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Résumé

Cette thèse combine l'expérimentation physique et la simulation numérique pour caractériser le sillage instationnaires turbulent se développant en aval d'un véhicule terrestre simplifié, à savoir le corps de Ahmed à culot droit. Une vaste campagne expérimentale a été menée en couplant balance aérodynamique de 6 composantes, capteurs de pression, vélocimétrie par image de particules et fil chaud pour un nombre de Reynolds, basé sur la hauteur de corps, Re H = 7, 7×10 5 . Une fois cette étape franchie, le contrôle passif du sillage a été réalisé à l'aide de déflecteurs. Ces volets ont été placés au bord de fuite du corps épais. La compréhension et la caractérisation des mécanismes prépondérants du sillage du corps d'Ahmed à culot droit sont importants en raison de son intérêt applicatif notamment dans le domaine du transport. C'est pourquoi, pour la première fois, une comparaison approfondie entre les expériences et la simulation dans des conditions analogues a été faite. Cette comparaison vise en premier lieu l'évaluation des capacités de deux modèles de turbulence à reproduire ce type d'écoulement complexe. Le premier modèle est basé sur la modélisation RANS (k-ωSST ), et le second est le modèle hybride RANS-LES (DDES). Cette comparaison a permis d'établir que le modèle DDES présente l'avantage d'obtenir des résultats très proches de ceux de l'expérience avec une superbe précision. L'utilisation combinée des deux moyens (expérience et calcul) a permis d'approfondir l'analyse du sillage en utilisant une large base de données.

Le chapitre 1 est une introduction générale qui définit le contexte dans lequel ce travail de thèse a été réalisé. De plus, il présente une vision globale de l'état de l'art dans le contexte spécifique de ce manuscrit. Cette these est financée par le projet ANR (Agence Nationale de la Recherche) COWAVE et s'inscrit dans le cadre d'une collaboration entre le laboratoire Prisme de l'Université d'Orléans et le laboratoire LHEEA de l'Ecole Centrale de Nantes. L'intérêt de l'étude proposée est discuté tout d'abord en présentant les voitures électriques, qui font face à un défi important lié à l'augmentation de l'autonome du véhicule. En outre, dans la section 1.1, en raison de l'intérêt croissant des constructeurs pour les voitures hybrides (électrique-carburant), dans cette section sont examinées également les émissions de dioxyde de carbone et leur relation avec l'aérodynamique du véhicule. Ensuite, dans la section 1.2, l'écoulement autour d'un corps est introduit. La physique de l'écoulement d'un corps épais est décrite et les principales caractéristiques de l'écoulement autour du corps de Ahmed sont ensuite présentées. Enfin, le plan de la thèse est détaillé.

Le chapitre 2 présente la maquette utilisée. Il s'agit du corps de Ahmed à l'échelle 1. Nous présentons ensuite les outils expérimentaux et numériques qui ont été utilisés pour analyser l'écoulement autour de ce corps. Ce chapitre se compose de deux parties principales. Tout d'abord, dans la section 2.1, les dimensions du corps de Ahmed sont données. Ensuite, la stratégie de contrôle utilisée dans cette thèse est détaillée dans la section 2.2. Il s'agit de l'utilisation des volets horizontaux et verticaux. Ces derniers ont été installés sur la face arrière du corps de Ahmed. Les installations expérimentales sont présentées dans la section 2.3 : la soufflerie, la balance aérodynamique et les capteurs de pression ; ainsi que la vélocimétrie par image de particules (PIV) utilisée pour obtenir les champs de vitesse 2D. On présente également le fil chaud qui a été utilisé pour réaliser des mesures spécifiques dans la couche limite du corps et dans le sillage. Nous présentons ensuite les outils de la simulation numérique, (section2.4) et les deux modèles de turbulence utilisés dans cette thèse.

Le chapitre 3 présente l'analyse de la dynamique de sillage du corps de Ahmed à culot droit en couplant systématiquement l'expérience en soufflerie et les simulations hybrides RANS-LES. La partie expérimentale a été réalisée au laboratoire PRISME de l'Université d'Orléans, tandis que la simulation numérique a été réalisée au laboratoire LHEEA de Centrale Nantes, à l'aide du supercalculateur LIGER. Dans ce contexte, ce chapitre vise une compréhension approfondie de l'écoulement autour d'un corps épais (corps de Ahmed) en termes de topologie ainsi que du point de vue stabilité. La section 4.2 présente une description détaillée de la couche limite qui se développe autour du corps épais. En effet, l'état de la couche limite est un paramètre crucial du sillage proche puisqu'il fixe les conditions initiales du décollement de l'écoulement. Nous utilisons ensuite, la comparaison étendue expérience-simulation pour caractériser les principaux paramètres de cet écoulement telles que la traînée du culot, la traînée totale et la longueur de la région de recirculation (section 3.3). Dans la section 3.4, une analyse plus approfondie a été effectuée dans le sillage en utilisant les grandeurs moyennes tels que la vitesse, la croissance de la couche de cisaillement et l'entraînement de masse. En raison de l'importance de la pression au culot du corps, la section 3.5 présente une méthode d'estimation du champ de pression basée sur les champs de vitesse bidimensionnels. Ces champs de pression ont été analysés à l'aide des données de la simulation. De plus, les champs de pression ont été utilisés dans l'équation du bilan de quantité de mouvement, sur des volumes de contrôle choisis, pour déterminer les mécanismes prépondérante. La dynamique du sillage est introduite dans la section 3.7, une décomposition orthogonale appropriée a été appliquée sur le champ de pression au culot du corps pour compléter l'analyse. La bistabilité du sillage a également été abordée. Ce chapitre, essentiel pour mieux comprendre et caractériser les mécanismes du sillage derrière le corps de Ahmed, a également permis de montrer la concordance des résultats de la simulation numérique avec l'expérience.

Le chapitre 4 présente une base de données étendue, qui a été générée par la mise en oeuvre de dispositifs de contrôle passifs et auto-adaptatifs. L'analyse développée dans le chapitre 3 est étendue à ces configurations pour identifier les mécanismes physiques. L'impact des dispositifs de contrôle est le plus marqué. Cette étude apporte de nouvelles perspectives en complément des résultats de la littérature. Différentes positions d'installation des volets sont discutées dans la section 4.1. Les volets ont été installés aux arrêtes du culot en position horizontale et verticale. Les principaux paramètres de la configuration de contrôle sont l'angle d'installation des volets et leur longueur. En complément de ces situations où les volets utilisés ont été fixes, des volets articulés ont été testés. L'objectif principal de ce chapitre est d'examiner les modifications de l'écoulement dues à l'installation des volets. Ces modifications ont été observées concernant les profils de vitesse moyenne et les grandeurs turbulentes. Enfin, la traînée de pression liée à la surface arrière a été estimée et corrélée avec les données de la balance aérodynamique. Les résultats obtenus ont souligné l'importance d'un contrôle à l'aide d'un petit volet pour changer la topologie moyenne du sillage. En outre, une diminution de la traînée a été obtenue lorsque des volets horizontaux conduisent à la symétrisation du sillage dans la direction verticale. L'impact des différents niveaux d'écoulement ascendant et descendant sur la dynamique du sillage à court et à long terme a été abordé. La fréquence caractéristique du battement vertical a augmenté. Elle est due à la diminution de l'écart entre les couches de cisaillement supérieure et inférieure (section 4.5). En effet, la stabilisation de la recirculation antérieure est à l'origine de la perte de symétrie dans la direction verticale qui conduit finalement à une augmentation des valeurs du coefficient de traînée C d . Le plus petit écart entre les couches de cisaillement supérieure et inférieure a également été lié à l'affaiblissement du mode bistable (section 4.5.1). En outre, le tourbillon en épingle à cheveux représenté dans le cas du culot droit est toujours observable dans le sillage. Il est déformé par l'écoulement ascendant/descendant développé par les volets et sa taille est limitée par l'action des tourbillons contrarotatifs qui prennent naissance aux extrémités de chaque volet (section 4.6). Il a aussi été observé que l'affaiblissement du mode bistable entraîne une diminution de C d lorsqu'il est accompagné de la symétrie dans la direction verticale. Ceci a été obtenu en appliquant des volets de 15 • sur les bords de fuite horizontaux. Dans ce cas, l'état symétrique est devenu la configuration la plus stable, générant une réduction de la traînée de culot de 8%.

Le chapitre 5 conclut ce manuscrit et propose des perspectives pour la suite des travaux. Tout d'abord, rappelons que l'objectif principal de cette thèse était d'apporter une meilleure compréhension de l'écoulement en aval du modèle de corps d'Ahmed à culot droit. Cet objectif a été atteint à l'aide de l'utilisation des résultats issus à la fois d'expériences et de simulations numériques. Une comparaison approfondie a été faite entre les expérimentations et de simulations. Cette comparaison a examiner deux modèles de turbulence. Le premier modèle est basé sur le modèle RANS (k -ωSST ), et le second est le modèle hybride RANS-LES (DDES). Le modèle DDES a montré une grande capacité à reproduire cet écoulement et des très bons accords avec l'expérience. En outre, cette comparaison nous a permis d'approfondir l'analyse du sillage en utilisant le large éventail de données : simulation et expérience. Pour la configuration à culot droit sans volets, la présence d'un mode bistable a été observée. De plus, deux modes oscillants globaux, similaires à ceux décrits dans la littérature, ont été identifiés. Il a été révélé que ces modes consistent en des mouvements latéraux et verticaux de la fermeture du sillage entraînés par les interactions entre les couches de cisaillement verticales et horizontales et le tourbillon en épingle à cheveux provenant du côté opposé du corps. Le mode de pompage a également été retrouvé et relié au mouvement de la structure tourbillonnaire bistable dans le sens du courant. La construction d'une moyenne de phase basée sur les trois modes POD les plus énergiques a permis de mieux comprendre l'évolution à long terme du sillage. Ceci a permis une explication approfondie des mécanismes du passage entre les états bistables. Pour la première fois, le champ de pression en aval du corps d'Ahmed a été estimée et présentée en utilisant les champs de vitesse PIV, et les résultats ont été complétés en utilisant les données de la simulation (DDES). Cette estimation de la pression a permis d'analyser les équations physiques régissant le transport de la quantité de mouvement. La contribution dominante à la traînée moyenne provient de la pression moyenne, identifiée par un bilan de quantité de mouvement sur la région de recirculation. Le rôle des quantités turbulentes dans le bilan est non négligeable. Elles représentent plus de 28% de la traînée totale. Par rapport aux données de simulation, ce mécanisme 2D a été réalisé et discuté aussi en 3D. Dans l'ensemble, ce travail a fourni des informations précieuses sur la relation expérience-simulation dans l'analyse et la compréhension de l'écoulement autour des formes automobiles à culot droit et son impact sur la traînée aérodynamique. Tout d'abord, un lien clair a été établi entre l'écoulement à l'amont du sillage (couche limite sur le corps d 'Ahmed) et la topologie du sillage. Les effets des volets sur le sillage ont été abordés en considérant des paramètres physiques tels que la longueur de la région de recirculation, la vitesse et le comportement de la turbulence, etc... . En termes d'analyse de la traînée, une nouvelle méthode est proposée pour analyser le mécanisme de traînée le long de l'interface de la région de recirculation du corps d'Ahmed. La contribution à la traînée des quantités de pression et de turbulence dans l'équation du bilan de quantité de mouvement a été discutée. Les modifications en fonction des changements de courbure de l'interface RRI (interface de la région de recirculation) ont été caractérisées. En termes de dynamique, le comportement de la structure tourbillonnaire a été analysée dans le cas avec et sans volets et cette analyse a été approfondie en utilisant les données de simulation. Enfin, les effets des volets sur le comportement bistable ont été discutés et caractérisés. 

Electric car

Over the past decade, the emission boundaries set by the European Union for new passenger cars have increasingly evolved in a challenging way, see [START_REF] Löbberding | From cell to battery system in bevs: analysis of system packing efficiency and cell types[END_REF]. Within this context, one helpful approach for vehicle manufacturers to lower their fleet emissions as well as relenting with the European regulations is to build battery electric vehicles. Therefore, there are numerous technological and infrastructural hurdles through the process of introducing electric vehicles. Based on this, many authors have questioned the abilities of the automotive industry to design new eco-friendly vehicles [START_REF] Beaume | From technology competition to reinventing individual ecomobility: new design strategies for electric vehicles[END_REF], [START_REF] Calabrese | Innovative design and sustainable development in the automotive industry[END_REF] and [START_REF] Freyssenet | The second automobile revolution: trajectories of the world carmakers in the 21st century[END_REF]), where a significant barrier for battery electric vehicles is that it stays at a lower range than internal combustion engine vehicles. For this reason, the range is a crucial selling point for battery electric vehicles, see [START_REF] Nicoletti | An estimation of the lightweight potential of battery electric vehicles[END_REF]. Thus, the technique that can ensure a specific target range is to diminish the vehicle's consumption that counts on external and internal resistances, where the former is associated with rolling, aerodynamics, climbing and acceleration resistance. Within this framework, [START_REF] Nicoletti | An estimation of the lightweight potential of battery electric vehicles[END_REF] have discussed this external resistance in details; and found that certain forces will be more effective in some situations. For example, they investigated the percentage contributions of internal and external resistances at three different scenarios: city, rural road and highway. Consequently, mass-dependent resistances (battery quality and mass) estimate approximately 92% of the losses in the city scenario, 55% in the rural road scenario and 30% in the highway scenario. In contrast, along with Chapter 1. Introduction the interest of this study, the aerodynamic drag measures more than 70% in highways. Therefore, as a summary, minimizing the aerodynamic drag forces plays an essential role with electric cars, as it affects the range of the car.

CO 2 emissions

One-fourth of the total emissions of carbon dioxide (CO 2 ) is due to road transport in the European Union (EU). Hence, transportation is the exclusive main area in the EU, where Greenhouse gas emissions are still growing, refer to figure 1.1. These emissions dropped in 2007, in contrary to the ones that were emitted in 1990 that are higher by 20%. Equally important, the automotive sector estimates 4% of the European Gross Domestic Product, and offers 12 million jobs or 5.6% of the working state in Europe, European-Commission [2014]. Along with the global change towards a low-carbon, the round economy now started the Commission's low-emission changeability plan that was adopted in July 2016. As a result, 25% of the total percentage represents the emissions from transportation (13% from road transportation and 13% from aviation); see figure 1.2. This affirms that Europe stays competitive and capable of reacting to the rising versatility needs of people and goods. The financial purpose is one of the main objectives that triggers the reduction of vehicles' fuel consumption, which is the priority of customers when buying a car. This fact forced car industrialists to adjust and develop their designs in Chapter 1. Introduction order to gain the satisfaction of their customers, and to mitigate the emission of CO 2 simultaneously. 

Effects of aerodynamics on fuel consumption

Most of fuel consumption in transportation occurs on highways and at high speeds. In order to allow industries to develop their designs that are directly related to aerodynamic behavior, the figure 1.3 demonstrates the aerodynamic forces such as: the drag, side and lift forces, F x , F y and F z . Indeed, these forces are subjected to a car at the highway, where the average speed is about 100 km/h. To be more clear, the normalization of these forces could be defined in equation (1.1):

c i = F i 0.5ρU ∞ S x (1.1)
where U ∞ is the car speed, ρ is the air density and S x is the vehicle frontal area (i:x,y,z). The upstream area near the stagnation point produces strong pressure, as well as viscous stresses. It is crucial to note that the contribution of this area with a drag force is minor (3%), which is explained by the fact that the separate account for a large part of the upstream airflow is passing through the cooling part. However, the detached areas of the flux (recirculation bubble and counter-rotating vortex at the rear, window uprights, and mirrors,. . . ) induce pressure drop. Therefore, the creation of pressure essentially forces these types of structures that contribute by 42% of the total drag. In addition, the attached fluxes (e.g. boundary layers at the sides of the vehicle) are stimulated. Concerning the creation of strong viscous forces, it is obvious that the contributions of these zones are the same as those of the minority front area. Moreover, 2% is the average contribution of the drag among the sides of the vehicle. As a result, there are more complex fluxes at certain positions on the vehicle (under body, wheels, cooling system) that occasionally develop turbulent boundary layers and sometimes detachments or re-circulation zones, where pressure constraints and viscous forces can be spotted. The drag contributions of these complex flux zones are quite high with an average of about 30%. These topological observations make it possible to identify a certain number of zones in the flux, having common global dynamics called coherent structures. For example, figure 1.3 reveals the vortices at the level of the mirrors and frontal edges, as well as the re-circulation zones at the rear, underbody and the wheels; that are significantly coherent structures [START_REF] Fiabane | Méthodes analytiques de caractérisation des structures cohérentes contribuant aux efforts aérodynamiques[END_REF]. So, figure 1.4 demonstrates the separation that occurs at the rear of the car that generates a near wake of re-circulation bubble, with negative pressure. The difference between the frontal and the rear pressures could be one of the [START_REF] Camello Barros | Wake and Drag Manipulation of a Bluff Body Using Fluidic Forcing[END_REF] most complicated problems facing transportation worldwide.

It is important directly to connect the previous discussions with fuel consumption. At constant speed within a road, the useful power supplied by the motor compensates the losses that are due to aerodynamic drag and rolling. Figure 1.5 manifests the dissipated power consumed by an engine with velocity variation. Pointing that, for low velocities (50 km/h), 50% of the total resistance will be dedicated to aerodynamics. However, this percentage increases to reach 80% at highways (100 > km/h). Consequently, the consumption of fuel shall remarkably depend on drag coefficient (C d ). According to [START_REF] Elena | Aérodynamique automobile[END_REF], the consumption gain that could be achieved by a 10% drag reduction of a road vehicle, is between 0.3 to 0.5l at highways. Thus, this direct relation between drag and fuel reduction provides our study with a great motivation. At the same time, the key point in any industry is to stay alive via facing global warming, pollution and customer's needs.

Figure 1.5: Aerodynamic dissipated power [START_REF] Elena | Aérodynamique automobile[END_REF] 1

.2 Bluff body road vehicles

Generally, due to a body's motion in a fluid, the body is subjected to the operation of a viscous stress tensor. In addition, normal stress and pressure own both, tangential and normal components. Consequently, the effects of the stresses may often be neglected in comparison with those of the pressure stresses, where the viscous stress tensor is usually linearly proportional to the velocity of the deformation tensor:

τ ij = µ ∂U i ∂x j + ∂U j ∂x i (1.2)
where µ is the viscosity coefficient, which depends on fluid's type as well as the temperature, for incompressible fluxes at low speeds. Furthermore, it can be demonstrated that the variation of temperature is too small due to the motion. Hence, the viscosity coefficient could be counted as a constant. This fact proffers an addition of a considerable simplification in the equations of motion.

Besides that, the equations of fluid dynamics may be accomplished by expressing it through mathematical terms along with the three principal balances of the mechanics of continua: the conservation of mass, the momentum balance and the energy balance. Moreover, they must be applied to a volume of fluid that is always formed of the same particles ("material volume"), which develops its position and format during the motion. Nevertheless, they may simply be expressed further via analyzing a fixed control volume. The equations may be written in both, integral and differential forms. Although the integral form may be more relevant for particular problems, the equations of motion are normally used in differential form. Thus, the complete assemblage of the obtained equations is known as Navier-Stokes equations. On the other hand, this term should be more specifically related to the momentum equations only. As the momentum balance provides a vector equation, a sum of five scalar equations may therefore be determined. For an incompressible fluid, the fundamental unknowns in the equations are the velocity vector U (U, V and W, respectively in the x, y and z directions), the pressure p and the temperature T. However, it is simple to admit that if the viscosity coefficient is considered constant, the temperature is going to be no longer existing in the balances of momentum and mass, resulting in four equations for the four unknown quantities U, V, W and p. Once those are acquired for each position in the flux, the stress tensor components may be obtained, and the forces acting on any surface may be efficiently acquired by the integration of p and τ ij . Therefore, the equation of energy becomes an equation for the temperature field that is to be solved after recognizing the remaining unknowns. This is why the energy is rarely utilized while applying the dynamics of incompressible fluids to the derivation of the loads appearing on bodies.

The bluff body's aerodynamics is defined via the presence of a large region of separated flux. Additionally, this separation happens upon detachment of the boundary layer from the body. Consequently, intense vorticity appears in the wake, leading to mixed layers between the undisturbed flux in the freestream range and the flux ensnared in the wake. Yet, the behavior of the fluid around such a body can be defined by using the Navier-Stokes equations of an incompressible flux, including the action of the gravity through the pressure term (see [START_REF] Batchelor | An introduction to fluid dynamics[END_REF]) as well as the non-existence of external forces that can be written as:

∇.U = 0 (1.3)
for the continuity equation, and

ρ ∂U ∂t + U.∇U = -∇p + µ∇ 2 U (1.4)
for the momentum equation, ρ is the air density while ∇ and ∇ 2 denote the gradient operator and Laplacian operator, respectively. The mean momentum equation, at high Reynolds number projected along stream-wise direction, could be simplified to have the following form: This implies that the motion of the fluid around the body is mainly directed by pressure gradients, where a pressure gradient in the stream-wise direction is connected with a variation in the fluid momentum; while, a transverse pressure gradient is linked to fluid trajectories' curvature. For such a high Reynolds number, three distinct regions can be recognized in the fluid region around the body: the potential flux region, the wall boundary layer and the wake (refer to figure 1.6).

U j ∂U i ∂x j - ∂u i u j ∂x j = 1 ρ ∂p ∂x j (1.5)

Potential flow

The potential flux region consists of the entire fluid area distant from the body's boundary layer and its wake. In this region, the flux can be granted inviscid and irrotational (vorticity: Ω=0). Through these situations, a potential ϕ can be defined for the velocity, which is u = ∇ϕ. Bernoulli's equation is satisfied along each streamline by pressure and velocity:

p 0 = 1 2 U 2 + p = constant (1.6)
where p 0 presents the total pressure. Additionally, the inviscid theory provided an approach to analytical solutions for fluxes around 2D shapes such as: wing profiles, see [START_REF] Anderson | Fundamentals of aerodynamics[END_REF]. However, it is a stunting agreement to interpret the flux field around bluff bodies, because the inviscid approach is not sustainable near the walls of the geometry and inside its wake.

Wall boundary layer

The earlier reported theoretical standstill was overwhelmed by [START_REF] Prandtl | The mechanics of viscous fluids[END_REF], who prefaced in 1904 the notion of a "boundary layer" for a thin region close to the solid walls, where the effects of viscosity are considered and the velocity runs from zero at the wall to the value corresponding to irrotational flux. As previously shown concerning the motion equations' formulation, the boundary layer corresponds to the region where vorticity is next to the wall.

Chapter 1. Introduction Thus, the extent of this region may be in the order of R -0.5 e . For enough high Reynolds numbers, the thickness of the boundary layer rests small, where the equations of motion may be analyzed via using the order of magnitude tolerances. Moreover, the fundamental result achieved by Prandtl with this procedure, is that the variation of pressure across the boundary layer is negligible. This indicates that the pressure acting on a certain position of a solid wall is roughly the same as that presented at the upper limit of the boundary layer over the same position. On the other hand, when the velocity outside the boundary layer decreases, the Bernoulli equation that follows the pressure increases. As the pressure is constant over the boundary layer thickness, all particles are subjected to the equivalent pressure gradient force. Consequently, the lower-momentum particles near the solid surface undergo a relatively larger deceleration. Equally crucial, the boundary layer velocity profile changes its shape with the appearance of an inflection point within it. Hence, a limited condition is reached ahead in which the flux modifies its direction near the wall via moving upstream. This is the separation point that is described in twodimensional conditions, by the disappearance of the derivative of the tangential velocity component, in the normal direction to the surface.

Wake

The wake region expands downstream the body, where the vorticity Ω, centered initially in the boundary layer, is convicted beyond the separation point. In this zone, the flux is out of the wall's viscous influence so that the inviscid hypothesis is still sustainable at high Reynolds numbers. Nevertheless, the potential theory is no longer relevant, as the flux field is not irrotational. In this region, the vorticity distribution can infer the velocity field, where its dynamics influence the behavior of the flux [START_REF] Saffman | The stability of vortex arrays[END_REF]. By considering the curl of 1.4, the vorticity equation is reached as the following:

dΩ dt + U.∇Ω = Ω.∇U + ν∇ 2 Ω (1.7)
According to [START_REF] Pope | Turbulent flows[END_REF], the vortexline stretching is revealed by the first term on the right-hand side in equation 1.7. This term is connected to the increase in the magnitude of Ω due to the gradients' strain rate. It is also the dominant variable for producing and sustaining the turbulence in the threedimensional flux. In the same equation, the second term on the right-hand side is a diffusion one that describes the spread of vorticity from where it is high to where it is low. As it is known, and for high Reynolds numbers, the diffusion term could be neglected. Equally essential, a generic vortex tube's strength is Chapter 1. Introduction usually quantified by the circulation (Γ) where Γ is defined as follows:

Γ = ˆ∂S Uds = ˆS Ω.ndS (1.8)
where ∂S and S are any closed curve and its surface, respectively. In such complex turbulent flux, various dimensions' vortical structures are observed while the wake is developing downstream of a bluff body, at high Reynolds number. Thus, the more immense vortical structures operate to decay in eversmaller eddies toward vanishing, due to viscosity. This disappearing process is responsible for transferring energy from the larger scales (where Re is extremely high for the viscous actions to control over the inertial forces) to the more minor scales till the value of the Reynolds number, linked to the size of the eddies, is fairly small for the dissipation to be productive. Consequently, the Kolmogorov micro-scale is defined as the scale at which the dissipation of turbulence takes place [START_REF] Kolmogorov | The local structure of turbulence in incompressible viscous fluid for very large reynolds numbers[END_REF]:

η = ν 3 ϵ (1/4) (1.9)
where ϵ is the energy dissipation rate.

ϵ = u 3 LE l LE (1.10)
where l LE is the integral lengthscale of the largest eddies in the flux. However, u LE is the velocity for the same eddies that could be expressed by u LE = (u 2 ) 1/2 . Moreover, u is the fluctuating part of the velocity field. For length scales that are much less than the integral length scale, an equilibrium range can be defined. In this range, the energy spectrum (Es) depends only on the small-scale flux's nature regardless of how much energy is presented at the larger scales, so that E = E(κ, ϵ, ν). Inside this range, two distinct subranges can be established. In the first sub-range (known as inertial sub-range), the effects of viscosity can still be ignored, and the shape of the energy spectrum Es(κ) can be divined using the Kolmogorov's κ 5/3 law:

E s = Cϵ 2/3 κ -5/3
where η 1<<κ<<L -1 LE and C, reflect the Kolmogorov constant. Hence, experimental proof recommends C = 1.5, see [START_REF] Pope | Turbulent flows[END_REF]. For the second sub-range (viscous sub-range), a more general model for the energy-spectrum function is valid in the whole equilibrium range (for κ >> l -1 LE ), which can be defined as:

E s (κ) = Cϵ 2/3 κ 5/3 f η (κη)(f η (κη) that is a non dimensional function of type f η (κη) = exp -β{[(κη) 4 + c 4 η ] 1/4 -c η }.
Yet, β and cη are positive constants, see [START_REF] Pope | Turbulent flows[END_REF]).

Aerodynamic forces

The normal and tangential stresses produce the loads acting on a body, as well as immersed in a flux-stream over its surface. If integrated, these stresses present the resultant load elements, which are normally shown in non-dimensional form using force and moment coefficients, defined through the following manner:

C F i = F i 1/2ρU 2 S ; C M i = M i 1/2ρU 2 SH (1.11)
where F i and M i are the components of the resultant force and the moment acting on the body. Withal, (U) is the free stream flux velocity; (S) is a reference surface and (H) is a reference length. Also, it is often helpful to include the pressure (p) acting at a certain point of the body surface via using a pressure coefficient defined as:

C p = p -p ∞ 1/2ρU 2 (1.12)
p ∞ is the pressure in the undisturbed upstream flux. Besides that, the loads mentioned above have mean and time-varying components (which may be described by their r.m.s. values and their frequency spectra). Additionally, the fluctuating loads may be significant, not only when the upstream flux is timedependent (for instance, due to the presence of turbulence); but, also when the wake produced by the body itself has more or less regular fluctuations. Overall, one may say that for steady upstream flux, aerodynamic bodies are described by steady wakes and loads. However, the reverse is correct for bluff bodies.

The most critical force components are the drag and the aerodynamic force components in the upstream flux direction (or in the direction of the bodies' motion, if moving in still fluid). One noticeable difference among aerodynamic and bluff bodies is that the former has drag coefficients that are at least one order of magnitude less than the latter. This is due to the remarkable increase in pressure drag deriving from the boundary layer separation. Admittedly, the flux field around aerodynamic bodies is not much distinct from that corresponding to non-viscous potential flux, aside from the boundary layer's displacement effect. Consequently, the aft part of the bodies' pressure returns to values that are not very far from those acting on the front part, and the resulting pressure drag is therefore minimal. Aside from exceptional cases, the drag of an aerodynamic bodies' principal contribution is originated from integrating the tangential viscous stresses (friction drag). However, the situation is entirely different with a bluff body, because separation prevents the recompression in the bodies' rear part. So, the pressures in this region are considerably smaller than those acting in the front part (normally corresponding to negative pressure coefficients). This provides a significant value of the pressure drag, which is usually higher than the friction drag that may often be neglected. More further in details, the pressure drag may be divided into two contributions. The first is given by the fore-body that is the front part of the body with an attached boundary layer. By the so-called after-body or base region, the body surface's portion is lying inside the separated wake. Depending on the fore-bodies' shape, the initial contribution may be large or small. On the other hand, the second contribution is defined by the value of the suctions (pp ∞ < 0) acting on the base, which is essentially related to the velocity outside the boundary layer separation point U s . Indeed, especially in the case of after-bodies with limited longitudinal length, the base pressures are almost constant and equivalent to the pressure in the outer flux, at the separation point. In terms of pressure coefficient and by using Bernoulli's equation, it has

C ps = 1 -U 2 s /U 2 ∞ .
Accordingly, while obtaining higher velocity outside the boundary layer at the separation points; we observe a lower base pressure and a higher base drag.

Generally, in bluff bodies, the boundary layer cannot be out-lastly attached to their surface even behind the end of the initial transient. Nevertheless, if the body is elongated enough, an outset vortex is shed anyway. Furthermore, the asymmetry of the last flux arrangement for non-symmetrical wind adjustments might be enough for producing heavy lateral forces. On the other hand, bodies with an upstream flat face are normal to the wind direction as well as surrounded by sharp corners, and they are described by complex asymmetrical fluxes. In addition, for certain wind orientations, they may be governed to mean cross-flux forces that are in the reverse direction than those acting on elongated bodies. This can provide the oscillatory phenomenon of galloping that might also intervene in a complex way with the oscillations induced by the shedding of vortices. Unexpectedly, the cross-flux fluctuating forces produced by vortex shedding may be observed as the result of the continuous generation of asymmetrical flux around the body during the shedding of each vortex. Concerning the design of structures immersed in the wind, three-dimensional conditions usually appear due to: the shape of the considered bodies, the possible non-uniformity of the incoming free stream, or the existence of both of these conditions. Within this framework, the complexity of the flux around a body might be schematically reflected in figure 1.7a. Due to the incoming wind boundary layer, flux separations are generally presented even through the upstream of the body along with the consequent formation of "horseshoe vortices" which will interact with the lower part of the body. In comparison to what happens in the two-dimensional example, the mean and time-varying forces depend on the vorticities' action that is manifested in the wake.

Due to the complexity, vast description of the possible flux configurations along with the great number of control parameters and the existing knowledge level, do not allow good load predictions to be made for general cases. Accordingly, it is essential to rely upon experimental databases that are linked to common shapes, which permit coping with various interesting design conditions; but, they refer mainly to the mean forces. The first common feature that must be made is, generally, an isolated and low-aspect-ratio three-dimensional body that is described by lesser aerodynamic forces, than those appearing on a twodimensional body of similar cross-shape (see figure 1.7b). [START_REF] Basic | Turbulent history of fluid mechanics[END_REF]).

Flux separation and free shear layer

This section demonstrates the physical mechanisms at the origin of the detachment of a two-dimensional boundary layer in an in-compressible flux. Then, we provide some examples of organizations, or topologies of decoupled twodimensional fluxes. After that, the case of three-dimensional flux detachments and the wake structures is briefly introduced.

Two-dimensional flux separation process

The detachment phenomenon is intrinsically linked to the boundary layer that is developed along a body, where velocity gradients and viscous effects are significant. This boundary layer is the interface between the surface of the body, where the velocity of the flux is zero (no-slip condition), and the socalled external flux, where the wall is no longer influencing the velocity. By skirting a body, the flux accelerates and then decelerates, thus, producing positive and negative pressure gradients (pressure decreases in the direction of the flux), or positive and adverse pressure gradients (pressure increases in the direction of the flux). In areas of opposing pressure gradients, the pressure forces acting within the fluid opposes the flux. Yet, this results in a decrease in the amount of movement at the boundary layer. Beyond a certain distance as well as depending on the intensity of the pressure gradients involved, the speeds close to the wall can become zero and then reversed: this is the detachment. Furthermore, the boundary layer is separated from the surface of the body. Hence, this phenomenon is schematized in figure 1.8. Beyond the point of separation, the speed profile is characterized by a zone of negative and positive speeds via indicating a re-circulation zone. This phenomenon of detachment, and particularly the position of the point of separation, is strongly dependent on the nature of the boundary (laminar or turbulent layer). A turbulent boundary layer, where velocity profile is characterized by a greater distribution of the amount of movement in the near-wall, is more resistant to the pressure "retarding" forces. Therefore, it further takes off downstream, than a laminar boundary layer. For a given body shape, the detachments may depend on the number of global Reynolds. It is also noted that other dimensionless parameters such as: the relative roughness of the wall, the turbulence rate and the relative spatial scale of turbulent upstream flux fluctuations; may significantly affect the position and behavior of the separation.

Nevertheless, the circumvention of a sharp ridge is a particular case, for which the extreme pressure gradients are put into play close to the ridge that often causes a detachment at the ridge level. In this case, if the point of separation is very insensitive to the characteristics of the incident flux, the same is not true with the behavior of the decoupling flux. Indeed, it might be impacted by the number of Reynolds along with the turbulent characteristics of the upstream flux, see [START_REF] Hoxey | Observations of reynolds number sensitivity in the separated flow region on a bluff body[END_REF]. It is also noted that other dimensionless parameters, such as the relative roughness of the wall, the turbulence rate and the relative spatial scale of turbulent upstream flux fluctuations, may significantly manipulate the position and behavior of the separation.

Two-dimensional separation flux elementary structures

In the case of a simple two-dimensional flux, two main categories of separation can be identified. They mainly differ in the "boundaries" surrounding the decoupled area. The first type of separation results from the interaction between a separated boundary layer and a solid wall. This type of separation often takes the name of a recirculation bubble, a detached bulb or a partial detachment. Its formation derives from the separation of a boundary layer at a particular point called the separating point, which will be reattached at a certain distance downstream a point termed the reattachment point. This reattachment is conditioned by several factors, such as whether the adverse pressure gradient exists or not. Within this context, there is a characteristic line that connects these two particular points named a separation line that defines a region of fluid trapping, and forms a return flux nominated recirculation. This zone is also called a dead zone because it does not exchange fluid with the external flux.

As explained in the previous section, the detachments can be created by geometric discontinuities. Moreover, the recirculation zones can also be con- stituted. For example, figure 1.9 exhibits the separation occurring behind a descending ramp. However, there are various cases of separation where the separation point is not fixed geometrically, such as the case of geometry used by [Darabi and Wygnanski [2004a]; Darabi and Wygnanski [2004b]].

The interaction between two sheared layers characterizes the second category of two-dimensional separation. This type of detachment is found, for example, behind the cylinders; but, as well behind the straight caps as in the situation of figure 1.10 (this type of detachment is often taken at flux around a cylinder). Compared to the previous case, the flux starts at two different points on both sides of the body. Therefore, the two separated layers meet at the gluing point and define the separated area through two separated lines. This disjunct zone is made up of two contrapositive parts that do not exchange fluid with the external flux on average and thus, establish a "trapped zone" likewise the previous case.

Three-dimensional separation flux elementary structures

The two-dimensional cases manifested above are uncommon in practice, where real applications are subjected to three-dimensional detachments most of the time. The passage in three dimensions disturbs the analysis of detachments via referring to [START_REF] Delery | Effet de la viscosite et couche limite[END_REF] that states, «the existence of a third dimension offers to the flow the possibility of "fleeing" laterally when it encounters an adverse circumstance.» Consequently, it shall no longer be confined in a plane as in 2D. Another significant change is that we are no more talking about a point of separation, but about a separation line. Similarly, we are not anymore talking about a separation line, but about a separation surface.

Figure 1.11 displays a representation of these phenomena based on the theory of parietal spectra. Thus, the flux taken from the separation line is generated from a singular point. Equally important, the 3D generalization of the separating lines leads to the separation surface, which defines the decoupled area. Likewise, equivalent concepts can be defined for the connection of the flux. Then, we can speak of line and surface attachment. In some circumstances, these separation surfaces may roll up on themselves, resulting in the creation of vortices. The vorticity structures are expressed by their axis of rotation as well as their speeds in cylindrical coordinates (longitudinal and transverse). Also, the position of this axis around the main flux is essential, since it makes it possible to catalog vorticity structures. Therefore, they are equivalent to transverse structures when their axis is perpendicular to the flux. However, vorticity structures are analogous to longitudinal structures when their axis is parallel to the flux.

The topologies of decoupled 3D fluxes are incredibly varied, as they are intimately linked to the geometry of the studied bodies. However, there are some classic examples in aerodynamics such as: wingtip vortices that are fundamental in aviation, since the turbulence they produce can have severe consequences on successive aircraft. Indeed, the difference in pressure between the lower and the upper surfaces of the wing profiles will attract the fluid from the former to the latter. Then, this fluid shall bypass the end of the wing via being taken off its surface and wing, in order to create a pair of counter-rotating vortices (one at each end of the wing).

Another classic case is that of a poorly shaped body in contact with the ground for example, civil engineering constructions. Figure 1.7a, as discussed before, reveals the situation of a simplified building and proposes a representation of the numerous detachments characteristic of the flux. Upon encountering this type of obstacle, the incident boundary layer is going to roll up on itself in front of the obstacle, and it ought to be placed in the wake. This leads to the creation of a horseshoe whirl ("Horseshoe vortex"). Besides that, the thick bodies are accompanied by multiple detachments, especially at the base, with the formation of a toric structure all around this surface. Consequently, this (a) Figure 1.11: Representation of a 3D detachment, based on [START_REF] Delery | Effet de la viscosite et couche limite[END_REF] is caused by the detachment of the flux at the passage of the edges.

Instantaneous aspect

A further critical aspect of the flux is its instantaneous character. Hence, the different structures that are involved; can oscillate around the same position as well as created and destroyed at regular intervals, and can be advected in the wake. The spatial-temporal characteristics of these events and their magnitude depend on the implicated instability mechanisms and their possible interactions. Accordingly, the first type of instability concerns the mixing layer (or shear layer), generated by a boundary layer separation. It is naturally unstable, see [START_REF] Prandtl | The mechanics of viscous fluids[END_REF], where a slightest disturbance can lead to its winding as well as the generation of so-called Kelvin-Helmholtz vortices. To add more, there is another type of instability that frequently happens in the wake of bluff bodies, see [START_REF] Bearman | Vortex shedding from oscillating bluff bodies[END_REF]. Therefore, the alternating detachment of vortices (then called "Vortex Shedding"), resulting from a global instability, comprises a mechanism of interaction between the two sheared layers that grow on both sides of the body. In the case of partial separation, the problem is complicated because the natural instability of Kelvin-Helmholtz of the sheared layer can be disturbed by the recollection. Similarly, an overall instability of the disturbed region may occur; involving a flux at the sheared layer and an oscillation of the reattachment point. To illustrate these different mechanisms, the generic case of descending still exists. Within this context, four distinct and interacting types of instabilities are counted [START_REF] Aider | Large-eddy simulation study of upstream boundary conditions influence upon a backward-facing step flow[END_REF]; [START_REF] Aider | Large-eddy simulation applied to study the influence of upstream conditions on the time-dependant and averaged characteristics of a backward-facing step flow[END_REF]]:

1. Kelvin-Helmholtz instability and pairing, where the sheared layer resulting from the detachment is naturally unstable. It tends to curl up on itself as one moves away from the point of separation. This instability is called Kelvin-Helmholtz instability that leads to the creation of small-scale vortex structures (order of magnitude of the thickness of the sheared layer). Furthermore, it has a tendency to group according to a mechanism that corresponds to the name of "Pairing", see [START_REF] Aider | Large-eddy simulation applied to study the influence of upstream conditions on the time-dependant and averaged characteristics of a backward-facing step flow[END_REF]. To be more specific, this mechanism is part of the transition of the sheared layer, which goes from a 2D state to 3D. After that, it is completely destabilized.

2. Shear Layer Flux: in addition to wrapping itself, the shear layer has a lower frequency overall movement, resulting in volume variations of the recirculation area. This instability is frequently referred to as "Flapping."

3. Oscillation of the re-circulation zone, which is related to the development of the Kelvin-Helmholtz vortices along with the flux of the sheared layer. This instability is demonstrated in the form of a displacement of the reattachment point as well as the impact of the vortices on the wall, see [START_REF] Dejoan | Large eddy simulation of periodically perturbed separated flow over a backward-facing step[END_REF].

Hence, this straightforward geometric 2D example highlights the wealthy instantaneous aspect of the decoupled regions. In addition to strongly interacting with each other, these distinct instabilities cover very different spatial and temporal scales. In the descending ramp, the structures can have a size ranging from the height of the ramp to the thickness of the shear layer. Also, their frequency has several magnitude of difference orders [START_REF] Tihon | The effect of inlet pulsations on the backward-facing step flow[END_REF].

Finally, as for the average topology of the separated fluxes, the passage in 3D remarkably problematizes the instantaneous analysis. Moreover, the 3D interactions between the different flux structures will disturb the instantaneous signature of the flux; thus, making its interpretation more delicate.

Flux downstream a road vehicle

The flux around an actual vehicle is very complex. It sometimes goes off, and is often three-dimensional. As a result, referring to the pioneering work of [START_REF] Janssen | Aerodynamische formoptimierung von vw golf und vw scirocco[END_REF] reflected in figure 1.12, it can be said that there shall be three types of geometry: the "square-back", "fastback" and "notch- back." Within this framework, [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF] shows the effect of geometry, mainly the angle of inclination tailgate, on the wake structure of bi-body vehicles. Furthermore, figure 1.13 manifests the current lines in the median plane of this type of vehicles for the entire four angles: α = 5 • , 15 • , 30 • and 40 • . The flux is characterized by a recirculation zone in the whole four configurations. For the first two angles of inclination α = 5 • and 15 • , the fluid does not detach from the rear; and the vortex structure rests on the outside of the cap. For angles 30 • and 40 • , there is a detachment of the flux on the inclined surface that amplifies as the angle increases. For α = 30 • , the recirculation area extends from the base to the top edge of the inclined surface.

Literature review

This study discusses the effect of flux conditions approach on the wake of Ahmed body, under different inlet conditions. Therefore, it has been experimentally performed in the wind tunnel at PRISME laboratory, and numerically at LHEEA laboratory, using a three-dimensional RANS along with an unsteady DDES simulation. The first part of this thesis is to validate the simulation results with the available experiment, where a flux characterization analyses were done. Withal, a passive control strategy was proposed in the second part to examine the drag reduction mechanism, experimentally and numerically. Finally, the contrast between these cases (controlled and uncontrolled) was identified by investigating the time-averaged quantity and the instantaneous flux structures. Based on this, the preface of strong mean shear and turbulence in the free-stream, revealed that the inlet boundary condition greatly influences the flux structures in the wake. In the past, several experimental and numerical investigations have been conducted using simplified vehicle models such as: Ahmed body, Windsor body and Lorry model, in order to demonstrate the salient flux features and wake characteristics behind the vehicle models [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF], Grandemange et al. [2013a], [START_REF] Pavia | Salient threedimensional features of the turbulent wake of a simplified square-back vehicle[END_REF][START_REF] Dalla Longa | Simulations of the bi-modal wake past three-dimensional blunt bluff bodies[END_REF]). An overview of relevant recent literature as well as the geometry inspected, are presented in table 1.1. Earlier researches have shown that the flux around the simplified vehicle models is highly threedimensional (3D), and is described by complex turbulent phenomena such as unsteady flux separation, vortex shedding and flapping motion; guiding to enlargement/compacting of the recirculation region behind the body. However, as exhibited in table 1.1, most of the previous studies experimentally examined the flux features around simplified vehicle models in a uniform flux or thin turbulent boundary layer, with fewer numerical tests. Therefore, this study pursues to enhance the understanding of the unsteady 3D wake features of the generic square back of Ahmed body, by coupling the experiments with the numerical simulation. First, the dimensions and nomenclature of the square back of Ahmed body utilized in this study, are reflected in chapter 2. Note that L, W and H are the body's length, width and height; respectively. Additionally, the fore-end of the body has curved edges of radius R, in order to reduce the effects of flux separation. Finally, the clearance length between the under-body and the ground is indicated as c.

The wake features downstream the square back of Ahmed body is mainly influenced by the ground clearance ratio (c/H or c/W, as defined by Grandemange et al. [2013a]) along with the addition of wheels. According to Grandemange et al. [2013a], the ground effect on the under-body flux and the wake behind the body can be classified into three main regimes: low ground clearance (c/h < 0.07), average ground clearance (c/h ∈ [0.07,0.12]) and high ground clearance (c/h > 0.12). Concerning low ground clearance, the momentum of the under-body flux is significantly mitigated through the viscous impacts on the ground; leading to the formation of a single recirculation bubble behind the body, similar to that formed behind a backward-facing ramp. As the ground clearance increases to an average regime, the viscous effects are gradually diminished. In contrast, the momentum of the under-body flux rises so that the under-body flux exits the clearance as a jet-like upward flux, downstream the body. Equally crucial, the upward flux interacts with the downward flux from the top surface, in order to create two recirculation bubbles downstream the body. Furthermore, the upward flux is separated at the ground due to a sharp adverse pressure gradient (APG), which may produce a third recirculation bubble assigned to the ground and downstream of the pair recirculation bubbles behind the body. In high ground clearance, the under-body flux is more energetic; and it transitions to a strong upward flux that overcomes flux separation at the ground. As a result, only a pair of recirculation bubbles are developed downstream the body, revealing the toroidal structure recognized through the previous studies [START_REF] Krajnović | Influence of floor motions in wind tunnels on the aerodynamics of road vehicles[END_REF] and [START_REF] Lucas | A numerical investigation of the asymmetric wake mode of a squareback ahmed body effect of a base cavity[END_REF]). Within this context, the analysis of average velocity contours in the median plane of the square back of Ahmed body, are demonstrated in figure 1.14. [START_REF] Pavia | Salient threedimensional features of the turbulent wake of a simplified square-back vehicle[END_REF] studied the effects of the wheels on the wake characteristics, and found that the inclusion of the wheels developed the upward of the underbody flux into the wake, which in turn raised the drag. However, Cadot et al.

[2015] measured hot wire velocity profiles 2 mm downstream the lower base exit for different ground clearance heights of Ahmed's body. These profiles are in figure 1.15. For c > 0.04, the velocity profiles have a parabolic appearance; but, for smaller ground clearance heights, the velocity tends to be uniform with an increase in speed fluctuations. These measurements demonstrate that a decrease in ground clearance height results in a reduction in subsurface velocity, which potentially affects the shear rate. The pressure at the base also varies with this ground impact. As manifested by Grandemange et al. [2013a] in figure 1.16, the lowest average cap pressure is secured for a critical value ground clearance c = 0.06. According to the authors, this critical height corresponds from the wake of a descending topology to a wake topology usually met on the vehicle's models simplifications. The highest pressures on the cap are procured for ground clearance heights less than the critical value, i.e. low base velocity.

Besides that, it should be noted that a ground clearance lower than the mean pressure at the base, is higher when the H/W ratio is inferior to one. Therefore, the base flux plays an essential role in the formation of the wake. However, the previous studies do not make it possible to dissociate the effect of a change in ground clearance (geometrical stress linked to the presence of the ground) from a difference in the rate of under-body velocity (kinematic constraint). Upon looking at literature, the consequences of the flux conditions and inlet turbulence were discussed, and directly related to the separation phenomena. These issues were addressed via separating the flux after-body of the model at high Reynolds number. In contrast, the reattachment relatively happens quickly since the frontal body shape is mainly chosen to avoid a significant separation (the first separation happens along the frontal part), see [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF]. The second separation generates a huge re-circulation bubble downstream the body, contributing to the drag's dominant part. From this issue, we introduce our study by focusing on the near wake region behind the simplified road vehicle "Ahmed body". More knowledge about the physics of the near wake and the separation at the rear part, will motivate our work to reduce drag. To illustrate more, 50% to 70% of the vehicle's total drag is produced by the rear part.

In addition to that, the unsteady behavior of the wake of a square backed shape leads to asymmetric-breaking modes that appear on the lateral plane of the wake. Thus, the work of Grandemange et al. [2013a] displayed the existence of static asymmetric states of the wake that break the reflectional symmetry of the body. Within this framework, [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] conducted measurements, which simply note that the wake performs a bi-stable behavior, described by a random succession of switches within two defined symmetric configurations, verifying the results of Grandemange et al. [2013a] of the same model. Similar investigations are done by using Windsor body, which has the same shape as Ahmed body, but, different frontal form (refer to [START_REF] Pavia | Evolution of the bi-stable wake of a square-back automotive shape[END_REF]). Thus, the bi-stable behavior is an important feature of turbulent wakes, where the sequence of these asymmetric states is random. This points to an unstable side force that must be engaged to a part of the total drag.

An interesting characteristic of the 3D bluff bodies is the phenomenon of bi-modal instability, where the wake converts between two asymmetric or Chapter 1. Introduction symmetry-breaking states (Grandemange et al. [2013a], [START_REF] Li | Feedback control of bimodal wake dynamics[END_REF], [START_REF] Plumejeau | Behavior of the square-back ahmed body global modes at low ground clearance[END_REF] and [START_REF] Barros | Bluff body drag manipulation using pulsed jets and coanda effect[END_REF]). This phenomenon was first identified by [START_REF] Herry | Flow bistability downstream of three-dimensional double backward facing steps at zerodegree sideslip[END_REF], downstream of a 3D backward-facing step, and since then, several investigations have observed the bi-modal behavior on other 3D bluff bodies [START_REF] Brackston | Stochastic modelling and feedback control of bistability in a turbulent bluff body wake[END_REF], [START_REF] Rigas | Low-dimensional dynamics of a turbulent axisymmetric wake[END_REF] and [START_REF] Gentile | The effect of angular misalignment on low-frequency axisymmetric wake instability[END_REF]), including Ahmed body (Grandemange et al. [2013a]). Nevertheless, the source and dynamics of the bi-modal instability behind Ahmed body are not well-understood, conceivably due to the effect of various geometric and initial flux conditions concerning the circumstances of the phenomenon and the large timescale (around 10 3 H/U ∞ ) associated with the wake "flipping" behavior [START_REF] Fan | Experimental and numerical analysis of the bi-stable turbulent wake of a rectangular flatbacked bluff body[END_REF], Dalla Longa et al. [2019] and [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF]). Hence, Grandemange et al. [2013a] analyzed the bi-modal behavior behind a squareback of Ahmed body; and encountered that the behavior strongly relies on the ground clearance ratio as well as the aspect ratio (W/H) of the body. Specifically, the bi-modality behavior persisted for intermediate and high ground clearances (c/H > 0.07); but, stopped for low ground clearance. For aspect ratio W/H > 1, the symmetry-breaking occurs in the span-wise direction at the wake; while for W/H < 1, the symmetry-breaking occurs in the wall-normal direction [START_REF] Dalla Longa | Simulations of the bi-modal wake past three-dimensional blunt bluff bodies[END_REF]). Prior examinations have also shown that bi-modality is concealed via introducing a yaw/pitch angle [START_REF] Bonnavion | Boat-tail effects on the global wake dynamics of a flat-backed body with rectangular section[END_REF] and [START_REF] Haffner | Mechanics of bluff body drag reduction during transient near-wake reversals[END_REF]). Most of the earlier analyses on the unsteady wake features along with the bi-modality behavior around Ahmed body, were experimentally manifested with the help of time-resolved particle image velocimetry [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] and Grandemange et al. [2013b]). On the other hand, numerical studies are restricted due to the high computational cost associated with simulations at high Reynolds numbers, and the large time scale needed to catch the bi-modality behavior. However, unsteady simulations of the flux around Ahmed body have been performed with: large-eddy simulations (LES) (Krajnović andSarmast [2010], Dalla Longa et al. [2019] and [START_REF] Lucas | A numerical investigation of the asymmetric wake mode of a squareback ahmed body effect of a base cavity[END_REF]), partly averaged Navier-Stokes (PANS) [START_REF] Mirzaei | Partially-averaged navier-stokes simulations of flows around two different ahmed bodies[END_REF]), unsteady Reynolds averaged Navier-Stokes simulations (URANS) [START_REF] Khalighi | Experimental and computational study of unsteady wake flow behind a bluff body with a drag reduction device[END_REF]) and detached eddy simulations (DES) [START_REF] Guilmineau | Assessment of turbulence models for flow simulation around the ahmed body[END_REF]). For example, [START_REF] Lucas | A numerical investigation of the asymmetric wake mode of a squareback ahmed body effect of a base cavity[END_REF] captured the asymmetry of the wake leading to the manipulation of LES simulation; but, the wake switching possibility could not be collared due to computational limitations. Using LES simulations, Dalla Longa et al. [2019] and [START_REF] Podvin | Proper orthogonal decomposition analysis and modelling of the wake deviation behind a squareback ahmed body[END_REF] successfully grasped the two asymmetric states of the wake at Reynolds number of about 10 4 . Likewise, DES simulations have been demonstrated to concur with the experimental results [START_REF] Guilmineau | Assessment of hybrid rans-les formulations for flow simulation around the ahmed body[END_REF]). However, the bi-modality of the wake was not studied within these dissertations. Therefore, the prior researches still miss Chapter 1. Introduction the coupling between experiments and numerical simulation to deeply analyze the flux characteristics around a road vehicle.

In the framework of car aerodynamics, the result of [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF] remarkably enhanced the understanding of the flux around different shapes of road vehicles, via describing the crucial influence of the after-body configuration.

For slant angles below 10 • or more extensive than 30 • , the topology is described by a vast recirculation bubble on the after-body. This region is related to the lower levels of base pressure, and is the main contributor to the aerodynamic drag. Equally important, the auto-power spectra of the force measurements, base pressure signals or mixing layer velocities, show usual frequencies in the natural wake. The following analyses are noted in the literature; but, these structures' spatial organization and interactions still need to be described. Within this context, a low-frequency behavior at St H = 0.07 is experimentally estimated [START_REF] Duell | Experimental study of a ground vehicle body unsteady near wake[END_REF] and [START_REF] Khalighi | Experimental and computational study of unsteady wake flow behind a bluff body with a drag reduction device[END_REF]), and is analyzed as a periodic interaction between the upper and lower parts of the tangled toric vortex in the near wake, where a shedding of pairs of vortices from the trailing edge with a lateral oscillation is also hypothesized [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF]). On the other hand, the numerical simulations of [START_REF] Bayraktar | Experimental and computational investigation of ahmed body for ground vehicle aerodynamics[END_REF] found two frequencies at Strouhal numbers of 0.1 and 0.08 in the unsteady measurements of the lift and side forces, respectively. However, the result of [START_REF] Khalighi | Experimental and computational study of unsteady wake flow behind a bluff body with a drag reduction device[END_REF] reflects a coherent motion at St H = 0.17, downstream of the recirculation region. Consequently, analogous frequencies were found by [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] and Grandemange et al. [2013b], for square back Ahmed body, experimentally, and [START_REF] Kang | Effect of approach flow condition on the wake of an Ahmed body[END_REF] in numerical simulation, and then [START_REF] Pavia | Salient threedimensional features of the turbulent wake of a simplified square-back vehicle[END_REF] for Windsor body. Nevertheless, high-frequency dynamics are marked by [START_REF] Duell | Experimental study of a ground vehicle body unsteady near wake[END_REF] at St H = 1.157, and are analyzed as shedding vortices from the mixing layers, with a pseudo-helical structure. Simultaneously, such coherent wake motions are conceivable to be influenced by wall proximity. Finally, a crucial gap ratio is detected under which the vertical oscillation of the disk wake is hidden, along with the occurrence of separation on the ground. This latter phenomenon is associated with low-frequency growths at St H = 0.03. In contrary, for intermediate slant angles; a pair of intense counterrotating vortices develop at the wake of the model, decreasing the pressure on the after-body. In the worst drag configuration of a slant angle close to 30 • , these structures induce up to 50% drag increase compared to the 0 • case. These intense flux structures and their controls, are the sources of much interest in the literature; as matching stream-wise vortices lasts over real vehicles, especially in the wakes of sedan and fastback shapes [START_REF] Bonnavion | Boat-tail effects on the global wake dynamics of a flat-backed body with rectangular section[END_REF]). Within these circumstances, flux control is aimed to be an efficient way to qualify bluff body wakes to intend improving the baseline pressure. As noted earlier, significant work is devoted to control the fastback and square back-fluxes through various passive and active strategies. However, the control techniques for drag reduction among square back vehicles are based on splitter plates, flaps, taper angle, vortex generators or even pulsed jets (Grandemange et al. [2013], [START_REF] Barros | Forcing symmetry exchanges and flow reversals in turbulent wakes[END_REF], [START_REF] Capone | Investigation on the effect of horizontal and vertical deflectors on the near-wake of a square-back car model[END_REF] and [START_REF] Perry | Influence of short rear end tapers on the wake of a simplified square-back vehicle: wake topology and rear drag[END_REF]). Thus, diverse strategies provide interesting base pressure recovery by modifying the bluffness, or increasing/decreasing the recirculation length. One can refer to the use of after-body flaps (Grandemange et al. [2013]), as well as the active control [START_REF] Rouméas | Analysis and control of the near-wake flow over a square-back geometry[END_REF] and [START_REF] Littlewood | The optimization of roof trailing edge geometry of a simple square-back[END_REF]).

The experiments of [START_REF] Littlewood | The optimization of roof trailing edge geometry of a simple square-back[END_REF] illustrate the effect of a small chamfer at the upper trailing edge of a similar square back geometry.

Regardless of the chamfer's small size in the stream-wise direction of 15% of the body height, an optimal drag reduction of 4.4% is estimated for a chamfer angle of 12 • . Accordingly, the parabolic-like dependence between the chamfer angle and the drag looks like the outcomes of [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF] for intermediate slant angles, where an optimal 8% drag reduction is spotted for 12.5 • . Therefore, the significant drag gain is obtained by [START_REF] Littlewood | The optimization of roof trailing edge geometry of a simple square-back[END_REF], with a small chamfer that ensures the increased impact of the orientation of the trailing edge on aerodynamic forces. This technique of utilizing chamfered shapes is fascinating, since it compares the method adopted by car designers on real vehicles, to the limit drag. Undoubtedly, the angles of the spoiler and the diffuser are empirically set to reach the optimal drag moment that gives the vehicle parameters (global shape, ground clearance...), while the typical length of the installed strategy stays small in front of the vehicle size.

Thesis outline

The bibliographical details presented in the previous section highlight three main points of drag reduction: bluffness reduction, the increase of the recirculation length [START_REF] Dalla Longa | Simulations of the bi-modal wake past three-dimensional blunt bluff bodies[END_REF]), and the reduction of the stream-wise vortices related to three-dimensional effects. As mentioned before, the vehicle shapes are already highly restrained; so, the bluffness reduction may appear unappropriated. Consequently, the interest of orienting the flux at the trailing edge of the vehicle, is quantified in this work, but, most of the next experiments concentrate on investigating and controlling the separated flux, with fixed separation. Because of the significant differences between two-dimensional and three-dimensional fluxes, these investigations consider three-dimensional configurations only. Thus, the purpose is to describe the physical mechanism liable for the closure of the recirculation bubble (shear layer growth, global modes...). In addition, the inspection of the flux sensitivity of global effects of the wake to perturbations, helps in identifying efficient control strategies for drag reduction. First, in chapter 2, the experimental and numerical simulation setup will be revealed. However, in chapter 3, the work shall analyze the simple Ahmed body that is examined experimentally and numerically. Chapter 4 is going to discuss the flux upon adding a passive flux control. Finally, a comprehensive discussion and conclusion ought to be provided in chapter 5.
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Experimental and numerical methodology

This chapter examines the full-scale Ahmed's body model that is utilized in this study, where experimental and numerical tools were used to characterize the flux around it. First, Ahmed body model is presented schematically. After that, the control strategy will be described. Accordingly, this chapter consists of two main parts in order to discuss each of the two tools.

Square back Ahmed body geometry

Square back Ahmed body is a simple model of an industrial system; on a scale of 1:1, see figure 2.1. Consequently, it corresponds to the geometry originally reported by [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF], where this body is characterized by L = 1044 mm, W = 389 mm and H = 288 mm. Furthermore, the ground clearance height c is fixed at 45 mm, which corresponds to a ratio c/H = 0.156 that is similar to the values reported in the literature.

Control strategy

The control strategy implemented through this work is referred to, as passive control that is mainly relying on using flaps installed at the rear of the body base. The positions of the flaps could be horizontal or vertical. Within this context, many configurations were investigated via changing the flap length and installation angle. For more clarification, refer to figure 2.2. While most of the flaps were made of metal, a number of them were developed of transparent plastic among the configurations employed within the PIV measurements, in order to let the laser pass through it. Hence, the flap thickness is 2 mm; and the flap width depends on the flap position. If it is horizontal, the width will be the body width W. However, it shall be the body height H if the flap is vertical. Moreover, the flap length is between 1 % and 15 % of Ahmed body length (l/L, where l is the flap length); also, angle θ, that represents the inclination between the flaps and the horizontal, varied between zero and 45 • . For more enquiry, see figure 2.2. Finally, it should be worthy noticeable that with respect to each configuration, the flaps were installed in pairs, through a symmetrical fashion i.e. having the same positioning angle θ.

Experimental setup

The wind tunnel

The experiment was conducted at PRISME laboratory in Orleans University, along the closed-loop wind tunnel of the testing section that is 2m by 2m wide and 5m long. Within this framework, Ahmed body has a blockage ratio of 2.8%. Furthermore, the model was mounted via a plate located 0.47m from the ground, with a rotation ability to compensate for misalignment. After that, the x-axis is aligned with the stream-wise direction. Also, the z-axis is vertical with an upward direction, and the right-handed coordinate system follows the y-axis. Additionally, the origin is set at the bottom of the model's In the following part, the height (H) of the body, the dynamic pressure and the incoming velocity (U ∞ ) are used for normalization purposes.

Balance measurements

The aerodynamic loads are recorded via implementing an external strain gauge balance, connected to the model through a plate-beam structure that is installed on the floor. In addition, the balance is provided with a turntable, through an automated yaw mechanism at a positional precision of 0.08 • , (refer to the red part in figure 2.3). Therefore, the yaw angle is set to zero. Simultaneously, the sampling frequency is 1000Hz for each run. However, an accuracy of 0.002 is estimated for the aerodynamic coefficients. Thus, this uncertainty is calculated by considering different sources of errors. • Error resulted from the facility.

• Standard error.

• Error produced from the measurement during the no-flux case (U=0).

The reported values of the forces are normalized as seen in equation 1.1.

Pressure measurements

The pressure distribution was studied at the rear of the model by 81 taps, which cover 82 % of the rear surface S = HW, as it is seen in figure 2.4. Thus, each tap is 2 cm away from each of its counterpart and is connected by a vinyl tube to a 32-channels microDAQ pressure scanner (Chell Instruments, UK). Furthermore, it is located inside the body; not to disturb the flux of the base, where the accuracy ±0.006 is ensured for pressure coefficient (refer to equation 2.1)(table 2.1). Equally important, each channel is scanned at a frequency of 50 Hz, where the number of samples is bounded to N = 90000. Within this context, the scanner measures the pressure difference in the pressure p. However, the reference static pressure p ∞ is measured by a Pitot tube that is located above the leading edge of the raised floor (see figure 2.3). Also, this device probes the dynamic reference pressure, where a Chell software processes the data stored in the RAM during the recorded time. Finally, it is extracted through a file per scanner, where five piezoelectric Kulite transducers were The results are presented in the form of a static pressure coefficient Cp, defined by the following relationship 2.1.

C p = p -p ∞ 0.5 ρ U 2 ∞ (2.1)
The acquisition time was determined to ensure a good convergence of pressure measurements. In this study, Cp values are averaged over 1800 seconds.

Velocity measurements by hot wire anemometry

The hot-wire anemometers are among the experimental list's leading tools, particularly in turbulence, because they can reach high-speed frequency responses at significantly lower costs than most alternative techniques (Time-Resolved PIV). Besides that, their probes are composed of one or more short sections of conductive wires, and each one is held in place by two prongs (see figures 2.7 and 2.8). Therefore, in specific; this study makes great use of single and triple-component hot-wire probes in order to characterize the boundary layer upstream of separation, using a single-component hot wire. Additionally, the triple-component hot wire is executed to investigate the turbulent flux in the near wake. Based on this, the present section provides knowledge about the hot-wire experimental set-ups.

Velocity calibration

Two Dantec probes were utilized during this study, which are the offset-prong 55P15 model for the boundary layer, and the 55P91 model for the wake analysis. Hence, the calibration verifies a relation between the flux velocity and the CTA (constant temperature anemometers) output. Withal, the probe is exposed to a set of known velocities (U); so that, the set of voltages (E) can be read.

In this study, the calibration is conducted via a calibration unit (Dantec 90H02 Flux Unit). As a result, a wide enough velocity range must be covered to infer the entire range required during the actual experiment. Once enough points have been obtained, they can be fitted by standard polynomial fit functions. Thus, figure 2.5 demonstrates that the error is within 1% of the actual velocity value, on the whole velocity range examined in this study. Within this context, the physical relationship between U and E depends on ambient temperature, electrical resistance and fluid features; where a negative effect of this relationship is its variation from that provided by the calibration law, if the reference temperature changes during measurements. Hence, this creates errors in the evaluation of U. Additionally, the temperature is not controlled within the facilities of the test sections of the study. To minimize the influence of this problem, calibration should be regularly redone in order to have a good calibration law. Therefore, the hot-wire probe was at least re-calibrated every 2 hours or between experiments. According to the probes manufacturer, this should decrease errors produced on velocity within 2%.

On the other hand, the directional sensitivity of the triple-component probes is characterized by each sensor's yaw and pitch coefficients, k and h, respectively. Equally crucial, the calibration of the triple-component probes requires a holder, where the probe axis (X-direction) can be tilted via rotating 360 • around its axis. Within this framework, the precise evaluation of the coefficients assures that a coordinate probe system is defined regarding the sensor orientation, where directional calibration is made; based on velocity calibration. Consequently, figure 2.6 displays the sensor voltage measurements E1, E2 and E3 in all α positions (angle of attack), for sensors one, two and three; sequentially. Upon having these measurements, h and k shall be calculated. Then, the velocity data is going to be determined; yet, for further information; see [START_REF] Jorgensen | How to measure turbulence with hot-wire anemometers[END_REF]. facility standard zero flow total Pressure 0.006 0.0001 0.0003 ± 0.006 Kulite pressure 0.0177 0.000035 0.00625 ± 0.024 Balance 0.0018 0.00058 0 ± 0.0024 Table 2.1: Uncertainty predictions for balance and pressure and balance measurements

PIV measurements

Particle Image Velocimetry (PIV) is a non-intrusive optical technique used to investigate the features of the near wake. As illustrated in figure 2.9, the flux is seeded with olive oil droplets characterized by a mean particle diameter d p = 1µm; and lightened using a double pulsed laser beam. Thus, the particles immersed in the flux field are lightened twice; with a small-time separation ∆t between flashes, where the light scattered from the tracers is captured in two various frames; via one camera placed perpendicular to the laser sheet. The frames are then, sent to a computer that is usually deployed to process the data obtained. Based on this, each recording is divided into small subareas or 'interrogation windows.' Therefore, for each window; a local displacement vector is determined by conducting a cross-correlation (COR) between the two frames: 

COR(x 0 , y 0 ) = I 1 (t, x 0 , y 0 ).I 2 (t + ∆t, x 0 , y 0 ) (2.

2)

I i refers to the interrogation windows for both frames. In order to implement this operation, a Fast Fourier Transform (FFT) was used. All in all, the highest correlation peak gives the most probable displacement of the particle ensemble, contained in the interrogation window that is detected in the correlation plane.

The velocity vector can be calculated by identifying the particle displacement and the time ∆t between the two flashes. Furthermore, the vectors extracted from the whole interrogation windows are then combined to yield the whole image's vector field. The process can be iteratively produced to increase accuracy. Moreover, the detraction of the size of the interrogation windows during each iteration as well as offsetting the windows according to the previous iteration's displacement; ought to improve the resolution. The flux velocity and the magnification factor of the camera lens are usually utilized to compute the time delay (∆t) between the two pulses. Thus, this (∆t) should be chosen; so that a sufficient displacement of the tracer particles can be observed between the two frames. To get precise results, the shift of the seeding particles must be about 1/4 of the size of the final interrogation window. Consequently, the tracers should not apply less than 2 pixels to avoid peak-locking effects; refer to [START_REF] Adrian | Particle image velocimetry[END_REF], in which the curve-fit scheme is used to determine the correlation peak with sub-pixel accuracy decays. A minimum of 7 particles per interrogation window is advised for a high signal-to-noise ratio. Hence, planar (2D-2C) PIV acquisition that was made during the experiments; is reported in the present study. The executed work was used to examine the flux field along the stream-wise planes arranged in the vertical directions. Through this project, a Quantel EverGreen, double pulse and monochromatic Nd Yag laser (wavelength 532nm, rated 2 × 200mJ) was employed for illuminating the flux. First, the laser beam is dispersed into a laser sheet by a semi-cylindrical lens. Second, spherical lens is used to tune the thickness of the laser sheet that is estimated to 0.75mm ± 0.25 mm, where the illumination of the flux is always from the above range. Also, the laser sheet was located at the stream-wise symmetry plane (XZ-plane). In this PIV experiment, 4200 particle image pairs were captured with a LaVision VC-Imager camera (4032 x 2688 pixels) that is equipped with Zeiss 50mm ZF Makro Planar lens. The LaVision Davis 8.3 software series with a LaVision PTU 9 timing unit were utilized, which warranted the synchronization with laser emissions. Two-dimensional PIV fields were recorded on an orthogonal plane that is the vertical stream-wise plane, which (y = 0) was located along the model centre-line. Furthermore, the camera was placed to give a 634mm × 422mm field of view. Additionally, three interrogation windows were adopted and checked, as manifested in table 2.2. The three cases are: A, B, and C. So, a multi-pass scheme for cross-correlation was exploited. Testing data that is consisting of 700 pairs of images in each case, was selected. Consequently, the three cases reflected a displacement range between -2 and 4.2 px, which is a good distribution. In fact, the study covers the wake region. On the other hand, a correlation between pairs of images demonstrated that case C is better for clear and unique peak correlates. As previously discussed, the correlation peak means a displacement, which showed that the best case is case C due to the low spurious vector. These vectors usually present the error vectors from the measurements (low number of tracers, low laser light, camera vision). The following are the data used to post-process the images: a square interrogation window with a size of 128 × 128 pixels and a 50% overlap between cells, then, ending with circular windows of 64 × 64 pixels and a 75% overlap, yielding a final spatial resolution of 2mm. Based on this, the data were processed using DPIV software. For further information, refer to 

Introduction to simulation

The idea of high accuracy numerical simulation through industries, is developing. It has presented important progress in various regions of aerodynamics, including bluff bodies. The aerodynamics of bluff bodies performs a special difficulty in simulation, where the behavior of high coherent structures governs the flux in the near wake of a bluff body. Their impacts on the flux could not be captured by using Reynolds-averaged Navier-Stokes equations (RANS) and usual turbulence models, which are essentially held for drag and lift forces exerted on the body. Because of that, turbulence modeling must provide a fair estimation of separation to correctly estimate the flux characteristics. It is worthy noticeable that all turbulent length scales are modeled. So, a brief overview of the computational methods starts from Reynolds-Averaged Navier-Stokes models that can solve ensemble and time-averaged Navier-Stokes equations. These models are widely adopted by industries in order to estimate the fluxes, since it is fast and less costly. Furthermore, the second approach is Large Eddy Simulation (LES), where the large eddies are quickly resolved; but, the eddies that are smaller than the mesh are modeled. The number of computational resources is still too large for most realistic applications. Therefore, Direct Numerical Simulation (DNS) can numerically simulate the entire turbulent fluxes, via solving the Navier-Stokes equations. Also, it resolves the full spectrum of scales without the need of any modeling. The cost is too restrictive as well as impractical for industries, see figure 2.10. Consequently, the researchers directed their attention towards Hybrid RANS/LES method that couples its welfare from both RANS and LES approaches. Equally important, this method provides a truly affordable computational cost at the boundary layers, using RANS procedure. The LES precisely resolves the flux separation. Within this framework, this study focuses on Hybrid RANS/LES simulation, using an ISIS-CFD solver. Withal, the following sections shed light on the implemented turbulence models. Hence, the METHRIC research team, from the Hydrodynamics Energy and Atmospheric Environment Research Laboratory (LHEEA, CNRS / Centrale Nantes); had carried out a study that led to the development of ISIS-CFD calculation code. The purpose of this software is to numerically investigate the turbulent fluxes of in-compressible viscous fluids, around geometries of high complexity. Thus, this digital tool is constantly evolving; and is adapted to the progress of modeling as well as the calculation algorithms that are executed to represent complex physical phenomena.

The global distribution of this software was initiated in 2006, provided by NU-MECA International with the FINE Marine software suite and an ISIS-CFD fluid solver.

RANS model (SST kω by Menter)

Ensemble (time) averaging is utilized to extract the mean properties from the instantaneous ones:

u i (x, t) = lim N→0 1 N N n=1 u (n) i (x, t). (2.3) u i (x, t) = u i (x, t) + u ′ i (x, t) (2.4)
Where u i (x, t), u i (x, t) and u ′ i (x, t) are the instantaneous, mean and the fluctuating components, respectively. Based on this, the Reynolds-averaged mo-Chapter 2. Experimental and numerical methodology mentum equations are as follows:

ρ ∂u i ∂t + u k ∂u i ∂x k = - ∂p ∂x i + ∂ ∂x j µ ∂u i ∂x j + ∂(-ρu ′ i u ′ j ) ∂x j (2.5)
Where the Reynolds stresses are additional unknowns highlighted by the averaging method, hence, they need to be modeled (related to the averaged flux quantities) to close the system of overseeing equations. The RANS models can be achieved via one of the following procedures.

• Eddy Viscosity Models along with the Boussinesq hypothesis, where Reynolds stresses are modeled using an eddy viscosity µ t . Thus, the assumption is correct for simple turbulent shear fluxes at boundary and mixing layers.

-

ρu ′ i u ′ j = µ t ∂u i ∂x j + ∂u j ∂x i - 2 3 µ t ∂u k ∂x k δ ij - 2 3 ρkδ ij (2.6)
• Reynolds-Stress Models; set with the transport equations of Reynolds stresses, are still required for several terms in the transport equations. as a result, RSM is more favorable in complex 3D turbulent fluxes; with long streamline curvature and swirl. But, the model is computationally intensive; and more complex to converge than eddy viscosity models.

Based on dimensional analysis, µ t can be estimated from a turbulence time scale (or velocity scale) and a length scale.

-

Turbulent kinetic energy [L 2 /T 2 ] k = u ′ i u ′ j /2. -Turbulence dissipation rate [L 2 /T 3 ] ϵ = ν∂u ′ i /x j (∂u ′ i /x j + ∂u ′ j /x i ). -Specific dissipation rate [1/T 2 ] ω = ϵ/k.
Each turbulence model calculates µ t differently.

The k-ω family of turbulence models has largely raised a demand, because the model equations do not include terms that are undefined at the wall; yet, they can be blended into the wall without using wall functions. They are correct and robust for a wide range of boundary layer fluxes with a pressure gradient.

Description for SST kω by Menter

The shear-stress transport (SST kω ) model was proposed by [START_REF] Menter | Zonal Two Equation k-ωTurbulence Models For Aerodynamic Flows[END_REF], as a way of satisfying the need for a paradigm that is more accurate than the existing models of two-equations, in the difficulty of the simulating aerodynamic fluxes, which have regions of adverse pressure gradients and separation of the boundary layer. Within this context, it combines two other turbulence models, the kϵ pattern, which predicts free fluxes in regions outside the boundary layer, and the kω pattern that is proposed by [START_REF] Wilcox | Reassessment of the scale-determining equation for advanced turbulence models[END_REF], which performs well for a flux within the boundary layer with moderate adverse pressure gradients. The latter has a high sensitivity concerning ω values in regions outside the boundary layer, However, the former fails in regions close to the walls. Also, it brings inconsistencies regarding the distribution of the dissipation variable in the flux; by avoiding the use of the kϵ model. Based on this, the two major characteristics of this model are model coefficients zonal blending and growth control of the eddy viscosity in fast forced fluxes. Therefore, SST kω model consists of zonal (blended) kω and kϵ equations; in order to address the good attributes. Equally essential, the later descriptive equations and notations are mainly based on ISIS-CFD [2019].

Equations

The eddy viscosity is represented as a function of the turbulent kinetic energy, k and specific dissipation rate of turbulent frequency, ω:

µ t = ρk/ω max{1, ΩF 2 /(a 1 ω)} , a 1 = 0.31 (2.7)
The greatest value of the eddy viscosity in turbulent boundary layers, is bounded by forcing the turbulent shear stress that is limited via the turbulent kinetic energy times a1. This outcome is done with an extra function F 2 and the absolute value of the vorticity, Ω. Consequently, the former F 2 , is reflected as a function of wall distance d, through the following manner:

F 2 = tanh   max 2 √ k 0.09dω , 500µ ρd 2 ω 2   (2.8)
The two transport equations of the model are described here with a blending function F 1 , for the model coefficients of the original ω and ϵ model equations.

∂(ρk) ∂t + ∂ ∂x j ρU j k -(µ + σ k µ t ) ∂k ∂x j = τ t ij S ij -β ⋆ ρωk (2.9) ∂(ρω) ∂t + ∂ ∂x j ρU j k -(µ + σ w µ t ) ∂ω ∂x j = P ω -β ⋆ ρω2 + 2(1 -F 1 ) ρσ ω2 ω ∂k ∂x j ∂ω ∂x j (2.10)
The latest source term of equation 2.10 exhibits the cross-diffusion term that arises in the transformed ω-equation, from the original ϵ-equation. Furthermore, the production term of ω is approximated as proportional to the absolute value of vorticity [START_REF] Menter | Assessment of two-equation turbulence models for transonic flows[END_REF]:

P ω ≡= 2γρ(S ij -ωS nn δ ij /3)S ij ∼ = γρω2 (2.11)
The extra blending function (F 1 ) is created to blend the model coefficients of the primary kω paradigm at boundary layer zones, with the modified kϵ model in the free-shear layer. Hence, the free-stream zones are defined as:

F 1 = tanh   min max √ k 0.09dω , 500µ ρd 2 ω , 4ρσ ω2 k CD kω d 2 4   (2.12)
where CD kω is for the cross-diffusion in the k-ω model

CD kω = max 2ρσ ω2 ω ∂k ∂x j ∂ω ∂x j , 10 -2
The SST kω model constants are a1 = 0.31, β ⋆ = 0.09 and κ = 0.41 where

ϕ = F 1 ϕ 1 +(1-F 1 )ϕ 2 is presenting the model coefficients, ϕ = β, γ, σ k σ ω .
They are defined by mixing the coefficients of the main kω (ϕ 1 ), with the modified kϵ (ϕ 2 ). Therefore, the coefficients of the original models are manifested as follows:

• Inner model constants; σ k1 = 0.85, σ ω1 = 0.5, β 1 = 0.075,

γ 1 = β 1 /β ⋆ - σ ω1 κ 2 / √ β ⋆ = 0.553 • outer model constants; σ k2 = 1, σ ω2 = 0.856, β 2 = 0.0828, γ 2 = β 2 /β ⋆ - σ ω2 κ 2 / √ β ⋆ = 0.44

SST Model from 2003

This new version of the SST model [START_REF] Menter | Ten years of industrial experience with the sst turbulence model[END_REF]) is different from the original one, where the basic distinction is in the description of eddy viscosity that uses the strain invariant rather than the magnitude of vorticity in its definition

µ t = ρa 1 k max{a 1 ω, SF 2 } , a 1 = 0.31, S = 2S ij S ij (2.13)
Another difference is that the production limiter is utilized for both, k and ω equations; and the constant varies from 2 to 10. Moreover, the production P; in both the k and ω equations, is replaced by min(P, 10β ⋆ ρωk), and with

CD kω = max 2ρσ ω2
ω ∂k ∂x j ∂ω ∂x j , 10 -10 , and σ 1 = 5/9,σ 2 = 0.44

Boundary conditions

In ISIS-CFD, the choices of default free-stream values are ω ∞ = λ U∞ L , µ t∞ = 10 -3 µ t and k ∞ ≡ µt ∞ ω∞ ρ , such as: L is the characteristic length, and U ∞ is characteristic velocity deployed in the simulation. Furthermore, the proportionality factor λ can be selected from 1 to 10 [START_REF] Menter | Zonal Two Equation k-ωTurbulence Models For Aerodynamic Flows[END_REF]), and the adopted flux solver is λ = 1. It should be remarked that the free-shear layers are more perceptive to small free-stream values of ω ∞ ; and higher values of ω are required in the free-stream, at least λ=40 for mixing layers. Consequently, the relations below represent the wall boundary conditions: k = 0 ω = 10 6µ βρ(∆y) 2 such as ∆y, which is the distance between the wall and the first point away, y + < 1.

Implementation in ISIS

To improve the numerical stability of the discretization scheme, all the destruction (D) and production (P) terms were treated. This standard method leads to an enhancement in the diagonal dominance of the implicit portion of the scheme, and ameliorates its stability. The next description of the relative linearization for the source terms of the turbulent viscosity equation, is a representative of the method employed here.

[P k -D k ] n+1 ∼ = [P k ] n -[D k /k] n k n+1 , D k /k ≡ β ⋆ ρω > 0 (2.14)
For the source term of the dissipation rate ω:

[P ω -D ω ] n+1 ∼ = [P ω ] n -[D ω /ω] n ω n+1 , D ω /ω ≡ βρω > 0 (2.15)
The production term of ω is written as a function of the mean strain rate tensor S ij , which is opposite to a function of the absolute vorticity (equation 2.11), also, a limiter function is joined to the production term of k as proposed in [START_REF] Menter | Zonal Two Equation k-ωTurbulence Models For Aerodynamic Flows[END_REF]. Thus, the limiter; that is suggested on the production of turbulent kinetic energy; bounds the production of turbulent kinetic energy to a value that is not larger than 20 times. Based on this, the dissipation of turbulent kinetic energy is presented below.

P k = min P k , 20D k (2.16)

Hybrid RANS-LES models

DDES model

The Delayed Detached Eddy Simulation (DDES) is executed in this study, where this method is based on DES approach [START_REF] Spalart | Comments on the feasibility of les for wings, and on a hybrid rans/les approach[END_REF]). A certain splitting of the computational domain is divided into two zones. In the first region near the walls, the standard RANS equations are resolved. Inside the second region, there are the refined Navier-Stokes equations of the Large Eddy Simulation (LES) approach. The SST kω, stated by [START_REF] Menter | Zonal Two Equation k-ωTurbulence Models For Aerodynamic Flows[END_REF], is the RANS underlying model used for the DDES model. The model length scale is changed, and the switch is arranged via a shielding function that is formed to preserve the boundary layer from the LES interference. Concerning the DDES model, the shielding function (time-dependent) takes both into account; the distance to the wall and the eddy-viscosity field.

Equations

The leading equations of the DDES model are:

∂ρk ∂t + ∂ ∂x j (ρU j k) = ∂ ∂x j (µ + σ k µ t ) ∂k ∂x j + P k -ρ √ k 3 /l DDES (2.17) ∂ρω ∂t + ∂ ∂x j (ρU j ω) = ∂ ∂x j (µ + σ ω µ t ) ∂ω ∂x j +2(1-F 1 ) ρσ ω2 ω ∂k ∂x j ∂ω ∂x j +αρ/µ t P k -βρω2
(2.18) where the eddy viscosity is demonstrated below:

µ t = ρa 1 k max{a 1 ω, SF 2 } (2.19)
where F 1 and F 2 are the SST blending functions:

F 1 = tanh   min max √ k C µ ωy , 500ν d 2 ω , 4ρσ ω2 k CD kω y 2 4   (2.20) F 2 = tanh   max 2 √ k 0.09yω , 500ν ρy 2 ω 2   (2.21)
note that y is the closest distance to the wall, CD kω = max 2ρσ ω2 ω ∂k ∂x j ∂ω ∂x j , 10 -10 . The production term in the equations is P K = min(µ t S 2 , 10C µ ρKω). The length scale is defined by:

l DDES = l RAN S -f d max(0, l RAN S -l LES ) (2.22a) l LES = C DES h max (2.22b) l RAN S = √ k C µ ω (2.22c) C DES = C DES1 F 1 -C DES2 (1 -F 1 ) (2.22d)
with h max as the maximum edge length of the cell, and f d is the blending function

f d = 1 -tanh[(C d1 r d ) C d2 ], where r d = νt+ν κ 2 y 2 √ 0.5(S 2 +ω2)
such as S, which is the magnitude of the strain rate tensor, and Ω that is the magnitude of vorticity tensor. Within this context, the constants of the model are:

S µ = 0.09, κ = 0.41, a 1 = 0.31, C DES1 = 0.78, C DES2 = 0.68, C d1 = 20 C d2 = 3.
Meanwhile, the model coefficients are defined through the following manner:

σ k1 = 0.85, σ ω1 = 0.5, β 1 = 0.075, γ 1 = β 1 /β ⋆ -σ ω1 κ 2 / √ β ⋆ = 0.553 outer model constants σ k2 = 1, σ ω2 = 0.856, β 2 = 0.0828 γ 2 = β 2 /β ⋆ -σ ω2 κ 2 / √ β ⋆ = 0.
44. Hence, further information can be found in [START_REF] Gritskevich | Development of ddes and iddes formulations for the k-ω shear stress transport model[END_REF] and [START_REF] Flynn | Detached-eddy simulation of the slipstream of an operational freight train[END_REF].

Boundary conditions

The DDES boundary conditions are the same as those described in section 2.4.2.1 for the SST kω model.

Motivation

Upon introducing the turbulence models, it is significant to shed light on some main points. The zonal (blended) kω/kϵ model; that is much more suitable for boundary layer fluxes, has many great qualities. Simultaneously, the turbulent viscosity is inefficient, however, the turbulent stress remains within the range managed by the basic similarity constant, via over predicting the turbulent stresses at the wake (velocity-defect) regions, and that drives to the poor representation of the models for adverse pressure gradient and separated fluxes. The LES is more successful for high-end applications, where the RANS models fail to meet the requirements (External Aerodynamics: flow around bluff bodies). The LES costs a lot to solve the near-wall region of high R e wall-bounded fluxes.

Numerical Setup

The simplified vehicle model (full scale Ahmed body model 1044 × 389 × 288 mm) was used with computational domain dimensions of 13.2L × 1.7L × 1.9L, refer to figure 2.11a. The upstream distance between the inlet and the body was chosen, with the help of experimental boundary layer measurements to have same inflow condition. Figure 2.11b compares the results between the simulation and the experiment at velocity of 40m/s, which reveals the same boundary layer development, and confirms the righteousness of our domain selection. Two full unstructured hexahedral meshes were conducted using HEXPRESS. Thus, the first was implemented with 32 million cells; while the second with 56 million cells. The convergence was picked in reference to some physical parameters (drag coefficient, recirculating region length...) that were compared to the experimental results. To compromise between the computational costs and mesh study, we agreed to select the second mesh upon the comparison with the experiments. Within this context, building the mesh was accomplished in five steps; as explained below:

• Initial mesh: that designs a very coarse to set the cell size in the far-field.

• Adapt geometry: which refines the initial cell size by a set of times, to better catch the geometry.

• Snap to geometry: that projects the refined cells on geometry.

• Optimization: which adjusts the mesh quality in order to eliminate all invalid cells.

• Viscous layer: that inserts viscous layers to capture the turbulence.

For more clarification, the mesh quality was precisely checked using the software itself, see figure 2.12.

The boundary conditions were chosen using the following manner: 40m/s at the inlet that leads to Re= 7.6 × 10 5 , based on height and free-stream velocity, furthermore, the no-slip condition was selected for the body as well as the road to enable the boundary layer's growth. Thus, to have better capturing near the wall, a special refinement was done via defining three boxes that cover the whole body as well as zooming on the rear part, in which the cell size reached 1.8mm, refer to figure 2.12. The coordinate axis system was exactly defined as that of the experiment, in order to facilitate the comparison process. Yet, this is obvious in figure 2.11a with an origin at the mid base bottom the body.

Choosing an accurate time step ∆t s is crucial in CFD simulations. In general, to have a good resolved LES simulation; a compromising process should be done between the cell size and the ∆t s according to physical explanation.

Based on this, [START_REF] Tennekes | A first course in turbulence[END_REF] mentions that the spectral energy transfer; which is the energy exchange between the mean and turbulence flow; is directed by large eddies, so that it mainly scales with the integral length scale l. On the other hand, turbulent energy dissipation occurs at small scales, such as the Kolmograph scale. Simply, the equation of the dissipation goes like ϵ ∼ U 3 l , where l is the integral length scale. Therefore, the ∆t s could be written as:

∆t s ∼ ( ∆ 2 ϵ ) 1/3 (2.23)
where ∆ is the smaller mesh size that should be resolved in the near wake.

Here, the importance of the coupling between experiments and simulations will appear, such that ϵ ∆ could be estimated from hot wire measurements.

Then, it shall be exploited to calculate the ∆t s needed for the simulation. The ∆t s adopted in the simulation is ∆t s = 7.2 × 10 -4 s. To make a test on the simulation results, a vertical section for the entire CFD domain was chosen, as well as using the ratio of turbulent kinetic energy-resolved with the modeled oneT KE modeled , ratio =

T KE resolved T KE resolved +T KE modeled , which gives an overview about the resolved percentage that is 95% (T KE resolved ), see figure 2.13. It is worthy noticeable that 480 processors were used, with a computational time of around t ⋆ =2777, where t ⋆ = tU ∞ /H, t time in seconds.
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Turbulent wake features of a simplified road vehicle: simulation vs. experiment

Introduction

The wake dynamics of a square back Ahmed body is analyzed via systematically coupling both, wind tunnel experiment and hybrid RANS-LES simulations, in order to provide a quantitative comparison. This chapter aims to demonstrate an in-depth understanding of the flux around a bluff body (Ahmed body), in terms of flux topology and stability.

Boundary layer

A starting point is a detailed description of the boundary layer (BL) developing around the bluff-body. Indeed, the state of the boundary layer is a key parameter of the near wake, since it sets the initial conditions of the flux separation. Basically, the boundary layer can be characterized by the following parameters:

• The boundary layer thickness (δ), which is defined as the distance from the wall to the point where the mean stream-wise velocity (U) approaches 99% of the local free-stream velocity, U e .

• The displacement thickness (δ ⋆ ), that reflects the amount of deviation of the streamlines of the outer flow, under the effect of the boundary layer [START_REF] Schlichting | Boundary Layer Theory[END_REF]. Thus, the integral form of the displacement thickness is given by: Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment

δ ⋆ = ˆ∞ 0 (1 - U (z) U e )dz (3.1)
• The momentum thickness (θ), is another integral parameter, which corresponds to the required thickness of an inviscid boundary layer to retain the same momentum.

θ = ˆ∞ 0 U (z) U e (1 - U (z) U e )dz.
(3.2)

• The shape factor H sf , which is provided via:

H sf = δ ⋆ θ (3.3)
In laminar fluxes, H sf ≃ 2.6 (Blasius boundary layer) is usually reported.

In contrast, H sf = 1.2 -1.4 is along the zero pressure gradient (ZPG) turbulent boundary layer, and increases under the impacts of the adverse pressure gradient, to reach 2.7 near separation.

• The skin-friction coefficient C f , that is the indicator for wall friction. Hence, it tends to zero when the flux is separated from the wall. To clarify more, it is shown in the following equation:

C f = τ w 1 2 ρU 2 ∞ (3.4)
where τ ω is the wall shear stress:

τ ω = µ ∂U ∂z (3.5)
Furthermore, the friction velocity u τ is the most used velocity scale in boundary layer cases; and it is related to τ ω by: Re θ = U θ ν .

u τ = τ ω z=0 ρ (3.6)
(3.7)

• The non-dimensional parameter of the pressure gradient, that is:

β = ∂P ∂x δ ⋆ τ ω (3.8)
These quantities are summarized in table 3.1 for all the configurations executed in this work.

Mean velocity and turbulence statistics

The boundary layer measurements have been specified 12 cm upstream the top trailing edge of the body. It is previously mentioned that the origin is settled at the mid-bottom of the body base, which is reflected in figure 2.3. Hence, several points were taken to veil BL using a one-component hot-wire with a sampling frequency of 60kHz. However, due to the limitation in the experimental setup; even a minimum distance of 0.5mm to the wall is still not close enough to cover the viscous sub-layer. For this sake, the experimental and the simulation results are reported in table (3.1). Consequently, based on these results; the boundary layer can be considered as fully turbulent, since both conditions Re θ > 3000 and H sf > 1.2 are met, see [START_REF] Song | Flow structures of a separating, reattaching, and recovering boundary layer for a large range of reynolds number[END_REF].

Additionally, we shall now be interested in the velocity profile inside the boundary layer. Figure 3.1a manifests the mean stream-wise velocity as a function of the wall-normal distance z. These quantities are normalized by the freestream velocity and the boundary layer thickness, respectively. Thus, a good matching between the experiments and the simulations (for both turbulence models) is observed. A slight difference is noticed along the evolution of the stream-wise velocity profile between the experimental and simulated data (refer to figure 3.1a). Within this context, [START_REF] Trip | Bluff body boundary-layer modification and its effect on the near-wake topology[END_REF] boundary layer in the present study. However, the BL is more turbulent in the experiments than that through the simulation. This conclusion is consistent with [START_REF] Trip | Bluff body boundary-layer modification and its effect on the near-wake topology[END_REF], which can also be noticed in table 3.1 via representing a variance in the shape factor values, Hsf that is lesser in the experiments than the simulation.

In fact, δ is always implemented as an outer scale. In contrary, the velocity components are often scaled based on the friction velocity (u τ ). Hence, it is essential to use a precise method to estimate the frictional velocity u τ .

The inner region of the boundary layer is defined from 0 up to 0.1δ; see [START_REF] Pope | Turbulent flows[END_REF]). In this region, the wall shear stress influences the flux. Particularly, this could be affected by the slippery wall conditions and fluid viscosity. Hereabouts, the convective terms are negligibly related to the viscous term and the turbulent shear stress. Integrating the Navier-Stokes equations for BL as well as applying boundary conditions; we get u τ . Here, it is necessary to have accurate measurements near the wall that could be unreachable through the experiment compared to that through the simulation. For the experimental data, the Clauser chart method; based on [START_REF] Clauser | Turbulent boundary layers in adverse pressure gradients[END_REF]; shall be used to estimate u τ , which depends on the presence of the log-law region near the wall. By sketching U + versus z + (z + = zuτ ν ) on a semi-logarithmic scale along the x-axis, the overlap region of the boundary layer is plotted as a straight line. This relation is identified as log-law and presented by the following equation:

U (z) u τ = 1 κ log( zu τ ν ) + B (3.9)
Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment where κ and B are constants (κ = 0.4 and B = 5), the presence of the logarithmic region in adverse pressure gradient (APG) is still under discussion, refer to [START_REF] Monty | A parametric study of adverse pressure gradient turbulent boundary layers[END_REF]. While merging with ZPG fluxes, [START_REF] Monty | A parametric study of adverse pressure gradient turbulent boundary layers[END_REF] pointed out that the skin friction, estimated from the Clauser chart method; is matched with that determined from oil-interferometry for smooth APG boundary layer fluxes, at Re θ = 11860. Up to β < 3, the obtained skin friction; using both methods; was satisfactory. However, beyond β = 3, the difference between both approaches became significant, as it reflects up to 10% variation in C f . Therefore, when strong APG fluxes are present, inaccurate estimations of u τ will occur, leading to erroneous outcomes concerning the scaling reasons for pressure gradient boundary layers. Consequently, this study recommends the adoption of Clauser chart method for a weak APG flux (refer to table 3.1 ).

In the equation 3.9, U (z) can be estimated directly from the experiments via assuming that ν, κ, and B are constants. Thus, the only unknown term is u τ . Besides that, figure 3.1b shows the normalized boundary layer by u τ and z + , and the different regions that clearly appear in simulation process (viscous sub-layer: z + < 5, buffer layer: 5 < z + < 30, fully turbulent region: 30 < z + < 300, and the outer region). Through the experiment, the viscous sub-layer seemed to be undetected because of the experimental installation Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment limits (minimum distance from the wall around 0.5mm). The profiles reveal a great harmony between the simulation (for both models) and the experiment.
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The simulation data was executed to test the methodology of u τ estimation.

As a result, figure 3.2a manifests the evolution of u τ , which is calculated by ISIS-CFD software compared to that estimated using the Clauser method. Consequently, around 15 points were extracted from the simulation data, covering the x/H range [-3,0] across the top of the body surface. Furthermore, the difference between the actual u τ and the estimated one, which varies along the x-direction demonstrated in figure3.2a, is because BL passes through distinct stages along the top of the body in the stream-wise direction (favorable pressure gradient FPG and APG). For instance, at x/H=-0.4 (where the experimental measurements are done)), there is a variance of about 1.7% between the actual and estimated results (figure 3.2a ), which confirms the excellent choice of the Clauser chart method. Concerning the same figure, the comparison between the simulation and the experiment is plausible; with a distinction of less than 1%.

Figure 3.2b exhibits the growth of δ, δ ⋆ and θ along the x-direction, where post the growth of δ, the integral parameters (δ ⋆ ,θ) also increase until they reach their maximum value at x= -0.4H, remaining constant till the body end.

As well, the Reynolds normal stress ⟨uu⟩ are shown in figure 3.3, with a reasonable compatibility in the outer region. For example, DDES and SST kω are very comparable, while, the experimental results reflect a larger value in the region 0 < z/δ + < 0.5, see figure 3.3. Consequently, no peak is spotted in the outer region, which will impact the turbulent kinetic energy production. Simultaneously, outer peaks are never observed in the ZPG case; refer to Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment [START_REF] Srinath | Modeling and prediction of near wall turbulent flows[END_REF].

Global parameters

Upon looking at the BL measurements, it is crucial to estimate some global parameters, such as drag coefficient C d (equation 3.10), which is the main objective of this work. In fact, C d is linked to other flux parameters, like re-circulation region length and base pressure drag. For this purpose, we introduced a summarized comparison between the experimental and simulation results in this section.

Therefore, the experimental results are well-compared to DDES situation in terms of re-circulation length (l r ); see table 3.2, which is defined by the mean separation line (defined by the iso-value U = 0), such that l r = max(x separation line ).

Concerning experimental results, l ⋆ r = 1.57 (normalized by the body height) with 7% ( ∆l r = l simulation r -l exp r l exp r ) difference for DDES model, and 30% for RANS case. Thus, the percentage discrepancy between the experiment/DDES and the RANS models comes from the re-circulation bubble curvature behavior, directly related to the separation connected to the boundary layer. Although it is previously demonstrated that the boundary layer behaves similarly in the studied cases, it is noticed; hereafter an in-depth look at the separation region, that the flux behavior at the lower part of the RANS pattern is entirely different from those of the DDES and the experiment. This is because any change in the interaction between the body and the ground, will directly manipulate the flux downstream the body; along the lower part. Furthermore, the interaction between the bubble and the ground can be perceived in figure 3.6, which reverberates some vertical velocity plots, reflecting a clear difference between the experiment/DDES and RANS models, especially in the downstream at the lower part of the re-circulation region.

The percentage variation between the experiment and DDES model is acceptable. It may influence the aerodynamic forces. Therefore, the measured values of the forces have been normalized via the following equation:

C d = D 0.5 ρ S U 2 ∞ (3.10)
where D is the drag, ρ is the air density and S is the projected model frontal area (S= 0.112m 2 ). The base pressure coefficient was calculated using the Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment 

C d ∆C d % C pb ∆C bp % l ⋆
C pb = p b -p ∞ 0.5 ρ U 2 ∞ (3.11)
Note that p b is the wall pressure measured at the body base, p ∞ is the freestream static pressure, and U ∞ is the free-stream velocity. Accordingly, the base drag was estimated by integrating the measured pressure field:

C db = 1 S b ˛Sb Cpb ds. (3.12)
where Cpb is the time average estimated base pressure coefficient, S b is the area covered by the pressure taps. 3.4 Wake topology

Time averaged analysis:

The wake investigation ought to complete the validation of our previous experiment/simulation comparison; allowing us to examine each model by going deeper into the physics of the wake. Due to that, the mean flux for the Yplane downstream the simplified vehicle; is demonstrated in figure 3.5. As expected, a separation region appears at the rear of the body, causing a large re-circulation region. Furthermore, the mean separation line (black curves in figure 3.5) is defined by U = 0, showing similarity between the experimental and DDES results; while, both have differences with the RANS model. Meanwhile, looking into the streamlines; two vertically aligned vortices appear on both sides of the re-circulation region, leading to the existence of a symmetric mean re-circulation bubble. The vortex center location for the experiment and DDES model, along the upper one; is at x ⋆ =0.9 and z ⋆ =0.82, respectively, while, it is at x ⋆ =0.9 and z ⋆ =0.15 on the lower part, sequentially. In contrast, the RANS paradigm gives a distinct location, at x ⋆ =1 for the upper and lower vortex; while, z ⋆ =0 and z ⋆ =0.87; respectively. Thus, this inconsistency in vortex relation has a direct effect on the bubble shape, which can be clearly observed in figure 3.5.

Within this framework, the corresponding average bubble detected in the experiment and through DDES case; is observed as well in the literature of Grandemange et al. [2013b] and [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF]. Nevertheless, diverse experimental studies get an asymmetric mean wake, where the vortices are not vertically aligned [START_REF] Lahaye | Aerodynamic characterisation of a square back bluff body flow[END_REF]; [START_REF] Barros | Bluff body drag manipulation using pulsed jets and coanda effect[END_REF]). Thus, this non-alignment noticed in some literature could be explained as a result of the presence of certain vertical instability, which will be later discussed in this chapter.

The vertical plots for the stream-wise and the vertical velocity profiles are Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment exhibited in figure 3.6, for two different x positions x lr = 0.5 (3.6a, c); and

x lr = 0.8 (3.6b, d). Hence, the vertical plots reflects similar behavior in each position, where the velocity goes to a minimum value located around z ⋆ =0.45; then, it increases to reach the free stream velocity again. Based on this, it is noticed that the zero velocity values came from the wall effect at the lowest z-coordinate, where the plots display a fair comparison between the experiments and DDES pattern, via showing symmetrical behavior; however, we do not deduce the same observations with RANS model. Moreover, the vertical wake asymmetry originates from the presence of the ground, which causes a perturbation that leads to the formation of the features of the flux that constitutes the variation between the upwards and downwards the flux, downstream the simplified vehicle. In general, the shape of the mean re-circulation bubble is more comparable between the experiments and DDES model; than that of the RANS paradigm.

Additionally, figure 3.7 presents the contours of the Reynolds normal stress and the Reynolds shear stress (⟨uu⟩, ⟨uw⟩) in the vertical plane, via manifesting a reflectional symmetry; with small variances in magnitude; between the experiment and DDES model. The upper part of the RANS downstream flux shows a similar behavior, but, different maximum intensities. Though, concerning its lower part, diverse manners in terms of contour intensity are observed. Behind the body, it is impressive to detect that the Reynolds stresses are more intense in the lower part of the flux, along the studied cases. Finally, it is worthy noticeable that the spatial distributions of the Reynolds stress in the vertical plane (for the experiment and DDES paradigm) are in a reasonable agreement with the previous experimental analyses of a uniform flux along Ahmed body (Grandemange et al. [2013b], [START_REF] Barros | Forcing symmetry exchanges and flow reversals in turbulent wakes[END_REF][START_REF] Rodriguez | Experimental study of the wake flow behind three road vehicle models[END_REF]).

Shear layer Growth

The separated shear layer development can be studied by estimating the vorticity thickness δ ω , and momentum thickness θ SL . Based on [START_REF] Dandois | Numerical simulation of active separation control by a synthetic jet[END_REF], δ ω and θ SL can be computed as follows: where U min (x) and U max (x) are the minimum, and maximum velocities respectively, along the streamwise direction.

δ ω = U max (x) -U min (x) (∂U (x, z)/∂z) max (3.13) θ SL = ˆ∞ 0 U (x, z) -U min (x) (U max (x) -U min (x) 1 - U (x, z) -U min (x) (U max (x) -U min (x) dz ( 
Through this project, the shear layer shall be divided into two parts (upper and lower); based on whether z is larger or lower than the z coordinate of the farthest re-circulation point. Furthermore, figure 3.8a reveals δ ω ⋆ that is normalized by the height of the simplified vehicle, while, x is normalized by l r . Thus, the normalised shear layer thicknesses linearly increase until a value of x/l r ≈ 0.8 for both, the experiment and DDES model; but, until x/l r = 0.6 for RANS case. This linear growth is compatible with the measurements of the flux along a slanted Ahmed body in [START_REF] Thacker | Experimental characterization of flow unsteadiness in the centerline plane of an ahmed body rear slant[END_REF] [START_REF] Stella | Scaling of separated shear layers: an investigation of mass entrainment[END_REF]; as well as harmonized with the observations of a 2D mixing layer Bonnet et al. [1998]. Consequently, such a linear growth results from the expansion of the shear layer fluctuation that constructs a large-scale structure; and as well, from the increase in the characteristic vortex scales associated with a mixing process on the shear layer [START_REF] Brown | On density effects and large structure in turbulent mixing layers[END_REF]). [START_REF] Brown | On density effects and large structure in turbulent mixing layers[END_REF] suggested a growth rate such that:

δ ω x = 0.17R (3.15) with R = U ∞ -U min U ∞ + U min (3.16)
According to relation 3.15, dδ ω /dx should be equal to 0.2-0.23. In our case, the slope is 0.22; which is very close to values expected for a free mixing layer, as spotted by the 2D mixing layers [START_REF] Brown | On density effects and large structure in turbulent mixing layers[END_REF]) or the curved mixing layers [START_REF] Tenaud | Numerical simulation of the turbulent detached flow around a thick flat plate[END_REF]).

Figure 3.8b demonstrates θ SL ⋆ ; which is normalized via the height of the simplified vehicle. Hence, the behaviour of the θ SL ⋆ growth is similar to δ ω ⋆ ; but, with a slope of 0.047. In their experiment of free mixing layers, [START_REF] Browand | The turbulent mixing layer: geometry of large vortices[END_REF] realized that the growth rate of the momentum thickness is accurately fitted by: vs. experiment θ SL x = 0.034R (3.17)

In reference to relation 3.17, dθ SL /dx should be equivalent to 0.041-0.046; however, the slope in this project is 0.047; which is the value expected for a free mixing layer Also, the growth of δω θ SL is 4.6 for x/l r = 1; which is consistent with the Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment observations of a 2D mixing layer Bonnet et al. [1998] ( δω θ SL ≈ 4.8).

The shear layer's growth decreased in the lower part of the near wake; 0.17 and 0.03; for δω dx and θ SL dx , respectively. However, the growth of δω θ SL is 5.6 for x/l r = 1. With respect to their mixing layers, [START_REF] Castro | The structure of a turbulent shear layer bounding a separation region[END_REF]Haque [1987] Larchevêque et al. [2004] have observed that the ratio; between the growth rates of the momentum and vorticity thicknesses; has a value close to 5, which is comparable with that noticed in the present study at the lower part of the wake. Yet, the difference observed between the upper and lower parts of the shear layer is mainly due to the ground effect.

The features spotted through the experiment are fairly commensurate with those of the DDES model, as seen in figure 3.8; while, RANS behaves differently. Indeed, both; δ ω and θ SL ; are characterized by a lower growth rate, where the ground proximity considerably impacts the shear layer development.

Generally, the separated shear layer similarly acts to a free shear layer, and its growth is dominated by the entrainment in the large region downstream Ahmed body model. However, this would have significant importance for the present study; because the spreading of the free shear layers is driven by the entrainment of external fluid [START_REF] Pope | Turbulent flows[END_REF].

Mass entrainment

This section discusses the mass transfer across the boundaries of the shear layer, specifically along the RRI interface (RRI is the mean separation line, refer to figure 3.5). This topic is of fundamental importance for understanding and controlling the flux for; at least; two reasons. First, several studies have manifested that one of the driving mechanisms of these fluxes; is the dynamic balance between the back-flow and the amount of fluid that is re-entered by the sheared layer in the region of separation [START_REF] Stella | Scaling of separated shear layers: an investigation of mass entrainment[END_REF] Lorite-Diez et al.

[2020]). Second, the results presented in the 3.4.2 (and following) have shown that the size of the re-circulation bubble is related to the rate of thickening of the sheared layer. which is mainly driven to the shear layer by the movement of the external fluid. [START_REF] Gerrard | The mechanics of the formation region of vortices behind bluff bodies[END_REF] proposed a mechanism; which is the result of the equilibrium of fluxes filling and emptying the re-circulation region; in order to account the recirculating bubble length behind a bluff body. For the studied case, the growth rate of the free shear layers is associated with velocity entrainment along the shear layer that feeds it by emptying the recirculating region, see (section 3.4.2). Therefore, it seems essential to better understand these phenomena better using the mass balance equation that is applied on a vs. experiment control volume (representative of the sheared layer); based on the local mass flux, which could be estimated according to equation 3.18. Entrainment also, generates the shear layer to grow; and eventually merge with the shear layers formed on the other sides of the model. So, the same principle of mass entrainment and recovery; between the shear and the recirculation regions; is expressed by [START_REF] Maull | Mechanisms of Two and Three-Dimensional Base Drag[END_REF] for two-dimensional bluff bodies.

ṁ = -ρ ˆlRRI W (l) cos (ϕ(l))dl (3.18)
where ṁ is the mass flux, ρ is the air density, l RRI is the RRI boundary length, and ϕ is the angle between the normal of the surface and the z-axis; while, l is the curvilinear abscissa.

The evolution of the mass flux in the longitudinal direction; along the RRI; is demonstrated in figure 3.9. Unlike RANS; the experimental/DDES curves scale with l r and ρHU ∞ . Meanwhile, it is crucial to note that a variance is observed in the pressure gradients curves through the same interface, where the pressure gradients are scaled with the mass entrained on the RRI interface (not vs. experiment presented for brevity). Within this framework, figure 3.9 shows that mass flux is approximately anti-symmetrical. Therefore, the mass transfer; according to its positive/negative values; can be separately studied. Table 3.3 reflects the integration of the mass entrained along the first range (negative mass flux), which is named ṁouttop and ṁout bot ; for the upper and lower parts of the RRI interface, respectively. While, the integration of the mass flux over the second range (positive mass flux); that is termed ṁintop and ṁin bot , for the upper and lower sides of the RRI interface; sequentially. Thus, the first interesting point that is represented in table 3.3, is the symmetric behavior between the upper and lower parts of the RRI interface for the experiment and DDES model. In contrast, we do not notice the same result with the case of RANS; where its mechanism of feeding the re-circulation bubble comes from the upper part of the interface, which explains the anti-symmetrical shape for the re-circulation bubble.

It was previously manifested that the shear layer development for the studied cases, is more analogical between the experiment/DDES modes; rather than that of the RANS case. In the following sections, this comparison will be completed by linking it to the total drag. As shown in table 3.2, more than 80% of the drag comes from the base drag. In other words, to describe how the flux; downstream the body; interacts and affects the entire bubble topology, it is necessary to understand base pressure and drag changes. In general, the weakness in the shear-layer growth is related to lower wake entrainment rates, which elongates the recirculating flow as revealed in the RANS RRI interface.

On the other hand, the initial shear-layer deviation alone would indicate a narrowing of the wake and a reduction of the recirculating length. The RANS bubble presents a higher aspect ratio l r /H, distinct to the experimental/DDES cases; where an enhancement of the entrainment contracts l r . This scenario is consistent with Roshko's models on the wake equilibrium and base pressure [START_REF] Roshko | On the wake and drag of bluff bodies[END_REF], Roshko [1993a] and [START_REF] Roshko | Perspectives on bluff body aerodynamics[END_REF]); as well in [START_REF] Barros | Bluff body drag manipulation using pulsed jets and coanda effect[END_REF]. In an analogy to the simplified two-dimensional wake, the stream-wise mean momentum balance; through the closing separating line of the bubble; is reevaluated by [START_REF] Balachandar | Properties of the mean recirculation region in the wakes of two-dimensional bluff bodies[END_REF]; who showed that the base pressure coefficient is linked to the pressure, normal and shear stresses along the RRI interface. However, the main issue in this study is that the unavailable pressure downstream the body ;in the experiments; is impacting this kind of discussion. To recover this issue, we will introduce a pressure computation method; proposed by [START_REF] Shanmughan | Optimal pressure reconstruction based on planar particle image velocimetry and sparse sensor measurements[END_REF]; in the following section.
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Pressure computation

The flux behind an Ahmed body usually creates a considerable base drag, induced by a low-pressure region at the body's base, where the free-stream conditions will be attained after flux reattachment, along with the occurrence of pressure recovery. Thus, this difference in the pressure field is interpreted in order to diagnose its contribution to the aerodynamic drag. as a result, the pressure field in the wake region is computed after implementing the transport equations through numerical simulations. Meanwhile, it is a challenging task to precisely estimate the pressure field in the experiments.

Since pressure plays a fundamental role in the near wake flux, its measurement is of great importance to analyze the physical mechanisms. Consequently, several methods were reported in the literature; in order to determine the pressure field from velocity. However, the main challenge is to avoid the following problems:

• The resolution of the data, where the local speed and acceleration require a high level of accuracy along the massive number of snapshots, to capture well-resolved velocity fields.

• The method is based on evaluating the pressure gradient using the velocity derivatives in the Navier-Stokes equations. Therefore, it is integrated in space, where a propagation error could be faced with respect to path integration.

Hence, a summary of some factors that are affecting the accuracy of the estimated pressure (resolution, flux specification, etc.) can be found in van Oudheusden [2013].

In this work, the pressure field in the near-wake is inferred from the velocity field obtained from PIV. Within this context, the algorithm for pressure estimation is based on the methodology introduced in Shanmughan et al. [2020], who developed an adjoint-based method for the proper estimation of the mean pressure of steady turbulent fluxes.

Theoretical background

The mean pressure from a 2D mean flux is estimated via executing the Poisson equation [START_REF] Pope | Turbulent flows[END_REF]). Thus, a starting point is the mean pressure gradient Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment using the Reynolds Averaged Navier-Stokes (RANS) equation:

∂ ∂x i (P δ ij ) = -ρ( ∂ ∂x j (U i U j -2νS ij + ⟨u i u j ⟩)) (3.19)
P, U, ν, S ij and ⟨u i u j ⟩ indicate the mean pressure, mean-flow velocity, fluid kinematic viscosity, mean strain rate and the Reynolds stress components; respectively. The divergence operator is applied to yield a second-order Poisson equation for pressure:

∂ 2 ∂x 2 i (P δ ij ) = -ρ ∂ ∂x i ( ∂ ∂x j (U i U j -2νS ij + ⟨u i u j ⟩)) (3.20)
Withal, the equations for mean pressure estimation can be constituted from figures 3.19 and 3.20; sequentially; in a convenient form as that in equations 3.21 and 3.22, in order to reduce error propagation.

∆P = f (U, ⟨u i u j ⟩) , in Ω (3.21) ∇P • n = g(U, ⟨u i u j ⟩) , on Γ (3.22)
where ∆ and ∇ denote the Laplacian and gradient operators, Ω and Γ represent the computational boundary and domain; respectively; Furthermore, n is the unit normal to the boundary. Hence, the second-order Poisson equation requires boundary conditions to have a unique solution, where the approach implemented in this study is Neumann boundary conditions because of its applicability for a broader range of experiments. Often, Often, the pressure gradient (Neumann boundary) is directly predestined from the velocity fields. However, the pressure specified on the boundary; using Bernoulli's equation (Dirichlet boundary); is limited to irrotational flux regions, which is rarely the case with the experiments. As an outcome of solving the second-order Poisson equation with Neumann-type boundary conditions overall the boundaries, the computed pressure is defined up to a constant; producing the following equation:

P c (x, y) = P true (x, y) + K + ϵ(x, y) (3.23)
K is a constant (K is going to be estimated using pressure taps at the body Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment The critical point is that the flux in this study is 3D; while, this method is based on 2D flow. Therefore, choosing the plane to estimate the pressure will be a key point. Concerning this project, the x-z plane is used for the computation process. Within this framework, The flow, by definition; is divergence-free, assuming errors are small enough. A conditional average is done to remote asymmetry due to bi-stability in the ensemble rate.

To our best knowledge, the pressure field in the wake of Ahmed body has not been experimentally evaluated in the previous studies, making comparisons Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment impossible. Consequently, figure 3.10 shows the mean pressure fields for the three studied cases. The DDES pressure field; calculated using ISIS CFD; is compared to the DDES e and the EXP e estimated by the discussed code for the DDES and the experiments, respectively. The flux resembles the pressure coefficient gauged from the measurements done by Grandemange et al. [2013b] for the reference state. As demonstrated, the time-averaged spatial evaluation of the pressure coefficient highlights a minimum value; nearly corresponding with the focus of the toroidal re-circulation (refer to the discussion of figure 3.5). Moreover, the DDES's pressure field is estimated and well compared to that evaluated by the ISIS CFD, which extends the confidence on the computed pressure field. On the other hand, the estimated experiments and DDES are analogous; and reflect the same physics. However, some differences could be noticed in the contour plot. Thus, in order to emphasize these differences; horizontal and vertical profile values will be added to complete this comparison in figure 3.11. Furthermore, the latter that is between the estimated experiments and the DDES model shall not be warranted as that in the experiments, since the mean velocity and Reynolds stress fields are modified with different types of noise. Nevertheless, the Poisson solver and the numerical scheme are sensitive to the noise color (see [START_REF] Van Oudheusden | PIV-based pressure measurement[END_REF]). Therefore, in this study; one type of noise is selected, referred to as 'White noise' with uniform spectral energy distribution. The addition of this type of noise shall be tested to investigate the sensitivity and robustness of the presented method. Besides that, the error level is computed to denote the variance between the exact and the estimated values; in order to quantify the maximum error level. These noise levels are arbitrarily high to catch sufficient divergence from the reference pressure field. It also, illustrates the pressure error levels resulting from the combination of flux field uncertainties presented by the computational methods or algorithms used for velocity reconstruction (see [START_REF] Shanmughan | Optimal pressure reconstruction based on planar particle image velocimetry and sparse sensor measurements[END_REF]). Therefore, the 'Noisy' pressure computation was conducted using the noisy data (velocity and Reynolds stresses) as an input to the Poisson solver.

Within this framework. figure (3.11a, b, c, d) manifests horizontal and vertical plots for the DDES (ISIS CFD), DDES e , EXP e (estimated), and the DDES n (with the noise added to the input data). Thus, the horizontal plots at z ⋆ = 0.5, and 0.8 are shown in figure (3.11a, b); where different values were detected between the experiments and the simulation in the very near part of the wake (near the base). This is due to the pressure correction method executed in the study [START_REF] Shanmughan | Optimal pressure reconstruction based on planar particle image velocimetry and sparse sensor measurements[END_REF]. Since we observed a discrepancy at the base pressure between the simulation and the experiments, it should appear in the first part of the near wake. The plots match again in the second part Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment of the wake. The differences could be spotted in the curves that present the noise effect, especially after the re-circulation bubble ends (x/l r > 1). Based on this, figure (3.11e, f) presents the pressure profiles along the RRI interface; where the cases are well compared, with distinction of less than 10%.

In conclusion, this method describes a tremendously important estimation of the pressure field. However, since the tool uses gradients to estimate the pressure, it's obvious to see some inaccurate data as we go far from the body (seen in the horizontal plots). But in our study, as will be seen later; we are interested in the near wake (RRI interface), which demonstrates a good estimation.

Next, we utilize these measurements to evaluate the role of the Reynolds stresses, the stream-wise velocity fluctuations, and the pressure along the RRI interface; which bounds the re-circulation region in that particular plane for the symmetrized flux. More precisely, we establish a link between the drag coefficient and quantify the contribution of each Reynolds stresses component to the drag coefficient.

Momentum budget applied on 2D and 3D control volume

Momentum budget (3D)

The experimental method for the measurement of aerodynamic forces was previously shown previously. In this section, the discussion is about the numerical data-set (DDES), where the simulation method for the measurement of aerodynamic loads will be revealed. Furthermore, basic fluid mechanics principles were applied to improve algorithms for load estimation, and an analysis of fluid momentum changes has been used. Hence, the momentum deficit is determined and related to the drag force exerted on the body; within a given control volume containing the analyzed vehicle. The available data from the simulation is going to cover all the terms in the momentum equation, and shall keep the drag estimation error at a satisfactorily low level.

Working principle

The drag force that is working on a body can be obtained via a momentum budget in a control volume containing this frame [START_REF] Anderson | Fundamentals of aerodynamics[END_REF]). Thus, the time-dependent drag force acting on the body in the in-compressible flow vs. experiment regime can be written as:

D(t) = - ˚v ∂U ∂t dV -ρ ¨S(U ∞ -U )U dS-ρ ¨S ⟨uu⟩dS+ ¨S(P ∞ -P )dS+ ¨S τ dS
(3.24) where U is the velocity vector with components [U,V,W] along the coordinate directions [x,y,z], respectively. Furthermore, ρ is the fluid density, p is the pressure, and τ is the viscous stress tensor. Additionally, U ∞ and p ∞ are the free-stream velocity and pressure, sequentially. V is the control volume; with S as its boundary. Concerning the other contributions when the control surface is sufficiently far away from the body surface, it can be noted that the viscous stress is negligible in most cases of concern; except the one generated by the road.

Time-average force

The evaluation of the volume integral on the right-hand side of equation 3.24 can be avoided by considering the time-average drag instead of its instantaneous value. While decomposing the equation into the Reynolds average components and averaging both sides of the equation, the time-average drag force is obtained with the single contribution of surface integrals: Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment where f r is the friction generating from the ground, which comes from the interaction between the flow and the ground, due to the slip flow condition used on the ground .

Aerodynamic drag mechanism using a 3D control volume

The first control volume was chosen to apply the momentum budget equation that is defined through the following manner. The inlet is going to be the domain inlet, the upper/left/right sides will be the domain sides, and the lower side will be the road (all these faces will be fixed), while, the only variable side will be the outlet, refer to figure 3.12.

The drag mechanism will be investigated. Figure 3.13 reflects the budget, emphasizing the contributions of the momentum term (U U ⋆ and U W ⋆ ), the pressure term (P ⋆ ), and normal stress term (uu ⋆ ), where The momentum term is strongly negative near the body. This benefaction starts to decay after Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment reattachment ( x lr = 1.24), where the momentum term increases to reach a relatively constant value after ( x lr = 2.06). The negative contribution of the momentum deficit, at small x lr , is mostly counterbalanced by the pressure term, which is higher within ( x lr = 2.04), but, after that, it remains constant and higher than the momentum term. by definition, the Reynolds normal stresses negatively contribute to the drag, where a maximum value (negative value) is observed between ( x lr = 0.6 & 0.8), which corresponds to the location of the peaks of stream-wise velocity fluctuations 3.7(b). This term slowly decays until reaching a value of approximately 0 at x lr =1.86. Thus, the contribution of the Reynolds normal stress is significant along the wake; and cannot be neglected when the aerodynamic drag is computed. The results agree with the study of [START_REF] Balachandar | Properties of the mean recirculation region in the wakes of two-dimensional bluff bodies[END_REF], who estimated the contribution of the Reynolds normal stress to the wake of two-dimensional bluff bodies. Also, the same observation was found in [START_REF] Terra | Aerodynamic drag of a transiting sphere by large-scale tomographic-piv[END_REF], who introduced a method to measure the aerodynamic drag of moving objects such as ground vehicles.

This section examines the aerodynamic contribution of both, the momentum and Reynolds stress terms, on the total drag through the near and far wake, using a large control volume that recovers the whole body. It was interesting to show that the normal stress plays an essential role via counting 28% from the total drag in the near wake. Therefore, the RRI interface will be taken as a control volume in the next section, in order to have more information about the turbulence characteristics and their link to the total drag. This selection was made for two reasons, where the first one is the null momentum along this interface as well as their connection to the base drag, which ought to be discussed later.

3D-2D investigations about re-circulation bubble control volume

This section will acquaint the control volume as the re-circulation region interface, which is defined by the iso-contour U = 0. The discussion will be based on the equation of momentum budget, applied at the re-circulation region interface. First, a 3D iso-surface; with U = 0, defines the RRI interface. Then, the 3D momentum budget will be executed. Second, the same procedure shall be implemented on the 2D control volume.

3D recirculation bubble control volume for DDES

The equation ought to be more straightforward, as will be demonstrated later, since the momentum term is going to be eliminated (due to the definition Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment of iso-surface U = 0). The momentum equation shall pursue the following manner:

C pb = ˆRRI (C p + 2 uu ⋆ )n x ds + 2 ˆRRI u ⋆ v ⋆ n y ds + 2 ˆRRI u ⋆ w ⋆ n z ds (3.26)
where n (n x ;n y ;n z ) is the local vector normal to the RRI surface.

Figure 3.14a manifests Ahmed body model with the 3D re-circulation bubble colored by the variable pressure. It is worthy noticeable that the bubble does not implicate the whole base surface. First, figure 3.14b shows the covered part, then, it's clear that the shaded part collects all the crucial information and involves the entire maximum and minimum values of the base pressure. finally, the drag results from Cp, which is chosen to close the momentum budget via covering more than 70% of the total base pressure drag.

The contribution of the budget terms is manifested in table 3.4, where the main contributor here is the pressure term with 80% of the assumed base pressure.

In addition, the benefaction of Reynolds stresses is 20%. Thus, as presented in the conclusion of the 2D discussion, it is impossible to ignore the effects of the Reynolds stresses on the base drag, which leads to total drag contribution.

C pb pressure term normal stress term shear term (span-wise) shear term (vertical) DDES -0.17 -0.143 0.0377 -0.025 -0.04 Table 3.4: Total budget contribution for the 2D control volume.

2D recirculation bubble control volume for experiment, DDES and RANS

Selecting a 2D control volume is not an arbitrary choice because the data availability influences it. Accordingly, the measurements conducted by PIV through this study, are dedicated to 2D2C. Therefore, PIV is restricted to 2D planes. For two-dimensional bluff body fluxes; along the vertical plane; the stream-wise momentum balance on the RRI line could be rewritten as follows:

C pb = ˆRRI (C p + 2 u ⋆2 )dz + 2 ˆRRI u ⋆ w ⋆ dx (3.27)
Where C pb presents the pressure body base. C p is the pressure distribution along the RRI line in addition to normal and shear components. vs. experiment The 2D budget equation provides quantitative details about the drag for a two-dimensional wake, and to be completed, the integration along a surface would be necessary. Nevertheless, studying the suitability of adopting the RRI line amalgamation in analyzing the contribution of the pressure and turbulent terms, will be an essential step. Thus, the main purpose of this section is determining to what extent the information obtained in a 2D slice of the reactualization bubble, is representative of that of the 3D bubble. The 3D data available from the simulation will be exploited, where the pressure, normal, and shear stresses are shown in figure 3.15. Figure 3.16a manifests the 3D RRI interface colored by pressure coefficient. Thus, the first step is to elaborate a integration for these terms along the yz-direction. Then, we shall have vs. experiment 2D data on behalf the 3D bubble; compared to the 2D data that are derived from the XZ-plane. Figure 3.16 reflects the pressure and turbulent terms along the RRI interface, where the black line stands for the 2D data coming from the 2D plane (IN RRI ), the red curve represents the incorporated data through the yz-direction (3D data IN S ). Although figure 3.16b exhibits the pressure coefficient over the IN RRI for 2D and the IN S for 3D, a plausible analogy was noticed between the two cases. Withal, the same observation was spotted for the normal stress term (figure 3.16c). While, the shear stress term (figure 3.16d) still reflect correlation between both data; with a variation in the maximum value reached, which is 20%. Hence, the latter (percentage difference) is yet accepted via providing us with all the main information required to cover the interpretation of its contribution to the 2D momentum budget. To exploit such a transfer (3D to 2D), the 2D momentum budget equation is going to be discussed and elaborated. Two basic points will be addressed, where the first one is the experiment/simulation comparison, along with a scrutinization process for the pressure and turbulent contribution on the base drag.

In equation 3.27, the integral forms show a strong dependency on z and the value of the integrated term. Focusing on the interface will be the primary vs. experiment step, where figure 3.17 reflects the RRI interface for the three studied cases (experiment, DDES, and RANS). This comparison was implemented before, confirming that experiments and DDES have a comparable RRI interface, which is not the case with the RANS model. The discussion is going to be based on each term of equation 3.27, along with its effectiveness through the upper and lower parts. Figure 3.18 demonstrates the entire terms on the RRI interface for the upper part and lower parts of the bubble, where each term is presented through its integral direction; C p , ⟨uu ⋆ ⟩ along z, and ⟨uw ⋆ ⟩ along x. More fundamental differences can be noticed between the experiments/DDES and RANS patterns. For example, the C p term that is reflected in figure 3.18a manifests similar behavior for experiments and DDES, along the first part of the upper/lower RRI interface. It is worthy spotted that the RRI curve on the lower part of the RANS paradigm acts as a constant z, which can be noticed by referring to figure 3.17. This will later appear via the suppression of the role of C P and ⟨uu ⋆ ⟩ terms at the momentum budget, as the integration of these terms relies on dz. Figures 3.18b and 3.18c) exhibit the normal and shear stress terms normalized by U 2 ∞ , along the upper/lower parts of the RRI interface. In figure 3.18b, it is perceived that the increasing ⟨uw ⋆ ⟩ through RRI is identical between the experiment and DDES model, where the graph heightens until z ⋆ = 0.15 and 0.8 for the upper and lower parts, respectively. Then, it decreases near the base wall where the re-circulation bubble ends. While in figure 3.18c, the decreasing ⟨uw ⋆ ⟩ on RRI is similar between the experiment and DDES model as well. These results had shown that the experiments are well compared with DDES; but, not with the RANS model. vs. experiment

The cumulative integral for the budget terms shall be presented in figure 3.19, where the idea of establishing the cumulative integral along the surface is to detect the evolution of each term through the RRI interface. Thus, these integrals are reflected through the upper (blue) and lower (red) parts of the RRI line for the experiments, DDES and RANS models; where the total contribution is going to be obtained via the subtraction of the upper and lower parts (Red-Blue) that leads to the appearance of two regions; as shown in figure 3.19. The green region manifests that the benefaction of the integrated term is reducing the base pressure drag. In contrast, the red region negatively contributes to the base drag. Consequently, each term's inflection point flips the role from positive to negative direction and vice versa. This point ought to define the characteristics of length scale X IN employed in the next chapter. Equally important, table 3.5 summarizes the length scale for the studied cases of the experiments and simulation. Therefore, with respect to the pressure term, a difference in X ⋆ IN was noticed between the experiments, DDES and RANS models, with X ⋆ IN = 0.3, 0.2, and 0.6 sequentially. This variance could arise from the fact that the base pressure is different, where the base pressure of the experiments is more negative than that of the simulation, and could be derived from the curvature itself. Remarkably, these length scales are the same between pressure and normal stress terms. Simultaneously, the shear stress is featured by smaller values of X ⋆ IN . One can observe the symmetrical behavior between the upper and lower parts, even with the ground effect. Hence, the pressure and normal stress terms showed this symmetry at x < X ⋆ IN , and then anti-symmetry for x > X ⋆ IN . On the other hand, the shear stress term exhibited a total symmetric behavior along all the RRI interface.

To have a total overview of the entire contribution of each term, the results are summarised in the table 3.6, where different mechanisms could be identified. The first one presents the experiment/DDES case, where the main contributor is the pressure term, unless the benefaction of normal and shear stress terms can not be ignored. Furthermore, the second mechanism reflects the RANS model; where the basic contributor is the shear stress term. As a result, the pressure and shear stress terms diminish C p ; so that, the base drag shall increase leading to a boost of the total drag. While the normal stress term reduces C p ; the base drag is going to decrease embarking to the deficiency of the total drag. Finally, a discussion was executed to analyze this section's 2D momentum budget equation. First, the impacts of the flux; downstream the body; were investigated (pressure, normal, and shear stresses). The curvature effects were addressed demonstrating that it could change the physical interpretation of the budget equation. However, the contribution of turbulent vs. experiment characteristics is handled and can not be neglected as they influence 50% of the total base drag.

(a) (b) (c) (d) (e) (f) (g) (h) (i)
In the previous part of the chapter, mean wake analysis has been conducted to characterize the flux and compare the results of the studied cases (experiments vs. simulation). A generic trait of the flux around symmetric bodies; at high Reynolds' numbers; can be specified by the presence of permanent symmetrybreaking structures in the wake. So, these structures have been interpreted on Ahmed body by Grandemange et al. [2013b]; and along Windsor body via [START_REF] Perry | Influence of short rear end tapers on the wake of a simplified square-back vehicle: wake topology and rear drag[END_REF]. The origin and dynamics of these structures have not been entirely clarified, although they have been the aim of various experimental and numerical studies. Therefore, the next part of the chapter will be dedicated to the dynamics of the wake. 

Wake dynamics

Modal Decomposition

Modal decomposition methods; such as proper orthogonal decomposition (POD); can determine the periodical behavior of the flux, where POD is an effective strategy to infer the coherent structures in the turbulent fluxes [START_REF] Lumely | The structure of inhomogeneous turbulent flows[END_REF][START_REF] Sirovich | Turbulence and the dynamics of coherent structures. i. coherent structures[END_REF]). Therefore, the dynamics were precisely analyzed using the POD of the fluctuating pressure, and velocity data for both; the experiments and the DDES model. Equally important, the fluctuating term c p is defined by c p = C p -Cp , where it is introduced into a set of POD modes such as:

cp (y, z) ∼ = n j=1 a j (t)Φ j (y, z) (3.28)
Where n is the number of POD modes Φ j that carries the spatial modes of the coherent structure, and a j is the temporal coefficient.

The results of the POD spectrum are manifested in figure 3.20 that reflects a plausible compatibility between that of the experiment and those of the simulation. Except for the energy percentage of the first mode; Only the first four modes are analyzed in figure 3.21. They describe more than 60% of the overall energy saved by the pressure fluctuation at the body base, see figure 3.20. In both cases, the first POD mode presents the side symmetry breaking mode,' since the left asymmetry overshadows it to the right one, which is connected with both; the bi-stable mode and the von Karman lateral vortex shedding. Φ 4 of the experiment and Φ 2 of the simulation could be linked, which shows a uniform distribution with high deviation on the middle top edge of the base. Additionally, Φ 3 of the experiment is matched with Φ 4 of the simulation; along with high deviation at the middle, and low one at the edges. Besides that, Φ 2 of the experiment is coincident with Φ 3 of the simulation. On the other hand, figure 3.23 exhibits the horizontal plots at z = 0.5H for the first POD mode. Due to the difference in the timescale between the experiments and DDES simulation, the plots were normalized by the maximum value. Interestingly, the first four modes are identical between the experiments and DDES, where the first mode was assigned to the lateral symmetry breaking mode (LSM), associated with the action of both bi-stable modes. Meanwhile, the other three modes were interpreted as follows:

• the second mode of the experiment and the third mode of the simulation seem to be connected to the axial motions of the near wake, with an inverse sign within the center of the base and the lateral edges (-+ -); which is comparable with the results found by [START_REF] Pavia | Evolution of the bi-stable wake of a square-back automotive shape[END_REF]. Therefore, this mode is consorted with the planar symmetry mode (PSM).

• The third mode of the experiment and the fourth one of the simulation appear to be connected to the second mode; but, with opposite signs (+ -+).

• The fourth mode of the experiment and the second mode of the simulation look to be linked with the motion that breaks the symmetry of the wake in the upward direction, correlated with the vertical symmetry mode (VSM). temporal coefficients of the same POD modes in figure 3.21, demonstrates that the turbulent logarithmic decay is captured above St H > 0.13 in all the cases. The existence of the bi-stable mode is established by the -2 law; clarifying the decrease on the energy captured by the 1st mode at very-low-frequency through the experiment, which confirms the findings of Grandemange et al. [2013b]. In the first mode (LSM), two peaks occur at St H = 0.13 and St H = 0.1, for the experiment and DDES, respectively. But, concerning the PSM mode, the latter is replaced with a peak at St H = 0.07. Thus, this emphasizes the presence of three distinct and coherent motions of the wake, in addition to the bi-stable mode, which matches the results of the experiments implemented by [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] through comparable values of Re H .

The scatter plots of the temporal coefficients imputed to the first three POD modes (figure 3.24) provide information regarding the dynamics of the switch between the two bi-stable states. The relationship between the lateral symmetry breaking mode (LSM) and the planar symmetry preserving mode (PSM) (figures 3.24e and 3.24b) shows that the latter reaches its highest positive val-Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment ues only when the former is deactivated (LSM ß 0). Combining with the fact that the PSM POD mode represents the longitudinal motion of the wake, it indicates that a reduction of the interaction between the core of the vortical structure and the base is achieved at any time the lateral asymmetry is suppressed. the observation does not reflect a similar rapport between the vertical symmetry mode VSM and the planar symmetry mode PSM (figures 3.24c 3.24f).

This paragraph applies POD analysis in the near-wake to the fluctuating (i.e., excluding the mean) stream-wise, vertical and span-wise velocity components, where the XY plane is just reachable by the DDES; but, not the experiments. This part is dedicated to DDES fields. In the next chapter, the discussion for experiments will be executed. The first four modes are shown in figure 3.25, representing 20% of the total energy. Thus, mode 1 in 3.25 is symmetric and does not display stream-wise periodicity. The spectrum is demonstrated in figure 3.26a; which indicates that a strong and energetic content characterizes mode one at a St H of 0.11. Mode 2 in 3.25 is uniform and does not introduce stream-wise periodicity as well. As manifested; this kind of harmonic behavior could be assigned to the bi-stable state in the span-wise direction, where the spectrum that is exhibited in figure 3.26b indicates a strong peak at a St H of 0.11. Another observations are made for the consistent mode 3 in figure 3.25, along with the corresponding temporal properties in figure 3.26. Accordingly, its spectra produce a maximum of about 0.15, which clarifies the vortex shed-vs. experiment ding mode with oscillations in the vertical direction. Hence, the existence of two frequencies; a higher one corresponding to the vertical (smaller) dimension and a lower one related to the span-wise (larger) dimension of the body; is in agreement with Grandemange et al. [2013b] and [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF]. Figure 3.25 shows that mode 4 is an anti-symmetric mode, which displays a periodicity in the stream-wise direction. The time evolution of these modes is quasi-periodic, as proved by the spectra in figure 3.26. Besides that, the characteristic frequencies range from 0.1-0.24, where these frequencies satisfactorily match the vortex shedding mode oscillations observed in Grandemange et al. [2013b] and [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF]. As noted earlier, there is no guarantee that an individual POD mode corresponds to a well-defined physical mechanism. As an overview, an observation of the coincidence between the POD modes and the main global modes that contribute to the wake dynamics; is reported in the literature. The POD mode 2 is related to the global bi-stability mode. Also, mode 3 is correspondent to the vortex shedding with oscillations in the vertical direction. Mode 4 is analogous to the vortex shedding with oscillations in the horizontal direction. The POD decomposition allows a quantitative investigation of the correlations between the temporal amplitudes of the modes associated with the global wake dynamics.

Upon discussing the POD applied on the pressure fluctuations at the rear base, a great connection between the experiments and DDES was addressed.

Then, DDES was used to inspect the span-wise plane. A linkage was spotted between the POD executed on the pressure, and velocity fluctuation. The temporal modes with the spatial modes help to give some information about the flux, which was also noticed in certain literature [START_REF] Pavia | Salient threedimensional features of the turbulent wake of a simplified square-back vehicle[END_REF], [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF], [START_REF] Varon | Control of the chaotic dynamics of a turbulent 3d wake[END_REF], [START_REF] Fan | Experimental and numerical analysis of the bi-stable turbulent wake of a rectangular flatbacked bluff body[END_REF] and [START_REF] Booysen | Large-scale 3d-ptv measurement of ahmed-body wake in crossflow[END_REF]).

In the following section, the study will focus on bi-stability; where an excessive analysis is going to be elaborated between the experiments and the simulation.

Topology of bistability phases

The complex system of the shear layer in Ahmed body wake is associated with energetic oscillations in the wall-normal and span-wise directions, which are often referred to as global modes (Grandemange et al. [2013b[START_REF] Plumejeau | Behavior of the square-back ahmed body global modes at low ground clearance[END_REF]. That is examined along Windsor body wake through [START_REF] Pavia | Evolution of the bi-stable wake of a square-back automotive shape[END_REF]). The global modes; generated by the vortex shedding behavior; interact with the instabilities in the separated shear layers. As mentioned in the introduction, these instabilities may occur in the bi-modality of the wake structure. Most earlier investigations identified the bi-modality behavior using the Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment temporal history of the spatial gradients of the base pressure coefficient (Cp) on the rear surface of the bluff body [START_REF] Li | Feedback control of bimodal wake dynamics[END_REF] and [START_REF] Evrard | Fluid force and symmetry breaking modes of a 3d bluff body with a base cavity[END_REF]).

Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment However, the temporal history of the aerodynamic forces in the wall-normal (lift) and span-wise (drift) directions have also been found to produce consistent results with the spatial gradients of Cp [START_REF] Fan | Experimental and numerical analysis of the bi-stable turbulent wake of a rectangular flatbacked bluff body[END_REF]). Therefore, concerning this study; the bi-modality is interpreted via the spatial gradients of the base pressure coefficient (Cp) on the rear surface of the bluff body. Thus, figure 3.27 shows temporal histories of the Cp gradient coefficients (horizontal and vertical) along with their associated probability density functions (PDF), where the latter is the density of probability rather than the probability mass, and it is defined as follows:

f (t) = 1 √ 2πσ exp -(t-µ) 2 2σ 2 , σ > 0 (3.29)
Where µ, σ 2 , and σ are the mean, variance, and standard deviation, respectively.

Figures 3.27a and 3.27b present the time history and the probability distributions of the pressure gradient in the Y-and Z-directions, where the location was selected according to the higher/lower values for the asymmetrical POD mode (figure 3.25). It can be observed in the experiment that figure 3.27a shows the pressure coefficient of a couple of taps (between right and left of the base) shifts within two defined states. This is also further visible when the probability density functions (PDFs), estimated on the entire acquisition time interval, were plotted, reflecting a bi-stable behavior that is not periodic.

To characterize the timescale, we define a variable t phase , which describes the time needed to switch between two successive phases. During the considered run, the 139 phase switches; that were obtained on the left and right positions; were recorded. The timescale of the bi-stability phenomenon was determined by estimating the mean duration of t phase of the two stable positions, which is calculated using the free-stream velocity, height H, and width W of Ahmed body. Thus, this time was compared to the characteristic aerodynamic times.

Based on this, the results are revealed in table 3.7. The presented experimen-vs. experiment tal work was compared to a work utilized by Grandemange et al. [2013b] using scaled Ahmed body (1/4) and velocity of 20m/s with t phase = 5.3 seconds. After that, the results were compared to [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] with similar conditions. Hence, identical outcomes were obtained with a slight time phase difference that could be subjected to the body's alignment, so that the bi-stability effects are susceptible to any external perturbation. The DDES model in figure 3.27a demonstrated the same switching between the two states, but, with less clearance. Figure 3.27b manifests that the most likely value of the pressure gradient in the z-direction is close to its mean value, that is slightly negative as expected, which signs the rotations of the wake while switching from one state to another.

In order to have a more precise comparison, figure 3.28 exhibits the time evolution of the pressure coefficient c p for the left and right parts of the base. Thus, figure 3.28a presents the switching behavior of bi-stable modes for the experiment. Concerning DDES model; several small switches have been spotted, along with the detection of two main switches at t ⋆ = 655 and 909; refer to figure 3.28b. Consequently, this switching allows us to inspect the base Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment and the wake globally, as well as instantaneously. Finally, figure 3.31 bids the conditional averaging pressure and velocity fields of the bi-stability modes.

Although the modes that are shown here have the same pressure and velocity topologies as the ones involved in [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] and [START_REF] Varon | Control of the chaotic dynamics of a turbulent 3d wake[END_REF]), a decreasing in pressure is found on both sides as the vortex is closer to the body base. At the same time, the symmetric state in the DDES paradigm resembles the mean pressure base. However, it is not the case with the experiment. This is due to the difference in the time scale of the left and the right modes, which came from the alignment of body precision.

In order to link the base pressure behavior into the wake, a pressure and wake centers were defined as follows:

y p = ⟨y ⋆ c p(t) ⟩ y ⟨c p(t) ⟩ y (3.30) z p = ⟨z ⋆ c p(t) ⟩ z ⟨c p(t) ⟩ z (3.31)
while y and z are the pressure coordinates, c p (t) is the time pressure coefficient. Moreover, y and z are the horizontal and vertical coordinates. The wake center (x u ,y u ) is represented by detecting the position of U min .

Chapter 3. Turbulent wake features of a simplified road vehicle: simulation vs. experiment Throughout most of the switching modes, the pressure center moves around the center position (y p = 0), as presented in figure 3.29a that clearly shows the two main switching modes for the experimental data located at y ⋆ = -0.05 and 0.05. Furthermore, the same figure of DDES (in red) manifests the pressure center variation, which moves horizontally, but, with fewer margins than those in the experiments. A transient phase could be captured between this switching, where the wake either returns to the same mode or does not totally shift to a particular mode. Referring to figure 3.31, the time-series positions for both centers in the left and right modes, were located opposite to each other. When the wake is shifted to the right, the pressure center moves to the left and vice-versa. Thus, this behavior was expected, and is compatible with the literature of [START_REF] Varon | Control of the chaotic dynamics of a turbulent 3d wake[END_REF]. To be accurate concerning the harmony between the pressure and wake centers, figure 3.29b demonstrates the correlation between them, where the two centers are perfectly anti-correlated, with a correlation coefficient of -0.4. This analysis confirms the behavior of the pressure with the wake center in figure 3.31.

M
Figure 3.32 exhibits the velocity fields for the Y and Z planes at the two instants that are captured with the DDES simulation of t ⋆ = 655 and 909, while shifting to the left and right modes, respectively. Hence, it is significant to observe the impact of bi-stability on Z-plane in figure 3.32 (a & b), where the wake is shifted upward in both modes. This is linked to figure 3.27b, where the gradient pressure coefficient is an approximate negative value. Figure 3.32 (c & d) presents the instantaneous velocity fields for the Y-plane; showing the shift of the instantaneous wake toward the left and the right sides. Also, the change of the location of the vortices could be detected in both modes. In order to obviously spot these modes in the DDES data; figure 3.30 reveals the normal stresses along y-direction at x ⋆ = 0.9, which describes the wake center position. Thus, the figure emphasized the existence of the three modes; the symmetric, the right and the left modes. Yet, it is crucial to notice a higher turbulent region on the right side when the wake shifts to the left, and vice versa when it switches to the right. vs. experiment Drag and bi-stability connection: It is essential to link the bi-stability analysis with the aerodynamic forces. Consequently, figures 3.33a, 3.33b and 3.33c manifest the aerodynamic coefficients c y , c d and c z , sequentially, which are in opposite to the pressure center y p . However, a linear relation appears between c y and y p (slope 1.5), while the direct link is still not very clear amid c d and c z . In contrast, figures 3.33d, 3.33e and 3.33f present the aerodynamic Open-loop control

An extensive database has been generated via implementing passive and selfadaptive control devices. Thus, the analysis developed in the previous chapter will be extended to this one, with the purpose of identifying the physical mechanisms impacted by the control devices. This study brings new complementary insights to the survey of [START_REF] Grandemange | A study of wake effects on the drag of ahmed squareback model at the industrial scale[END_REF], who performed a parametric research of the flow concerning the slant angle of the flaps, using the pressure and force measurements as well as particle image velocimetry (PIV) but, with more extensive parameters to [START_REF] Capone | Investigation on the effect of horizontal and vertical deflectors on the near-wake of a square-back car model[END_REF], who tried to play on the position and flap installation angle.

Parametric study

Different positions of flap installation are discussed in this chapter. As shown in chapter 2, the flaps were installed at the rear base with horizontal and vertical positions, where the main parameters featuring the control configuration are the flap installation angle and flap length. In addition, some exciting configurations were added such as: the free movable flaps installed and fixed with a very flexible tape that allows the flap to be fluttering in the flux stream.

Balance measurements, pressure scanning at the body base and hot-wire measurements were utilized during this campaign in order to characterize the effect of the control devices. The focus is on the behavior of drag reduction (DR), which is defined as follows: where Cd ref and Cd control are the drag coefficients for the reference and the controlled cases, respectively.

DR(%) = 1 - Cd control Cd ref × 100 ( 
Upon a preliminary examination carried out on the whole test configurations L body ). The behavior of DR reflects an increase for small angles. It shows a clear descends at high angles; but, in some configurations, it reveals an increasing in the drag. The same graph demonstrates the peak of DR versus θ changes from one flap to another, depending on its length. In the same figure, the simulation results were exhibited, where the DR for two configurations (θ=15 • and 30 • ) manifests a similar behavior as the experiments' DR increases at 15 • ; but, decreases at 30 • . Figure 4.1b investigates the vertical flap installation angle (θ) for different flap lengths as well. The DR reaches a peak as far as θ increases, and then it decreases. Yet, the peak for the vertical flaps seems to depend only on the flap length, while for the horizontal flap, it presents a dependency between the DR peak with both, the flap angle and the length. Some interesting behavior of DR could be deduced from figure 4.1, according to the best DR obtained and at which conditions are θ and l. These results are summarized and presented in figure 4.2 that shows how much the flap length increases in parallel to the DR that will also linearly boost, where two different slops were addressed, 0.3 and ≈0.9; for the optimal vertical and horizontal drag reductions, respectively. As a conclusion from figures 4.1 and 4.2, the highest DR is achieved by using horizontal flaps with flap length l = 15% as well as an angle θ=5 • along with DR=15%. Thus, the optimal angle for the vertical flaps was found to be θ=12 • . While for the horizontal flaps, this optimal angle changes depending on the flap length. Concerning the shortest flap (l = 2.5%), it was detected to be θ=15 • . In comparison with the literature, the optimal flap installation was detected to be θ=20 • in [START_REF] Capone | Investigation on the effect of horizontal and vertical deflectors on the near-wake of a square-back car model[END_REF], who applied similar flaps to Windsor body. While for [START_REF] Grandemange | A study of wake effects on the drag of ahmed squareback model at the industrial scale[END_REF], better DR were obtained at 6 • to 12 • . In [START_REF] Pavia | Low-frequency wake dynamics for a square-back vehicle with side trailing edge tapers[END_REF] who studied the effects of side trailing edge tapering on the wake of a Windsor body, the best obtained DR is between 6 • to 12 • of tapering. All these reductions are connected to the wake reaction on each configuration. This fact shall further be discussed in the later sections.

All the adopted strategies at the rear of the flat-back road vehicles mainly targeted the base part of the drag (the drag that comes from the body base These results confirm the importance of base drag reduction on the total drag. However, the linear trend and as shown in figure 4.3, is affected by some configurations that demonstrate a base drag reduction opposite to the total drag reduction. In some configurations, it is less, meanwhile, an increase in total drag is observed through other configurations. This behavior is detected at high angles and more extended flaps. One of the questions that could be addressed here is, how the flow reacts in each case and how the trend between Cd and Cb is affected at such high angles and flap length.

L = 2.5% Cd Cb% C f ront % C W heels % C f laps % C f
In figure 4.4a, velocity fields are manifested in the near wake for two cases: one at a slight installation angle θ, and the other at a high one. In a small θ, the flow, as shown, stay attached to the flap and then, it is separated after that. Thus, the flap plays a role in delaying the separation that will be discussed in the later results. While in the same figure, the bottom one demonstrates that the separation occurs at the body end (not at the flap end). In addition to that, two small vortices appear between the flaps and the body base. This fact could give a preliminary explanation about what we observed in figure 4.3 (gain in Cb reduction and lose in Cd reduction). These two vortices perform a double press job: One at the body base, which leads to a gain in the reduction of base drag and the other is at the flaps, which increases the drag that comes from the flap itself, leading to an increase in the total drag. Another essential source of drag comparable to the base drag, shall have a big role on the total drag. In order to discuss this, the total drag equation ought to be written as follows:

Cd = Cb + Cd f ro + Cd f l + C f (4.2)
where

• Cd: total drag coefficient. • Cb: base drag coefficient.

• Cd f ro : frontal drag coefficient (which mainly comes from frontal area of the car).

• Cd f l : flaps drag coefficient.

• C f : friction drag coefficient.

The friction drag is too small (shown in the next section of Boundary layer); so, it will be neglected. The other assumption is that the drag that derives from the wheels, is also neglected.

Rearranging equation 4.1 to be written as following:

Cd -Cb = Cd f ro + Cd f l (4.3)
The term Cd-Cb is reachable through the experiments, hence, it is plotted in figure 4.5a versus flap length coefficient (l ⋆ =l f lap /L body ). The results, as reflected, present a linear trend with a constant slope, which is affected by the increasing flap angle. Therefore, this slope of the linear trends increases when the flap angle rises. Accordingly, equation 4.1 could be expressed as following:

Cd -Cb = Cd f ro + a × l ⋆ (4.4)
Assuming that the drag that originates from the flap, is mainly derived from pressure. Then, introducing the term ∆Cp will present the pressure difference between the front and back surfaces of the flap. Therefore, the flap C f l could be defined by:

Cd f l = ∆Cp sin(θ f ) × l ⋆ × L H (4.5) then a × H L = ∆Cp sin(θ f ) (4.6)
The plots for 4.1 are revealed in figure 4.5b, as well as the trend along with the linear, which confirms our assumption. Thus, the slope of this trend shall present the constant ∆Cp. As the flap length increases, the slope rises, which leads to Cd f l boost. At the end, this can be noticed through the total drag variation. Because of this fact, figure 4.4b exhibits the percentage of Cb by Cd, which clearly shows that this percentage becomes less at high angles and larger flap length. As a result, the percentage goes down from 80% to less than 55%, and this gap, as proved, is covered via the aerodynamic coefficient that appears from flaps.

An extensive campaign has been conducted to have a parametric study. The goal was to examine the drag behavior with different parameters. This opportunity is applicable in the experimental fields, where the force and pressure measurements are required to execute it. It could be costly to perform such a study through the simulation. Finally, some impressive configurations were chosen according to different criteria: • Flap length, it could be smaller as much it attracts attention from companies and industries. Thus, the shorter flap was selected.

• The optimal angle that leads to the obtaining of best DR.

• The angle that did not procure the acquiring of DR.

• Interesting configuration, which are done via using horizontal free movable flaps.

• Simulation for the optimal angle that leads to the obtaining of best DR.

Therefore, five configurations were chosen and named as follows:

• Reference case: without flaps (REF).

• Horizontal flap with angle 15 • and l ⋆ = 2.5% (HA15).

• Horizontal flap with angle 30 • and l ⋆ = 2.5% (HA30).

• Horizontal free movable flap and l ⋆ = 2.5% (HF).

• Simulation for the horizontal flap with angle 15 • and l ⋆ = 2.5% (SHA15).

Then, the later discussions will be focused on these configurations.

Boundary layer

As an input for the wake analysis, it could be evident to start the investigation by introducing the boundary layer discussion. Hence, figures 4.6a and 4.6b reflect the growth of the boundary layer as well as the stream-wise turbulence intensity profiles; respectively, where the presence of a flap has a direct effect on the boundary layer evolution. As presented in table 4.2, a modification in the boundary layer thickness has been detected as well. Figure 4.6a shows that the velocity near the wall is higher in the case of using the following flaps: HA15 and HF. There is a similar behavior between the REF and the HA30 cases, which means that the flow moves faster in the first two cases with fewer disturbances that can be clearly spotted in figure 4.6b. Based on this, [START_REF] Jimenez | Turbulent fluctuations above the buffer layer of wall-bounded flows[END_REF] proposed that the increase in stream-wise fluctuating velocity is produced by stronger ejections coming from the wall.

In figure 4.6c, the gradient of U along the z-axis ∂U ∂z demonstrates a clear difference between the 2 cases HA15/HF and REF/HA30, where the observations indicate a reduction in this term for the cases that manifested a drag reduction. Thus, the latter could be related to the turbulent kinetic energy production, where the production term is defined via P = uv ∂U/∂z, and could also be explained through the decrease in the friction term.

Furthermore, figure 4.7 exhibits the spectral analysis for the first point near the wall (x=-120mm, z=0.5mm), where two main points could be extracted from the figure. The first one is the peaks that appear in some cases, and disappear in other cases. The second point is the behavior of the curve, the slope and the turbulence analysis that could be different from one case to another. The peaks that were detected are at St= 0.066, 0.3 and 0.6. only. The differences observed upon using distinct flaps shall be presented as well. Accordingly, the U component field (figure 4.8a) obviously shows that the separation occurs at the bodies' top edge. A skinned sheared layer develops between the potential flow and the medium re-circulation bubble.

After a distance, it meets and forms the re-circulation bubble borders, where the meeting point exists at x = LR. The separation induces a vertical velocity W < 0 in the upper part of the bubble, and W > 0 at the lower part of the bubble along a region downstream the body (figure 4.8). This produces a flux that feeds the thickening of the sheared layer, and is balanced by the mass entering the re-circulation bubble at the reattachment. This circular motion of the fluid between the sheared layer and the re-circulation bubble, is considered one of the engines of massive turbulent releases. The shear layer is also the flux region with more substantial turbulence. For example, figure 4.9 shows that turbulent shear forces are not negligible in the re-circulation bubble, but are generally more intense in the sheared layer. The image is similar for normal turbulent forces, as demonstrated in figure 4.9 as well. 

Mean velocity fields

Figure 4.8 bids the stream-wise and vertical velocity fields along with the streamlines for the studied cases, where both are normalized by the free stream velocity U ∞ . Therefore, downstream the mean separation point, a separated shear layer is developed between the free-stream and a large mean re-circulation region, where U < 0. The latter grows to the reattachment point, in which both separated shear layers (upper and lower) interact. Equally essential, the same figure (4.8) reveals the mean vertical velocity field. Significantly, one of the effects of separation is the induction of a large zone of positive vertical velocity, located downstream the mean separation point within the upper part of the re-circulation region. Concerning the lower part of the re-circulation region, opposite behavior was observed. Then, some of it deviates into the back-flux due to the interaction with both shear layers.

The terms -upper part and lower part-of the re-circulation bubble ought to be frequently utilized through the following discussions, because the behavior of the flux, once it is separated from the upper part, sheds and differently behaves from the lower part, Indeed, the consequences of the flaps on this behavior will be discussed as well.

In figure 4.8c, the velocity field (U) for the HA15 case is manifested. Significantly, the position of the two vortices inside the re-circulation bubble has changed because the shape of the re-circulation bubble has been modified, and the behavior of the flux in the lower part differently expands than that through the REF case. This could be seen more evident in figure 4.8d, which presents the vertical velocity field, where the intensity of W>0 has increased in the lower part. The role of the flap appears here via pushing the flux during the separation in the upward direction, away from the ground. By doing this, the interaction between the re-circulation bubble and the ground shall decrease. This behavior could also be spotted in figures 4.9c and 4.9d, which reflect the normal and shear stress fields for the same case (HA15). As exhibited in figures 4.8e, 4.9e and 4.9f, the behavior of the HA30 is very comparable to that of the REF case, where minor changes occur in the downstream flux; and that explains the fact that this flap case has no effects on the drag reduction.

For the HF case, the velocity fields are shown in figures 4.8g and 4.8h, where the shape and the position of the vortices have been modified as well as U and W intensity level. The comparison between the experiment and the simulation is still regaling in our study. However, it is evident that an analogous behavior between the simulation (figures 4.8i 4.8j) and the HA15 (experiment) case has been detected. .

Turbulence

In the separated flux study, the analysis of Reynolds stresses can provide a good pinpoint for assessing turbulence. Figure 4.9 demonstrates the field of turbulent normal and shear stresses ⟨uu ⋆ ⟩ and ⟨uu ⋆ ⟩, which significantly affect the shear layer growth. Thus, the power of ⟨uu ⋆ ⟩ and ⟨uu ⋆ ⟩ is not negligible in the re-circulation region, specifically close to the reattachment point. It is worthy noticeable that the terms ⟨uu ⋆ ⟩ and ⟨uu ⋆ ⟩ reveal a peak inside the separated shear layer, which has considerably more elevated levels of turbulent shear stresses than that in the re-circulation region. Equally important, the turbulent action is more extreme in the second part of the shear layer, as the two shear layers (upper and lower) hit each other. In the REF cases, the Reynolds stresses peaks are analogous to Grandemange et al. [2013a]. Indeed, the presence of the flaps at the rear part of the base directly affects what happens after that. In figure 4.9, the normal and shear stresses are exhibited within the different studied cases. Moreover, other behavior was detected from each case, starting from the maximum intensity for both normal and shear stresses to reach the thickness of the region that shows higher intensities. Indeed, the modification near the re-circulation bubble will directly impact the flux behavior as well as the re-circulation bubble shaping. Yet, the different shear growth is essential, and will be remarked on later.

RRI interface

The mean RRI has been previously considered in this study, in order to investigate the transfer and interaction between the separated shear layers. We labeled Lr as the re-circulation region length. Figure 4.10 presents the RRI interface for each case as well as the position of the vortices detected inside the re-circulation bubble (figure 4.10a). The flaps influence the RRI interface, and the curvature has changed from one case to another. By looking at the REF and HA15 cases, the modifications in the shape reflect a higher symmetric behavior, and the bottom RRI part is pushed upward away from the wall.

The RRI length has been resized. Finally, the position of the center of vortices has decreased.

Compared to the REF case, fewer effects have been detected by looking at the HA30. Equally important, HF case shows a different behavior so that the RRI length has increased incomparably to REF. The symmetric behavior has been manipulated and becomes less symmetric between the upper and lower parts of the RRI interface. quence for base bluff bodies, axi-symmetric bodies as in [START_REF] Mariotti | Connection between base drag, separating boundary layer characteristics and wake mean recirculation length of an axisymmetric blunt-based body[END_REF], or three-dimensional bodies as in Grandemange et al. [2013b]. A linear trend was found between the studied cases with an equation of ∆Cd = 0.58 ∆Lr, in contradiction with the trend discussed in the work of [START_REF] Lorite-Diez | Experimental analysis of the effect of local base blowing on three-dimensional wake modes[END_REF] as well as [START_REF] Mariotti | Connection between base drag, separating boundary layer characteristics and wake mean recirculation length of an axisymmetric blunt-based body[END_REF]. This trend is impacted by the HF case, which demonstrates a reduction in the drag while the RRI length is increasing. The smaller the bubble, the smaller the total drag (as well as the base drag). Hence, this phrase summarizes the relationship upon using the fixed flaps at the base of Ahmed's body, opposite to what was observed in the free movable flaps (HF). Yet, the distinctions detected on the RRI interface shall be discussed via going deeper into the shear layer analysis.

Shear layer analysis

This section focuses on the separated sheared layer that is one of the principal features of a massive separation. The thickness of vorticity represents its spatial development in the flow direction, or via a generalized momentum thickness θ SL . Figure 4.11 manifests the vorticity thickness δ ω versus the stream-wise direction normalized by Lr. Various studies concerning the separated shear flux such that bluff plates [START_REF] Cherry | Unsteady measurements in a separated and reattaching flow[END_REF] along with researches on ramps such as [START_REF] Stella | Scaling of separated shear layers: an investigation of mass entrainment[END_REF], have revealed that the profile of the vorticity thickness shows a linear trend section with a certain slope that presents the growth rate of the shear layer. Through this analysis, an identical examination of the vorticity thickness is performed to describe the developments of the flux approach on the separated shear layers that constitute the upper and lower parts of the wake region. In the different studied cases, a characteristic slope was observed until x Lr =0.8, and then the slope decreased. Also, a similar slope was spotted in the study done by [START_REF] Kang | Effects of approach flow conditions on the unsteady three-dimensional wake structure of a square-back ahmed body[END_REF]. In figures (4.11a and 4.11b), the profiles of U ⋆ max -U ⋆ min , normalized by the free stream velocity for the upper part of the flux, are less sensitive to the flux condition throughout the near-wake region. Still, the lower part of the flux profiles reflect important variances between the studied cases. Based on this, figures (4.11c and 4.11d) point that the separated shear layers for the studied cases rapidly rise in an identical linear manner over the first part (x Lr =0.8), where the difference that can be detected is the slope between the upper and lower shear growth. The growth rate is presented in table 4.3.

For the REF case, two main discrepancies could be discovered between the upper and the lower parts of the flux, in which the first one is the slope, and the second is the point where the slope has changed. In the upper part, the slope is adjusted at x Lr = 0.8. It is x Lr = 0.5 through the lower one. Therefore, the slope of the upper growth of the shear layer is 0.38, which is larger than the values found by [START_REF] Essel | Roughness effects on turbulent flow downstream of a backward facing step[END_REF] that is reported for Backward facing

Step 0.22. Meanwhile, a growth rate of 0.30 was noted at the separated shear layers over forward-backward facing steps, studied byAgelinchaab et al. [2008]. These two x-coordinates (x Lr = 0.8 and x Lr = 0.5) are common for each flap case. It is interesting to see that with the presence of the HA15 and SHA15, both slopes (upper and lower shear growth slopes) are equal, which means that the shear layer symmetrically develops between them. This behavior can explain the symmetric profile seen in figure 4.10. In fact, the growth of the upper part of the flux is strongly affected by the enhanced entrainment of the free-stream fluid. As we detected that the HA15 and SHA15 cases have a symmetrical behavior, it's easy to conclude that this symmetry is the result of the flapping impact on the lower flux; so, it pushes the flux upward to be away from any interaction with the ground.

As previously exhibited, we did not comment about the thickness of this layer. Thus, it shall be unfair to comment on that using the normalized δ by H, because of the difference in the boundary layer measurements demonstrated before in the table 4.2, which were taken at the rear roof of the body. This paragraph normalized the δ ω by BL thickness, which precisely detects how the vorticity thickness has developed. Hence, figure 3.8a reflects that the BL thickness at the roof of the body is a good scale so that it collapses all the cases at the starting point. In REF case as well as HA30, δ ω has developed 10 times after x/Lr = 1. The interesting comparison is that the cases HA15, HF and SHA15 have grown 15 to 20 times after x/Lr = 1 for the upper shear layer growth. This growth indeed gets affected by the ground impact in the lower shear layer. For REF, HA30 and HF, the growth rate is identical, while HA15 and SHA15 have grown much more significantly and are comparable to the upper shear layer. 

Mean momentum budget

Upon discussing the normal and shear stresses modification with the flaps in figure 4.9, these changes occur around the saddle point near the separation bubble. Thus, this critical point is further analyzed in this section. For two-dimensional bluff body fluxes, the stream-wise momentum balance on the contour that is delimited by the mean RRI interface, will be applied. This equation is well described in chapter 3, where the methodology adopted in this study in order to reconstruct the mean pressure field Cp from the PIV measurements, is literally emanated from the one proposed by [START_REF] Shanmughan | Optimal pressure reconstruction based on planar particle image velocimetry and sparse sensor measurements[END_REF].

3D momentum budget

In the previous part, the equation of the 2D momentum budget was examined along the 2D RRI line interface. The 3D RRI surface interface is investigated in this section. In fact, this data is just available through the simulation; hence, it shall be explored for the simulation reference case and the SHA15.

As demonstrated in figure 4.12, the two 3D RRI interfaces are displayed, where the presence of the flap is observed by its effect on the shape of the re-circulation bubble that is colored in the figures by the pressure term. As discussed in chapter 3, the terms contributing to the total drag are the pressure, normal and shear stress terms, where the table 4.4 reveals their integration on the 3D RRI interface. Table 4.4: The total integral along 3D RRI surface interface for the pressure, normal and shear stresses.

section, which is the contribution of the 2D momentum budget terms to the drag. Therefore, a similar percentage of pressure and turbulence terms contribution was detected.

2D momentum budget

The main idea here is to identify the contribution of each term in the momentum budget along the vertical plane, in order to quantify the impacts of the flaps on each term in the wake. It is necessary to mention that the control volume is closed by the vertical line near the base. All the contributing terms can be compared in the momentum budget; then, we could specify how turbulence modifies the drag (it will be related to base drag, which linearly goes with the drag). Two main things are going to play their role on the total integral: the shape of the recirculation bubble and the intensity of each term. The present planar PIV measurements are limited to the (x; z) plane; and in this precise plane that is along the RRI interface, the momentum budget is derived, as discussed in chapter 3. On the left-hand side, one retrieves a proximate estimation of the base pressure Cb while, on the right-hand side, the other contributions along the RRI is divided between the pressure coefficient and the turbulent quantities.

The values of the different integral terms on the right-hand side of the momentum budget equation are shown for all the studied cases (table 4.5). At the same time, the spatial location of the RRI was presented earlier in this chapter (figure 4.10a). However, the above budget is sufficient to analyze the relationship between the base pressure and the Reynolds stresses. Still, we concede that the transverse Reynolds stresses uv would play an essential role, for example, near the mean saddle point [START_REF] Passaggia | Aerodynamic drag modification induced by free-stream turbulence effects on a simplified road vehicle[END_REF]).

The data in table 4.5 demonstrates the contribution of each term for all the studied cases, where the error was found to be less than 6%. Hence, this error could come from the pressure reconstruction utilized from the [START_REF] Shanmughan | Optimal pressure reconstruction based on planar particle image velocimetry and sparse sensor measurements[END_REF]. Before integrating these terms, it is crucial to observe the evolution of each term along the RRI interface, as done previously in this study. This step is critical as it reflects the effects of the curvature on the integrated term and the term's value itself. Since we spotted different behavior of the curvature for the different studied cases, we expect to inspect a distinction among these terms' growth, presented in figure 4.13.

(a) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l) (m) (n) (o)
Starting from the REF case, figures 4.13a, 4.13b and 4.13c manifest the evolution of the cumulative integral along the upper (blue) and lower parts of the RRI interface, respectively. Figure 4.13a reveals that through the first part of the re-circulation bubble, the pressure term does not contribute to the base pressure term at x ⋆ =0.17. Then, the evolution of pressure terms starts to increase along both the upper and lower parts of the re-circulation bubble. The development of this term's upper and lower parts is not symmetrical. Figure 4.13b exhibits in the initial part that this term does not appear as a contributor to the base pressure, as the values of the normal stresses is negligible near the body base. After x ⋆ = 0.17, it starts to increase until it reaches its maximum value at the end of re-circulation bubble, where normal stress term observed no symmetrical behavior between the upper and lower parts. Meanwhile, the third term in figure 4.13c represents a different behavior. A symmetrical behavior between the upper and lower parts is seen during its evolution, where the total integral values are posted in table 4.5.

The case of HA15 (4.13d, 4.13e and 4.13f) bids a different behavior as the pressure terms start to appear valuable from x ⋆ = 0. Concurrently, its evolution along the upper and lower parts seems to be more symmetric. In contrast, the normal stress term reflects the same behavior as that of the REF case with a higher value demonstrated in table 4.5. Therefore, the HA30 case terms development shows a behavior that is similar to the REF case (4.13g, 4.13h and 4.13i).

The studied terms observed a completely different behavior for the HF case (4.13j, 4.13k and 4.13l). The pressure term evolution still consists of twozones, which show asymmetric development between the upper and lower parts.

Based on this, the main contributor to the pressure term is the upper part through the curvature of the bubble. A precise redaction was observed in the pressure term in table 4.5. Finally, SHA15 demonstrates a similar behavior as HA15.

To summarize, a distinct behavior of the momentum budget terms was detected along the RRI interface. First, it is interesting to note that the integral of the pressure coefficient (Cp -Cb), in table 4.5, linearly scales with the drag coefficient Cd, showing the point where both, the Reynolds' stresses and the stream-wise velocity fluctuations, control the pressure at the base. In this from the upper and lower parts of the RRI interface. By adding them, the full term appeared. Note that the sum between the terms in table 4.5 has to be zero, which is verified as less than 10% error.

Both Reynolds' stresses integral, in table 4.5, affect the drag coefficient Cd, as its contribution was spotted in the different cases of the base drag. The Reynolds stress has a clear role on the drag mechanism. Yet, the normal stress term manifested a contribution of 26% to the base pressure, while the stress term reflected 36% of contribution. The latter leads to the total drag as they linearly act.

Wake dynamics

This section describes the flux past the square-back of Ahmed Body geometry, with and without control. This body is massively used to develop flux control strategies, but, the coherent dynamics of the wake are still open issues.

Topology of the bi-stable phases

The wake of Ahmed body, with its complicated shear layer vortices, is linked to global modes that appear as energetic oscillations in the wall-normal and spanwise directions [START_REF] Plumejeau | Behavior of the square-back ahmed body global modes at low ground clearance[END_REF] and Grandemange et al. [2013b]). The global modes induced the instabilities as well as the vortex shedding behavior in the separated interacting shear layers. As argued in the introduction, the instabilities in the shear layer interactions will influence the wake structure's bi-modality. The bi-modality behavior could be investigated using the spatial gradients of the base pressure coefficient time history, on the body base [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF], [START_REF] Evrard | Fluid force and symmetry breaking modes of a 3d bluff body with a base cavity[END_REF], [START_REF] Li | Feedback control of bimodal wake dynamics[END_REF]).

This study analyzes the global and bi-modality modes using the pressure gradient. Concerning the reference case (REF), the curve switches between two clear extremities, where the figure reflects a stability in each position for a particular time before it switches again. On the other hand, the HA15 case manifests the two switches as well, where the difference is in the stability in each extremity. Thus, it's clear from the figure that there is no stability. The HA30 situation is more comparable to the REF case, but with a faster switch. Meanwhile, the HF case does not demonstrate any switching behavior. In the same figure 4.14, there is the associated probability density (PDF) for the ∆Cp, where the two modes are more apparent. Hence, the PDF distribution assures that the HA30 does not affect the bi-stability modes. The results of the REF case are well discussed in Chapter 3, and well compared to literature such as: [START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] and Grandemange et al. [2013b]. Two clear peaks represent the right and the left modes. While the effect could be noticed through the HA15, the latter's distribution bids that the frequency between the switches is much higher than that of the REF. It manifests two weak peaks that continuously switch from one to another. However, the HF case shows one peak directed to the left side. In contrary, SHA15 does not reveal the same behavior of bi-stability as HA15. This demeanor is expected as the values of ∆Cp during this small time scale can not be visualized in such analysis. To examine the bi-stability modes, we consider the center of pressure to inspect how straightforward the modes are, via looking at how much the center of pressure deviates from the base body center. In figures 4.15a and 4.15c, as previously observed in the ∆Cp of REF and HA30; the center of pressure switches between two extremities -0.05 < x H < 0.05. While in the same figure, we can recognize that there is no stability in the position which centered the two extremities; so that, the flux is just presenting two phases: the right and left ones (P and N modes). In figure 4.15b, the plot of the pressure center reflects two main spots, along the right and left sides, continuously connected by a distribution that describes the pressure center motion. From this motion, it's clear that it goes right, then left; after that, it passes in the intermediate phase via shifting downward (refer to figure 4.15b). Therefore, the behavior of the HF in 4.15d verifies the results in figure 4.14, where the mode is shifted into one side; then, it moved toward the center as well as the backward region.

As discussed before, the double peaks of the pressure gradient PDF verify the occurrence of bi-modality of the wake through the span-wise direction. But still, the main difference is the frequency of the switching phenomenon between the two modes that can not be ignored in certain cases, but cancelled along others. Thus, this variance among the bi-stable behavior could be spotted in the spatial distribution of the instantaneous vortical structures at the span-wise direction, as shown in the study of [START_REF] Kang | Effect of approach flow condition on the wake of an Ahmed body[END_REF]. In our research, the span-wise vortical structure shall be presented below, starting from the instantaneous span-wise vorticity, as demonstrated in figure 4.16.

Generally, in the REF case, the upper part of the flux can be roughly identi- The important point is that in the roof edge separation procedure, shedding may occur at a finite wavelength for several time steps, but it then fade away or disappear for a following arbitrary number of time steps [START_REF] Littlewood | The optimization of roof trailing edge geometry of a simple square-back[END_REF]. The existence of the shed vortices may be impacted by the bi-stability behavior due to the switching between the modes (right and left).

In this case, the interaction between the shear layer and the upper part of the The ground effect could obviously be recognized by the direction of the vortices that sheds due to the separation.

Suppose that the flux is controlled via a passive technology such as: flaps.

In that case, introducing a common additional mechanism may be assessed as another transition probability factor. For example, as seen before, the switching phenomenon gets clearly manipulated by the presence of the flaps, which may lock onto a specific shed frequency and drive a regular shedding pattern. Thus, creating a turn of the over body flux, downwards and into the wake.

A rare difference could be spotted using the HA30 case, since it does not influence the separation and the bi-stable behavior. As a result, we do not expect a massive distinction in the vortex shedding. At the same time, in the lower part of the flux, the vortex is still impacted by the ground effect (refer to figure 4.16c). Figure 4.16b shows the instantaneous span-wise vorticity as well. Again, many changes could be detected. Thus, the first one is the direction of the vorticity shedding upon separation, which sheds downward along the upper part of the flux; while, it sheds upward in the lower part. This fact avoids the interaction between the shear layer growth and the ground, leading to the effect on the vortex shedding. Hence, due to this behavior, the interaction between the upper and lower shear layers will happen closer, as discussed before. Another critical point, that could be observed, is the intensity of the vorticity. So, the contour color, in this case, is more continuous and more intense. An explanation of that could derive from the modification of the bi-stable behavior discussed before, and seen in figure 4.14. The vortex shedding frequency is manipulated by the fast transfer between the three bistable modes: right, left and symmetric modes. Yet, the same contour behavior is noticed in 4.16e.

Figure 4.16d reflects the case of the HF. In the upper part of the flow, the contour color is well compared to 4.16b and 4.16e, so that the vortex shedding behaves alike the intensity as well as the direction. At the lower part, the direction of the vortex shedding is not identical to that of the upper part of the flux. This fact, as discussed before, delays the interaction between the upper and lower parts of the flux. It is essential to mention that the free movable flap at the lower part, affects the interaction between the shear layer and the ground.

The instantaneous span-wise vorticity in the different studied cases, affairs instabilities that lead to the tilting and stretching of the structure at the rear end of Ahmed's body. These instabilities are induced by a more/less frequent shedding of vortices. This vortex shedding occurrence has also been marked in some vehicle models of a prior studies [START_REF] Fan | Experimental and numerical analysis of the bi-stable turbulent wake of a rectangular flatbacked bluff body[END_REF], [START_REF] Pavia | Salient threedimensional features of the turbulent wake of a simplified square-back vehicle[END_REF] and Dalla [START_REF] Dalla Longa | Simulations of the bi-modal wake past three-dimensional blunt bluff bodies[END_REF]). It is asserted to be liable for forming the switch between the two asymmetric modes. Meanwhile, the shedding of the vortices is directed to a new oblique orientation for cases that correspond to the base drag reduction. It is necessary to mention that the succession of occurrences captured in this study, is qualitatively comparable to results briefed by Dalla Longa et al. [2019] for a simplified lorry model that is experiencing bi-modality.

To describe the periodicity of the global modes in the wake of the studied cases, a pre-multiplied frequency spectra of the base pressure coefficients and velocity fluctuations are presented. The bi-stable phenomenon is not fully periodic; so, we are cautious in discussing it.

Spectral analysis

The acquisition time of all the velocity data shown in this section, was 140 s that is long enough to obtain a proper presentation of the two previously proposed bi-stable positions. However, as will be demonstrated in the next paragraph, it is yet viable to identify the bi-stability signature from the analysis of their power spectra.

The spectra emanating from the measurements of the 3-component hot-wire in figures 4.17, report the most exciting upshots from the hot-wire tests. Therefore, the results are manifested in the power spectral densities (PSDs). In figure 4.17a, the measurements positions are presented, and each color reflect a certain vertical position (z/H=0, 0.5 and 1) at x=1.5H. Based on this, the PSD analysis of U, V and W could give insights into the vortex shedding timescales related to the span-wise, upper and lower shear layers. The results of the REF in figures 4.17b and 4.17c show that the spectral activity is observable at low frequency. For example, the peaks are found at St H = 0.07, 0.14 and 0.45 for the PSD of the stream-wise velocity. However, it revealed peaks at 0.19 and 0.44 for the PSD of the vertical velocity. The peak of 0.14 was previously found in literature, and could explain that it is compatible with a Von Kármán vortex shedding mode that is developing on the left and right sides of Ahmed body. On the other hand, 0.19 is consistent with a vortex shedding mode that is growing on the upper and lower sides of Ahmed body. This result is also documented in the literature of Grandemange et al. [2013a] and [START_REF] Lahaye | Aerodynamic characterisation of a square back bluff body flow[END_REF]. They bid the existence of a lower energy peak for St H = 0.07. This low-frequency has been marked on the square back of Ahmed body by [START_REF] Khalighi | Experimental and computational study of unsteady wake flow behind a bluff body with a drag reduction device[END_REF]. However, its existence was contested via Grandemange et al. [2013a]. It is justified that the results shown here do not reject those of the latter authors, where in those studies. Most of the hot-wire probing was assembled at x/H > 1.5, i.e. behind the recirculation bubble. Yet, the present work reveals that the dominant modes emanate from the vortex shedding at these spots and is coherent with Grandemange's conclusions. In our study, the St H = 0.075 peak is found in the shear layer measurements, as well by [START_REF] Khalighi | Experimental and computational study of unsteady wake flow behind a bluff body with a drag reduction device[END_REF]. A viable understanding of this low-frequency activity is the non-linear interaction of the two vortex shedding modes in the wake. Undoubtedly, St H = 0.075 is comparable to the contrast of the other two characteristic frequencies, 0.19 and 0.14, as noted in [START_REF] Lahaye | Aerodynamic characterisation of a square back bluff body flow[END_REF] for Ahmed body and [START_REF] Pavia | Evolution of the bi-stable wake of a square-back automotive shape[END_REF] for Windsor body). In 3D wakes, a very low-frequency affair is often reported. [START_REF] Berger | Coherent vortex structures in thewake of a sphere and a circular disk at rest and under forced vibrations[END_REF] were the first who define this phenomenon for both the wakes of a circular disk and a sphere. Their flux visualization experiments indicated that the wake occasionally moves the stream-wise at a non-dimensional frequency of St = 0.05. This kind of wake behavior is often called the "bubble pumping" phenomenon. Also, [START_REF] Duell | Experimental study of a ground vehicle body unsteady near wake[END_REF] is referred to the bubble pumping mechanism when looking into the pressure field at the rear of a body similar to Ahmed body model. Precisely, a strong coherence between the unsteady pressure fluctuations of the left and right side were found at St = 0.07. They analyzed this via suggesting that the pumping phenomenon emanates from the pairing of vortices shed from the model edges. Thus, the vortices expand until they reach the separation point, where they shed. It is worth noticeable that [START_REF] Duell | Experimental study of a ground vehicle body unsteady near wake[END_REF] also made hot-wire measurements on the upper shear layer; and unlike the present results or those of [START_REF] Khalighi | Experimental and computational study of unsteady wake flow behind a bluff body with a drag reduction device[END_REF], the St = 0.07 peak was not observable in their spectra.

The results of the HA15, in figures 4.17d and 4.17e, show that the spectral activity is spotable at a higher frequency than that of the REF case. For example, the peaks are found at St H = 0.26 for the PSD of the 3-component velocity. The PSD(U) and PSD(W) are equal in energy level. The captured St H = 0.26 means that the behavior of the vortex sheds from the left and right sides, is comparable with the upper and lower shear layers. An important note is that the comparison between the PSD at different positions, reflects similar behavior. The vortex sheds along the upper and lower parts at the same frequency (see the red and green colored curves in figure 4.17e) as well The main difference between the REF/HA30 and the HA15/HF cases, is suppressing the peak at St H = 0.07, linking that to the spectral analysis shown here. The related literature to this study manifests that the primary phenomenon that made this difference is bi-stability. The suppression of those peaks modifies the bi-stable behavior [START_REF] Pavia | Low-frequency wake dynamics for a square-back vehicle with side trailing edge tapers[END_REF]).

Discussion

In this chapter, the aerodynamic effects, produced by a high range of flaps that are applied to the top and bottom end of Ahmed body, have been investigated. Based on this, the same cases were chosen to go further through the flux discussion. Thus, observable modifications have been noted in the time-averaged wake topology and base pressure distribution, resulting in variations of the steady aerodynamic forces that are acting over Ahmed body model. Precisely, a decrease in C d has been recorded every time the wake gains symmetry in the vertical direction, as the balance between the upward and downward fluxes is spotted.

The time-averaged wake topology has been inspected in order to switch into different vortical structures (refer to 4.5.1 and 4.5.2 section). Figure 4.19 reveals the streamlines along X-plane at x ⋆ = 0.3, where three cases (SREF, SHA15, and SHA30) are presented based on the simulation database (DDES model). According to this, figure 4.19a (SREF case) shows the wake topology that resembles the toroidal structure documented in the literature for the timeaveraged wake of similar geometries [START_REF] Rouméas | Analysis and control of the near-wake flow over a square-back geometry[END_REF] and [START_REF] Pavia | Low-frequency wake dynamics for a square-back vehicle with side trailing edge tapers[END_REF]), although this is a flux feature that is never present when the results are temporally resolved. Some vortical structures appear at the bottom of this plane, mainly from road/body interaction. Withal, similar behavior is detected for SHA30 in figure 4.19c. SHA15 demonstrates a different vortical structure from the toroidal shape seen in the REF case for the square-back case, towards a more complex structure that is consisting of a pair of horseshoe vortices that finally merge with the longitudinal vortical structures, which are formed at the tips of each flap. Accordingly, this topology is not similar with that represented in the literature [START_REF] Ahmed | Some salient features of the time-averaged ground vehicle wake[END_REF]) in the case of larger slants. Yet, an additional observation was detected concerning the absence of the structures seen before in the SREF case, which were assigned to road/body interactions.

In figure 4.12, a difference in the 3D re-circulation bubble interface between SREF and SHA15 was detected. This variation will increase the curvature of the shear layers, which is connected to weaken the wake's lateral flapping and pumping motion. A strengthening of the vertical flapping has been notified due to the increased intensity of interactions between the top and bottom shear layers [START_REF] Luo | Effects of incidence and afterbody shape on flow past bluff cylinders[END_REF]), which is discussed in section 4.5.2. Moreover, this has also been linked with a reduction in the wake re-circulation length [START_REF] Roshko | On the wake and drag of bluff bodies[END_REF]). So, the reduced distance between the top and bottom shear layers and their increased curvature have weakened the bi-stable lateral symmetry breaking mode (see figure 4.14 in section 4.5.1). An increase in the level of the upwardshear layer flux in the near-wake has been manifested in order to mitigate the bi-stable energy content, while also reducing the deviation of each bi-stable condition from the most laterally symmetric configuration. Through the same states, a shortening of the average time between the switches has also been noted, agreeing with that found by [START_REF] Evrard | Fluid force and symmetry breaking modes of a 3d bluff body with a base cavity[END_REF] when attempting to stabilize the wake using base cavities of different depths. However, the weakening of the bi-stable mode has been briefed to yield a decrease in C d over the square-back case accompanied by the symmetry restoration in the vertical direction. In this case, the symmetry maintaining mode has become the most stable configuration, resulting in a base drag reduction of 6% (for HA15 case), presented in figure 4.1a. Additionally, the flux modifications observed upon adding flaps are mainly turning around the separation flux behavior. This separation could be noticed via looking at the friction lines along the body. • Looking at the base of the body, minor distinctions could be spotted between SREF and SHA30 (figure 4.20a and 4.20c, respectively). While for SHA15 (figure 4.20b), the wake center appears to be symmetric in both horizontal and vertical directions, as well in the same figure, the re-circulation bubble print at the base could be detected.

• In the previous chapter, the simulation data for the reference case SREF shows poor bi-stable behavior. According to the work performed by [START_REF] Hesse | Simulation of wake bimodality behind squareback bluff-bodies using les[END_REF], the bimodal behavior is connected to the front separation bubbles that occur at Ahmed bodies' nose (sides), which significantly generate high levels of TKE by shedding large hairpin vortices. The wake bi-modality is not captured without resolving the front separation bubbles as well as their associated flux intermittency. Figure 4.20a) does not bid any frontal separation, which may answer the poorness in detecting the bi-stable effect in a more obvious manner.

As seen before, the flux modification and vortical structure were discussed in section 4.5 and displayed in figure 4.16. Using the simulation database to look at the lateral plane (XY-plane), will provide support to the analysis. Therefore, figure 4.21 presents the z-component of the normalized vorticity along the XY-plane of the SREF, SHA15 and SHA30. The thickness of the vorticity on the right and left sides of the body is reduced in the SHA15 case, where the reduction in the vorticity z-component is linked to the velocity gradients; mainly to the ∂U ∂y term. Finally, the vorticity z-component is in consistence with the turbulence production [START_REF] Dandois | Numerical simulation of active separation control by a synthetic jet[END_REF].
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Conclusions and Perspectives

The present work has focused on combining the experimental and simulation strength in order to characterize the time-averaged flow topology, as well as inspecting the unsteady features of the wake that are developing downstream a simplified square-back ground vehicle. A vast experimental campaign using the balance, pressure, particle image velocimetry and hot-wire velocity measurements has been carried out at a high Reynolds number of Re H = 7.7×10 5 . Additionally, the wake topology sensitivity along with the main unsteady modes of small geometrical changes have been investigated. Thus, understanding the wake topology downstream Ahmed body is still representing a point of interest because of this model's wide range of applications through the transportation domain. Therefore, an extensive comparison has been conducted between the experiments and the simulation for the first time, which aims to examine two turbulence models in reflecting such complex fluxes. Hence, the first model is based on the RANS model (SST kω) and the second is the hybrid RANS-LES model (DDES) that has shown a significant edge after being compared to experiments, in order to accurately describe the flux. Consequently, this comparison allowed us to go deeper in the wake analysis using a wide range of simulation data.

Concerning the square-back configuration without flaps, the presence of a bistable mode has been appointed. Two global oscillating modes that are similar to those described in the literature, have been identified. These modes have been revealed to consist of lateral and vertical motions of the wake closure, driven by the interactions between the vertical and horizontal shear layers as well as the hairpin vortex arising from the contrasting side of the model. The pumping mode has also been recognized and connected to the motion of the bi-stable vortical structure in the stream-wise direction. Equally crucial, building a phase average, based on the three most energetic POD modes, has additional discernment on the wake's long-time evolution. This has nourished an exhaustive explanation of the mechanisms of the switch between bi-stable states.

For the first time, the pressure field downstream Ahmed body was estimated and demonstrated using PIV velocity fields, where the results were completed using the simulation data (DDES). So, this pressure estimation interpreted the physical equations governing the momentum transport. The dominant contribution to the mean drag is from the mean pressure that is identified through an integral momentum budget over the re-circulation region. The role of the turbulence quantities in closing the budget could not be ignored and, as manifested, it represents more than 28% of the total drag. Compared to the simulation data, this 2D mechanism was done and discussed in 3D as well. Downstream Ahmed body model, the wake sensitivity of small geometrical modifications has been studied. A wide range of flap configurations have been applied along the top, bottom and side edges of the base, in order to reproduce a realistic shape optimization process for various modern vehicles. Based on this, the optimal flap configurations were addressed as well as, other configurations that negatively affected the drag were discussed. Finally, the pressure drag that is linked to the rear-facing surface, has been estimated and correlated with the balance data. The results have emphasized the significance of such small control in changing the time average wake topology. Besides that, a decrease in the drag has been reported to occur, when the application of the horizontal flaps leads to the creation of a symmetrized wake. Thus, the symmetry is spotted along the vertical direction for simple square-back configuration. In these conditions, the time-averaged flow field is overpowered by the company of a ′ U ′ shaped horseshoe vortex that is acting in the flap region, which generates the most substantial inflow (see figure 4.19).

Executing a proper orthogonal decomposition to the pressure and velocity database merged with the unsteady velocity measurements, has permitted the alleviation of some light on the most dominant dynamic modes as well as the linkage to the literature of certain works. However, the impact of the different upward and downward flow levels on both the short and the long-time wake dynamics, has been addressed. The characteristic frequency of the vertical flapping has increased, and is documented as the gap between the top and bottom shear layers is diminished. Indeed, the stabilization of the former recirculation causes the loss of symmetry in the vertical direction that ultimately leads to a rise in C d values. The top/ bottom shear layers' smaller gap has also been connected to weakening the bi-stable mode. Withal, the hairpin vortex adopted for the square-back case, is still observable in the near-wake. It occurs to be distorted by the upward/downward flow that is developed by the flaps, and restricted in size under the action of the counter-rotating vortices that are originating at the tips of each flap end. However, the weakening of the bi-stable mode has been reported to yield a decrease in C d over the squareback case, only when accompanied by the restoration of the symmetry in the vertical direction. This has been obtained by implementing 15 • flaps on the horizontal trailing edges. In this case, the symmetry preserving state has become the most stable configuration via generating a base drag reduction of 8%. Consequently, this has been accomplished by increasing the quantity of reverse flow that is invading the base, as the ′ U ′ shaped vortex noticed in the case of non-symmetric wakes has been documented to be superseded by a horizontal horseshoe vortex.

Overall, the present work has provided valuable insights into the experimentsimulation relationship in discovering and analyzing the flow around the squareback automotive shapes as well as its impact on the aerodynamic drag. First, a clear connection was drawn between the input flow of the wake (boundary layer at the top rear of Ahmed body model) with the wake topology. Thus, the flap effects on the wake were addressed via considering physical parameters such as: re-circulation region length, velocity and turbulence behavior etc... . In terms of drag analysis, a new method is proposed to analyze the drag mechanism along the re-circulation region interface of Ahmed body. The contribution to the drag from the pressure and turbulence quantities in the momentum budget equation, was discussed as well as its changes were modified along with the RRI interface curvature adjustments. In terms of dynamics, the vortical structure was revealed with and without flaps. It was discussed deeper using the simulation data. Finally, the flap consequences on the bi-stable behavior were explored in order to be clarified.

Finally, this study is rich in supplying critical information to automobile researchers and designers. This work was conducted under the ANR project in collaboration with different laboratories and researchers. Therefore, the idea is the procurement of more information about the square back of Ahmed body model, which is still representing a tremendous interest to automobile aerodynamic researchers. We reflected the effects of the installed control on the flow around it. This type of data was crucial in going further into more realistic road vehicle models. This work will be completely accomplished via performing it in different steps. Hence, the first one is by considering a car vehicle model, which shall be assumed as an intermediate state (between Ahmed body and the actual car model). Then, the same flap configurations ought to be done and compared with the results of Ahmed body model. Moreover, the second step is to have an active control device with an adjustable flap, according to external flow conditions. Finally, based on the results, a final stage will be applying these controls on an actual car model with a real scale. Investigation and control of bluff body turbulent wakes: aerodynamic drag reduction Square-back shapes are widespread in the automotive market for their high level of convenience. An important goal of this thesis is to study their drag and to reduce them. At the rear, the wake of a vehicle has an essential contribution to this drag. Therefore, the objective of this study is to analyze this wake and use the control with horizontal and vertical flaps to reduce it. For this reason, square back Ahmed's body is selected and studied at a Reynolds number Re H = 7.7 × 10 5 , based on the model height. Initially, an experimental-numerical simulation combination was used to characterize the timeaveraged flux topology and inspect the unsteady features of the wake, which is developing downstream into a simplified square-back ground vehicle. The main result of this extensive comparison, between the experiments and the numerical simulation, using two turbulence models (RANS and RANS-LES (DDES)), is that the DDES model is the best to predict the complex physics of this flow. Furthermore, the drag reduction, wake sensitivity and the main unsteady modes of small geometrical modifications have been interpreted. Consequently, the flap effects on the wake are addressed via considering physical parameters such as: recirculation region length, velocity and turbulence behavior. In terms of drag mechanism analysis, this study investigates the contribution of the pressure and the turbulence quantities on the drag, through the momentum budget equation. The assessment was done on a closed surface including the base of the body and the recirculation region interface (RRI). This assessment quantified the changes in the wake. Keywords: Road vehicles, aerodynamics, control, turbulent separation, flap.
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 11 Figure 1.1: European greenhouse gas emissions by sector European-Commission [2014].
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 12 Figure 1.2: Greenhouse gas emissions from transport by mode in 2014 European-Commission [2014]

Figure 1

 1 Figure 1.3: Average distribution of contributions from different areas of a car to drag at from the integration of pressure and viscous forces at the wall. The coherent structures are detected using the Q criterion Fiabane [2013].

Figure 1 . 4 :

 14 Figure 1.4: Flow around road vehicle Camello[START_REF] Camello Barros | Wake and Drag Manipulation of a Bluff Body Using Fluidic Forcing[END_REF] 

Figure 1 . 6 :

 16 Figure 1.6: Schematic representation of the flow field around a bluff body.

  Figure 1.7: a: Wind flow exemplars around a 3D body (cube shaped) Wu [2000], b: Examples of shapes having drag values nearly independent of Reynolds number.

Figure 1 . 8 :

 18 Figure 1.8: Boundary layer and flow separation[START_REF] Basic | Turbulent history of fluid mechanics[END_REF]).

Figure 1 . 9 :

 19 Figure1.9: Schematic description of a detachment behind a descending ramp,[START_REF] Han | Recirculation zone downstream lateral expansions of open channel flow[END_REF]).

Figure 1 .

 1 Figure 1.10: The time-averaged mean flow vectors and streamlines around a cylinderWang and Lam [2019]

Figure 1 .

 1 Figure 1.12: The three types of automotive geometries

Figure 1 .

 1 Figure1.14: Evolution of the topology of the near wake with a variation of ground clearance for a body ofAhmed Grandemange et al. [2013a] 

Figure 1 .

 1 Figure 1.15: Velocity profiles at bottom exit for ground clearance variation on a body of Ahmed at Re H = 1.610 5 Cadot et al. [2015]

Figure 1 .

 1 Figure 1.16: Evolution of the average pressure coefficient at the base. For a variation of the ratio aspect, H ⋆ = H/W, and ground clearance height Grandemange et al. [2013a].

Figure 2

 2 Figure 2.1: Ahmed body

Figure 2 . 2 :

 22 Figure 2.2: Ahmed body flap installation at the rear base.

Figure 2 .

 2 Figure 2.3: Sketch of the square-back Ahmed body mounted inside the Malavard wind tunnel facility.

Figure 2 .

 2 Figure 2.4: Pressure distribution at the base.

Figure 2

 2 Figure 2.5: Hot-wire calibration curves. (⃝) recorded calibration points, (-) the fourth degree polynomial.

Figure 2 Figure 2

 22 Figure 2.6: Hot-wire calibration curves corresponding to the 3C probe. (⃝) first hot wire sensor, (⋆) second hot wire sensor, (+) third hot wire sensor.

Figure 2

 2 Figure 2.8: (a): The hot-wire measurement positions using the three probes hot-wire sensor.(b): The three probes hot-wire sensor.

Figure 2 .

 2 Figure 2.9: PIV working principle.

Figure 2 .

 2 Figure 2.10: A schematic that shows the costs vs turbulent modelling and resolving.

Figure 2 .

 2 Figure 2.11: a: Computational domain characterized by L D = 13.2L, W D = 1.9L and H D = 1.7L, A: presents the location where boundary layer measurements were taken in the experiments. b: boundary layer comparison between simulation and experiment.

Figure 2 .

 2 Figure2.12: The mesh specialized by three added boxes box1 to cover the whole model while box2 to cover the underbody area and box3 more refined to cover the wake downstream of the body.

Figure 2 .

 2 Figure 2.13: Scheme shows the resolved part in the LES simulation.

  Figure 3.1: The mean velocity profile along z-axis both are normalized by stream velocity and boundary layer thickness δ (a) and frictional velocity uτ (b).

Figure 3 . 2 :

 32 Figure 3.2: a: Distribution of the friction velocity, uτ along the top of the body (plane Y= 0, the index "e" indicates the estimated uτ using Clauser for the simulation), b: the growth of δ, δ ⋆ and θ.

Figure 3 . 3 :

 33 Figure 3.3: The normal stress uu ⋆ versus z/δ, (experiment in black, DDES in red, RANS in blue).

Figure 3 .Figure 3

 33 Figure 3.4 manifests the linear relation between drag coefficient (C d ), and l r . Additionally, the relation between (C d -C d0 ) versus (l rl r0 ) is presented through the equation of (C d -C d0 ) = -0.18(l rl r0 ), which is analogous with the results conducted by Lorite-Diez et al. [2020] with a slope (C d -C d0 ) = -0.18(l rl r0 ). Besides that, Lorite-Diez et al.[2020] had studied the modifications of bi-stable modes during constant blowing that was implemented at different locations through four slits along the base edges. Such trends (C d vs. l r ) highlight that the C d detected variation could be addressed and linked to some flux variance. The correlation may depend on the body geometry and flux conditions. We cannot assure that such dependency is universal, where distinct slope and power-law values may exist in various configurations. This fact will be further investigated in the next chapter of this study.

Figure 3 . 5 :

 35 Figure 3.5: Normalized velocity contours (U ⋆ = U/U∞) along Y-plane (x ⋆ = x/H, z ⋆ = z/H) (a),(b) and (c) for PIV experiment, DDES and RANS respectively

Figure 3

 3 Figure 3.6: Normalized velocity streamwise (U ⋆ ) and vertical direction (W ⋆ ) plots. (a): U ⋆ at x/lr= 0.5,(b): U ⋆ at x/lr= 0.8 and (c): W ⋆ at x ⋆ = 0.5 and (d): W ⋆ at z ⋆ = 0.8, ( black dot the experimental value, red, and blue for DDES and RANS, respectively)

  Figure 3.7: a, b, c: Normal stress <uu> normalized by U 2 ∞ ,d ,e ,f : shear stress uw normalized by U 2 ∞ , for PIV experiment, DDES and RANS, respectively

  Figure 3.8: (a) Vorticity thickness (δω) growth normalized by height of the body versus x direction normalized by re-circulation length lr for the upper and lower part . (b) momentum thickness (θ SL ) normalized by height of the body versus x direction normalized by re-circulation length lr for the upper and lower part ( black dot the experimental value, red, and blue for DDES and RANS, respectively).

  Figure 3.9: Mass entrainment along RRI separated lineexperiment DDES SST kω ṁintop 0.05 0.06 0.05 ṁin bot 0.03 0.04 -0.008 ṁouttop -0.03 -0.03 -0.05 ṁout bot -0.03 -0.03 -0.04 Table 3.3: Mass flux integrated along the RRI interface (normalized by ρHU ∞ ).

Figure 3 .

 3 Figure 3.10: Pressure field in XZ-plane, DDES: (extracted from ISIS-CFD), DDESe: DDES estimated using the studied method,EXPe :experiment estimated using the studied method

Figure 3

 3 Figure 3.11: cp along the midline stramwise line ((a) and (b) at z/H=0.5, 0.8, (c) and (d) at x/H=0.5, 0.8, (e) and (f) at z/H=0, 0.2), for simulation (DDES) determined by the software (in black), for simulation (DDES) and experiments estimated by the method of Shanmughan et al. [2020] in red and blue respectively

Figure 3 .

 3 Figure 3.12: Shows the boundaries of the 3D control volume.

Figure 3

 3 Figure 3.13: The contribution pressure, momentum, Reynolds stress terms to the total drag estimated by ISIS CFD.

  Figure 3.14: (a) 3D-Recirculation region interface coloured by pressure, (b) foot print for the bubble on the base showing the coverage area.

  Figure 3.15: Momentum budget terms (a) Pressure term, (b) normal stress term, (c) spanwise stress term, (d) vertical stress term.

  Figure 3.16: a: 3D RRI surface interface, b: Cp evolution along the RRI interface, c: uu evolution along the RRI interface, d: uw evolution along the RRI interface. (The black line stands for the 2D data coming from the 2D plane (IN RRI ), while the red curve represents the integrated data along the yz-direction (3D data IN S ) )

Chapter 3 .Figure 3

 33 Figure 3.17: Recirculation region interface. (Black:EXP, Red: DDES, blue: RANS).

Figure 3 .

 3 Figure 3.19: Pressure,Normal and shear stress terms along the upper and lower part of RRI interface (a,d,g): experiments (b,e,h):DDES, and (c,f,i): RANS (blue:upper, Red: lower). X ⋆ IN for pressure term X ⋆ IN for normal stress term X ⋆ IN for shear stress term experiment 0.3 0.3 0.2 DDES 0.2 0.2 0.1 RANS 0.5 0.5 0.015

Figure 3

 3 Figure 3.20: Relative POD modal energy for experiments and DDES.

Figure 3

 3 Figure 3.21: First four POD modes for the pressure fluctuation at the Ahmed body base a: experiment ,b: DDES.

  Figure 3.24: Scattering plots for the POD temporal modes for the three modes the bistable, lateral (LSM) and vertical (VSM) modes with the planar symmetric mode (PSM) for experiment a, b, c,(b) and for DDES d, e, f.

Figure 3 .

 3 Figure 3.25: First four POD modes for the velocity fluctuations along xy-plane for the DDES.

  Figure 3.26: Power spectral density of temporal content of the POD modes (velocity fluctuation downstream the body xy-plane), a : Mode 1, b : Mode 2, c : Mode 3 and d : Mode 4.

  Figure 3.27: Gradient of cp along y (a), and z (b), black: experiment, red: DDES.

  Figure 3.28: Time series for couple of pressure taps at right /left the body base for experiment a, and DDES simulation (b)(red and blue for left and right pressure coefficient at the base, respectively.)

Figure 3

 3 Figure 3.29: a: The instantaneous center of pressure position, black: experiment, red: DDES. b: Correlation coefficient (CF) between pressure and wake centers (experiments).

Figure 3 .

 3 Figure 3.31: DDES: three asymmetric modes, a: P mode at the body base,b: conditional averaging for both modes and c: N mode at the body base, d: P mode wake shifted to right,e: conditional averaging for both modes and f: N mode wake shifted to left

  Figure 4.1: The drag reduction versus the flap installation angle (θ) for different flap lengths(l) a: horizontal flap installation, b: vertical flap installation

Figure 4 . 2 :

 42 Figure 4.2: Best DR versus flap length (l ⋆ = l L ), l: flap length, L: Body length.

Figure 4 . 3 :

 43 Figure 4.3: Total drag Cd versus the base drag Cb

  Figure 4.4: a: Top figure: velocity field in the near wake using large flap at small inclination angle/Bottom figure: at high inclination angle. b: percentage ratio between Cb and Cd versus θ.

  Figure 4.5: a: Cd-Cb which presents the Cd f l +Cd f ro versus the flap length l ⋆ , b: aH/L terms versus the sin(θ f ).

  Figure 4.6: Boundary layer profiles, a: Velocity U, b: Normal stress uu, c: Velocity gradient along vertical direction

Figure 4 . 7 :

 47 Figure 4.7: The PSD spectrum for U at the nearest point to the body wall.

  Figure 4.8: a, c, e, g, i: Stream-wise velocity U normalized by U∞,b, d, f, h, j: vertical velocity W normalized by U∞, for REF, HA15, HA30, HF and SHA15 respectively.

  Figure 4.9: a, c, e, g, i: Normal stress ⟨uu ⋆ ⟩ normalized by U 2 ∞ , b, d, f, h, j: shear stress ⟨uu ⋆ ⟩ normalized by U 2 ∞ , , for REF, HA15, HA30, HF and SHA15 respectively.

Figure 4 .

 4 Figure 4.10b summarized the relationship between the drag coefficient Cd and the re-circulation region length Lr. Thus, the connection between recirculation region length and the total drag (or base drag) is a classical conse-

  Figure 4.11: Umax -U min along the upper a and lower b part of the shear layer, c, d The vorticity thickness δ ⋆ normalized by H, c, d The vorticity thickness δ ⋆ normalized by boundary layer thickness.

  Figure 4.12: The Ahmed body with the recirculation bubble for a: SREF, b: SHA15

Figure 4 .

 4 Figure 4.13: The contribution of pressure, normal, and shear stress terms along the upper (blue), and lower (red) part of the RRI interface.a, b, c: REF, d, e, f : HA15, g, h, i: HA30, j, k, l: HF, m, n, o: SHA15

Figure 4 .

 4 Figure 4.14: The pdf distribution for the pressure gradient ∆Cp (REF: blue, HA15: orange, HA30: yellow, HF: magenta, SHA15: green).

Figure 4 .

 4 Figure 4.14 reveals the time history of ∆Cp = Cp R -Cp L , where Cp R and Cp L are the pressure coefficients that define an envelope of pressure taps for the right and left side of the body base, respectively (see chapter 2). Based on this, this figure shows the studied cases' ∆Cp time history (first 200s).Concerning the reference case (REF), the curve switches between two clear extremities, where the figure reflects a stability in each position for a particular time before it switches again. On the other hand, the HA15 case manifests the two switches as well, where the difference is in the stability in each extremity.

  Figure 4.15: The time series for the center of pressure at the base of ahmed body, a: REF, b: HA15, c: HA30, d: HF, e: SHA15, respectively.

  Figure 4.16: The instantaneous spanwise vorticity structure a: REF, b: HA15, c: HA30, d: HF, e: SHA15 respectively

  Figure 4.17: Spectral analysis for the U and Wb, c: REF, d, e: HA15

  Figure 4.18: Spectral analysis for the pressure time series at the base of the Ahmed body a: REF, b: HA15, c: HA30, d: HF.

  Figure 4.19: The streamlines along the x ⋆ = 0.3 for the cases a: SREF, b: SHA15 and c: SHA30.

Figure 4 .

 4 20 exhibits the friction lines along the three cases (SREF, SHA15, and SHA30), based on the simulation data. Three main points could be concluded from this figure: • The friction lines through the SHA15 flap, in figure 4.20b, presents the flux attachments to the flap, seen by the linearity of the friction lines along it. It is not the case with the SREF and SHA30 in figures 4.20a and 4.20c, sequentially. In figure 4.20b, the friction lines along the edges of the flap reflects non-linearity, which is linked to the presence of the trailing vorticies recognized in figure 4.19b.

  Figure 4.21: The z-component vorticity along the XY-plane for the cases a: SREF, b: SHA15 and c: SHA30.

  

Table 2 . 2

 22 

		A	B	C
	interrogation Windows size	32×32 50% ending with 16×16 75% overlapping	64×64 50% ending with 32×32 75% overlapping	128×128 50% ending with 64×64 75% over-lapping
	Spurious vector	37%	11%	3%

[START_REF] Passaggia | Transverse instability and low-frequency flapping in incompressible separated boundary layer flows: an experimental study[END_REF] 

and : Influence of the interrogation windows size on the spurious vector, for small, average, and large windows, A, B, and C, respectively.

  Table3.1: Boundary layer components for experimental and simulation data (taken 12 cm upstream of the top trailing edge of the body).

	Chapter 3. Turbulent wake features of a simplified road vehicle: simulation
						vs. experiment
		U e (m/s) δ/H	δ ⋆ /H	θ/H	H sf Re θ	∂Cp ∂x	β
	Experiment DDES	45 44.4	0.069 0.0097 0.0076 1.29 5420 0.31 ±0.03 0.26 0.055 0.01 0.0072 1.37 5307 0.23 0.20
	RANS	43.9	0.059	0.01	0.0072 1.36 5256	0.12	0.1
	• The Reynolds number Reynolds [1895], which represents the relative im-
	portance of inertial forces compared to viscous ones. It can be defined
	based on different length scales (δ, θ, etc...). For example, the Reynolds
	number; based on the momentum thickness; is given through the follow-
	ing equation:					

Table 3

 3 

.5: Characteristics length scale X ⋆ IN .

Table 4 .

 4 1: Aerodynamic coefficients based on the simulation data. due to the large separation, as discussed before). So that, we could recognize a similar drag reduction for the base drag(Cb), where the relation between the total drag Cd and the base drag Cb is presented in figure 4.3. Hence, it reflects a linear trend with slope=1, where an identical trend was observed by[START_REF] Passaggia | Aerodynamic drag modification induced by free-stream turbulence effects on a simplified road vehicle[END_REF], Dalla Longa et al.[2019] and[START_REF] Pavia | Low-frequency wake dynamics for a square-back vehicle with side trailing edge tapers[END_REF].

	riction %

  This section reveals the main elements of the analyzed reattachment flow, where this generic discussion is based on the separation at Re h = 7 × 10 7

		U e (m/s) u τ (m/s) δ/H	δ ⋆ /H	θ/H	H sf Re θ	β	Cd	Cb
	REF	45	1.648	0.069 0.0097 0.0072 1.34 6027 -0.26 0.333 0.276
	HA15	49	1.995	0.064 0.0083 0.0065 1.27 5768 -0.40 -7% -12%
	HA30	49	1.859	0.052 0.0069 0.0055 1.25 4841 -0.20 -1%	-3%
	HF	46	1.807	0.068 0.009 0.0072 1.25 5957 -0.36 -4%	-6%
	SHA15	55	1.857	0.06	0.009	0.007 1.28 6806 -0.38 -4%	-6%

Table 4 .

 4 2: Boundary layer components for experimental and simulation data.

  Table 4.4 reflects that the turbulent contribution can not be ignored, where about 22% of the normal stress term contributes to the base pressure with approximately 39% from the shear stresses.

				Chapter 4. Open-loop control
		Cp	uu ⋆	uv ⋆	uw ⋆
	Reference -0.143 0.038 -0.025 -0.040
	SHA15	-0.120 0.040 -0.013 -0.042
	∆%	16%	4%	45%	6%
	This simple example adds credibility to the discussion made in the previous

Table 4 .

 4 table, the integrated terms were split into two parts to detect the contribution 5: The integral of the terms contribution in the 2D momentum budget.

		Cp	uu ⋆	uw ⋆	Cb
	REF upper	-0.124 0.033 -0.036 -0.252
	REF lower	-0.070 0.023 -0.036
	HA15 upper	-0.100 0.032 -0.042 -0.207
	HA15 lower	-0.079 0.027 -0.028
	HA30 upper	-0.125 0.029 -0.030 -0.233
	HA30 lower	-0.056 0.021 -0.039
	HF upper	-0.092 0.029 -0.032 -0.216
	HF lower	-0.054 0.022 -0.049
	SHA15 upper -0.109 0.036 -0.042 -0.197
	SHA15 lower -0.540 0.029 -0.048

  The spectral plots of the REF case indicate that the vortical structures, that shed behind Ahmed body, are more energetic in the PSD(U) than PSD(W), which means that they are impacted by U, more than W. On the other hand, the St H = 0.14 and 0.19 are analogous with the values of St H =0.13-0.19 that are reported in prior researches on the vortex shedding timescales using spectral analysis of the velocity fluctuations at specified probe locations behind

Ahmed body (Grandemange et al. [2013b]

,

[START_REF] Lucas | A numerical investigation of the asymmetric wake mode of a squareback ahmed body effect of a base cavity[END_REF]

,

[START_REF] Plumejeau | Behavior of the square-back ahmed body global modes at low ground clearance[END_REF]

,

[START_REF] Volpe | Experimental characterization of the unsteady natural wake of the full-scale square back ahmed body: flow bi-stability and spectral analysis[END_REF] 

and

[START_REF] Kang | Effect of approach flow condition on the wake of an Ahmed body[END_REF]

).

  Étude et contrôle des sillages turbulents de corps à culot droit: réduction de la traînée aérodynamique Les véhicules à culot droit sont très répandus sur le marché automobile pour leur haut niveau de commodité. Un objectif important de cette thèse est d'étudier leur traînée et de la réduire. Le sillage à l'arrière du véhicule a une contribution importante à cette traînée. L'objectif de cette étude est d'analyser ce sillage et d'utiliser le contrôle par des volets horizontaux et verticaux pour réduire sa traînée. Dans ce contexte, la présente étude vise à enrichir quelques contributions à ce domaine à un nombre de Reynolds (basé sur la hauteur du modèle) de Re H = 7.7 × 10 5 . Dans un premier temps, une combinaison des campagnes expérimentales et numériques a été utilisée pour caractériser la topologie de l'écoulement moyen, et analyser les caractéristiques instationnaires du sillage qui se développe en aval d'un véhicule simplifié à culot droit. Le résultat principal de cette comparaison approfondie, entre l'expérience et la simulation, en utilisant deux modèles de turbulence (RANS et RANS -LES (DDES)), est que le modèle DDES est le mieux pour capter la physique complexe de cet écoulement. Il donne un bon accord avec l'expérience. De plus, la sensibilité du sillage et les principaux modes instationnaires des petites modifications géométriques ont été interprétés. Aussi, les effets des volets sur le sillage ont été déterminés en fonction des paramètres physiques tels que : la longueur de la région de recirculation, l'évolution de la vitesse et le comportement de la turbulence. En termes d'analyse de la traînée, la contribution de la pression et de la turbulence a pu être quantifiée en utilisant l'équation du bilan de quantité de mouvement. Le bilan a été fait sur une surface fermée incluant la base du corps e l'interface de zone de recirculationn (RRI). Ce bilan a permis de quantifier les changements dans le sillage. Mots clés : Véhicules routiers, aérodynamique, contrôle, décollement turbulente, volet.
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