normalized with its respective U ∞ .

Figure 6.4 shows x-y fields of velocity statistics for the reference case at 9 m/s and 3 m/s downstream of the BFS. The mean streamwise velocity U mean fields show relatively small differences: the bigger X R value at 3 m/s pushes the contours downstream and U mean /U ∞ = 1 are not captured by the FOV, whereas it is captured for 9 m/s. The minimum U mean /U ∞ = -0.2 covers a larger area for 9 m/s than for 3 m/s, suggesting a smaller but more intense recirculation bubble. The mean wall-normal velocity V mean is practically the same for both values of U ∞ , except with slightly more negative values on the top of the FOV of the 9 m/s case than 3 m/s case. This probably explains the smaller bubble size for the 9 m/s case. The u rms , v rms and -⟨u ′ v ′ ⟩ normalized with U ∞ are higher at U ∞ = 9 m/s than at U ∞ = 3 m/s. The maximum region for u rms is between 2.2 < x/h < 4 for 9 m/s while the maximum region is pushed downstream to 2.8 < x/h < 4.8 for 3 m/s. This is an effect of a larger bubble pushing these intensity regions further downstream. The higher Reynolds number produces higher turbulence intensities, consequently tending to reduce the recirculation region (Kiya and Sasaki, 1983a), [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF].

Figure 6.5 shows x-y fields of velocity statistics for the S3 Peak case at 9 m/s and 3 m/s downstream of the BFS. The mean streamwise velocity U mean values are similar in both cases. The V mean component has a region above the bubble with slightly more negative values at 9 m/s than at 3 m/s. As discussed in chapter 5, a strong negative V mean near X R is advantageous for reducing the bubble size by bringing the fluid down towards the wall. The S3 Peak case at 9 m/s has regions of higher u rms , v rms and -⟨u ′ v ′ ⟩ normalized with U ∞ than at 3 m/s. This appears with a smaller recirculation bubble at U ∞ = 9 m/s than at U ∞ = 3 m/s as shown in Figure 6.3. Figure 6.6 shows x-y fields of velocity statistics for the S3 Middle case at 9 m/s and 3 m/s downstream of the BFS. The same analysis applies here as in the Peak case. However, one difference is noticed: v rms is increasingly spread for the higher U ∞ , which might help to reduce the bubble size, probably explaining the substantial increase of bubble size for the 3 m/s case (see Figure 6.3).

Figure 6.7 shows x-y fields of velocity statistics for the S3 Trough case at 9 m/s and 3 m/s downstream of the BFS. The strong negative U mean region is slightly larger for the 3 m/s case than for 9 m/s due to a larger bubble size. The positive V mean region near the reattachment point is responsible for increasing the bubble size and X R in the Trough region for both velocities. However, the 3 m/s case has higher positive V mean than 9 m/s, which explains a larger bubble size for the smallest velocity tested. Near the reattachment point, the Simpson γ pu = 0.5 (white line) has an abrupt drop for 9 m/s and a smoother drop for 3 m/s. The rate of reattachment is also affected by the mean wall-normal velocity V mean . At 9 m/s the rate of reattachment is fast (see x/h ≈ 3 with a high slope of the γ pu = 0.5 line), however at 3 m/s, the rate of reattachment is slow (x/h ≈ 3 -4, i.e. with much lower slope of γ pu = 0.5 line). Coincidentally or not, V mean is higher (upwash) at 3 m/s than at 9 m/s. The u rms , v rms and -⟨u ′ v ′ ⟩ normalized with U ∞ are higher for 9 m/s than 3 m/s. As for the other spanwise locations of the S3 device, the V mean and turbulence organization seem to be linked to the bubble size Chapter 6. Reynolds Number Dependence x / h x / h x / h resulting effects on the BFS recirculation region of the new cases Sinef2, VG, and S3 10. For S3 P10T20, only measurements in the recirculation region were made. Its effects on the BFS recirculation will then be presented at the end of section 7.2. The question of whether the separated flow reattaches downstream of the FCD before reaching the BFS is answered in section 5.2. The BL velocity profile is plotted at ST2 (x/h = -0.04h) in Figure 5.10. This figure shows that the BL is attached for the L, S1, S2 and S3 cases at each spanwise location. However, we do not know yet the extent of the separated flow just downstream of the FCDs. This FCD recirculation bubble is visualized in Figure 7.1. In all Peak positions of S1, S2 and S3, as well as for the S2 and S3 Middle positions, the FCD separation area captured by the Field of View (FOV) of this PIV 2D2C NW set-up is small as mostly hidden in the unmeasured near-wall region in the camera 1 FOV (white rectangle in the figures due to the vertical shift of camera 1 tuned to protect it from strong laser reflections on the device). Thus the FCD separation of these cases is not shown.

In the L case, all contour levels of the Simpson Coefficient are not fully inside the FOV, see Figure 7.1(a). However, we can try to estimate the FCD bubble length by a linear extrapolation of the line γ pu = 0.5 (i.e. separation border represented by the black dashed line in Figure 7.1. The extrapolation touches the wall (corresponding to reattachment point X F CD R ) at about x = -1.5h and the separation starts at the device position x = -3.85h. The estimated value of the separation length of the L device is then 2.35h or about 15k (given step height h = 130 mm and FCD height k = 20 mm).

For the preliminary results in chapter 4 section 4.3, the L device was placed at different upstream locations and for the position at X F CD = -2.31h(15k), the BFS recirculation region increased, see Figure 4.8. Probably, for this position of the L device, the FCD flow is not reattached or just reattached close to the BFS edge. This tends to confirm our estimation of the L device separation length. This suggests that the distance between L and BFS has to be greater than 15k, otherwise the separated flow will extend up to the BFS, thus increasing the BFS recirculation region [START_REF] Miau | Control of separated flow by a two-dimensional oscillating fence[END_REF]. This explains now the minimum distance of the L device to the BFS edge found in chapter 4 to obtain positive control results (minimum distance of 3.85h or 25k). However, when [START_REF] Miau | Control of separated flow by a two-dimensional oscillating fence[END_REF] decreased the fence height to k/δ = 0.11 (similar to ours) with a distance from the fence to the step of 12k, the BL was reattached before the step, resulting in decreasing X R downstream of the BFS. Our L case needed more than 12k to be reattached, which can be attributed to APG upstream of the BFS in our configuration which might make a more difficult reattachment.

In Figure 7.1(b), the flow for the S1 Middle case reattaches at X F CD R ≈ -3h. The S1 Middle location is at x F CD = -3.85h, therefore the FCD bubble length is 3.85h -3h = 0.85h (5.5k). At the Trough position of S1, the separation border is not fully inside the 

Flow Control Efficiency With Varying Original

Fractal FCD Parameters

In this section, we vary some parameters of our original fractal FCD with the aim of improving their control efficiency. The VGs of Lin [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] are also tested to compare the performance of our device against that of a different but well-known device. In this section, the near-field flow around the device and the effects on the BFS recirculation bubble are discussed together. The understanding of the flow generated by the originally proposed fractal FCDs has pushed us to propose new devices described in chapter 3 (Sinef2, S310, S3P10T20) with the aim to improve (and in the future to optimize) the flow control performance. For the flow around the new device, the PIV 2D2C NW is used as in the previous section. For analyzing the flow downstream of the BFS (i.e. recirculation region), the PIV 2D2C RC is used. The Sinef2, S3 10 and S3 P10T20 devices have the same Peak, Middle and Trough streamwise positions as the original S3 (see Table 7.1). For the VGs of Lin, their positions were set with their trailing edges at the line x/h = -3.85 which is the Middle position for each FCD.

Influence of the Device Length and Peak-Trough angles

The first parameter test is to increase the length of the device (i.e. curvilinear length of the fence wall) without fractality, by simply increasing the ratio of the single amplitude A to the single wavelength W. A new device is then created called Sinef2 (see Figure 3.18) to test that. This device has an A/W ratio of 48mm/250mm = 0.192 and A was fixed as the distance Peak to Middle of the S3 device (48 mm). Near z/h = 125mm (Sinef2 Peak position), Figure 3.18 shows that Sinef2 has higher slopes/angles than S1 and S2 Peak and similar ones as S3 Peak. By normalizing the curvilinear length (s) of each device by the device length L (250 mm), we obtain the following ratios: s S1 /L = 1.13, s S2 /L = 1.5, s S3 /L = 2.4 and s Sinef 2 /L = 3.3. The hypothesis tested by this Sinef2 device is that a longer length with steeper slopes/angles leads to higher velocity gradients generated by the fence which therefore leads to higher reduction of the separation bubble. The Simpson Coefficient around the device is not shown for Sinef2 case because most of the contours lie inside the white rectangle. Therefore, the useful information is that Sinef2 generates a small FCD recirculation region for Peak, Middle and surprisingly for Trough too.

The x-y fields of velocity statistics for the Sinef2 case (Figure 7.11) can help to understand the small FCD recirculation bubble. The velocity statistics of the Sinef2 device show similar trends as the S1 one: the Peak induces less negative U mean than the Trough; the Peak forces a downwash (negative V mean ) and the Trough an upwash (positive V mean ); the regions with high u rms , v rms and -⟨u ′ v ′ ⟩ are more intense for the Trough than for the Peak. In the S1, S2, S3 Peak cases, u rms and v rms are generated at the tip of the device. However, for Sinef2 Peak, it appears that the regions where high u rms , v rms and -⟨u ′ v ′ ⟩ are found, are not generated at the tip of the device. Their first appearance is further downstream (i.e. there are low values near the device and high values further downstream of the device). A possible explanation is linked with the Sinef2 geometry. This device has steeper angles (see Figure 3.18). The incoming near wall flow at the Peak will be deviated easily towards the left and right Troughs, thus than in the case of the S3 device, making it impossible in this study to determine which device provides the best overall gain.

Comparing only the performances in reducing BFS bubble, we could say that the fractal/multi-scale S3 device has a clear advantage over VG. Therefore, the fractal/multiscale approach can be a viable option for flow control. Even though we did not measure the drag, we suspect that the VG device adds much lower drag to the system than the S3 device. The main flow control question is now: is the fractal FCD device able to reduce 

Influence of the FCD Height

The aim of this section is to explore the influence of the S3 height parameter k for trying to minimize the induced drag of the device while preserving its ability to reduce the BFS recirculation region. The modified version, named S3 10, has a reduced height of k = 10 mm which is half the original S3 one. The objective of the S3 10 test is then to investigate whether it is possible to achieve comparable BFS reduction performance with less frontal drag. The Simpson Coefficient field is not shown for the S3 10 because most of the contours lie inside the unmeasured white rectangle. The reattachment point of the FCD separation for the Trough position cannot be detected (this position corresponds to the larger FCD bubble for S3 device). It is however much closer to the device because X F CD R must be upstream of the -3.31h position (i.e. where the white rectangle ends) for S3 10 compared to X F CD R = -2.7h for S3. For both cases, the Trough of the FCD is located at x = -3.48h and its distance to X F CD R is at most 3.48h -3.31h = 0.17h or 2.21 times the S3 10 height. For S3, this distance to X F CD R ≈ -2.7h is 3.48h -2.7h = 0.78h or 5.07 times the S3 height. In conclusion, the FCD bubble is disproportionally smaller for the S3 10 Trough than for the S3 Trough position. At the other positions (Peak and Middle), no information is available on the FCD separation but we can suppose that it is the same. The smaller separation detected at the Trough for S3 10 can be related to a much lower flow rate which will impact the fence due to the height k divided by 2 and due to stronger velocity gradient close to the wall.

The Reynolds number of S3 at U ∞ = 9m/s and S3 at U ∞ = 3m/s is a factor of three different. The Reynolds number of S3 and S3 10 at U ∞ = 9m/s is a factor of two different. Therefore, a Reynolds number effect can also be present in the S3 10 results, so we decided to discuss these three configurations together.

Figure 7.17 shows x-y fields of velocity statistics around the FCD for the S3 Peak case at 3 m/s and 9 m/s and at 9 m/s for the S3 10 Peak case. The S3 10 presents faster U mean velocities near the wall, probably due to an earlier flow reattachment as highlighted for the Trough. The V mean shows the flow being redirected towards the wall but with less strength. All values of u rms , v rms , -⟨u ′ v ′ ⟩ are small, showing that indeed the half height perturbs much less the free-stream flow and consequently generates less drag.

Figure 7.18 shows x-y fields of velocity statistics around the FCD for the S3 Middle case at 3 m/s and 9 m/s and at 9 m/s for S3 10 Middle. In the S3 10 Middle case, the positive U mean is still higher than the S3 Middle case at 9 m/s and 3 m/s. However, there is a region near the wall downstream of the device of positive V mean for the S3 10 Middle, where the flow is not being redirected towards the wall. In terms of flow control, this can negatively influence the BFS region further downstream. However, the values of V mean /U ∞ in this region are very small and nearly vanish at the end of the field of view. All values of u rms , v rms , -⟨u ′ v ′ ⟩ are smaller than the S3 Middle case at 9 m/s and 3 m/s, but they are much higher than the S3 10 Peak position.

Figure 7.19 shows x-y fields of velocity statistics around the FCD for the S3 Trough case at 3 m/s and 9 m/s and at 9 m/s for S3 10 Middle case. Similar observation as for Figures 7.18 can be made. The U mean positive values confirm that the FCD bubble of S3 10 Trough case is much smaller than the S3 Trough one as it is completely inside the white rectangle. Again, higher mean streamwise velocities are found close to the wall for the S3 10 at this position.

The S3 10 follows the same trend as S1, S2 and S3. The FCD bubble size and the size of the regions of high u rms , v rms , -⟨u ′ v ′ ⟩ decrease as we go from Trough to Middle to Peak. The impact on the flow resulting from reducing the S3 device height is considerably greater than that resulting from reducing the Reynolds number. Hence, this is not a Reynolds number effect, and it is probably linked with the velocity gradient of the incoming BL. expected. However, the perturbation should be strong enough to obtain a non-negligible flow control effect. Figure 7.20 shows the separation border for the S3 case at 3 m/s and 9 m/s and at 9 m/s for the S3 10 case downstream of the BFS. First, the S3 10 Peak and Middle cases present smaller BFS bubble sizes and X R than the S3 case at 3 m/s, showing that, even though the flow upstream of the BFS is apparently less perturbated by the S3 10 at 9m/s than by the S3 at 3 m/s, this minor change has a stronger effect in terms of flow control efficiency than reducing by three times the Reynolds number. At the Trough position, the S3 10 increases the BFS bubble size and X R compared to the corresponding S3 case at 9 m/s. However, the flow reattaches earlier for the S3 10 than for S3 at 3 m/s at this Trough position (much longer separation bubble for the S3 case at 3m/s). Comparing now S3 10 and S3 at 9 m/s downstream of the Peak, it appears that the bubble size and X R are unaffected, or even slightly better for the S3 10 Peak. At the positions Middle and Trough, the separation border is vertically shifted away from the wall by the S3 10 compared to the S3 device, thus, increasing the BFS bubble. The separation point X S is therefore less delayed at these positions by the S3 10 device than the S3 one does. In conclusion, the Peak and Trough responded very differently, with Peak but 20 mm is better for Trough. This information is used to build our last improved device S3 P10T20 which is presented in the next section.

• The most important contributions for reducing the bubble size appear to be first, the negative V mean (downwash) which helps to squeeze down the bubble against the wall, thus forcing the reattachment; second, a high turbulence intensity which can modify the incoming flow on the BFS or which can maybe delay the separation point X S which reduces the BFS effective size, so thus the recirculation region.

Chapter 7. Improvement of the Passive Fractal/Multiscale Devices S3 P10T20 Peak which helps to reattach the separated flow faster and is consistent with a smaller bubble size for this case. The minimum V mean /U ∞ = -0.18 obtained by S3 P10T20 is almost the double obtained by the reference flow U mean /U ∞ = -0.1 (Figure 6.4). The u rms decreases as we go from S3 to S3 10 to S3 P10T20 for the Peak cases. The region of high v rms is larger for S3 than for the S3 10 and S3 P10T20 in the Peak cases. Therefore, a large and spread region of high v rms might not make a significant difference for S3 Peak. The region of high -⟨u ′ v ′ ⟩ spreads over a larger region downstream for the S3 Peak case than for the S3 10 and S3 P10T20 Peak cases.

Notice that the region of high -⟨u ′ v ′ ⟩ goes at a steeper angle towards the wall for the S3 P10T20 Peak case. Perhaps, the strong downwash of the S3 P10T20 Peak case forces this steep angle. Having this region of high intensity -⟨u ′ v ′ ⟩ near the wall or near the recirculation region (white line) seems to be more effective in reducing its size. Figure 7.26 shows x-y fields of velocity statistics for the S3, S3 10 and S3 P10T20 Middle cases downstream of the BFS. The maximum U mean is reached by the S3 10 Middle case (see y/h > 1.2) even though the BFS bubble is larger for S3 10 Middle than S3 and S3 P10T20 Middle cases. In S3 and S3 P10T20, the flow follows better the enlargement (i.e. expansion after the BFS) which creates a smoother mean streamwise velocity gradient than S3 10, thus explaining lower U mean values achieved for these two cases on the top of FOV. The minimum V mean is reached by the S3 P10T20 Middle case, then followed by the S3. The S3 10 Middle case presents a weak downwash V mean which increases the BFS bubble as already pointed out. The region of high u rms covers a larger region for the S3 P10T20 Middle case than for the S3 and S3 10, with the S3 10 having the smallest such region. The minimum V mean and the highest u rms obtained by the S3 -P10T20 Middle case correspond to a smaller BFS bubble size and X R than S3 Middle case. The region of v rms is split into two regions for S3 and S3 P10T20, one probably originating from the BFS edge and one starting downstream of the reattachment point. The second region is slightly more developed for S3 P10T20 than S3 and is hardly visible for S3 10. The appearance of this second region can be related to an earlier reattachment for the S3 P10T20 Middle case. Regarding -⟨u ′ v ′ ⟩, the S3 and S3 P10T20 Middle cases have a similar region of high -⟨u ′ v ′ ⟩ located near the BFS linked with the first region of high v rms observed for these two cases, whereas the S3 10 Middle case presents higher values located further downstream inside the wake of the step.

Figure 7.27 shows x-y fields of velocity statistics for the S3, S3 10 and S3 P10T20 Trough cases downstream of the BFS. The negative U mean region drastically increases for all Trough cases compared to the two other spanwise positions (Peak and Middle). However, the "belly" shape becomes more pronounced for the S3 10 and S3 P10T20 Trough cases. For these two cases, the reattachment at the Trough is mainly provoked by the reattached flow in the neighbouring Middle position. Moreover, the V mean becomes positive (upwash) in agreement with our "belly" shape explanation, which contributes to the enlargement of the BFS bubble size. The S3 10 Trough case has the highest positive V mean and consequently has the largest BFS bubble. The S3 P10T20 Trough case has the second-highest positive V mean and the second-largest BFS bubble, but X R managed to be similar to the X R for the S3 Trough case. The similar X R for S3 and S3 P10T20 has already been explained by a smaller bubble size at the Middle position for S3 P10T20 which contributes to force a faster reattachment at the Trough. The u rms is slightly higher for the S3 Trough case, whereas similar values are achieved for the S3 10 and S3 P10T20 Trough cases. All cases reached the same maximum v rms in a region starting at the beginning of the "Belly" shape. However, this high v rms region is less spread for the S3 10 Trough case. Globally, u rms and v rms are similar for the S3 and S3 P10T20 Trough cases. The region of high -⟨u ′ v ′ ⟩ is nearly equivalent for all three cases with a region of high values slightly more spread for the S3 Trough case.

Our BFS flow problem is 3D, hence the Peak, Middle and Trough regions interact with each other. The S3 P10T20 device at the Peak has the smallest tested height (10 mm) which produces the smallest BFS bubble. Conversely, the S3 P10T20 device at the Trough has the same height as S3 Trough, but their BFS bubble sizes are different. The explanation must come from the neighbouring flow, so it is a 3D flow structure. This shows that few 2D2C PIV planes cannot explain the full complexity of the fractal/multiscale devices. The positive results of S3 P10T20 in terms of reducing the BFS bubble size globally and X R show that the strategy of varying FCD height is useful. This indicates that the roles of the Peak and Trough are different. The Trough may create a "spanwise" Troughvortex (Figure 7.3b) linked with a contraction effect from Peak to Trough generated by the first fractal iteration wavelength W1, while the Peak may create a "spanwise" Peakvortex (Figure 7.3a) which helps to create a strong downwash (negative V mean ) flow. • The flow reattaches earlier for all positions for the S3 P10T20 case than for the S3 case. Considering that the S3 P10T20 device has a smaller frontal area (-25%) than the S3 device, we can say that the S3 P10T20 device is more efficient than S3. Our aim of improving the S3 device is therefore achieved.

Flow

• The S3 P10T20 Peak and Middle cases generate a strong downwash in the BFS recirculation region and a moderate upwash at the Trough position. Additionally, regions of relatively high u rms , v rms and -⟨u ′ v ′ ⟩ probably help to even further to reduce the BFS bubble for the S3 P10T20.

• The results obtained by varying FCD height indicate that the roles of the Peak and Trough are different. The Trough may create a "spanwise" Trough-vortex linked with a contraction effect from Peak to Trough generated by the first fractal iteration wavelength W1, while the Peak may create a "spanwise" Peak-vortex which helps to create a strong downwash (negative V mean ) flow.

• In chapter 4, we found that the topology of the backflow region in the streamwise plane (x-y) is reshaped for the Peak, Middle and Trough positions. In chapter 5, we found that the topology of the backflow region in the transverse plane (yz) is reshaped to an increasingly high amplitude sine wave in the y-z plane with the highest bubble height located near the Trough and smallest near the Peak. This reshapes increases as the number of fractal iterations increases. Therefore, the fractality of S3 may generate "spanwise" Trough-vortex and "spanwise" Peakvortex with a range of sizes that interacts with the flow in a positive way, thus increasing the flow control effect.

Chapter 7. Improvement of the Passive Fractal/Multiscale Devices tance y below 40 mm, some small peaks are clearly visible for the 3 fractal devices in the range 10 < K.h < 40. These peaks are real ones as they are much above the convergence uncertainty estimated at 0.7%. As expected, the fractal devices generate a range of scales from K.h about 10 (equivalent to 80 mm or 4k with k the height of S3) to 40 (equivalent to 20 mm or k). The lower value is close to the iteration 3 wavelength (i.e. W3 = 15.65 mm) and the larger one is close to the second iteration wavelength (i.e. W2 = 62.5 mm) which is coherent. There are no peaks detectable at K that would represent the first iteration wavelength (i.e. W1 = 250 mm) because 250 mm is the size of the FOV and is then the first point in the PSD where the resolution we have in the wave number k does not allow to detect a peak. These structures which are generated inject a lot of energy into the flow for the three fractal devices. This is visible with a large increase of a factor about 3 of the PSD compared to reference flow at the first wall normal distance presented of 5mm. The shift of the PSD is maximum at y = 20 mm for the S3 10, then its PSD comes back progressively on top of the reference flow. We can conclude that the structures generated by the S3 10 are smaller than 40 mm (or four times its height) as at this station, its PSD is on top of the reference flow. The energy injected by the S3 P10T20 is maximum further away from the wall than S3 10 at around y = 30mm. At y = 40mm, the injection of energy is still visible, indicating that the structures generated by this device are larger than those of S3 10. For the last case, the energy injected by the device S3 is maximum between y = 30 to 40 mm. This case presents the largest structures generated with perturbation up to y about 80 mm (corresponding to four times the device height).

From the position from the wall (y = 10 mm) up to the distance corresponding to the maximum injection of energy (y = 40 mm), the spectra present a clear -2 slope for all fractal devices. This indicates that the structures generated by the fractal FCDs are so intense that they create a strong gradient of velocity in the transverse direction. The classical -5/3 slope is only found for the reference flow and for all fractal devices when the injection of energy becomes small. The aim of this study was to determine the feasibility of using fractal/multiscale fences as an alternative to traditional methods such as jets, suctions, and VGs for passive control of turbulent flow separation. Additionally, the study aimed to gain a better understanding of the flow behaviour around fractal Flow Control Devices (FCDs) and to investigate their effectiveness in reducing the recirculation region of a rounded Backward-Facing Step (BFS). To achieve these objectives, we performed experimental investigations using the Particle Image Velocimetry (PIV) technique in the LMFL Boundary Layer (BL) wind tunnel.

The passive devices used in the experiments have a relative height k/δ = 0.125, where δ is the BL thickness located approximately at X F CD = -3.85h upstream of the BFS with a height h. The experiments were conducted at Reynolds number Re h = 100, 000 (based on the step height h and wind tunnel inlet velocity), except for two cases (reference and third fractal iteration device S3) which were conducted at Re h = 33, 000 to test the Reynolds number dependence. The BFS has an Expansion Ratio ER = 1.15 and Aspect Ratio AR = 15. The recirculation regions of both the BFS and the FCD were studied using 2D2C Particle Image Velocimetry (PIV) in the streamwise-wall-normal (xy) plane. Furthermore, 2D3C stereo PIV stations were performed to study spanwise flow organization. The transverse-wall-normal (z-y) planes were located downstream of the FCD but upstream of the BFS and downstream of the BFS within the BFS recirculation region.

The reference configuration (without devices) was compared with a straight fence (L), fractal/multiscale fences (S1, S2, S3, Sinef2, S3 10, S3 P10T20) and Vortex Generators (VGs). We aimed to determine the effectiveness of each device in reducing the BFS recirculation region and to gain insights into the flow behaviour around fractal flow control devices.

Our fractal/multiscale FCD comprises a superposition of sine curves. Our decision to utilize fractals is also based on the A n /W n ratio, which represents the amplitude (A) to wavelength (W) ratio at a specific number of fractal iterations (n). We choose the ratio A n /W n = (A/W )2 (n-1) which increases with the number of fractal iterations (n). This is crucial since we aimed to increase velocity gradients, particularly fluctuating velocity gradients. Additionally, the fractal concept possesses the ability to increase its curvilinear length as the number of fractal iterations increases, and perhaps, a longer curve may interact with the flow more effectively than a shorter curve. To test this hypothesis, we developed a new FCD (Sinef2). This device consisted of a simple sine curve with larger length and sharper slopes/angles than S3. The results showed a minimal reduction of the BFS bubble, indicating that increasing the device length with sharper slopes/angles may have minimal advantages if it is not done in a fractal/multiscale manner, as with the S3 device.

Our straight fence L produced relatively significant levels of u rms , v rms , and -⟨u ′ v ′ ⟩ in the FCD region, which is upstream of the BFS. However, the size of the BFS recirculation region and X R was similar to the reference case. Also, the Sinef2 device generated a moderate amount of u rms , v rms , and -⟨u ′ v ′ ⟩ in the FCD region, but only a small reduction of the BFS recirculation region and X R was achieved. These results suggest that the manner in which turbulence intensity is generated is at least as important as its intensity.

Our results downstream of the Peak position of fractal devices showed that turbulence intensity decreases as the number of fractal iterations increases (from S1 to S2 to S3), but the BFS recirculation region also decreases, contradicting previous observations with different FCDs that an increase in turbulence intensity results in a reduction of the bubble size [START_REF] Kalter | The reduction and elimination of a closed separation region by free-stream turbulence[END_REF]Fernholz, 2001, Kiya andSasaki, 1983a). However, since S1, S2 and S3 devices are not identical, an additional Reynolds number experiment was conducted for only the reference flow and S3 cases. The Reynolds number was reduced from Re h = 100, 000 (U ∞ = 9 m/s) to Re h = 30, 000 (U ∞ = 3 m/s) for testing the Reynolds number dependence of the FCD. For the S3 case, regions of lower turbulence intensity normalized with U ∞ are found upstream and downstream of the BFS for 3 m/s case compared to 9 m/s. This led to an increase in the BFS mean reattachment point X 3m/s R /X 9m/s R = 1.25 for the S3 case, supporting the concept that an increase in u rms , v rms , and -⟨u ′ v ′ ⟩ can lead to a reduction of the BFS recirculation region. Another case similar to S3 is its own version with half of its height (S3 10) was also tested. For this case, regions of high turbulence intensity are accompanied by a reduction in BFS recirculation, but they are also accompanied by a negative V mean (downwash). In fact, the importance of a negative V mean has been observed for all cases. For example, the Sinef2 case generates much higher turbulence intensity upstream of the BFS than the VG case, while VG generates more downwash downstream of the BFS than Sinef2. Consequently, the VGs reduce the BFS recirculation region, but Sinef2 does not. Conversely, a positive V mean (upwash) is associated with the enlargement of the BFS recirculation region, especially downstream of the Trough position. Downwash may be acting in two ways: first, upstream of the BFS it brings faster flow and turbulence intensities (generated by the FCD) towards the wall which makes the BL stronger against flow separation; second, downstream of the BFS it redirects the shear layer towards the wall, forcing an earlier reattachment.

The SPIV experiments downstream of the BFS revealed that the BFS recirculation region undergoes reshaping in the z-y plane, with greater differences in the spanwise flow distribution observed as the number of fractal iterations increases. With higher number of fractal iterations, more pronounced inhomogeneities in the spanwise flow organization are found and the mean streamwise vortex generated become stronger. Upstream of the BFS, as the number of fractal iterations increases, smaller and numerous "hot-spots" of high turbulence intensity appear which results in a better-distributed fashion, increasing the heterogeneity across the spanwise direction. The 2D2C PIV NW streamwise plane (i.e. x-y plane around the FCDs) revealed different flow behaviour around the Peak and Trough postions. Downstream of the Trough position, the concave fence walls induce a "spanwise" vortex formation that helps to pump slow fluid away from the wall. Downstream of the Peak position, the convex fence walls induce a "spanwise" vortex formation that helps to pump fast fluid towards the wall. Instantaneous spanwise vortices are found downstream of the FCD, suggesting that the fractal FCD generates a mix of streamwise and spanwise vortices. The flow upstream of the Peak deviates to the sides, thus the flow goes towards the Trough, where the convergent walls increase its velocity. The Trough walls are a dead-end for the accelerated flow that finally impacts the Trough wall with higher velocity, resulting in more violent changes of velocities, thus increasing the turbulence intensities. Therefore, the production of u rms , v rms and -⟨u ′ v ′ ⟩ increases as we go from Peak to Middle to Trough. The overall contraction effect reduces as the number of fractal iterations increases (S1 to S2 to S3), thus reducing the production of u rms , v rms and -⟨u ′ v ′ ⟩. Previous studies have suggested that the reduction 

Bubbble Reshaping

The bubble reshaping can be used when a non-homogenous X R is needed. For example, for a configuration with many obstacles downstream of the BFS (Figure 8.2). The project requirement is to find a solution that places the obstacles outside of the BFS recirculation region. The reference reattachement point X R lies downstream of the obstacles, instead of using a flow control strategy that reduces the entire X R to avoid obstacles, the bubble reshaping can be used to reshape X R into X ′ R avoiding obstacles (reattachment point downstream of the obstacles and much upstream in between them). Therefore, bubble reshaping can be use as another strategy for flow control in town applications. Suppose that we could optimize our fractal/multiscale FCD to give zero net gain on mean bubble size and mean X R reduction, but increase the bubble reshaping. If this non-homogenous X R reduction can be achieved by adding less extra drag than using a conventional FCD which forces homogenous X R reduction. We can say that in terms of flow control, the bubble reshaping induced by the fractal/multiscale FCD is a viable option because it avoids obstacles with a minimal cost.

Fractal DBD

A Dielectric Barrier Discharge (DBD) placed upstream of the BFS. DBDs are commonly used as a tape with a fixed width. However, we could cut the tape to follow a fractal shape. Our fractal S3 device is a solid fractal obstacle that interacts with the flow. A fractal DBD would directly introduce multiscale structures into the flow without adding significant extra drag of its own but, nevertheless, with some cost in power input. Moreover, DBD being an active FCD, we can control the frequency and strength with which the DBD would be introducing the multiscale structures, thus this kind of device can have more flow control efficiency linked with its high number of parameters to play.