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The Low-Pressure Turbine is a critical component of an Aero-Engine as it drives the Fan which produces most of the thrust in the current turbofan configuration. In order to increase the efficiency in terms of fuel consumption, there is a continuous research for blade count reduction (i.e. mass reduction) which entails a higher loading per rotor blade. It is well-known that this environment is characterised by a low Reynolds number flow condition associated with high diffusion along the aft region of the suction side. Consequently, the flow along this surface is prone to laminar separation which, depending on the status of the separation bubble, would lead to detrimental decrease in the aerodynamic performance (larger and deeper wake).

The present PhD thesis focuses on the investigation of the separation-induced transition phenomenon occurring in a Low-Pressure Turbine environment. The emphasis is put on the numerical predictions based on a CFD RANS approach using the innovative γ-Re θt transition model based on transport equations for the numerical intermittency (γ) and the transition onset momentum thickness Reynolds number ( Re θt ). Nine Low-Pressure Turbine rotor blades form a comprehensive experimental reference database and cover a significant range of different isentropic outlet Reynolds numbers, isentropic outlet Mach numbers, inlet turbulence intensity levels, with or without incoming wakes and with two local roughness configurations. A first analysis of this database stresses the effect of the separation on the transition onset and on the performance. A correlation definition is attempted and allows to link the diffusion rate of a blade to the isentropic outlet Reynolds number at bursting. A reliable and robust numerical methodology is established to predict the transition in the case of uniform upstream flow. The results are in good agreement with the experiments even though it was necessary to adapt the boundary conditions to predict the laminar separation numerically for highly-loaded and strong diffusion rate blades only. The resolution of the boundary layer velocity profiles allows to have an in-depth examination of the flow topology parameters. This gives proper information on the momentum thickness which is the main driving parameter of transition correlations. The Chimera technique for overlapping meshes is used to ease the modelling of passive control devices to trigger transition. It is a decent technique to implement standard geometries or more elaborate designs.

tional Fluid Dynamics (CFD), γ-Re θt model, Chimera Technique.

x Résumé La turbine basse-pression est un composant essentiel d'un turboréacteur car elle entraîne la soufflante qui génère la plus grande partie de la poussée dans la configuration actuelle des turboréacteurs à double flux. Dans la perspective d'accroître son rendement en termes de consommation de carburant, il y a une recherche permanente dans la réduction du nombre d'aubage (c'est-à-dire la réduction de la masse) qui implique un chargement plus élevé par aube de rotor. Cet environnement est caractérisé par un écoulement dont le nombre de Reynolds est faible ainsi qu'une large diffusion le long de la partie aval de l'extrados. Par conséquent, l'écoulement le long de cette surface est potentiellement sujet à une séparation laminaire qui, suivant le statut de la bulle de recirculation, pourrait causer une diminution de la performance aérodynamique (sillages plus larges et plus profonds).
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In the years following the World War II, the aircraft manufacturers were conscious of the advantages of the jet engine over the piston engine. Those are the possibility to fly at higher speeds, climb faster and fly at higher altitudes in a less vibrating and quieter environment. Moreover, some studies suggest that the core of a gas turbine can be about twenty times as powerful as the same size piston engine [START_REF] Plc | [END_REF].

Considering the fact that the current commercial aircraft engine state-of-the-art is still based on the jet engine design, one can say that jet engine has revolutionised air transport and besides it has allowed breaking the "sound barrier". Nowadays, the tendency is to improve this existing configuration by reducing the losses induced aerodynamically, thermodynamically, mechanically . . .

General flow characteristics inside a jet engine

However, one has to point that turbomachinery flows are among the most complex flows encountered in fluid dynamics. Thus, the flow is subjected to several strong pressure gradients in the compressor stages as well as in the turbine stages due to the deceleration and the acceleration of the flow. There are temperature gradients as well due to the combustion of the gas and some stresses on the profiles due to the peculiar shapes of some blades. Moreover, the flow is by definition threedimensional because it is confined in a duct where some 3D structures like vortices appear. Mainly, this flow is considered as unsteady due to the interactions of the numerous rotor and stator blade rows. In that environment, the flow is either laminar or transitional or turbulent. Then, it is prone to separate leading in the worst case to open separation. The flow regime may be incompressible, subsonic, transonic and even supersonic in certain designs. The main parameters governing the behaviour of the machine are the Reynolds number, the Mach number, the Strouhal number, the Prandtl number and the turbulence scales. Some of them are geometrical parameters such as the angular deviation across a stage, the pitchto-chord ratio and the roughness of the blades.

One can define the performance of an aircraft engine in several ways. The standard one is to take into account the thermal efficiency η th and the propulsive efficiency η prop . The thermal efficiency is the rate of addition of kinetic energy divided by the rate of fuel energy supplied, whereas the propulsive efficiency is the useful power produced divided by the kinetic energy supplied [START_REF] Plc | [END_REF]. The overall efficiency is thereafter the product of the propulsive and thermal efficiencies and also the ratio of the useful work over the rate of energy supplied in fuel:

η o = η th • η prop = F • V ∞ Q • ṁf = V ∞ sf c • Q f (1.1)
with sf c, the specific fuel consumption.

Because thrust increases with increasing jet velocity and even more rapidly with fuel consumption [START_REF] Plc | [END_REF], one can understand that simple turbojets could be improved particularly for fuel consumption and noise constraints.

Current jet engine trends

Nowadays, the aircraft engine designs are still turbojets but characterised by high by-pass ratio (8:1 to 10:1 such as the GE90) in order to fulfil the more severe consumption, performance and noise constraints. Then, they are called turbofans where more than 80% of the flow entering the nacelle is passing through the bypass duct (figure 1.1). A large fan is able to produce the thrust via this by-pass duct (from 19500 to 27300 lb for a CFM56-7B turbofan). This architecture arises due to the need of reducing the fuel consumption and the noise. To achieve these goals, the specific fuel consumption has to be decreased. The common ways to do this are to improve the gas turbine cycle thermodynamic efficiency or to improve the propulsive efficiency. Improved cycle efficiency can be achieved by the increase of the overall pressure ratio or the peak cycle temperature. However, they are usually limited by the materials and aerodynamics constraints as well as the cooling techniques. The propulsive efficiency is mostly dependent on the by-pass jet velocity for a given flight condition. The propulsive efficiency is high when the by-pass jet velocity difference with respect to the flight speed is low.

Low by-pass jet velocity can be achieved by low fan pressure ratio which requires a large fan diameter for a given thrust demand [START_REF] Wilfert | Geared Fan[END_REF]. Consequently, it implies a reduction of the fan rotational speed which prevents shock development at the tip of the fan blades. Considering it is driven by the low-pressure turbine (LPT) via a shaft, it seems quite obvious that this former component is of interest in order to get the maximum efficiency. This means for the LPT higher work to be extracted with lower shaft speed, which entails either an increase in stage loading, if the number of stages is maintained, or an increase in the number of stages for frozen stage loading with the associate penalty in component length and weight [18]. Therefore, one will prefer the first solution which leads to an increase of the flow turning. In addition, the high altitude cruise condition and the low jet velocity ensure the low Reynolds number working conditions encountered in a LPT environment. That is why the LPT is a critical part of the design in a turbofan configuration. It is common to see turbojet design where both the compressor and the turbine are split in two shafts. Indeed, for small turbojets or simple configurations, only a single compressor and a single turbine are required. But for more complex layout, a multi-shaft or multi-spool is necessary. For an efficiency interest, the smallest blades of the high-pressure (HP) compressor need to rotate at a higher speed. An illustration of a two-shaft turbofan is given in figure 1.1 where the LP turbine drives the corresponding LP compressor and fan whereas the HP turbine drives the corresponding HP compressor. For larger turbofans (high by-pass ratio), even a three-shaft configuration is possible. This time the LP turbine only drives the fan and there is the introduction of intermediate pressure (IP) compressor and turbine. Consequently, the different components can be optimised to the ideal conditions of each stage. This configuration allows to extract high thrust from a shorter and lighter engine than an equivalently rated two-shaft configuration [START_REF] Plc | [END_REF].

Other promising concepts exist to cope with the weight of a conventional high by-pass ratio turbofan. One solution is the geared fan where a speed reduction gear is mounted on the LP shaft between the fan on one side and the LP turbine and LP compressor on the other side. The advantage of this architecture is to de-couple the fan rotational speed from the LP shaft rotational speed. Then, one can optimise the components separately by decreasing the number of LP stages and having a higher LPT rotational speed. The geared configuration allows to further increase the by-pass ratio in comparison to current designs in order to improve the propulsive efficiency and consequently the specific fuel consumption.

Another advantage is to decrease the noise and the weight [START_REF] Wilfert | Geared Fan[END_REF]. However, one needs to pay attention at the additional weight of the gear system as well as its operation. Otherwise, the contra rotating fan engine architecture is interesting in the scope of reducing the perceived noise while improving the fuel consumption in the same amount as advanced conventional turbofans. In this configuration, two counter-rotating fans (contrafan) substitute the conventional fan and leads to a reduction of the engine diameter. Moreover, when the contrafan is associated to a statorless LPT with counter-rotating blades, the advantage in terms of mass is obvious.

A summary of the sfc against the by-pass ratio of the different types of turbofans is depicted in figure 1.2. The decrease in sfc is visible when increasing the by-pass ratio and particularly when choosing the geared configuration.

Expectations for the low-pressure turbine (LPT) component design

The main topic of this PhD thesis is to analyse the laminar to turbulent mechanisms that occur in the LPT. For this purpose, one can evaluate the work done on the rotor in a pure axial machine with the turning of the flow from the Euler's momentum equation:

∆H = Ω • R • ∆V θ (1.2)
where ∆H and ∆V θ are the differences between H 2 and H 3 in one hand and V θ2 and V θ3 on the other hand as described by figure 1.3. Ω is the rotational speed That is why the study of the transition mechanism is of interest because in the case of open separation, the flow does not behave like it should and the turning is less than expected. A standard LPT is usually made of several stages (4 stages in the case of the CFM56-7B). LPTs commonly operate at an outlet Mach number in the range from 0.6 to 0.9 and weight 20% to 30% of the overall mass of the engine [START_REF] Hodson | The Role of Transition in High Lift Low Pressure Turbines[END_REF]. This latter figure is not negligible when you know that the airplane is lifted thanks to air and as a consequence, the gravity is its major enemy. Thus, the aim is not to manufacture more powerful and heavier aero-engines such as an industrial gas turbine dedicated to electrical generation but to get the most efficient one in terms of power with respect to weight and losses mainly.

At a first sight, one solution is inevitably to reduce the weight of the LPT component by reducing the number of blades. Then, this would imply an increase of the pitch-to-chord ratio (g/c). In the meantime, this entails a more important loading per blade in order to compensate for the lower number of working blades for a given stage loading. As a consequence, the angular deviation and/or the velocity peak will be higher as well as the diffusion over the rear part of the suction side (SS).

Then, the purpose is to maximise the turbine efficiency, which is already high (about 90%) according to Hodson and Howell [START_REF] Hodson | The Role of Transition in High Lift Low Pressure Turbines[END_REF]. Nevertheless, one has to be aware for this study of the separation and transition phenomena.

To understand this last point, one has to focus on the flight envelope of a typical commercial aircraft. Typically, aircraft fly at 35000 to 40000 feet in cruise configuration. Hourmouziadis [35] illustrated this flight envelope and the LPT Reynolds number operating range in figure 1.4. One can see that at cruise condition and at mid Mach number (between 0.6 and 0.8), the LPT operating range Reynolds number is below 200000 whereas at take-off, this Reynolds number reaches more than 400000. This shows the wide operating range of a LPT and above all the changing flow conditions which lead to transition or even separation. These values are representative of the late 1980s LPT design [35]. Nowadays, the LPT Reynolds number at cruise condition could reach levels below 100000.

Those phenomena influence the topology of the flow as depicted by Hourmouziadis' chart (figure 1.5). Actually, the abscissa axis scale is presented in a logarithmic way. One can see the different flow topologies encountered in a LPT. Then, at high Reynolds number (case b), the flow stays attached to the wall and the flow turning is as expected (case a is not really encountered in nowadays LPT). While reducing the Reynolds number (case c), a short separation bubble appears. A bubble is defined as a zone where the flow separates from the wall and reattaches further aft. It is characterised by a dead air region followed by a recirculation area. Basically, this type of bubble does not affect the losses. Case d illustrates the bursting of the bubble as a long separation bubble. At last, case e leads to an open separation which is detrimental in terms of turning and consequently of losses (see equation 1.2). The different kinds of bubbles will be illustrated later under section 2.1.2.1. Therefore, the main aim is to design a turbine cascade which can operate beyond the critical point defined by the bursting and the separation and/or to shift the curve downwards if possible. This is illustrated in Hourmouziadis' plot (figure 1.6) where the highest losses are reduced at the low Reynolds number range whereas the lowest losses slightly increase at mid Reynolds numbers. This alternative design was the trend at the time of the study. As one can see, it is really a difficult point to find a good trade-off in terms of configuration to minimise the losses on the overall Reynolds range. As pointed out by Wisler [START_REF] Wisler | The Technical and Economical Relevance of Understanding Blade Row Interactions Effects in Turbomachinery[END_REF], 1% of loss reduction corresponds to a cost reduction of $200000 per aircraft per year. Likewise, Curtis et al. [17] highlighted that 60% of the losses generated by a blade are due to the suction side. To complete this study, Howell et al. [37] estimated that among these 60% of losses, 60% are related to the boundary layer.

Objectives and structure of the thesis

The introduction highlighted the main flow behaviours in a LPT as well as the problem of this study which is to reduce the losses of the LPT blades.

In more details, it is a matter of dealing with some economical and environmental concerns that leads to a reduction of the number of blades per row and then to consider what is called "High-Lift (HL) blade". These blades run at a low Reynolds number and then are prone to separation which has, in terms of performance, a detrimental effect.

Objectives and structure of the thesis

That is why one can focus on the internal environment of the turbofan to cope with this separation phenomenon. The interactions between a blade and the upstream row of blades are still the most promising factor due to the unsteady environment of a turbofan. Thus, one can manage to take advantage of the "calming effect". Several PhD works focused on those topics during the past decade [START_REF] Stieger | The Effects of Wakes on Separating Boundary Layers in Low Pressure Turbines[END_REF][START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]. Moreover, the turbulence intensity is also an important factor to keep in mind. Nowadays, the trend is to take into consideration the roughness either with a spanwise local roughness or with a distributed roughness. Of course a simple design is required in terms of manufacturing cost.

The main aim of this work is to analyse a solution to keep the flow attached and/or to reduce the separation extension over the suction side by triggering the transition and besides by choosing the best trade-off between high Reynolds number regime (take-off configuration) and low Reynolds number regime (cruise configuration). An understanding of the flow behaviour and particularly the separation and transition interactions are of interest in order to get more insight into the physics of this phenomenon. Couple of experimental investigations were carried out at the von Karman Institute for Fluid Dynamics in the framework of partnerships with SNECMA and other European programmes (UTAT and TATMo) on several types of LPT blades with different working conditions. However, data from experimental investigations do not provide all the information needed to understand the flow behaviour over the blade. That is why a numerical approach is used during this work to get more information. It is based on a RANS two-equation turbulence approach coupled with a transition criterion. The numerical predictions are used to support the experimental results. Besides its complementary use, the numerical approach consists in assessing and validating a new transition model based on the transport of two quantities (the numerical intermittency γ and the local transition onset momentum thickness Reynolds number Re θt ) which was released in the transition community by Langtry and Menter [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF]. It constitutes an innovative approach to treat locally the transition process numerically and establishes a framework for future development and improvement for more dedicated applications. Indeed, this model has a universal scope in terms of transition prediction.

Chapter 2.

Literature review

Transition and separation phenomena

The flow in a LPT environment is prone to transition since the cruise Reynolds numbers are below 100000. It means that most of the boundary layer might be laminar. The LPT environment is significantly disturbed (mid turbulence level of around 4%, upstream row incoming wakes are sources of high disturbances). The transition process results from the amplification of disturbances in the laminar boundary layer. That is why, it is necessary to identify the several modes of transition. It is important to understand and predict the type of boundary layer on a LPT blade since it conditions the separation process and consequently affects the performance. First, an overview of the concept of transition will be presented with a description of the natural transition and the by-pass transition modes. After, an insight into the transition process in a LPT environment will be highlighted. Natural transition occurs at low turbulence level (well below 1%). This kind of transition happens generally in external aerodynamics applications such as aircraft wings. As a laminar boundary layer develops, it is subjected to several disturbances. Some of them are damped which leads to a laminar flow whereas some others are amplified which leads to a turbulent flow. This process is known as transition. At a first sight, the practical results of transition are an increase in wall-shear stress as well as in the heat transfer rate and it helps delaying the separation of the boundary layer due to the fuller profile of the turbulent boundary layer. It has been shown that above a certain value of Reynolds number, disturbances, within a certain band of frequencies, will grow with time. This process is referred as the Tollmien-Schlichting (T-S) instability. As they travel downstream, the amplitude of the T-S waves grows and spanwise distortions of the flow vortical structure develop in an increasingly three-dimensional and non-linear manner. These structures will "burst" into turbulent spots. These turbulent spots will grow while travelling downstream and due to their peculiar shape and propagation velocity, they will merge together to form a fully turbulent boundary layer. An illustration of this natural transition process is given in figure 2.1. 

. By-pass transition

When freestream turbulence is of the order of 1% or more, the transition occurs rapidly, "by-passing" the standard route of the transition process highlighted before and particularly the growth of the T-S waves and their subsequent threedimensional spanwise distortion. Then, it leads to a direct generation of turbulent spots (figure 2.1). This case happens mainly in turbomachinery applications where the turbulence affects the boundary layer directly. Indeed, the fluctuations of the boundary layer are forced and do not come from the natural growth of the flow instabilities. This phenomenon promotes a sooner transition in comparison to the natural transition process. However, this applies only to attached flows. As highlighted from the former descriptions, turbulent spots constitute the cornerstone of the transition process.

The path to turbulent spots It is quite common to define turbulent spots by: "Islands of turbulence in a laminar ocean". Their peculiar shape and their propagation velocity ensure the birth of the turbulent boundary layer. The general concept of turbulent spot was first observed by Emmons [24]. Schubauer and Klebanoff [START_REF] Schubauer | Contributions on the Mechanics of Boundary-Layer Transition[END_REF] described the turbulent spot pattern in a zero pressure gradient flow thanks to an electric spark to initiate a turbulent spot. A good illustration of this turbulent spot pattern is depicted in figure 2.2. The turbulent spot has a triangular shape with a half-angle (α) of around 11 degrees. They found that the leading edge and trailing edge velocities are respectively 0.88.U ∞ and 0.5.U ∞ . Due to the velocity difference, the spot can grow longitudinally and transversally. This ensures that spots originating from different locations will merge to form a turbulent boundary layer somehow downstream. They noticed as well that a region unreceptive to disturbances trails behind the turbulent part of each spot. For that reason, they are called "calmed region". In fact, at the trailing edge of receding turbulence, the flow tends towards laminar condition. The calmed region benefits from a fuller velocity profile which prevents the formation of new instabilities. Moreover, it was found that the trailing edge velocity of the calmed region is 0.3.U ∞ , which ensures again a stretching of this region behind the turbulent spot. Another feature of this calmed region is the gradually decrease of the wall-shear stress from turbulent level towards laminar level because there should be a continuity between the turbulent pattern and the laminar pattern.

Another good illustration of the turbulent spot growth and extension is given in figure 2.3. The parallel lines to the x-axis reproduce the instantaneous flow conditions along the plate, while the vertical lines describe the change of the flow conditions over the time at a fixed place [START_REF] Pfeil | Investigation of the Laminar-Turbulent Transition of Boundary Layers Disturbed by Wakes[END_REF]. From this time-space diagram, one can see the amplification of the T-S wave from the position of neutral stability At any position in the transition region, the boundary layer is permanently evolving between a laminar and a turbulent state. That defines the inherent intermittent character of the transition process. Laminar flow corresponds to an intermittency equals to zero whereas a turbulent flow corresponds to an intermittency equals to one. Despite this intermittent behaviour, it is quite common to define a smooth transition process from laminar to turbulent boundary layer with a time averaged value of the intermittency. That is why, it is quite usual to find gradually increasing intermittency factor while going towards the trailing edge. As expected, the probability to get turbulent patterns increases towards the end of the transition region.

This probabilistic approach is illustrated by Emmons [24] in figure 2.4. From his observation of the transition phenomenon (turbulent spots), he derived a phenomenological formula to take into account the fraction of time the flow is turbulent at each position during transition. For that, he defined the "propagation cone", which is the volume originating from a turbulent spot at P 0 (x 0 , z 0 , t 0 ) and describing its propagation in time. The turbulent spot shape was previously defined as a triangle (according to a projection on the surface). One can understand that the three-dimensional extension of the turbulent spot is a cone. Then, Emmons defined a "dependence volume" which is the retrograde cone originating from the point of interest P (x, z, t), containing all the points which could have been the origin of a turbulent spot and subsequently passed over point P (x, z, t). The intermittency at point P (x, z, t) is the fraction of time turbulent spots produced at P 0 pass over P . So far, the standard path of transition was described, that is to say from laminar to turbulent flow. But, it exists a transition process from turbulent to laminar flow called reverse transition or relaminarization. This process happens in strong favorable pressure gradient flow. In a turbomachinery environment, one can find this type of flow in nozzles, in the exit ducts of combustors, on the front part of turbine blade suction side and generally on the aft part of turbine blade pressure side [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF].

Transition concept applied to a LPT environment

After reviewing the general concept of transition, a focus on the typical transition processes occurring in a LPT will be presented. Since the LPT blade pressure side experiences a separation bubble on the front part, followed by a reverse transition on the aft part, only the suction side of the blade is of interest in this study. In a LPT environment, the flow is subjected to mid level of turbulence and strong adverse pressure gradient on the aft part of the blade suction side. This latter feature induces a flow separation on the aft part of the blade suction side due to the low Reynolds number operating conditions at cruise. Moreover, the flow experiences a strong acceleration on the front part of the suction side leading to laminar flow up to the peak Mach number at least. First, an insight into the separation coupled to the transition effect with uniform upstream boundary conditions will be shown. After, a more realistic flow behaviour with upstream incoming wakes will be illustrated. is prone to separation. Then, the transition takes place in the separated shear layer. Eventually, it reattaches as a turbulent flow. However, in the case of low Reynolds numbers with low level of turbulence, the transition might be too slow and consequently the turbulent entrainment effect cannot make the flow to reattach. As highlighted already, this leads to a dramatic increase of the losses. In the separated shear layer, the main source affecting the transition process is the Kelvin-Helmholtz (K-H) instability [START_REF] Malkiel | Transition in a Separation Bubble[END_REF]. This leads to the growth of fluctuations in the separated shear layer. As they move downstream, they are amplified and finally trigger transition. Once the transition has started, the momentum exchange in the shear layer by a turbulent mixing reduces the vertical extent of the reverse flow layer and consequently the displacement effect of the bubble. The shear layer entrains more fluid and contributes to the reattachment of the free shear layer.

Roberts [START_REF] Roberts | A Study of the Effect of Reynolds number and Laminar Separation Bubbles on the Flow through Axial Compressor Cascades[END_REF] presented the pressure distribution of different bubble types, compiling the experimental results of Gaster [START_REF] Gaster | The Structure and Behaviour of Laminar Separation Bubbles[END_REF]. These experimental results were made over a range of speeds for the bubbles to pass from the highest Reynolds number short bubble regime to the critical bursting regime that leads to long bubble type. Indeed, they are three types of separation bubble. The first one is the short bubble Figure 2.6.: Separation bubble types illustration with their corresponding pressure distributions from Gaster [START_REF] Gaster | The Structure and Behaviour of Laminar Separation Bubbles[END_REF] (Roberts [START_REF] Roberts | A Study of the Effect of Reynolds number and Laminar Separation Bubbles on the Flow through Axial Compressor Cascades[END_REF]) type that does not affect the pressure distribution and is sometimes of interest to trigger the transition process (see configurations 1 to 4 in figure 2.6). The second one is the long bubble type. This kind of separation occurs below a critical Reynolds number where the short bubble "bursts" in a long bubble. The pressure distribution is dramatically affected and particularly the peak Mach number (see configuration 5 in figure 2.6). Besides, the bubble extension can cover a great part of the aft part of the blade suction side and eventually leads to an open separation (i.e. without any reattachment). Again, the peak Mach number is tremendously decreased and the consequences on the wake are a wider extension in the suction side part and a more axial outlet flow angle for the velocity vector in the frame of the blade.

Those phenomena were studied more than forty years ago. In the past decade, a comprehensive study carried out by Hatman and Wang [START_REF] Hatman | Separated-Flow Transition. Part 1 -Experimental Methodology and Mode Classification[END_REF][START_REF] Hatman | Separated-Flow Transition. Part 2 -Experimental Results[END_REF][START_REF] Hatman | Separated-Flow Transition. Part 3 -Primary Modes and Vortex Dynamics[END_REF][START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF] gave more insights into the bubble types structures over a flat plate at low freestream turbulence and adverse pressure gradients. They stressed the fact that the conventional definitions for long and short bubbles are ambiguous because they are mainly based on the extent of the bubble or the deviation effect from the inviscid pressure distribution [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF]. Instead, they based their distinction on the separated flow structures and the vortex shedding dynamics. Indeed, it is commonly accepted that the separated laminar shear layer is inherently unstable and promotes the growth of disturbances [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF]. They identified three kinds of separated-flow transition which are conditioned by the superposition of two types of instability (K-H and T-S instabilities). They are the transitional separation, the laminar separation / short bubble mode and the laminar separation / long bubble mode.

Transitional separation bubble The transitional separation occurs when the transition position is ahead of the separation position. It generally happens at high Reynolds number and low adverse pressure gradient, which is not in the context of the present study. The transition process is similar to the natural transition already described previously (see section 2.1.1.1). Hatman and Wang defined a limit where this kind of separation is likely to happen: Re θ,sep > 320.

Laminar separation / short bubble mode The laminar separation / short bubble mode occurs at moderate Reynolds number and mild adverse pressure gradient. This time the transition process takes place in the free shear layer. After the separation of the laminar shear layer, the K-H instability sets in. Then, the roll-up vortex periodically forms, grows, pairs and interacts with the wall. This vortexwall interaction is the source of the ejection of near wall fluid into the freestream and consequently eddies are released in the shear layer. Because of this ejection, the turbulence develops faster, leading to a shorter transition region and an enhanced turbulent mixing that forces the free shear layer to reattach. In addition to this turbulent mixing, a distinctive vortex shedding signature contributes to the reattachment. The range of this laminar separation / short bubble mode is defined by: 240 < Re θ,sep < 320.

Laminar separation / long bubble mode The laminar separation / long bubble mode occurs at low Reynolds number and strong adverse pressure gradient. The process is similar to the laminar separation / short bubble mode except that the ejection process is no longer coupled to the distinctive vortex shedding. Instead of being shed, this vortex constitutes an extended near-wall region of slow moving fluid. Moreover, the low Reynolds number effect affects the turbulent mixing. Because of these aspects, the shear layer cannot reattach and the separation bubble "bursts" in a long bubble type. Then, the separation bubble extension is dramatically increased and the transition completion is delayed until the turbulence is fully developed which eventually leads to a reattachment of the shear layer. The range of this laminar separation / long bubble mode is defined by: Re θ,sep < 240.

Open separation At last, the worst case encountered in terms of separation is the open separation or massive separation mode. This happens at low Reynolds number with very strong adverse pressure gradient when the separation bubble of the laminar separation / long bubble mode never reattaches because of the reduced turbulent mixing.

Multimode transition

Multimode transition is the type of transition which is the more likely to occur in a LPT. In fact, it is characterised by the impingement of wakes from the upstream stator row on the suction side of rotor blades. These upstream wakes are patches of turbulent fluid traveling at a lower velocity than the freestream velocity. The wake is often depicted as a negative jet in the relative frame of reference of the rotor blade. In the rotating frame of reference, the wake slip velocity makes the wake appear as a jet directed from the blade pressure side to the suction side inside one channel [START_REF] Dietz | Unsteady Pressure Measurements on the Rotor of a Model Turbine Stage in a Transient Flow Facility[END_REF]. An illustration of this phenomenon is given in figure 2.7.

Due to the velocity defect inside the wake, the wake relative flow angle inside the rotor channel is greater than the relative flow angle in the surrounding freestream flow. It means that there is an overturning of the flow in the wake whereas there is an underturning of the flow outside of the wake. This leads to two circulating flow regions inside the rotor channel on each side of the wake. Consequently, this deforms the wake and there is an accumulation of wake material on the suction side whereas a diminution is experienced on the pressure side [START_REF] Binder | An Experimental Investigation Into the Effect of Wakes on the Unsteady Turbine Rotor Flow[END_REF]. Hence, this results in a jet impinging on the suction side.

As described by Pfeil et al. [START_REF] Pfeil | Investigation of the Laminar-Turbulent Transition of Boundary Layers Disturbed by Wakes[END_REF], the forced start of transition is induced by the wake jet. The wake jet is a source of turbulent spots that spread and form on the blade suction side. As discussed before (see section 2.1.1), this leads to an intermittent laminar-turbulent boundary layer where a calmed region trails behind a turbulent spot. Depending on the spacing between two stators (or cylinder bars in an experimental configuration), the natural transition process could be encountered in the undisturbed region between two forced transition onsets induced by impinging wake jets. This is illustrated in figure 2.8.a. x ns is the position of neutral stability. x o,tr and x o,T r are the positions of natural transition start and The frequency of the wake impingement is made non-dimensional and is similar to a Strouhal number (see equation (3.9)). Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] widely studied the unsteady wake-boundary layer interaction. He concluded that the evolution of the profile losses as a function of reduced frequency presents an optimum. This value of reduced frequency is around 0.7 (with his reduced frequency definition where the reference velocity is the inlet axial velocity V ax,1 -this is equivalent to a reduced frequency of 0.28 when the reference velocity is the isentropic outlet velocity V 2,is , see section 3.3). Moreover, he pointed out that the condition at which the facility was run to simulate a realistic aero-engine working condition matched a reduced frequency of 0.88 (with his reduced frequency definition -this is equivalent to a reduced frequency of 0.34 when the reference velocity is the isentropic outlet velocity V 2,is ). The corresponding rotational speed of the bar rotating system was set at 6000 rpm, which is in the range of LP shaft rotational speed of 2-shaft aero-engine. 

Synthesis of the parameters affecting transition

Main parameters The main parameters affecting the transition process were highlighted before. The Reynolds number is by definition the scale that conditions the range where the flow is more likely to be laminar, transitional or turbulent. But, it does not give the strength of the transition process. In contrast, due to its non-dimensional character, it is a tool used to quantify the start of the transition process, mainly based on boundary layer information, such as the momentum thickness. The main source affecting the transition process is the turbulence spot production. Consequently, their production rate is critical as pointed out by Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF] in figure 2.9 and figure 2.10 from a compilation of data. In figure 2.9, the production rate of turbulent spots for zero pressure gradient flows increases with the turbulence level as expected. Likewise, the momentum thickness Reynolds number at transition onset reduces as the turbulence level increases (figure 2.10).

Figure 2.9.: Turbulent spot production rate as a function of the freestream turbulence level for zero-pressure gradient flows (Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF])

The pressure gradient is another parameter that influences the turbulent spot production. Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF] suggested a representation (figure 2.11) where the momentum thickness Reynolds number at transition is a function of the pressure gradient and turbulence level. Three regions are depicted. The separated-flow region is when laminar separation occurs before transition. The natural region is when the transition may be induced by T-S waves, but an influence of the turbulence intensity and the acceleration parameter may also be felt. The bypass region is when the transition is only managed by the turbulence level and happens at high level of turbulence (above 5%). What is defined as the stability criterion is the line above which a T-S instability is possible. What is defined as the separation criterion is the line above which a laminar separation might occur. As expected from these trends, for favorable pressure gradient flows, the transition process is only conditioned by by-pass transition mechanism and consequently depends only on the freestream turbulence. For adverse pressure gradient flows, there is an influence of the pressure gradient in addition to the turbulence level. The general conclusion is that the momentum thickness Reynolds number at the beginning of transition increases with either an increase in acceleration (favorable pressure gradient) or a decrease in the freestream turbulence level. This coupling between turbulence level and pressure gradient was comprehensively studied by Abu-Ghannam and Shaw [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF] and is presented later on in the scope of transition modelling (see section 2.4.1). The wake-induced transition process is a concrete illustration of the turbulent spot production influence on the boundary layer transition as shown previously.

Secondary parameters In gas turbine, the transition process is conditioned by the free-stream turbulence, the pressure gradient and the unsteadiness. Otherwise, Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF] depicted other parameters which have a secondary effect on the turbulent spot production. That is to say that they have a minor impact on the turbulent spot production (five to ten times less than that of the pressure gradient [51]). However, the surface trip might be an exception since it is intrusive and induces a separation of the boundary layer. The surface distributed roughness can affect the transition process only under low level of turbulence. It hastens the transition process since it gives rise to additional disturbances in the laminar boundary layer. Then, its influence could be spotted for LPT under the worse conditions.

A study of Vera et al. [START_REF] Vera | Separation and Transition Control on an Aft-Loaded Ultra-High-Lift LP Turbine Blade at Low Reynolds Numbers: High-Speed Validation[END_REF] will be presented in section 2.2.1 illustrating this latter aspect. Concerning surface trips, they constitute a good approach to trigger transition locally due to the forced separation bubble developing downstream. Then, it is similar to a transitional separation bubble type or a laminar separation / short bubble type. This approach will be illustrated along this work since it constitutes part of the investigation. The streamwise curvature is well known to affect the stability of a boundary layer. The present work focuses on the LPT environment with highly curved blade. A convex curvature (such as the blade suction side) has the tendency to stabilise the boundary layer from transitioning. A fluid particle from an outer layer opposes a tendency to move inwards because its centrifugal force is higher than the one of a fluid particle closer to the convex surface. That is why outwards motion is prevented and consequently the vertical mixing between layers (characteristic of turbulent flows) is reduced. Therefore, a convex curvature has a stabilising effect, in response to disturbances, in comparison to a concave curvature (blade pressure side). However, the scope of this work is the boundary layer evolution on the suction side and therefore on a convex curvature. The effect of heat transfer is known to affect the transition process and particularly when the surface is hotter than the fluid because it promotes small disturbance instabilities and hastens transition. However, in the present work, LPT operates far downstream the combustor, so the fluid temperature is still higher than the blade one and then the flow is less sensible to small disturbances. At last, the compressibility effect can be mentioned but it has a real effect at Mach numbers exceeding one, particularly when there is a shock boundary layer interaction.

Control devices to trigger transition and/or remove separation

Removing separation by triggering transition is a solution to get rid of the detrimental effects of the massive separation occurring at low Reynolds numbers and consequently the loss of efficiency. That is why the need for control devices seems promising for future LPT design trends. Indeed, the aim is to introduce disturbances in the flow before the separation position in order to make the boundary layer more stable by energising it. The first type of control device is the passive one. The effort to implement and set them up is less important compared to active control devices. They are generally geometrical extensions such as transition wires, roughness strips or other kinds of disturbance generators. In contrary to those, the active control devices are still promising despite an actuation for some of them or a complicated geometrical shape. However, their great interest is to take advantage of their actuation for the whole Reynolds number range.

Passive control devices

Passive control devices are typically wires or roughness strips and even a surface roughness defined during the manufacturing process of the blade with the machine tool. To characterise this type of control device, a study from the University of Cambridge by Himmel and Hodson [START_REF] Himmel | Modifying Ultra-High Lift Low Pressure Turbine Blades for Low Reynolds Number Applications[END_REF] is highlighted. They presented the results of different kinds of passive flow control devices. They cover three groups: elevated blunt element (two-dimensional cylindrical wire, 2D CW), elevated element with sharp edges (a two-dimensional rectangular step, 2D RS) and depression-type element (a two-dimensional rectangular groove, 2D RG). They are illustrated in figure 2.12.

Blade surface Blade surface Blade surface In addition to those located transition wires and roughness strips, Himmel and Hodson [START_REF] Himmel | Passive Air Jets for Loss Reductions in High Lift Low Pressure Turbines[END_REF] described their work on another kind of passive flow control device. This investigation was performed under the TATMo programme as well and introduced blowing channels connecting the pressure side and the suction side. The aim is to take advantage of the large pressure difference between the pressure side and the suction side of HL-LPT blades. Typically, it reproduces a forced jet (like an active control device where the blowing mechanism is embedded in the blade) but without any actuation.

Another study of the effectiveness of various types of boundary layer transition elements was carried out by Sieverding et al. [START_REF] Sieverding | Investigation of the Effectiveness of Various Types of Boundary Layer Transition Elements of Low Reynolds Number Turbine Bladings[END_REF]. The passive transition elements will only be presented. They are a trip wire, spherical elements and partial slots (figure 2.14).

Trip wire

Spherical elements

Partial slots The trip wire was assessed at different chord-wise positions and with different wire diameters. The spherical elements were investigated in a single-row and doublerow configuration. The partial spanwise slots are connected to an underlying spanwise cavity inside the blade. It came out that the optimum position for the trip wire is slightly ahead of the blade suction side velocity peak. As expected, the losses increase at high Reynolds numbers with this configuration. The spherical elements do not seem to add any improvement in comparison to the optimum trip wire configuration. Concerning the partial slots, they show a small improvement at low Reynolds numbers but what is more interesting is the absence of detrimental effects at high Reynolds numbers. That is why this latter passive control device seems promising because it takes into account the gap in the blade suction side surface (similar to the groove configuration highlighted previously [START_REF] Himmel | Modifying Ultra-High Lift Low Pressure Turbine Blades for Low Reynolds Number Applications[END_REF]). Moreover, there is a natural blowing effect due to the difference in the blade pressure at midspan and near the endwalls.

During the manufacturing of the blade, one might take into account the roughness induced by this process. There is a study made by Vera et al. [START_REF] Vera | Separation and Transition Control on an Aft-Loaded Ultra-High-Lift LP Turbine Blade at Low Reynolds Numbers: High-Speed Validation[END_REF] describing it. They examined the effect of different surface finishes on an aft-loaded ultra-HL-LPT profile at Mach and Reynolds numbers representative of LPT engine conditions. Two different kinds of manufacturing process were used to mold the blades. The first one produces a standard "as cast" finish and the second one leaves small spanwise ribs of ∼15 µm in depth. Moreover, for each casting process, different post casting finishing processes were applied. The more rough of the finish is defined as "as-cast", then barreling more this surface, one obtains a less rough surface and barreling more leads to a polished surface. They concluded that the rough surface finish plays a secondary role in the reduction of the losses in comparison to a smoother surface finish. In fact, they found that the presence of spanwise ribs left on the surface of the blade by a specific manufacturing process could lead to a large reduction of the profile losses. Indeed, they defined the presence of these small ribs between the suction peak and the separation point as negative steps and determined this effect as of first order in comparison to the roughness characterising the surface finish [START_REF] Vera | Separation and Transition Control on an Aft-Loaded Ultra-High-Lift LP Turbine Blade at Low Reynolds Numbers: High-Speed Validation[END_REF].

At last, a comprehensive study of Zhang et al. [START_REF] Zhang | Separation and Transition Control on an Aft-Loaded Ultra-High-Lift LP Turbine Blade at Low Reynolds Numbers: Low-Speed Investigation[END_REF] illustrates the interaction between incoming wakes, shed from the upstream row, with surface trips on one side and with air jets on the other side in a ultra HL-LPT environment. They pointed out the effects of suppressing the separation underneath the wakes, the strengthened calmed region (as already described previously) and the reduced separated region between wakes. In fact, they highlighted the effect of the surface trips in the transition process both underneath the wakes and in between them. Although, the calmed region that follows an impinging wake is known to be the main source of loss reduction, any separation and transition control that prevents the formation of these calmed region should be avoided. That is why control devices that add mass-flow in the near wall region, such as air jets are not recommended. However, surface finishes [START_REF] Vera | Separation and Transition Control on an Aft-Loaded Ultra-High-Lift LP Turbine Blade at Low Reynolds Numbers: High-Speed Validation[END_REF] are more recommended than surface trips because surface trips are optimised for a defined design Reynolds number [START_REF] Zhang | Separation and Transition Control on an Aft-Loaded Ultra-High-Lift LP Turbine Blade at Low Reynolds Numbers: Low-Speed Investigation[END_REF].

Active control devices

Nowadays, the search for active control devices is topical. Indeed, in the field of LPT, the design is going towards highly-loaded blade with a strong diffusion at the rear part of the blade (see section 1.4). These designs trends make the flow prone to strong separation that leads to a massive deterioration of the losses. The previous subsection (see section 2.2.1) illustrates the awareness of the designers to cope with this separation issue with passive control devices. Unfortunately, the advantages one gains at low Reynolds numbers turn out to be detrimental at mid or high Reynolds numbers. That is why, if one can adjust the potential of a control device for the whole Reynolds number range, then the efficiency of the machine could be improved at all regimes. In that perspective, research groups focused on the investigations of straightforward designs (such as blowing channels [START_REF] Volino | Experimental and Computational Investigations of Low-Pressure Turbine Separation Control Using Vortex Generator Jets[END_REF]) whereas other prefer fancier designs (such as adjustable membranes and/or plates [START_REF] Sieverding | Investigation of the Effectiveness of Various Types of Boundary Layer Transition Elements of Low Reynolds Number Turbine Bladings[END_REF], pressure pulsations [START_REF] Baumann | Actuated Transition in a LP Turbine Laminar Separation: An Experimental Approach[END_REF] and plasma actuators [38,[START_REF] Corke | Dielectric Barrier Discharge Plasma Actuators[END_REF]). However, one has to pay attention that the implementation of these active control devices necessitates to be embedded inside the LPT rotor blades with its actuation mechanism.

Turbulence modelling

The aim of this study is to analyse the aerodynamic behaviour of the flow around LPT blades and particularly the separation and transition processes. For that purpose, the basic equations describing these phenomenon are the fluid dynamics ones which are the Navier-Stokes equations. They define the conservation of mass, momentum and energy.

Introduction to turbulence modelling

Turbulent flow is probably the most challenging topic in the field of fluid dynamics since it is inherent in our environment. The smoke of a cigarette, the water stream downstream bridge piers, the floating flag and more other examples illustrate that. O. Reynolds, cited by Jackson and Launder [START_REF] Jackson | Osborne Reynolds and the Publication of His Papers on Turbulent Flow[END_REF], studied the nature of the flow in the late ninetieth century. His experiment of a thin filament of dye injected in the flow of a fluid in a pipe made him famous and will leave his name for ever related to turbulence. Turbulent flow is defined by a broad range of excited length and time scales. It is characterised by random fluctuations which leads to a non-deterministic behaviour. Thus, the irregular, rotational and time-dependent natures of turbulent motion highlight the contrast with laminar motion because the latter one was imagined to flow in smooth laminae or layers [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF]. Turbulent motion is the result of the instability of large vortical structures in the flow which break down into smaller parts [START_REF] Dick | Eddy Viscosity Models for Turbulence and Transition[END_REF]. The process associated to the transfer of kinetic energy from the largest structures towards the smallest ones is called the "energy cascade". At the smallest structures, the kinetic energy is dissipated into heat due to the molecular viscosity. One important feature of turbulence is its enhanced diffusivity which enhances the transfer of mass, momentum and energy [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF].

The smallest scale where the kinetic energy is dissipated into heat is commonly referred as the Kolmogorov length scale (η). To get an insight into this scale, A.N. Kolmogorov, cited by Wilcox [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF], defined an assumption called the "universal equilibrium theory". In fact, the smaller eddies should be in a state where the rate of receiving energy from the larger eddies is very nearly equal to the rate at which the smallest eddies dissipate energy to heat [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF]. The only dimensional parameters determining the conditions at the dissipative scales are the rate at which the larger eddies supply energy ( ) and the kinematic viscosity (ν). From a dimensional analysis, one can get the following Kolmogorov length scale (η).

η ≡ ν 3 / 1/4 (2.1)
At last, to understand the energy cascade phenomenon, one can focus on the energy spectral distribution of turbulent properties such as the turbulence kinetic energy k because the turbulence contains a continuous spectrum of scales. This energy spectral distribution (E(κ)) can be defined with κ as a wavenumber and E(κ)dκ as the turbulence kinetic energy contained between wavenumbers κ and κ + dκ:

k = 1 2 u i u i = ∞ 0 E (κ) dκ (2.2)
Resolving all the scales in time and space of the Navier-Stokes equations may require a lot of computer resources. This approach is defined as a direct numerical simulation (DNS). This technique gives an understanding of the turbulent structures and associated turbulent processes. They can be viewed as an additional source of experimental data where unmeasurable information can be obtained [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF].

Another option is to use large eddy simulation (LES). As it states, the largest eddies are only resolved while the smallest eddies are modelled. In fact, since the largest eddies are primarily affected by the boundary conditions, they need to be simulated. Still, this approach requires subsequent computer resources for a design purpose but may be of interest for an academic approach in comparison to DNS. However, for a design purpose, a mean value is generally of interest. It means that the information of DNS and LES, at a design level, will be averaged at a certain point after the resolution of the equations. That is why, Reynoldsaveraged Navier-Stokes (RANS) equations are of interest at a design level because the equations are averaged statistically before solving them [START_REF] Dick | Eddy Viscosity Models for Turbulence and Transition[END_REF].

RANS-equation models

The Reynolds averaging concept suggested by O. Reynolds, cited by Wilcox [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF], consists in time-averaging the Navier-Stokes equations. An instantaneous field is defined as the sum of a mean component and a fluctuating one whose average quantity is null:

U (x, t) = U (x) + u (x, t) with u (x, t) = 0 (2.3)
With this concept, one can get rid of the turbulent fluctuations. However, timeaveraging the Navier-Stokes equations leaves unknown terms which make the system of equations not close. This is known as the "closure problem". Indeed, the unknown terms comes from the momentum equation where the "Reynolds shear stress" tensor appears due to the non-linearity of the convective terms and from the energy equation where the turbulent heat flux vector appears. These unknown have to be modelled somehow in order to close the system. Boussinesq drew an analogy with the Newton's law for describing the turbulent stresses. It is possible to connect the Reynolds stresses to the strain rate with the eddy viscosity (µ t ).

Likewise for the turbulent heat flux, one can determine the turbulent thermal conductivity with a constant turbulent Prandtl number (0.9) and the eddy viscosity introduced before from the Boussinesq hypothesis. The aim of the turbulence modelling is to define the Reynolds stresses and consequently the eddy viscosity. One can define the class of the model according to the number of equations associated to close the system. Thus, only models of two equations will be discussed.

Two-equation model

These models have been developed to incorporate nonlocal and flow history effects in the definition of the eddy viscosity. Indeed, in this RANS approach, the only link to the turbulence phenomenon is the eddy viscosity as highlighted before with the Boussinesq hypothesis. In fact, those models still retain this hypothesis. L. Prandtl, cited by Wilcox [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF], postulated a model in which the eddy viscosity depends upon the kinetic energy of the turbulent fluctuations or turbulence kinetic energy (k see equation 2.2). With a dimensional analysis, one can relate the density (ρ), a turbulence length scale (l t ) and the turbulence kinetic energy (k) to the eddy viscosity (µ t ):

µ t = constant • ρk 1/2 l t (2.4)
He proposed a modelled differential equation approximating the exact equation for k. However, the need to specify a length scale remains. Algebraic approach is used for that purpose. In that prospect, A.N. Kolmogorov, cited by Wilcox [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF], was the first to introduce a second transported variable which is the "rate of dissipation of energy in unit volume and time" or the specific dissipation rate (ω). According to dimensional analysis, one can arrange the turbulence kinetic energy, the specific dissipation rate, the eddy viscosity and a turbulence length scale.

µ t ∼ ρk ω , l t ∼ k 1/2 ω , ∼ ωk (2.5)
Then, the eddy viscosity is affected by where the flow has been and consequently by the flow history [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF]. One key comment to remind here is that the specific dissipation rate (ω) is the reciprocal of the time scale on which dissipation of turbulence kinetic energy occurs. However, the actual process of dissipation occurs in small eddies (see section 2.3.1) whereas the specific dissipation rate is the rate of transfer of turbulence kinetic energy to the smallest eddies. Then, one can understand that the specific dissipation rate is indirectly associated to dissipative processes because it depends on the large eddies scales [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF].

The path to the SST k-ω model

The most famous two-equation models are the k-and the k-ω families. The "standard k-model" developed by W.P. Jones and B.E. Launder, cited by Wilcox [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF], is an illustration of the first family. This kind of model has shown a great interest for engineering problems. However, it is inaccurate for complex flows such as flow under adverse pressure gradient and experiences problem to be extended for integration through the viscous sublayer. Despite these highlighted drawbacks, the model can provide substantial qualitative results at the expenses of a fine tuning for each application. In comparison, the k-ω model, as the one of Wilcox [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF], is regarded as a more accurate and robust modelling framework of the boundary layer. It performs well under variable pressure gradient (both adverse and favorable) and can be integrated through the viscous sublayer without any viscous corrections. However, the model drawback is its sensitivity to the freestream boundary conditions for free shear flows. In contrast, the k-does not suffer from this deficiency. That is why, those considerations led Menter [54] to combine the advantages of the k-ω model robustness and accurate formulation in the near wall region and the k-model freestream independence in the outer part of the boundary layer.

The resulting model comes from the blending of the original k-ω model and a kmodel transformed into a k-ω formulation [54]. The original k-ω model is multiplied by a blending function (F 1 ) and the transformed k-model is multiplied by (1-F 1 ). Then, the two expressions are added together. The blending will take place in the wake region of the boundary layer. F 1 equals to zero activates the transformed k-model away from the wall whereas F 1 equals to one activates the k-ω model in the near wall region. This is, so far, described as the baseline model [54]. Another correction added by Menter [54] is the shear-stress transport model (SST). It introduces a limiter in the eddy viscosity definition. This limiter prevents the shear stress to be overpredicted under adverse pressure gradient flows with the two-equation model. Indeed, it was found that the ratio of the production over the dissipation of k can be higher than one in adverse pressure gradient flows. Thus, it was leading to an underestimaton of the adverse pressure gradient effects.

The SST k-ω transport equations are:

Dρk Dt = P k -D k + ∂ ∂x j (µ + σ k µ t ) ∂k ∂x j (2.6) Dρω Dt = γ ν t P k -βρω 2 + ∂ ∂x j (µ + σ ω µ t ) ∂ω ∂x j + 2 (1 -F 1 ) ρσ ω2 ω ∂k ∂x j ∂ω ∂x j (2.7) with: D• Dt = ∂• ∂t + u j ∂• ∂x j (2.8)
and with the destruction (D k ) and production (P k ) terms of the k-equation:

D k = β * ρωk (2.9) P k = min µ t S 2 , 10D k (2.10)
The blending function F 1 is calculated from:

F 1 = tanh arg 4 1
(2.11)

arg 1 = min max √ k β * ωy ; 500ν y 2 ω ; 4ρσ ω2 k CD kω y 2
(2.12)

CD kω = max 2ρσ ω2 1 ω ∂k ∂x j ∂ω ∂x j ; 10 -20 (2.13)
The turbulent viscosity is calculated from:

µ t = min ρk ω ; a 1 ρk S • F 2 (2.14)
with a 1 =0.31 and the blending function F 2 :

F 2 = tanh arg 2 2
(2.15)

arg 2 = max 2 √ k β * ωy ; 500ν y 2 ω (2.16)
The coefficients Φ (σ k , ...) of this model are functions of F 1 :

Φ = F 1 Φ 1 + F 1 (1 -Φ) (2.17)
where Φ 1 (σ k1 , ...) and Φ 2 (σ k2 , ...) are respectively the coefficients of the k-ω and the transformed k-models.

The values of the model coefficients implemented in the elsA CFD code from ONERA are presented below [59]. All the calculations made during this thesis were done with those coefficients. The coefficients of Φ 1 (σ k1 , ...) (k-ω Wilcox) and Φ 2 (σ k2 , ...) (k-Launder-Sharma) are:

σ k1 = 0.85 ; σ ω1 = 0.5 ; β1 = 0.075 σ k2 = 1.0 ; σ ω2 = 0.856 ; β2 = 0.0828 β * = 0.09 ; K = 0.41 ; γ i = β i β * - σ ωi K 2 √ β * ; a 1 = 0.31 (2.18)

Transition modelling

Two-equation model can predict transition but they generally predict them too early [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF]. Indeed, Wilcox [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF] illustrated that on an incompressible flat plate configuration, using the k-ω model, the transition is predicted one order of magnitude too low in terms of Reynolds number. That is why on LPT blades, the skin friction will exhibit a local minimum in the front part of the blade.

A solution to trigger the transition is to affect a weighting factor to the production term of the turbulence kinetic energy, that will be called the "intermittency weighting factor". This factor has to be controlled somehow. For that purpose, one can use transition criteria based upon experimental investigations.

Most of the transition criteria are based upon empirical correlations [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF][START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF]. When the transition criterion is met, the so-called intermittency weighting factor is switched on from 0 to 1 (like a step) and consequently triggers the production of the turbulence kinetic energy. However, despite its numerical definition, it still keeps the same qualitative meaning of the intermittency coefficient which is the fraction of time during transition for which the flow is turbulent. Besides, this kind of methodology implies the need for the boundary layer thickness calculation from the integration of the velocity profiles. This is to define the edge of the boundary layer to retrieve the freestream information.

Instead of triggering transition by a switch (via the intermittency weighting factor), the transition process should be handled locally with a gradually evolving intermittency weighting function. That is why, new methods for the computation of transition founded on transport equations (using local quantities) are of interest such as the γ-Re θt model of Langtry and Menter [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF]. This approach is widely discussed in this thesis since it was the model chosen to assess the transition phenomenon in LPT. Another transport equation transition model based on the laminar kinetic energy approach [START_REF] Walters | A Three-Equation Eddy-Viscosity Model for Reynolds-Averaged Navier-Stokes Simulations of Transitional Flow[END_REF]46] seems promising.

Transition criteria -Correlation-based models

Correlation-based transition criteria are widely used in the field of turbomachinery because the flow is mainly characterised by by-pass transition which occurs at mid turbulence levels. A comprehensive study of transition investigation in the LPT environment is the one of Abu-Ghannam and Shaw [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF]. It dates back 1980 but it is still widely used by the LPT designers and is still implemented in CFD code [59]. It even constitutes part of the framework of new transport equation models [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF].

This investigation was done in a low-speed wind-tunnel on a flat plate with freestream turbulence ranging from 0.5% to 5% and with pressure gradient histories typical of turbomachinery blades without separation [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF]. Even though, they stated they investigate natural transition, some of their test cases were assessed at mid turbulence levels. The robustness of this model relies on the fact that they linked the boundary layer quantities to external information. In addition, they assessed several configurations covering both the turbulence level and the pressure gradient (positive and negative) ranges.

They defined a correlation for the transition onset. This correlation encompasses both the turbulence level and the pressure gradient information. The output of the correlation is the momentum thickness Reynolds number from the following set of equations:

Re θt = 163 + exp F (λ θ ) - F (λ θ ) • T u 6.91 (2.19) F (λ θ ) = 6.91 + 12.75 λ θ + 63.64 λ 2 θ ; λ θ < 0 (2.20) F (λ θ ) = 6.91 + 2.48 λ θ -12.27 λ 2 θ ; λ θ > 0 (2.21) λ θ = θ 2 ν dU ∞ ds (2.22) 
Moreover, they derived a couple of boundary layer parameters during transition in function of a non-dimensional distance η from the start of transition over the transition length.

η = s -s onset s end -s onset (2.23)
Here is the relationship between the intermittency coefficient γ, which defines the fraction of time during transition for which the flow is turbulent, and η.

γ = 1 -exp -5η 3 (2.24)
The illustration of the Abu-Ghannam and Shaw (AGS) correlation (equations 2.19 to 2.21) is depicted on figure 2.15. One feature is the quasi non-dependency of the momentum thickness Reynolds number with the turbulence level in the favorable pressure gradient region. In contrast, one can see this dependency in the adverse pressure gradient region and particularly at low turbulence level. 

Transport equation models for transition

As highlighted before, one drawback of the transition triggered at a defined streamwise location is the non-gradual evolution of the intermittency weighting factor inside the boundary layer. To cope with this and take into account the history of the flow, transport equation is the solution to transport the intermittency weighting factor. One of the illustration of this technique is the model of Langtry and Menter [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF], as known as the γ-Re θt model. This model will be used and assessed in this thesis in the framework of LPT blades.

Empirical approach model

The γ-Re θt model description is based upon the works of Langtry and co-workers [43,[START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF][START_REF] Menter | A Correlation-Based Transition Model Using Local Variables -Part I: Model Formulation[END_REF]45]. The model central idea is the van Driest and Blumer's vorticity Reynolds number concept [START_REF] Van Driest | Boundary Layer Transition: Freestream Turbulence and Pressure Gradient Effects[END_REF]. It allows to link the transition onset momentum thickness Reynolds number to the local boundary layer quantities. The concept is depicted in equation 2.25 and equation 2.26.

Re ν = ρy 2 µ ∂u ∂y (2.25) Re θ = max (Re ν ) 2.193 (2.26)
In fact, this model gets rid of the integration of the boundary layer velocity profile along "computation lines" based on the wall mesh lines. Those velocity profiles were used to determine the onset of transition according to transition criteria (such as the Abu-Ghannam and Shaw correlation [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF]), since they are based on the turbulence intensity and the pressure gradient parameter estimated at the edge of the boundary layer.

The transport equation for the numerical intermittency (γ) is:

∂(ργ) ∂t + ∂(ρU j γ) ∂x j = P γ -D γ + ∂ ∂x j µ + µ t σ f ∂γ ∂x j (2.27)
The source term (P γ ) of the numerical intermittency equation is triggered by the ratio of the vorticity Reynolds number (Re ν ) and the critical momentum thickness Reynolds number (Re θc ) via the F onset function (see equation 2.28 to equation 2.33). Basically, this source term is designed to be inactive (equal to zero) in the laminar boundary layer and active everywhere the local transition criterion is met. Moreover, the F length function controls the magnitude of this source term in order to take into account the extent of the transitional region.

P γ = F length c a1 ρ S [γ F onset ] 0.5 [1 -c e1 γ] (2.28)
The F onset function is defined as follows:

F onset1 = Re ν 2.193 Re θc (2.29) F onset2 = min max F onset1 , F onset1 4 , 2.0 (2.30) F onset3 = max 1 - Re t 2.5 3 , 0.0 (2.31) Re t = ρk µω (2.32) F onset = max [F onset2 -F onset3 , 0.0] (2.33)
The destruction/relaminarization term (D γ ) ensures the numerical intermittency remains close to zero in the laminar boundary layer and even predicts relaminarization.

D γ = c a2 ρ Ω γ F turb [c e2 γ -1] (2.34)
The constants for the numerical intermittency equation are:

c e1 = 1.0 ; c a1 = 2.0 ; c e2 = 50.0 ; c a2 = 0.06 ; σ f = 1.0 (2.35)
The function F turb is used to disable the destruction/relaminarization source outside of a laminar boundary layer or in the viscous sublayer:

F turb = e -( Re t 4 ) 4 (2.36)
In their first publication, Menter et al. [START_REF] Menter | A Correlation-Based Transition Model Using Local Variables -Part I: Model Formulation[END_REF] did not disclose all their functions and particularly the F length and the Re θc functions. At this time, it was known they were both function of the transition onset momentum thickness Reynolds number ( Re θt ). That is why several groups throughout the world focused on the determination of these functions [START_REF] Piotrowski | Transition Prediction on Turbine Blade Profile with Intermittency Transport Equation[END_REF][START_REF] Malan | Calibrating the γ-Re θ Transition Model[END_REF]23,13]. At last, the originators of this transition model published their own version of these missing functions [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF]. However, in this study, the CFD code elsA relies on the calibrations of those functions performed by Content and Houdeville [13].

The transport equation for the transition onset momentum thickness Reynolds number ( Re θt ) is:

∂ ρ Re θt ∂t + ∂ ρU j Re θt ∂x j = P θt + ∂ ∂x j σ θt (µ + µ t ) ∂ Re θt ∂x j (2.37)
The purpose of this equation is to transform the non-local empirical correlation into a local quantity in order to compute the transition length function (F length ) and the critical momentum thickness Reynolds number (Re θc ), necessary for the numerical intermittency equation (see equation 2.27).

Then, when Re θ (see equation 2.26) exceeds locally Re θc (which is a function of Re θt ), γ equals one due to the activation of P γ in equation 2.27. After, a function defines the effective intermittency γ ef f by the maximum value between γ and γ sep . This latter separation intermittency coefficient (γ sep ) is part of a separationinduced transition correction that allows the local intermittency to exceed one. At last, γ ef f imposes laminar regions locally and triggers the transition mechanism by turning on the production term of the turbulence kinetic energy transport equation, since this transition model is coupled to the SST k-ω turbulence model. Besides, γ ef f affects the destruction term of the turbulence kinetic energy transport equation. The mentioned separation-induced transition correction is to let k grow more rapidly once the boundary layer separates. This is the reason why it exceeds one.

The source term (P θt ) is designed to force the transported variable Re θt to be equal to Re θt in the freestream and to diffuse this value into the boundary layer by means of the blending function (F θt ) which turns off this source term in the boundary layer. This Re θt comes from an empirical correlation (Re θt =f (T u,λ θ )) similar to the one of Abu-Ghannam and Shaw (see equation 2.19) [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF].

P θt = c θt ρ t Re θt -Re θt (1.0 -F θt ) (2.38) t = 500µ ρU 2 ; c θt = 0.03 ; σ θt = 2.0 (2.39
)

F θt = min max F wake e -( y δ ) 4 , 1 - γ -1/c e2 1 -1/c e2 2 , 1 (2.40) 
This approach implies the existence of a lag between the freestream value of Re θt and the one inside the boundary layer. The reason is related to Abu-Ghannam and Shaw's conclusion about the predominant effect of the past history of the pressure gradient on transition over the effect of the local history at transition [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF]. That lag could be controlled by the diffusion coefficient (σ θt ). This coefficient was tested at two values σ θt = 2 (Langtry and Menter [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF]) and σ θt = 10 (Menter et al. [START_REF] Menter | A Correlation-Based Transition Model Using Local Variables -Part I: Model Formulation[END_REF] and Content and Houdeville [13]). However, in their latest publications Langtry and Menter [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF] used and recommended the value of σ θt = 2 (this value has been implemented in the CFD code elsA). This choice is due to the fact that smaller the value of σ θt and more sensitive the model is to history effects [43]. In contrary to standard transition onset correlation [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF], Langtry and Menter [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF] introduced a correction to take into account separation-induced transition as briefly introduced couple of lines above. The main difference is on the relation between the vorticity Reynolds number Re ν and the critical momentum thickness Reynolds number (Re θc ) where they changed the value of a constant based on a Blasius boundary layer profile to the one corresponding to the value at separation when the shape factor is 3.5. Moreover, this function emerged due to the under-production of turbulence downstream the transition onset for separation-induced transition configuration while using the SST k-ω turbulence model. It leads to the nonreattachment of the boundary layer. That is why the γ sep function was introduced in order to allow an over-production of turbulence kinetic energy which will enhance the reattachment process.

γ sep = min s 1 max 0, Re ν 3.235 Re θc -1 F reattach , 2 F θt (2.41) F reattach = e -( Re t 20 ) 4 ; s 1 = 2.0 (2.42) γ ef f = max (γ, γ sep ) (2.43)
According to Langtry [43], the s 1 constant controls the reattachment location and the larger the value of s 1 is and the shorter the reattachment length. This explains why couple of researchers worked on this parameter such as Corral and Gisbert [START_REF] Corral | Prediction of Separated-Induced Transition Using a Correlation-Based Transition Model[END_REF] who introduced a Re θt -dependency of s 1 .

The modified SST k-ω turbulence model is:

∂(ρk) ∂t + ∂(ρU j k) ∂x j = Pk -Dk + ∂ ∂x j (µ + σ k µ t ) ∂k ∂x j (2.44) Pk = γ ef f P k ; Dk = min [max (γ ef f , 0.1) , 1.0] D k (2.45)
with P k (see equation 2.10) and D k (see equation 2.9).

Phenomenological approach model

A phenomenological model is a physics-based model where one wants to describe the fundamental mechanism of a phenomenon. An illustration of this phenomenological type of model is the laminar kinetic energy (k l ) model. This model is based on the laminar fluctuation energy in the pre-transitional region of the boundary layer as first introduced by Mayle and Schulz [START_REF] Mayle | The Path to Predicting Bypass Transition[END_REF]. Their starting point was the fact that the laminar fluctuations preceding transition are primarily caused by the work of the imposed fluctuating freestream pressure forces on the flow in the boundary layer. This framework has led several research groups to focus on this concept [START_REF] Walters | A Three-Equation Eddy-Viscosity Model for Reynolds-Averaged Navier-Stokes Simulations of Transitional Flow[END_REF]46]. Lardeau et al. [46] highlighted that the pre-transitional fluctuations leading to bypass transition are due to the presence of low-frequency/low amplitude streamwise vortices in the boundary layer. These vortices are assimilated as "streaky structures" from their large eddy simulations. Then, they showed that the generation of these "streaky structures" is due to a production mechanism such as the production of turbulence in a turbulent flow. It turned out that the kinetic energy of the laminar fluctuations (k l ) can be described by a transport equation similar to the transport equation for the turbulence kinetic energy (k). Then, they are able to address the rise of pre-transitional fluctuations in boundary layers and subsequent breakdown to turbulence since they are formulated in terms of local flow quantities. This k l -equation can be incorporated in different turbulence models, but seems more reliable with the k-ω model form since it has been adopted by the two research groups previously cited. The objective is to model the pre-transitional fluctuations with the k l -equation. Once a parameter including the kinetic energy is greater than some threshold level, the energy from the streamwise fluctuations k l is transferred to the turbulent fluctuations [START_REF] Dick | Eddy Viscosity Models for Turbulence and Transition[END_REF]. Besides, the transition process is defined by a transfer of energy from k l to k via the pressure-strain mechanism [START_REF] Walters | A Three-Equation Eddy-Viscosity Model for Reynolds-Averaged Navier-Stokes Simulations of Transitional Flow[END_REF]. It is called "energy redistribution".

Summary

This chapter reviewed the phenomena of transition and separation occurring in a LPT environment looking at the detrimental effect of open separation on the performance of LPT blades. Realistic solutions to cope with this harmful effect are provided.

Even though the calming effect is seen in a real machine (due to incoming wakes), there is still a large time window during which no wake impinges on the suction side. This time window might even increase in the case of HL configurations where the pitch is longer. That is why roughness-induced transition seems a reasonable approach for HL configurations.

A reliable flow prediction is critical for the designer. Consequently, the latest transition models have to be evaluated, particularly when modelling the transition process. Indeed, transport equation models show their more realistic treatment of the transition process in comparison to transition algebraic criteria.

Chapter 3.

Description of the database

The investigation of the separation-induced transition phenomenon is topical as the current LPT design trend is to increase the pitch-to-chord ratio (see section 1.4) which consequently hastens the separation process. As a large variety of LPT rotor blades were assessed at the von Karman Institute for Fluid Dynamics (VKI), the idea is to analyse the information from this large database and to understand the flow behaviour affecting the generation of losses.

Database

The database is composed of nine LPT rotor blades assessed at the VKI during the last fifteen years. They cover a large range of Zweifel loading coefficient (Ψ), standard regime Mach and Reynolds numbers, inlet turbulence intensities (from the natural freestream turbulence intensity of the facility to grid generated turbulence intensity), incoming wakes generated by bars attached to an upstream rotating disk and local roughness.

Table 3.1 sums up the characteristics of each blade used in the VKI/SNECMA database of the project. The information submitted to confidentiality is documented as "N/A". The blades are arranged from left to right by Zweifel loading coefficient ascending order. The other characteristics are the blade chord (c), the blade axial chord (c ax ), the pitch-to-chord ratio (g/c), the inlet flow angle (β 1 ), the Zweifel loading coefficient (Ψ, see equation 3.1), the type of loading, the diffusion rate (D R , see equation 3.2), the velocity ratio (V peak /V 2,is ), the isentropic outlet Mach number (M 2,is ), the isentropic outlet Reynolds number (Re 2,is , see equation 3.3), the turbulence intensity (T u l.e. (%), see equation 3.4), the presence of upstream incoming wakes and the presence of a local roughness. 

Ψ = 2 • g c ax • |ρV θ V x | 2 -|ρV θ V x | 1 ρ 2 V 2 2 (3.1)
D R = V peak -V 2,is V 2,is s peak -s 0 s 0 (3.2) Re 2,is = ρ 2,is • V 2,is • c µ 2,is (3.3) 
T u l.e. (%) = 100 • 2 3 • k U ; k = 3 2 u 2
assuming the f low is isotropic.

(3.4)

Facilities

S1 facility

The TX, T108, T106C and T2 LPT blades were assessed in the S1 facility of the VKI. This facility is a continuous closed-loop wind tunnel which is driven by an axial compressor. This facility is a supersonic/transonic wind tunnel.

To accommodate the need of LPT investigations, one 90-degree elbow, following the diffuser, is replaced by the LPT linear cascade test section. Honeycombs are set in the settling chamber, upstream, in order to ensure homogeneous flow conditions. Moreover, it is possible to set a turbulence grid ahead of the cascade at several positions to impose a desired level of turbulence in the test section (see section 5.2). A rotating disk with bars can be installed as well in order to reproduce incoming wakes from an upstream blade row. This facility allows to vary the Mach number and the Reynolds number independently by vacuuming the facility and setting the rotational speed of the axial compressor. More details about this facility are documented in Michálek et al. [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF].

Measured quantities A downstream total pressure probe gives information about the outlet total pressure and flow angle. This probe was moved pitchwise at several discretised positions. The outer diameter of the probe is 3.2 mm and the total pressure hole is 0.6 mm. Outlet static pressure holes are arranged pitchwise. An upstream total pressure probe gives information about the inlet total pressure and flow angle. Static pressure holes on the blade surface give information about the isentropic Mach number distribution. Surface-mounted hot-film sensors give information about the pseudo-wall-shear stress. More information about the measurement techniques are documented in Michálek et al. [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF].

The TX blade was assessed without any information on the blade surface because this blade was too small to implement any measurement technique on it. Concerning the downstream total pressure probe, it was moved pitchwise and acquiring continuously. The outer diameter of the probe tube is 0.4 mm and the inner diameter is 0.3 mm.

The T108, T106C and T2 blades were investigated with the same techniques and have similar size. Michálek et al. documented their results on the T108 [START_REF] Michálek | A Comparison of High and Low Speed Aerodynamic Performance of a Very High Lift Low-Pressure Turbine Airfoil (T108) at Low Reynolds Numbers: Experimental Analysis and Numerical Prediction[END_REF] and T106C [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF]. The following uncertainty information is given in Michálek et al. [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF].

They estimated the uncertainties within the full range of the flow conditions. The values are given for maximum and minimum isentropic outlet Reynolds number.

The kinetic losses relative uncertainties range between 10% and 20%. The reason which explains this high level of uncertainty is that the measurements were performed at very low pressure (≈ 0.1 bar). The outlet flow angle absolute uncertainties range between 0.2 degree and 0.3 degree. The relative uncertainties on the isentropic Mach number vary between 0.4% and 1.2%. The relative uncertainties on the Reynolds number are between 0.5% and 1.3%. The uncertainty on the turbulence intensity is estimated at 12%.

The TX blade uncertainty information is provided in Arts and Monaldi [5]. The kinetic losses absolute uncertainty is of the order of 0.2 point. The outlet flow angle absolute uncertainty is of the order of 0.2 to 0.3 degree. The Reynolds number relative uncertainties vary between 3% and 12% for the highest and the lowest values of the corresponding parameter respectively. The Mach number relative uncertainties vary between 1.5% and 9% for the highest and the lowest values of the isentropic outlet Reynolds number respectively.

Assessment of the flow topology parameters From the measured quantities, one can define the flow topology parameters. These flow topology parameters are key positions over the blade surface where the important behaviours condition the boundary layer development. There are the positions of separation, reattachment, transition onset, transition end and pressure recovery. As already highlighted, some of those flow topology parameters cannot be described as a definite position due to the unsteady characteristic of the separation/transition phenomenon. However, since the measurement techniques used allow to define an averaged position and because the CFD approach used is a RANS method, the positions will be taken as definite. Since, there are several measurement techniques, it is possible to cross-check the extracted information.

For the separation point, the mean pseudo-wall-shear stress (τ ps,w ) is used. This technique only allows to have the magnitude of the shear stress. Then, to define the position of the separation, one needs to check when τ ps,w decreases towards zero. The isentropic Mach number distribution allows to assess the position of separation at the beginning of the pressure plateau [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]. In general the positions match between the two techniques. For consistency, only τ ps,w information will be used. For the reattachment point, τ ps,w is used. Since, τ ps,w information is not sensible to the sign of the shear stress, then when τ ps,w , which is already close to zero because of the separation, increases abruptly to reach a local maximum, this position is considered as the reattachment point. Concerning the transition onset location, the hot-film sensors signal root mean square (RMS) is used. The criterion is defined by the moment the RMS increases after being close to zero. Indeed, in the laminar boundary layer, the chaotic behaviour of turbulence is absent, then the RMS is quasi-null. As soon as the RMS increases, it defines the exchange of momentum between the layers and consequently the associated mixing that disturbs the laminar boundary layer. About the transition end location, the hot-film sensors signal RMS is used again. This time when the RMS decreases, after reaching a maximum defined usually as the mid-transition point [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF], and stabilises, it indicates the end of the transition process. Those flow topology parameters determination are illustrated in Zhang et al. [START_REF] Zhang | Hot-Film Measurements of Boundary Layer Transition, Separation and Reattachment on a Low-Pressure Turbine Airfoil at Low Reynolds Numbers[END_REF], Michálek et al. [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF] and Pucher and Göhl [START_REF] Pucher | Experimental Investigation of Boundary Layer Separation with Heated Thin-Film Sensors[END_REF]. At last, the pressure recovery position is defined as the position of maximum displacement of the bubble [36]. Indeed, it corresponds to the position where the separation bubble extension does not affect the pressure gradient and consequently the boundary layer starts its path to reattachment. To assess this pressure recovery point, a method based on the tangents of the pressure distribution before separation, the pressure plateau, the pressure distributions before and after reattachment is used. The flow deceleration from the suction peak, the plateau and the pressure recovery are approximated by straight lines.

The successive intersections of these lines provide respectively the positions of separation, pressure recovery and reattachment [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF].

To get those flow topology parameters from the CFD predictions, one can rely on the effective intermittency (γ ef f ), the turbulent/laminar viscosity ratio (µ t /µ), the shape factor (H) and the wall-shear stress (τ w ). γ ef f is the output of the correlation behind the transition model. While scanning the boundary layer from the wall to the edge, one can use this parameter when it suddenly increases to one and then decreases. The sudden increase might be defined as the transition onset. This position is considered as the moment where the intermittency first starts to grow [43]. Besides, there is a correlation between Re θc and Re θt which defines the lag between the first rise of intermittency and the moment where the skin friction starts to increase [43]. For µ t /µ, one can assess the transition onset when it exceeds one. This criterion is defined by the ratio of the eddy viscosity and the molecular viscosity. Thus, when this ratio exceeds one, it means the turbulence patterns are preponderant. For H, one can assess the transition onset when it is maximum before any sudden decrease. Indeed, it is well-known that the shape factor of a laminar incompressible boundary layer (H ≈ 2.6) is higher than a turbulent one (H ≈ 1.3) in a flat plate configuration. Moreover, the shape factor is influenced by the adverse pressure gradient in those HL-LPT configurations. Thus, it allows to assess the position of a possible separation point when H exceeds 3.5. For τ w , one will notice a sudden increase of it close to its minimum value defining the transition onset. When τ w starts to stabilise at a constant value and even to decrease in order to follow the trend of the fully turbulent case, then this position is defined as the transition end. When τ w is negative, this indicates a separation. When τ w exceeds zero after being negative, one can define a reattachment.

CT2 facility

The TD, TF, TG and HIVK HS were assessed in the CT2 facility of the VKI. This facility is a short duration, isentropic compression tube providing full similarity with modern aero engine operating conditions with respect to Mach and Reynolds numbers. A turbulence grid and upstream periodic wakes system can also be installed if needed. More details about this facility can be obtained in Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF].

Measured quantities An upstream total pressure probe gives information about the inlet total pressure. A downstream total pressure probe provides information on the total pressure and the flow angle. The inner diameter of the probe is 0.8 mm. Before the beginning of the test, the compressed, hot air in the compression tube is isolated from the test section by a shutter valve. Then, the test section is at the ambient temperature. Due to the short duration of the test, there is a heat flux from the air towards the blade surface. That is why, thin films were used to determine the heat transfer coefficient. More information about the measurement techniques are documented in Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF].

Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] documented his measurement uncertainties. The kinetic losses absolute uncertainties range between 0.2 point and 1 point at isentropic outlet Reynolds numbers of respectively 300000 and 130000. The absolute uncertainty on the exit flow angle is estimated a bit more than 0.5 degree. The uncertainty on the heat transfer coefficient is slightly above 5%.

Assessment of the flow topology parameters In CT2 configuration, only the mean heat transfer coefficient (h) along the blade surface is considered. This distribution is then used to assess the flow topology parameters except the pressure recovery position. In the case of no separation of the boundary layer, h gives two indications, the transition onset and the transition end. h decreases monotonically in the laminar region and reaches a minimum. This minimum is the transition onset. Indeed, the first turbulent spots affect the heat balance of the boundary layer and consequently induce an increase in the heat flux. This abrupt increase illustrates the transition region. Then, it reaches a local maximum which corresponds to the transition end because after this local maximum, h decreases. This decrease corresponds to the growth of a fully turbulent boundary layer where basically, the increasing thickness plays the role of an insulator.

In the case of the presence of a separation bubble, the monotonically decrease of h in the laminar region reaches a minimum where an inflection point is visible. This inflection point is considered as the point of separation. Besides, what illustrates the presence of a separation bubble is a flat evolution of h close to its minimum level. As described previously, the increase of h following the separation point is identified as the transition onset. Likewise, the transition end is considered at the local maximum reached by h. However, depending on the evolution of h and the test conditions, one has to be sceptical about the shape of h and particularly when assessing the reattachment point. According to Rivir et al. [START_REF] Rivir | Heat Transfer on a Flat Surface Under a Region of Turbulent Separation[END_REF], they found that the heat transfer rate reaches a maximum slightly downstream of the mean reattachment point. They pointed out that it was in contradiction to previous findings of the backward-facing step flow [START_REF] Rivir | Heat Transfer on a Flat Surface Under a Region of Turbulent Separation[END_REF]. In fact, depending on the Reynolds number range, the investigator has to feel if the flow is prone to separation with reattachment and if the transition process is about to end before or after the reattachment point. Usually, for the configurations studied in this project, it is expected to have a laminar separation followed by a transitional reattachment.

Concerning the CFD assessment of the flow topology parameters, the methodology described in section 3.2.1 is used and the heat transfer information is evaluated in the same way as the experimental information depicted above.

C1 facility

The HIVK LS is the only LPT blade of the database assessed at low-speed conditions in the C1 low-speed linear cascade wind tunnel. This wind tunnel is a continuous flow subsonic facility. The air is supplied by a centrifugal blower. The Reynolds number is varied by adapting the operating point of the blower. More details about this facility are documented in Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF].

Measured quantities Upstream and downstream pressures (static and total) were measured by pressure probes. The outlet pressure probe had an outer diameter of 3.2 mm and an inner diameter of 0.71 mm. The outlet flow angle was measured as well. At last, the static pressure over the blade was assessed in order to define the pressure coefficient distribution. More information can be found in Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF].

Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] documented his measurement uncertainties. The kinetic losses absolute uncertainties range between 0.2 point and 0.9 point at isentropic outlet Reynolds numbers of respectively 200000 and 50000. The exit flow angle absolute uncertainties range between 0.13 degree and 0.25 degree at isentropic outlet Reynolds numbers of respectively 200000 and 50000. For the investigated Reynolds numbers, the absolute uncertainty on the pressure coefficient is between 0.003 and 0.02.

Assessment of the flow topology parameters

To assess the flow topology parameters, only the pressure coefficient (C p ) distribution is available. Then, the method of the tangents can be used to define the separation, the pressure recovery and the reattachment points. These positions can be found in Coton PhD thesis [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] and are the one used for the comparison with the CFD values.

Still, the methodology described in section 3.2.1 is used to define the CFD flow topology parameters.

General considerations about the setting of the isentropic outlet Reynolds and Mach numbers

For uniform inlet flow conditions (no turbulence grid and no wake generator), the inlet total pressure is determined without any problem as there is no incoming disturbances in the flow upstream. Then, the isentropic outlet Mach number is correctly defined for the cascade. When introducing disturbing devices, such as a turbulence grid, the inlet total pressure is measured downstream of the turbulence grid and upstream of the leading edge plane of the cascade. Then, the isentropic outlet Mach number is still correctly defined. However, when a wake generator system is used, there is no more room to set a total pressure measurement device in front of the cascade. The only measure of inlet total pressure is upstream of the wake generator system. It was observed that the wake generator system induces a total pressure drop. In order to have the correct isentropic outlet Mach number, a corrected inlet total pressure has to be set. Indeed, the new inlet total pressure has to be increased by the total pressure drop value measured across the wake generator system. Consequently, the isentropic outlet Mach number is correctly defined. Otherwise, without taking into account this total pressure drop, the isentropic outlet Mach number would be lower than the expected one.

Effect of the parameters of the database

The database (see table 3.1) shows the broad range of the LPT blades tested in different wind tunnels and covering the cruise Reynolds number and Mach number ranges. Their loading spreads from mid to very high. What is more of interest is to have a first insight into the behaviour of these designs under the effect of parameters intended to improve their efficiency. In this project, the measure of efficiency is done with the kinetic losses (ζ) resulting from the integration of the wake profile. For the TX, TD, TF, TG, and HIVK HS, the kinetic losses are area-averaged. For the T108, T106C, T2 and HIVK LS, the kinetic losses are mass-averaged. The kinetic losses quantify the profile losses that are due to the boundary layer development over the blade.

The expression of the kinetic losses for compressible flow is given below:

ζ = 1 - V 2 V 2,is 2 = 1 - 1 -P2 P02 γ-1 γ 1 -P2 P01 γ-1 γ (3.5)
The expression of the kinetic losses for incompressible flow is given below:

ζ = 1 - V 2 V 2,is 2 = P 01 -P 02 P 01 -P 2 (3.6)
The area-averaging of a quantity X is defined as:

X = g 0 Xdy g 0 dy (3.7) 
The mass-flow-averaging of a quantity X is defined as:

X = g 0 ρV 2,ax Xdy g 0 ρV 2,ax dy (3.8)
The parameters of interest are the turbulence intensity and the incoming wakes, which are not negligible in the real LPT environment. Nowadays, the trend is to add on the suction side surface local roughness in order to promote the transition process (see section 2.2.1). The present section aims to provide an understanding of the main results of the database study. Before highlighting the parameters of interest, one has to focus on the effect of the isentropic outlet Reynolds number. This parameter is by default inherent to the performance definition of turbine blade design as it conditions the working environment (from cruise to take-off).

Likewise, the isentropic outlet Mach number affects the performance.

Effect of the isentropic outlet Reynolds number According to the data matrix (see table 3.1), the best set of conditions where the maximum information on all the blades could be compared is when the turbulence level is the natural freestream level of the facility, without any incoming wakes generated by the upstream rotating bar system and without any local roughness. Indeed, this set of conditions allows to decouple the effects of the different parameters and consequently to understand the fundamental role of the isentropic outlet Reynolds number. At first sight, one can see that at low Re 2,is , the kinetic losses are higher. Likewise, this is visible when looking at the outlet flow angle except that it is lower. Indeed, at low Re 2,is , the outlet flow angle is less than the design value due to a more axial outlet flow angle when a massive separation of the boundary layer occurs. The impact on the performance was stressed with equation (1.2). Another comment is that the more loaded (high Ψ) and the higher the diffusion rate (D R ) are, the higher the losses are at low Re 2,is (T106C, T2, HIVK LS and HIVK HS). However, a high loaded and mild diffusion blade (T108) illustrates the low level of losses at low Re 2,is . For the T108, there is an intentional break in the Re 2,is range since the two lowest Re 2,is were performed in the facility at a lower isentropic outlet Mach number (M 2,is = 0.5 instead of 0.6). Figure 3.2 stresses the difference, in terms of performance, between front-loaded configuration (T108) in one hand and aft-loaded (T106C and T2) and roof-top (HIVK LS) configurations in another hand.

Effect of the isentropic outlet Mach number

The isentropic outlet Mach number plays a role in the boundary layer development. Indeed, the higher M 2,is is and the higher the adverse pressure gradient on the aft part of the blade is. Moreover, it means that the peak Mach number is higher which might exceed the critical Mach number of 1. Consequently, the development of shock may arise which is source of additional losses. Therefore, a higher M 2,is should be sources of higher losses and a loss of performance. To illustrate this, several Mach numbers (0.6, 0.65 and 0.7) were tested at the same Re 2,is range on the T106C blade. Figure 3.3 depicts the aforementioned statement. Effect of the turbulence intensity To illustrate the effect of turbulence, the T106C LPT blade was assessed at several turbulence intensities. In S1 facility, it was possible to set the turbulence grid at several distances upstream from the leading edge plane. The cases are referred by turbulence intensities at the leading edge plane (Natural freestream turbulence intensity 0.9%, 1.8% and 3.2%). The HIVK HS LPT blade was assessed as well at the natural freestream turbulence level (0.8%) and at 3.5%. Moreover, these tests were done for the isentropic outlet Reynolds number range corresponding to cruise and take-off conditions.

From figure 3.4 and figure 3.5, the turbulence intensity (when increased from 0.9% to 3.2% on one hand and from 0.8% to 3.5% on the other hand) plays a great role in reducing the losses. As one can see, the effect is visible at low and mid Re 2,is . However, at higher Re 2,is the losses are increased because the boundary layer undergoes transition earlier and consequently the boundary layer is thicker at the trailing edge. This is particularly visible in figure 3.5.

Effect of the incoming wakes Another characteristic of the LPT environment is the presence of incoming wakes from the stator row that impinge on the suction side of the rotor blade (see section 2.1.2.2). Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] extensively studied this phenomenon by varying the parameters affecting the frequency of the incoming wakes. This frequency is made non-dimensional and is similar to a Strouhal number. The common way to define it is the following with RP M , the rotational speed, N b , the number of bars in the wake generator system and a reference velocity V :

f r = (RP M/60) N b • c V (3.9)
Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] used as a reference velocity the inlet axial velocity V ax,1 . Incoming wakes studies were carried out as well on the T108, T106C and T2 blades. This time, the reduced frequency is defined as previously except that the velocity scale is taken as the isentropic outlet velocity (V 2,is ). For a comparison reason, the reduced frequencies will be presented with the isentropic outlet velocity (V 2,is ) as a reference velocity. In figure 3.6, one can see the influence of the incoming wakes on the losses. The abscissa f r = 0 corresponds to the case with uniform upstream conditions (i.e. without any incoming wake). When comparing the losses at f r = 0 and the losses at f r = 0, one can see the general improvement at low Re 2,is . However, there is an optimum value of f r where the losses are the minimum. When increasing this reduced frequency, the losses start to increase. At this low Re 2,is , laminar separation is expected and consequently the losses are the highest. Thus, the patches of turbulent spots impinging on the suction surface energise the boundary layer and promote the transition to turbulent boundary layer. However, if the rate of turbulent patches impinging is too high (high reduced frequency), then the transition will be too short and the state of the boundary layer will be fully turbulent leading to a thicker boundary layer at the trailing edge. At a higher Re 2,is , the conclusion is the same except that the gain in losses is not so important. Indeed, it was expected since the transition to turbulent boundary layer is already ongoing and/or finished. Then, adding turbulent patches will only provide more turbulence in the boundary layer and consequently affect its development and thicken it, leading to higher losses.

Concerning the diameter of the rotating disk bars, they do not show a real influence since they follow the same trend at constant Re 2,is . Their goal is to mimic the trailing edge of upstream stator blade and to reproduce the associated wakes and vortex shedding. The T106C LPT blade experiences the same effect when subjected to incoming wakes as depicted in figure 3.7. However, the conclusion is only valid for low and mid Re 2,is . However, this positive effect of the incoming wakes is not true for all the LPT blade configurations. Indeed, so far only aft-loaded blade with high diffusion rate (D r ) were shown. The T108 LPT blade is a counter-example.

It is a front-loaded blade with consequently a mild diffusion rate (see table 3.1).

In fact, it turned out the presence of the incoming wakes deteriorates the losses (figure 3.8). The reason is the position of the velocity peak which is in the first third of the blade suction side. Then, in the diffusion part, the boundary layer experiences separation and transition earlier than a conventional aft-loaded LPT blade. However, the separation process is not as marked as in a higher diffusion blade. That is why, over the long diffusing part, the boundary layer undergoes transition and has a fully developed turbulent profile. Therefore, adding turbulent patches impinging on the surface increases the development of the thick turbulent boundary layer and consequently leads to higher losses. In the case of the T2 blade, the diffusion rate is pretty high. A massive separation bubble flow topology is expected at the natural freestream turbulence and uniform upstream flow conditions. In order to cope with this, the local roughness is well appropriated to hasten the transition process close to the separation point and avoid the massive separation. This is illustrated in figure 3.10 where the losses are tremendously reduced thanks to the introduction of the local roughness. 

Summary

The database description highlighted the geometrical and working condition parameters as well as the quantities measured during the experimental campaigns.

A definition of the way to get information out of the data is provided in order to compare consistently the experimental results and the numerical predictions. The performance evaluation was done in order to understand the effects of the database parameters separately. 

Database correlations

For a designing point of view, a large database is of interest in order to correlate the effects of different parameters on the behaviour of the flow around the blade and consequently predict the performance of a blade under defined working conditions. Usually, these correlating methods rely on statistical approaches. In this chapter, an investigation of the performance models will be provided and a comparison of the database information with existing models of the literature will be given in order to evaluate the present database.

The need for performance models or correlations in a design prospect

The search for performance models in axial turbines is still relatively tricky. The need for loss prediction models is critical when designing a new turbine. Usually, the performance models are based on experimental data assessed in a cascade configuration. This design process starts with the mean-line (one-dimensional) model of the velocity triangles. However, one has to incorporate the standard expected losses in his mean-line prediction in order to get an estimation of the efficiency of the blade design. These main losses are generally referred as profile losses (contribution of the boundary layer shear), secondary flow losses (which corresponds to the development of vortices due to the presence of the end walls), trailing edge losses (or base pressure losses), tip leakage losses, shock losses and some others [START_REF] Japikse | Turbomachinery Performance Modeling[END_REF].

Different types of modelling process

The modelling process is defined by different levels. Indeed, in the search of performance and optimization models, one-dimensional model is the straight-forward solution. It is often referred to a mean-line model and aims at describing the performance of a blade from the inlet and outlet locations in the streamwise direction only. If the spanwise evolution of the flow field is investigated, such as a hub-to-tip analysis, or the viscous interaction of the boundary layer, then two-dimensional models are of interest to predict the performances. Indeed, the one-dimensional models do not directly investigate the losses generated by the boundary layer viscous interaction for example. At last, the CFD models predict the whole flow field and are an example of three-dimensional models [START_REF] Japikse | Turbomachinery Performance Modeling[END_REF].

When a designer or engineer has a need for understanding a phenomenon from a large number of data, the straight-forward solution is to define the inputs and the outputs of the system, try to link the variables with subsequent physics and common senses and set some constants in order to reduce the variance of the distribution. Thus, this approach is based on trials and errors rather than established physics rules. Usually, this approach is defined as a data-driven global model since it describes the overall performance and is based on statistical methods [START_REF] Japikse | Turbomachinery Performance Modeling[END_REF].

AMDCKO correlation for axial turbine

The best known and most comprehensive study of performance prediction was carried out by Ainley and Mathieson [START_REF] Ainley | An Examination of the Flow and Pressure Losses in Blade Rows of Axial-Flow Turbines[END_REF][START_REF] Ainley | A Method of Performance Estimation for Axial-Flows Turbines[END_REF] more than six decades ago and set a framework for the axial turbine flow performance prediction. Indeed, a number of researchers used this framework to implement their findings, improve and revise the correlation by adding new features and corrections. The most known are Dunham and Came [START_REF] Dunham | Improvements to the Ainley-Mathieson Method of Turbine Performance Prediction[END_REF] and Kacker and Okapuu [41]. This framework correlation is usually cited as AMDCKO (Ainley and Mathieson -Dunham and Came -Kacker and Okapuu) in the literature.

Description of the AMDCKO correlation

This AMDCKO correlation is primarily meant for the determination of the losses. In fact, Ainley and Mathieson [START_REF] Ainley | A Method of Performance Estimation for Axial-Flows Turbines[END_REF] defined two applications of their model. The first one aims at determining the losses under a wide range of inlet conditions. The second one is intended for building up a complete picture of the flow at all points from one blade row to the next. For the purpose of the present study, only the first application is considered.

In their prediction method, they assumed that the flow and consequently the losses were calculated at one diameter only (which is the arithmetic mean of the rotor and stator row inner and outer diameters). The losses computed in this model are total pressure losses (Y , see equation 4.1).

Y = P 0,inlet -P 0,outlet P 0,outlet -P outlet (4.1)

They assumed the overall or cascade losses are the simple summation of each individual losses contribution (profile, secondary, trailing edge and tip leakage losses). Moreover, the profile losses expression is built on data from impulse stage blades and inlet guide vanes. Dunham and Came [START_REF] Dunham | Improvements to the Ainley-Mathieson Method of Turbine Performance Prediction[END_REF] improved the formulas for secondary and tip clearance losses. Kacker and Okapuu [41] modified the summation assumption of the losses contributions. They introduced acceleration and transonic corrections to the profile losses and add a Reynolds number correction to the profile losses as there is little evidence in the literature that other losses are affected by it.

The resulting correlation is given below and is fully documented in Japikse [START_REF] Japikse | Turbomachinery Performance Modeling[END_REF].

Y cascade = Y prof ile • f (Re) + Y secondary + Y T E + Y tip (4.2)
Y cascade is the cascade total pressure loss coefficient, Y prof ile is the profile total pressure loss coefficient, Y secondary is the secondary flows total pressure loss coefficient, Y T E is the trailing edge total pressure loss coefficient and Y tip is the tip leakage total pressure loss coefficient. In the present study, the profile losses and the trailing edge losses are the only ones of interest in order to evaluate the database. Indeed, the investigations were made in a cascade configuration where the cascade losses were assessed downstream of the blade at midspan. Then, the secondary losses as well as the tip clearance losses are neglected.

The profile losses are expressed in terms of blade inlet angle, maximum blade thickness, trailing edge thickness, pitch, chord, gas relative outlet angle, inlet and outlet Mach numbers. The trailing edge losses take into account the blade inlet angle, the gas relative outlet angle, the outlet Mach number and the ratio of the trailing edge thickness to throat opening.

In order to compare appropriately the total pressure loss coefficients determined with the AMDCKO correlation (see equation 4.2) and the kinetic energy loss coefficients of the database, one can use the relationship used by Chen [START_REF] Chen | A Loss Model for the Transonic Flow Low-Pressure Steam Turbine Blades[END_REF] where the kinetic energy loss coefficients are a function of the total pressure loss coefficient and the outlet Mach number. For that, the cascade kinetic energy loss coefficient is converted in total pressure loss coefficient via the Chen's expression (see equation 4.3).

ζ = 1 - 1 -1 + γ-1 2 M 2 2 -1 1 -1 + γ-1 2 M 2 2 γ γ-1 (1 + Y ) -Y 1-γ γ (4.3)
Evaluation of the AMDCKO correlation with the database To evaluate the AMDCKO correlation with the available database, only the results of the T108, T106C and T2 blades are presented. The three blades were investigated in the same wind tunnel (S1) and cover the different LPT blade design philosophies (see table 3.1). The turbulence intensity is taken as the natural freestream turbulence level of the facility (around 0.9%). The effect of the turbulence level is investigated as well with the results of the T106C blade where the turbulence level is of 3.2% at bers. This was expected since the AMDCKO correlation was calibrated on blade designs dated back the 1980s and even before [START_REF] Ainley | A Method of Performance Estimation for Axial-Flows Turbines[END_REF][START_REF] Dunham | Improvements to the Ainley-Mathieson Method of Turbine Performance Prediction[END_REF]41]. At high Reynolds numbers, the flow is expected to behave according to the design point conditions. At low Reynolds numbers, one cannot consider that the blade behaves at off-design conditions. Indeed, the reason is the separation process that affects dramatically the flow topology around the blade. Again, this is the purpose of this work. This separation process was not included in the AMDCKO, even though the gas outlet angle is used in the correlation. But it is assumed that the contribution of the outlet angle was not weighted enough to affect the losses accordingly. Moreover, to the best knowledge of the author, the blade designs of that era were not as loaded with such strong diffusion rate as the current designs (such as the T2 blade for instance) even though the AMDCKO at high Reynolds numbers are acceptable. In addition, the turbulence factor was not incorporated in the correlation explicitly. It is believed that the blades used for the AMDCKO correlation were assessed with a turbulence level representative of the machine conditions (higher than 4%). Indeed, from figure 4.1.d, the effects of the turbulence is clearly visible in the experimental predictions where the losses are improved and are closer to the AMDCKO predictions (which are not really different from the AMDCKO predictions of figure 4.1.b because the outlet flow angle influence is not that strong on the AMDCKO predictions).

Drawbacks of the AMDCKO prediction methodology

The AMDCKO is a relatively good model for the prediction of the losses at design point conditions and high Reynolds numbers. However, from the former investigation, the predictions at low Reynolds numbers are not accurate for highly loaded and high diffusion rate blades. It should be acknowledged that the methodology used to describe the losses is still opened to improvement, corrections and extensions for current blade design trends and working conditions. Indeed, the effect of separation and particularly long bubble and massive separation cases are not well integrated in the correlation even though a Reynolds number correction exists. Moreover, the turbulence effect is not explicitly defined in the correlation. One drawback is the need of the outlet flow angle as an input of the correlation. The point is there is no need of using the AMDCKO correlation if one input is a measured quantity.

In fact, if one knows the outlet flow angle from a total pressure probe, then the losses can be determined. As a consequence, the AMDCKO is not anymore useful. Indeed, the predictive character is lost. In addition, the roots of the physics behind the losses behaviour is not investigated even though, the physics is still embedded in the correlation via statistics.

It is believed that developing such a prediction method might be useful as a design tool for turbine blade designers. However, the determination and the calibration of the model constants as well as the definition of the inputs are critical in order to understand the needs and particularly to rely on accurate findings. One advantage is that anyone can tune his prediction method according to his proper design philosophy but it will be interested to compile all the data available to generate a "universal prediction model". This search for prediction model should be the topic of a whole PhD project since it is time-consuming and that it necessitates a lot of investigations. It is even suggested to use optimization tools. At last, the data matrix should be completed in order to understand all the aspects and to incorporate all the interactions between parameters.

Conclusions on the search for prediction models with a design prospect

The need for prediction models was spotted previously and represents a promising topic thanks to the large amount of data available in the literature. Moreover, one needs to be aware of choosing the inputs of the correlation appropriately in order to be independent of the resulting flowfield and particularly the exit flow quantities such as the outlet flow angle.

The present author investigated the possibility of incorporating the Reynolds number parameter inside the correlation by making it silent. What is meant is to get rid of the Reynolds number input but the Reynolds number influence is still embedded inside the correlation. What is suggested is to consider the losses evolution with the isentropic outlet Reynolds number as a power law function (see equation 4.4) where B is expected to be negative.

ζ = f (Re 2,is ) = A • (Re 2,is ) B (4.4)
Couple of power law representative of the losses evolution with the isentropic outlet Reynolds number are provided in figure 4.2. From this figure, both the effects of the coefficients A and B are illustrated. The coefficient A is an indicator of the level of the losses. The lower the coefficient A, the lower are the losses. The coefficient B is an indicator of the slope evolution of the losses over the isentropic outlet Reynolds number. The coefficient B should be below zero but close as possible to zero. Indeed, a positive coefficient B indicates an increase of the losses with an increase of the Reynolds number (which is not feasible in our Reynolds number range studies). In addition, the coefficient B should be as close as possible to zero in order to have a flat evolution of the losses. However, one has to bear in mind that those two coefficients work in pair and that their common assessment is essential for the classification of the blade. It is believed that this method might be of interest in order to predict the losses lapse of a given configuration from abaci based on the coefficients A and B. For that, the database should be made of cases which are assessed with the same type of parameters (turbulence intensity, Mach number, incoming wakes from an upstream rotating bar system, local roughness, ...) in order to build reliable abaci.

Otherwise, the use of one-dimensional model seems straight-forward for a design prospect because only integrated, geometrical, inlet and outlet information are used. Obviously, to understand the physics that is hidden behind the separation and transition phenomena, one has to use three-dimensional model where the whole flowfield is known. It has been widely accepted in the field of transition that the momentum thickness Reynolds number is a key element in understanding the path to transition because it is representative of the boundary layer state and consequently evolution. Indeed, it is based on the momentum thickness which quantifies the portion (in terms of distance away from the wall) of momentum flux loss due to the presence of the wall and consequently the viscous dissipation through viscous stress tensor. In the case of turbulent flow, the instabilities are more important due to the presence of large eddies which interact and break down into smaller eddies. Then, knowing that eddies are really efficient in the mixing process, it means that the momentum thickness will behave differently according to the nature of the flow in the boundary layer.

The problem with the momentum thickness is the difficulty to measure it in a cascade configuration and particularly on LPT blades (high curvature). That is why, only information from CFD simulations can be used to get a measure of the momentum thickness. After describing meanline models based on inlet and outlet information, one can evaluate the flowfield information around the blade (such as the separation and transition onset locations) with appropriate investigations of the literature.

Evaluation of the database information with correlations

The flowfield information around the blade are of interest in order to understand the behaviour of the boundary layer under certain types of design. The flow topology parameters, already described in chapter 3, have aroused a set of investigations correlating them. The studies carried out by Hatman and Wang [START_REF] Hatman | Separated-Flow Transition. Part 1 -Experimental Methodology and Mode Classification[END_REF][START_REF] Hatman | Separated-Flow Transition. Part 2 -Experimental Results[END_REF][START_REF] Hatman | Separated-Flow Transition. Part 3 -Primary Modes and Vortex Dynamics[END_REF][START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF] is, according to the best knowledge of the author, the only recent comprehensive investigation on boundary layer separation-induced transition applicable to LPT environment. However, this study was carried out at low-speed conditions with uniform inlet freestream turbulence intensity (0.3% to 0.6%) over a flat plate with a varying outer wall, allowing to set different distributions and strengths of adverse pressure gradient [START_REF] Hatman | Separated-Flow Transition. Part 1 -Experimental Methodology and Mode Classification[END_REF].

The present database presents a large variety of LPT blades assessed in different environments with different techniques and at different working conditions. The outlet total pressure profile was measured on all the blades in order to calculate the losses. The blades on which more information is available are the T108, T106C and T2 blades since the isentropic Mach number and the pseudo-wall-shear stress distributions are at disposal. Moreover, these blades cover a Reynolds number range that encompasses the low Reynolds numbers expected during cruise condition. Unfortunately, some T2 pseudo-wall-shear stress information miss at mid and high Reynolds number. The TX blade information features only the outlet total pressure profile but covers the very low Reynolds number regime condition.

The HIVK HS provides information of the blade surface heat transfer, but only the averaged information. It covers a large Reynolds number range from low to high.

In comparison, the TD, TF and TG blades have the same kind of information as the HIVK HS except that they do not cover the low Reynolds number range. At last, the HIVK LS blade provides the blade pressure distribution and cover the low Reynolds number range. That is why more confidence is granted to the T108, T106C and HIVK HS blades in the assessment of the flow topology parameters.

Besides the other blades information are still relevant in order to complete and corroborate the findings made on the most reliable test cases.

Evaluation of the database at the natural freestream turbulence intensity (without any turbulence grid), with uniform inlet conditions (without incoming wake) and at the design isentropic outlet Mach number. These conditions fit the Hatman and Wang conditions, at least for the turbulence intensity and the inlet flow conditions. However, this correlating method is only a verification tool as it is not possible to determine the flow topology parameters positions. In that sense, it is not intended for prediction purposes. The only piece of information available from the correlations is the Reynolds number associated to them. What is essential in the understanding of figures 4.4, 4.6 and 4.8 is the link between the local pressure condition and the corresponding flow topology parameter location. Indeed, these two pieces of information are embedded in their Reynolds number definition (see equation 4.5). This guarantees the causal relationship between the flow topology parameters such as between the separation and the reattachment of the boundary layer on one side and the transition onset and the transition end of the boundary layer on another side. These causal relationships are due to the linear correlations.

In order to better understand the interest of the Reynolds number-based correlating method, the non-dimensionalised flow topology parameters (figures 4.5, 4.7 and 4.9), associated to the aforementioned Reynolds numbers correlations, show the direct effect on the boundary layer of the working conditions and the blade configuration. In those figures, a diagonal black dotted line shows the positions where both the abscissae and ordinates are equal. In those causal relationship, one will expect to have data in the part above this black dotted line. At first sight, there is no obvious trend visible. Indeed, as the data matrix does not cover all the Reynolds number range (and particularly at low Reynolds number for the TD, TF and TG) the expected trends are not visible. In figure 4.5, the expected behaviour is visible for the T108, T106C and HIVK LS blade where a decrease in Re 2,is shows an upstream movement of the separation location which moves the reattachment downstream. Moreover, for highly-loaded blades (T2 and HIVK HS), the separation process is reasonably tough and the separation bubble does not close at mid and low Reynolds numbers. In figure 4.7, the expected behaviour is visible only for the T106C blade. At low Re 2,is , the onset of transition appears sooner due to the earlier separation process which brings disturbances into the boundary layer. However, the transition end is still delayed towards the trailing edge. Then, when increasing Re 2,is , the transition onset moves downstream as the separation process is not as strong as at low Re 2,is . The transition end moves upstream. A further increase of Re 2,is implies an upstream movement of the transition onset and transition end. The TG and HIVK HS blades experience a similar behaviour since they are concerned by massive separation. Instead, the T108 experiences a flat evolution of the transition end in function of the transition onset. This is due to the fact that the diffusion is smoother on this blade. In figure 4.9, the expected behaviour is visible on the T108, T106C, TG and HIVK HS blades. Indeed, one can see at low Re 2,is , the effect of the separation on the transition onset (already mentioned in the description of figure 4.7). The upstream movement of the separation induces an upstream movement of the transition onset. Towards higher Re 2,is , the separation still moves downstream but, there is a location where the transition onset stops moving downstream and instead starts moving upstream. At a certain point, the transition onset location will be ahead of the separation location (when the data is below the black dotted line). This means that there is a transitional separation bubble which only occurs at high Re 2,is as illustrated in Hatman and Wang studies [START_REF] Hatman | Separated-Flow Transition. Part 1 -Experimental Methodology and Mode Classification[END_REF][START_REF] Hatman | Separated-Flow Transition. Part 2 -Experimental Results[END_REF][START_REF] Hatman | Separated-Flow Transition. Part 3 -Primary Modes and Vortex Dynamics[END_REF][START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF].

To have more insights on the laminar and turbulent contributions of the separated shear layer, the length of the separation bubble (L B = s reat -s sep ), the laminar extent of the separation bubble (L lam = s onset -s sep ) and the turbulent extent of the separation bubble (L turb = s reat -s onset ) are plotted against Re 2,is respectively in figures 4.10, 4.12 and 4.13. Those length are non-dimensionalised by s 0 . The s 0 -non-dimensionalised parameter was made even though it is common to find in the literature investigations with the length of the bubble (L B ) as a non-dimensionalised parameter. In fact, it allows to plot more information on the separation bubble and particularly when it is an open bubble. The bubble length increases in size when Re 2,is decreases. It could cover more than one third of the blade suction side in the worst cases of closed bubble. The general trends are pretty similar, particularly when looking at the T108, T106C, T2, HIVK LS and HIVK HS blades. However, some of them do not cover the low Re 2,is region since they experience massive separation (T106C, T2 and HIVK LS). The bubble length and the performance of the blades are linked in figure 4.11. As expected from the analysis of figures 3.1, 3.2 and 4.10, the relationships between the bubble length and the cascade losses are pretty linear (except the HIVK LS and HIVK -HS blades) which means that the bubble length might condition the development of the boundary layer and consequently the wake profile. However, one can see that the linear relationships present different slope coefficients which depend on the blade configuration and particularly its diffusion factor mainly. Indeed, when comparing two blades with similar Ψ (T108 and T106C), one can see that they have a fairly close bubble length evolution (figure 4.10) but their losses evolution is different (figure 4.11). Interestingly, the T108 blade have the longest bubble length at low Re 2,is . This might be paradoxical, but it turns out that a mild diffusion rate blade (T108) which has a longer bubble extent than a strong diffusion rate blade (T106C), has a lower loss in performance. This allows to conclude that the boundary layer development under separation bubble conditions might be due to the thickness of the bubble rather than its surface extent. Unfortunately, no boundary layer thickness information is available from the set of data as it is not practical to implement the measurement devices in the facility. To assess the bubble thickness effect, the CFD predictions will be used.

After analysing the bubble length effect on the performance of the blades, one can focus on the laminar and turbulent contributions of the separation bubble. Figure 4.12 illustrates the laminar extent of the separation bubble contribution and figure 4.13 shows the turbulent extent of the separation bubble contribution. First, the laminar extent is smaller than the turbulent extent of the separation bubble except for the TD blade. The reason might be the mild diffusion rate that does not contribute as much as a strong diffusion rate blade to the turbulent spot production and propagation. Then, the turbulent extent tends to diminish while increasing Re 2,is . The reason is the inertial force that damps the viscous force according to the definition of the Reynolds number. Consequently, the transition to turbulence is faster, so as the turbulent spot production and propagation. At low Re 2,is , the turbulent extent is increased as the path to a full turbulent flow is slowed down because of the viscous dissipation. The laminar extent remains constant at mid and high Re 2,is but starts to increase at low Re 2,is . Usually, the flow will separate while still being laminar, but as soon as the separated shear layer develops, disturbances are created and affect the laminar state. It may happen that the boundary layer is already transitional before separating (see T106C and T2 blades when the laminar extent is negative). Interestingly, at the lowest Re 2,is (for the T106C and HIVK HS blades) where there is massive separation, the laminar extent decreases. This aspect demonstrates the impact of the massive separation on the laminar part of the shear layer. As a remark, the T2 blade pseudo-wallshear stress information above an isentropic outlet Reynolds number of 160000 are not available and consequently may bias the interpretation. Evaluation of the database at different turbulence intensities, with uniform inlet conditions (without incoming wake) and at the design isentropic outlet Mach number. A similar investigation of the relationships between the flow topology parameters can be led at different turbulence intensities. In figure 4.14, the effect of the turbulence level is visible as the separation location is moved downstream, which consequently affects the reattachment position, that is moved downstream as well. Concerning the effect of the transition onset on the transition end, the turbulence intensity plays a great role as it moves further upstream the transition . Likewise, the transition end location is affected and moves upstream. These conclusions are particularly visible in the HIVK HS case which covers a large Re 2,is range at a high turbulence intensity. Unfortunately, no hot-films information was available on the T106C case at high turbulence intensity (3.2%). In figure 4.16, the effect of the separation location on the transition onset location at high turbulence intensity shows that the transition onset location precedes or is close to the separation location (T106C case). Regarding the length of the separation bubble (see figure 4.17), one can notice a general reduction when increasing the turbulence intensity. Indeed, it was expected since the turbulent structures are higher and consequently interact within the boundary layer to enhance the mixing between layers. Then, the boundary layer is more energised and is able to withstand the adverse pressure gradient in order to remain attached. The laminar contribution of the separation bubble (see figure 4.18) is absent (because there is a transitional separation bubble) or smaller at high turbulence intensity. The turbulent contribution of the separation bubble is expected to be shorter at a high turbulence intensity as in the HIVK HS case (see figure 4.19). This reflects the general trend of the separation bubble length reduction observed previously at high turbulence intensity (see figure 4.17). Nonetheless, the T106C case does not experience this behaviour even though the turbulence intensity is not as high as expected (1.8%). Evaluation of the database at different isentropic outlet Mach numbers, with uniform inlet conditions (without incoming wake) and at the natural freestream turbulence intensity. The T106C blade was studied at several isentropic outlet Mach numbers. This allows to have an insight at the effect of M 2,is on the flow topology parameters relationships. The effect of the separation location on the reattachment location is not modified as the trends are the same for all the isentropic outlet Mach numbers (see figure 4.20). Moreover, at lower M 2,is , the bubble length is reduced as the diffusion on the aft part of the blade is reduced at this condition. The transition onset location effect on the transition end is as expected 

s end /s 0 against s onset /s 0 -M 2,is effect -T106C -Ψ = 1.24 -T u = 0.9%
As pointed out before, the trend of the evolution of the separation bubble and consequently the losses is not so affected by the isentropic outlet Mach number (see figures 4.23 and 4.24). However, the higher the isentropic outlet Mach number is and the higher the separation bubble is for a given isentropic outlet Reynolds number. This was observed in figure 3.3 with the losses. Instead, figure 4.24 shows that the separation bubble length affects the losses similarly without regard to the and consequently the performances. The effects of the flow topology parameters were reviewed previously to understand their interaction and at different working conditions. Some causal relationships were highlighted. The aim of the bursting condition investigation is to define a correlation that could incorporate different blade designs with a prediction scope. Moreover, the interest of the bursting condition relies on the fact that it is the value of the isentropic outlet Reynolds number for which the separation bubble topology changes from short to long. That is why with one value, one can represent the performance of a blade for a complete Reynolds number range (from cruise to take-off). To represent this bursting condition, one has to choose the way to classify the blades. The first obvious variable is the Zweifel loading coefficient (Ψ, see equation (3.1)). However, it turns out that Ψ might not be a good parameter to characterise the blades because it could be misleading. As an example, the T108 and T106C blades present the same Ψ but they behave differently. One has a smoother diffusion rate (D R = 0.41) that prevents the long and massive separation processes (T108) whereas the other one has a stronger diffusion rate (D R = 0.58) that promotes the long and massive separation processes (T106C). From the available data, the conditions at which the bursting condition can be evaluated are at the design M 2,is , natural freestream turbulence intensity in one hand and turbulence intensities generated by turbulence grids in another hand. sented because the isentropic outlet Reynolds number range was not wide enough (particularly at low Re 2,is ) to conclude on the existence of a bursting condition. The T108 blade is not represented because it was concluded there is no bursting condition. Instead, the T2 and HIVK LS blades are out of the trend. It was expected for the T2 blade as it is one of the most loaded blade of the database and particularly when looking at the losses evolution. The HIVK LS was assessed under incompressible conditions. This might be the reason why the bursting prediction is overestimated (lower Re 2,is B than the one that might be expected from the linear trend). Therefore, at an uniform inlet flow condition, with the natural freestream turbulence intensity, without any local roughness on the blade suction side and at the design M 2,is , one can define a correlation between Re 2,is B and D R . The resulting equation is given by:

Re 2,is B = 117191 • D R + 41690 (4.6)
When considering the turbulence intensity generated by turbulence grids, only the T106C and the HIVK HS could be considered as they cover a wide Re 2,is range. Since they are two points, one can define a correlation between Re 2,is B and D R . Indeed, the evolution is as expected. The effect of a change in the turbulence intensity is to change the slope of the linear relationships. That is why the slope is smaller in the high turbulence case. The resulting equation is given by:

Re 2,is B = 93023 • D R + 26047 (4.7)
Figure 4.25 features a vertical black dashed line corresponding to the diffusion rate limit below which there is no bursting possible. This limit is based on the fact that the T108 blade does not experience any bursting.

The correlation (see equation (4.6)), determined from the database evaluation and analysis, will be used later on, in chapter 7, to assess the CFD predictions in terms of bursting condition.

Summary

A correlation process was suggested in order to predict the performance of a LPT blade as a function of the isentropic outlet Reynolds number. Indeed, both cruise and take-off conditions do not have to be treated separately. Moreover, this methodology seems promising to define abaci for a quick determination of the losses when using a meanline model.

Other investigations focusing on the flow topology were performed. They stressed that the separation position of a recirculation bubble has an impact on the losses and particularly on the transition onset position.

Finally, a correlation is suggested to predict the isentropic outlet Reynolds number at bursting condition against the diffusion rate.

Chapter 5.

Tools and methodology

Analysing the database information allowed to understand the flow behaviour around LPT blades at different working conditions. Moreover, the definition of a prediction model for the bursting condition was successful. However, to get more insight on the local development of the boundary layer and to corroborate the experimental findings, one has to use a CFD approach. This approach is still the best prediction tool for a design prospect as it should be time-and cost-effective.

In spite of these advantages, one should be sceptical and questioning about the predictions and their reliability. That is why, this chapter aims at defining the best and the most reliable solution, in terms of tools and methodology, to predict the flow behaviour around the LPT blades and consequently their performance.

CFD approach with the elsA code

The aim of this project is to understand the interaction between the separation and the transition phenomena occurring in an LPT environment. As stated before, the experimental investigations already provide interesting insights about the physical behaviour of the flow but still lacks some local boundary layer information, such as the momentum thickness, to be able to go deeper in the understanding and consequently build reliable prediction model. In contrast, CFD tools allow to get information that are not accessible with common measurement techniques. However, there is a price to pay if one wants a complete solution of the problem in terms of computer time and degree of modelling (see section 2.3). In the scope of this project, averaged solutions are satisfactory, particularly when considering the number of test cases. Moreover, as highlighted before, most of the transition models are based on correlations taking into account averaged positions describing the separation/transition phenomenon. In addition, the experimental information is generally presented in an averaged way. That is why, a RANS approach using a two-equation model (SST k-ω) for the turbulence scales coupled to a two-equation model (γ-Re θt ) for the transition process are considered.

The solver used for this project is the in-house CFD code of ONERA elsA [10,59]. This software is dedicated to the numerical simulation of the compressible viscous mono-species, steady and unsteady flows of fluids, on three-dimensional multiblock structured meshes.

Fluid flows can be modelled by a set of non-linear conservation laws (Navier-Stokes equations). However, in order to solve these equations numerically, one needs to discretise them. The approach used in elsA is a finite volume method, in which the unknowns are average values over the discretization cells, which are assigned to the centre of these cells. This defines control volumes where the integral conservation laws are applied and allows to have a conservative discretization. The discretization of space and time are done separately. That is why a first description of space discretization will be followed by the used time integration.

Space discretization

The convective and diffusive fluxes are treated separately.

In elsA, the diffusive fluxes uses a centred discretization. Concerning the convective fluxes, there is the choice between centred and upwind schemes.

To discretise the convective fluxes through the faces of the control volume, one can distinguish between central scheme and upwind scheme. In the present application, the Jameson scheme (central discretization) and the Roe scheme (upwind scheme) are available in elsA. Central schemes are based on local flux estimations while upwind schemes determine the cell face fluxes according to the propagation direction of the convection velocity [START_REF] Hirsch | Numerical Methods in Turbomachinery: Fundamentals[END_REF].

The Jameson scheme is second order accurate in space. It is defined as the sum of a centred discretization and a numerical/artificial dissipation term. This last term includes a nonlinear second order dissipation term (k (2) ) to correctly capture flow discontinuities (particularly shock waves) and a linear fourth order dissipation term (k (4) ). These terms are introduced to ensure the stability of the centred discretization [59]. k (2) is taken as 1 as recommended in [START_REF] Onera | [END_REF] but k (4) is more of interest in the current application because it can affect the dissipation process of the scheme and consequently affect the results of the simulation [START_REF] De Saint-Victor | Sensitivity of Numerical Simulations of Low-Reynolds Number Flow over the T106 Turbine Blade[END_REF].

In contrast, the Roe scheme (which is part of the upwind scheme class) relies on the basic concept of introducing more physics at the discretization level. Indeed, the solution at a certain point depends only on the upwind points. The common Roe scheme is first order accurate in space but introduces excessive numerical dissipation. That is why second order schemes are required for acceptable accuracy [START_REF] Hirsch | Numerical Methods in Turbomachinery: Fundamentals[END_REF]. Besides, it is known that the Roe scheme may lead to non-entropic solutions. Then, to prevent entropy violation, the Roe fluxes have to be modified according to the Harten entropic correction. This is characterised by a coefficient defined as "psiroe" in the elsA environment. During this project, this coefficient was kept at 0.01 even though a study of this parameter did not show a real influence to the best knowledge and use of the author. The second order extension needs the introduction of a limiter function, which is the van Albada used in the present work.

For high-speed calculation, the Roe scheme suits well since it does not need to tune the dissipation parameter. For low-speed calculation, the Jameson scheme seems more appropriate since the convection velocities are lower and because it is a common practice among elsA users. Concerning low-speed calculations, a low-speed preconditioning is necessary and will be described later.

Time integration

To deal with the time dependence of the conservation laws, an integration in time is necessary. In the present project, only time asymptotic, pseudo-steady numerical solutions are expected even though the separation/transition phenomenon is known as unsteady. One has to remind that the equations are solved in a RANS way, consequently the solutions are representative of averaged variables. The choice has to be made between explicit and implicit methods. The explicit methods are conditionally stable which means that they are constrained by small time steps and consequently small CFL (Courant-Friedrichs-Lewy) numbers. The advantage is that the CPU (Computer Processing Unit) cost is low. In contrast, implicit scheme are generally unconditionally stable, it means that large time steps can be used which leads to high CFL numbers. However, the CPU cost is higher than the explicit one because matrix inversion has to be done at each iteration.

For this project, the particular single-step case of the Runge-Kutta time integration method, known as the Backward Euler scheme, is used. This scheme is explicit.

To accelerate the convergence process, the integration scheme can be modified by introducing an implicit phase. This necessitates an approximate linearization of the system of equations. For that, a LU-SSOR factorization is considered and recommended by the elsA development team [START_REF] Onera | [END_REF] when coupled to a Backward Euler scheme. Then, a Backward Euler scheme coupled to a LU-SSOR factorization and with a CFL value of 50 were adopted as the time integration method. Concerning the CFL value, it was set with a constant ramp from 0.1 to 50 for the first hundred iterations.

However, if during the convergence evaluation (presented later), the integrated losses or any other tracers of the flow field experience an oscillating (or nonasymptotic) pattern, then the local time-step is switched to a global one where all the cells of the domain progress at the same time step.

Low-speed preconditioning The majority of the test cases are real Mach number investigations. However, there is only one case (HIVK LS) which was performed at low velocities. Then one needs to apply a preconditioning method for low Mach number flows. The convergence of the pseudo-steady methods is degraded at low velocities because of the very large difference between the fast acoustic modes and the slow convective modes. The method of local preconditioning modifies the considered equations, without modifying their mathematical properties, and thus makes it possible to decrease the difference between propagation velocities of the various modes and accelerates the procedure of convergence towards the steady solution [59]. In this approach, the Jameson scheme for space discretization seems more appropriate due to its centred approach. In fact, the Roe scheme is also adapted for low-speed flows. But according to the elsA user database, there was no application of the Roe scheme with low-speed flows (to the best knowledge of the author). In that configuration, the CFL number is reduced by one order of magnitude in comparison to high speed flows.

Chimera technique

The Chimera technique is used to simplify the meshing of complicated objects or the addition of new features in the mesh. This method lies within the scope of the resolution of the equations of Navier-Stokes on overlapping multi-domain 3D grids. Therefore, it allows overlapping different mesh blocks in order to add new features to an already existing meshed geometry. This method consists in transferring the solution from overlapping grids by interpolation [59]. This technique will be described in chapter 8.

Convergence assessment

The expected type of solution is a time asymptotic, pseudo-steady numerical one. It means that convergence should be reached somehow to conclude on the dependability of the calculation. That is why several convergence criteria are set.

The residuals based on the net fluxes balance of a variable into a volume due to convection and diffusion and the amount of creation of a variable should reach an error which, with a certain number of iterations, dropped to an acceptable level. Usually, a common rule of thumb is to consider convergence when the residuals dropped by three orders of magnitude. In the present work, the raw residuals where taken into account (no non-dimensionalization).

The evolution of the domain inlet and outlet mass-flow is used to assess the convergence. Usually, they should match to conclude on the convergence. Oscillations may denote the presence of a recirculation area.

Other tracers are included in the domain in order to assess the evolution of the flow field at specific positions. For instance, the static pressure on the aft part of the blade suction side is extracted to track any possible recirculation bubble or simply any oscillating features such as the movement of the bubble over the blade. The same approach is used when non-adiabatic boundary condition is applied on the surface of the blade. Then, the heat flux information can be related to the possible oscillating recirculation process. The inlet total pressure, extracted three nodes downstream of the inlet plane, and the outlet static pressure, extracted couple of nodes upstream of the outlet plane are used to monitor the respect of the boundary conditions.

However, the most interesting parameter to monitor is the loss coefficient corresponding to the integration of the wake profile. Its evolution gives a direct information of the flow field around the blade. Then, when large oscillation of the loss coefficient is detected, the time step is switched from local to global. Then, the solution evolves in time realistically. In order to assess the separation/transition information, the worst case in terms of losses (when the losses are the highest in the oscillations) are taken as representative of the configuration (Reynolds and Mach numbers).

Methodology

The CFD methodology was defined and assessed on the T108 HL-LPT blade. The broad Reynolds number range (from 60000 to 160000), the mild diffusion rate and the large information measured during the experimental campaign (pressure distribution and pseudo-wall-shear stress around the blade and wake profile) are the reasons why this geometry was chosen and consequently contributed to the validation of the methodology.

The mesh topology is a periodic standard O4H with High Staggered corrections since the geometries are defined by high values of deviation (figure 5.1). It was generated by the Numeca software Autogrid.

The central O-mesh is around the blade and has at least 41 points in the perpendicular direction away from the blade surface. In the streamwise direction around the blade, the number of nodes is above 225 in order to get a good discretization of the suction side of the blade. The extension of the mesh in the spanwise direction is restricted to 5 layers and consequently symmetry boundary conditions are used to define the pseudo-hub and -shroud. This allows to model zero-shear slip walls. This saves a lot of computation time by focusing on the middle of the blade in order to apply convergence acceleration methodologies. Since the study focuses on LPT blades which have high aspect-ratios, it is possible to avoid the calculation of the endwall regions. This is to mimic the experimental configuration where the measurements were taken at midspan. The upper and lower part of the mesh domain in the pitch-wise direction are coupled by periodic boundaries. Depending on the configuration, the blade surface is defined as adiabatic (in the case of S1 facility which is a continuous closed circuit [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF] and C1 facility which is a continuous flow, subsonic wind tunnel [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]) and isothermal (in the case of CT2 facility which is a short duration blow down wind tunnel [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]). The inlet plane is set as a subsonic inlet condition where the inflow angle, the total pressure, the total enthalpy, the turbulence kinetic energy, the specific dissipation rate, the numerical intermittency and the momentum thickness Reynolds number at transition are defined. The outlet plane is set as a subsonic outlet condition where the static pressure is defined. Boundary conditions settings Concerning the computational inlet conditions for distant boundaries, one needs to provide turbulence and transition variables. About the transition ones, γ is set to 1.0 and Re θt is determined by a correlation [START_REF] Langtry | Correlation-Based Transition Modeling for Unstructured Parallelized Computational Fluid Dynamics Codes[END_REF]. The turbulence variables (turbulent kinetic energy k and specific turbulence dissipation rate ω), at those inlet conditions, are incompletely known by the CFD community according to Spalart and Rumsey [START_REF] Spalart | Effective Inflow Conditions for Turbulence Models in Aerodynamic Calculations[END_REF]. However, the decay of turbulence, ahead of the cascade, is available from the test campaign carried out at the von Karman Institute [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF] where it was assessed behind a turbulence grid in the S1 facility. The corresponding points are the plain green triangles in figure 5.2. This "S1" decay law was compared to a decay law defined by Chassaing [START_REF] Chassaing | Turbulence en mécanique des fluides -Analyse du phénomène en vue de sa modélisation à l'usage de l'ingénieur[END_REF].

The assumption made about the turbulence is homogeneity and isotropy. The flow in the wind tunnel is considered to be statistically stationary and statistics vary only in the direction of the flow (the x-direction) at a mean velocity U 0 with time t.

Chassaing [START_REF] Chassaing | Turbulence en mécanique des fluides -Analyse du phénomène en vue de sa modélisation à l'usage de l'ingénieur[END_REF] highlighted two phases of the decay of turbulence.

The initial phase is defined as the prevalence of the eddies in the decay of turbulence (in the region downstream the turbulence grid). He stated a "decay law" for the initial phase resulting from the work of several groups.

u U 0 = 0.21 U 0 ms t - U 0 ms t 0 -5/8 = 0.21 x -x 0 ms -5/8 (5.1)
where ms = 12mm is the mesh spacing of the turbulence grid, x 0 is a virtual origin and considered as x 0 = 0

T u = 100 • u U 0 = 100 • 0.21 x ms -5/8
(5.2)

From the VKI S1 facility experimental measurements [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF], the corresponding decay law for the initial phase is:

T u = 100 • u U 0 = 100 • 0.31 x ms -0.71 (5.3)
The final phase is defined as the prevalence of the dissipation in the decay of turbulence (far downstream the turbulence grid).

In figure 5.2, one can see the good agreement between the two sets of decay of turbulence (the "S1" one and the initial phase one from Chassaing [START_REF] Chassaing | Turbulence en mécanique des fluides -Analyse du phénomène en vue de sa modélisation à l'usage de l'ingénieur[END_REF]). Since the turbulence intensity measured without any grid of turbulence (0.9%) is in between the initial and final phases but closer to the initial phase, an extrapolation of the "S1" decay law was done in order to get the input values (and particularly the dissipation rate) for the inlet boundary conditions. Thus, from this extrapolated "S1" decay law (depicted by the empty green symbols in figure 5.2), it is possible to set the inlet boundary conditions in accordance with the desired values at the leading edge plane. However, it is noticeable that the turbulence drops and then increases close to the leading edge plane. This is due to the proximity with the blade leading edge. When assessing the CFD predictions of the turbulence evolution ahead of the cascade at several Re 2,is , one can see that the inlet boundary condition inputs enable the CFD predictions to match the experimental trends (figure 5.2). Then, this methodology for imposing the dissipation rate at the inlet boundary condition is adopted for this project.

To give an order of magnitude, the Kolmogorov length scale for the T106C blade at Re 2,is = 120000, M 2,is = 0.65 and T u l.e. = 0.9% is 4.10 -4 m for the CFD calculation whereas Michálek et al. [START_REF] Michálek | Aerodynamic Performance of a Very High Lift Low Pressure Turbine Airfoil (T106C) at Low Reynolds and High Mach Number with Effect of Free Stream Turbulence Intensity[END_REF], who carried out the experimental investigation of this configuration, had 5.10 -4 m. Mesh independency investigation Before starting the test campaigns, a study of the mesh was carried out in order to assess the influence of the wake treatment. Indeed, the standard mesh methodology (generated by the mesh software) reveals to be too coarse and not taking into account the exit flow angle. It will be referred as "Baseline". It turned out that the wake prediction could be too wide and not deep enough with respect to the experimental wakes (and consequently the massaveraged kinetic losses) as depicted in figure 5.5. In fact, the cells downstream of the trailing edge of the blade should follow the flow direction in order to calculate the fluxes appropriately. Moreover, the mesh extension, upstream of the leading edge, was not sufficient to assess the decay of turbulence suitably. Following these recommendations, other meshes were assessed taking into account the wake treatment and are referred as "WC 1" and "WC 2".

An illustration of the mesh topologies is given in figure 5.3. The mesh are not scaled since the T108 geometry is not opened to the literature. From left to right, there are the "Baseline", "WC 1" and "WC 2" meshes. The improvement introduced in the "WC 1" case is a an extension of the mesh upstream of the leading edge and a cell orientation, at the downstream of the trailing edge, following the natural direction of the flow at the outlet. Moreover, a refinement in this area is done to better capture the wake. The "WC 2" mesh is similar to the "WC 1" mesh except that the downstream extension of the mesh stays oriented in the direction of the flow at the outlet. The difference is that more cells are skewed in the downstream region. The orthogonality level is still acceptable but there are more cells below 36 degrees. The meshes are cropped at both the inlet and outlet in purpose but still give an idea of the extension of the meshes in both direction.

To investigate the meshes reliability, the γ-Re θt transition model is used. From figure 5.4 to figure 5.6, the advantage of the wake treatment associated to a refinement of the mesh is visible. Indeed, the pressure plateau and the separation phenomenon are better predicted by the "WC" meshes when comparing the isentropic Mach number distribution and the wall-shear stress. Because the mass-averaged kinetic losses could be the same due to the integration process of the wake, it is better to check the wake profiles in comparison to the experimental one. Indeed, as already spotted, the "Baseline" case predicts a wider and a less deep wake. Instead, the "WC 1" case predicts a wake that matches the experimental measurement. At last, the "WC 2" approach predicts a too narrow and too deep wake.

At the end, the mesh methodology illustrated by the "WC 1" case is adopted for all the test cases of this project. The number of nodes, in the T108 case, is 46605 in one streamwise layer. Moreover, y + values are below 1 through the Reynolds number ranges (figure 5.7). The orthogonality is higher than 25.9 degrees and the expansion ratio is lower than 1.78.

Ways to deal with transition in RANS with elsA There are three ways to deal with the transition process in RANS with elsA. First, one can use a transition criterion coupled to a turbulence model to trigger the production of turbulence (AGS criterion). When the criterion is met, the numerical intermittency around the blade jumps from 0 to 1 as a step function. Second, inspired by a similar approach, one can use a transition model to trigger the production of turbulence locally (γ-Re θt model). The difference is the gradual evolution of numerical intermittency since this variable is made local due to the use of transport equation (see section 2.4.2.1). At last, one can define transition manually with an intermittency profile. With a FORTRAN routine, it was possible to set any kind of intermittency The first approach constitutes what was the common and state-of-the-art way to deal with transition at the beginning of the project. As it is shown in figure 5.8, the second approach gives better prediction due to its local nature. Indeed, with the same mesh "WC 1" (mesh independency approach explained before), the isentropic Mach number distribution illustrates the difference in the prediction of the pressure plateau and consequently the boundary layer information as depicted in figure 5.9. However, this second approach was not available at the beginning of this project. The author would like to take a brief parenthesis to thank the elsA team for providing this transition model (γ-Re θt ) during the course of the project. This model is still under development at ONERA at the time of writing. Concerning the third approach, it was widely tested during the project with different intermittency function shapes. The standard one is a step such as the one used in the AGS transition criterion approach. The advantage over the AGS transition criterion is that the step can be defined anywhere in order to try to predict the experimental measurements. Several shapes were tested because it turned out that a step function was certainly too abrupt in the production of k. That is why, functions with a more gradual evolution were considered. Thus, a standard ramp where the numerical intermittency increase from 0 at the transition onset point to 1 at the transition end point seems pertinent. To even add more physical sense, An illustration of this last intermittency function is documented in Babajee [6].

However, this method loses its prediction characteristics since the user has to set the onset of transition. But, the idea behind it was to get closer to the experimental information in terms of measured variable and consequently conclude on the good boundary layer information predicted from the numerical calculation. It turns out to be really difficult to tune the position of transition onset to get reliable information. Moreover, this approach might be of interest in an optimization strategy.

That is why, the project will focus only on the use of the γ-Re θt transition model in predicting LPT rotor blade flow features such as separation and transition onset and particularly the prediction of the experimental measured quantities. An investigation of the inlet turbulent boundary conditions will be done in order to make the model "dormant" [START_REF] Spalart | Effective Inflow Conditions for Turbulence Models in Aerodynamic Calculations[END_REF] in the aim to reproduce a fake laminar flow. Indeed, the goal is to understand how at low turbulence level (0.9%) the model triggers transition when the flow is considered to be laminar since neither upcoming wakes nor high turbulence scales structures affect the boundary layer. 

Summary

Predicting the flow topology around a LPT blade as well as its performance requires a reliable model. This chapter illustrates the CFD methodology used to tackle the topic and highlights the functionalities chosen to model accordingly the phenomena considered in this work.

Chapter 6.

Evaluation of the γ-Re θt transition model with the database

After reviewing the literature in order to define the framework of the study, the analyses of the large database of LPT blades at disposal allow to better understand the separation-induced transition phenomenon occurring in that environment. To evaluate and verify these findings, a numerical simulation-based approach was undertaken. Investigations of the available tools and techniques were carried out to determine the best and the most reliable methodology to investigate the several test cases. This chapter illustrates the use of a methodology based on the γ-Re θt transition model. The aim is to evaluate the ability of this methodology for predicting the experimental results in terms of blade pressure distribution, total pressure profile (for wake investigation), pseudo-wall-shear stress and heat transfer coefficient. These experimental information are interesting data but they still need to be cross-compared when possible to get the most reliable understanding of the studied phenomenon. However, the aim of the numerical simulation is to evaluate the degree of confidence one can have using this technique by predicting the experimental information and consequently explore more data that cannot be measured in a wind tunnel in order to get more insight into the separation-transition phenomenon. This chapter will present the results of the numerical investigations led to evaluate the reliability of the γ-Re θt transition model in predicting the experimental results. An effort will be done to illustrate the comparison between the available experimental results (designated as "Exp. (VKI)" in the plots) and the transition model predictions (designated as "γ -Reθt" in the plots) for two isentropic outlet Reynolds numbers. One will be characteristic of engine cruise condition (low Re 2,is where the separation-induced transition phenomenon occurs) and another one will be representative of a milder or higher Re 2,is according to the working conditions matrix. In addition, the fully turbulent predictions (designated as "Turbulent" in the plots) will be incorporated in the comparisons to understand the improvement made by the use of a transition model.

T108 LPT blade test case

The T108 blade is a mild diffusion blade which was used as a test case for the determination of the methodology to investigate LPT blades in the present study (see section 5.2). The blade design is illustrated in figure 6.1 in a linear cascade configuration. This is a front-loaded high-lift LPT blade designed by MTU Aero Engines in the frame of the European programme TATMo. The mesh information is provided in table 6.1. The T108 blade was assessed at the natural freestream turbulence intensity (0.9%) of the facility. The working conditions at which the T108 blade was evaluated are displayed in table 6.2.

The CFD investigations lead us to have a look at the isentropic Mach number distribution and the pseudo-wall-shear stress information on the blade suction side. These information are critical in understanding the boundary layer development on the suction side.

First, the comparison between the experimental results and the numerical predictions is given for a mild Re 2,is (140000). Figure 6.2 shows the isentropic Mach number distribution around the blade. At first sight, the numerical predictions are very satisfactory when using the transition model methodology. One is able to predict the separation and the pressure recovery while the standard turbulent calculation fails. This is corroborated in figure 6.3 where the wall-shear stress matches with the experimental pseudo-wall-shear stress, specially when assessing the qualitative information (which are the positions of separation and reattachment). Concerning the wake profile comparison (figure 6.4), it shows a very good matching in terms of wake depth and width.

Similarly, at a lower Re 2,is (70000), the isentropic Mach number distribution around the blade is satisfactory (figure 6.5). Indeed, the separation process is well predicted as it features a short bubble type. This is visible from the level of both the experimental peak isentropic Mach number and the transition prediction which are close to the fully turbulent case (basically without any separation bubble). This is corroborated by the wall-shear stress information where the separation bubble extension is well predicted (figure 6.6). Instead, the wake profile (figure 6.7) is slightly overpredicted in terms of wake depth but still constitutes a reasonable prediction.

The comparisons, in terms of mass-averaged kinetic losses and outlet flow angle are depicted in figures 6.8 and 6.9. From these figures, one can see that the present study predictions are in good agreement with the experimental measurements over the full Re 2,is range. As a remark, the break in the Re 2,is range is intentional since the two lowest Re 2,is were performed in the facility at a lower outlet isentropic Mach number (M 2,is =0.5 instead of 0.6). Several research groups were involved in From those trends, the similarity between the correlation-based transition model (Corral and Gisbert [15] and the present study) is remarkable even though the calibration parameters are not the same (such as σ θt and s 1 ). This could be a reason why an offset in the trends is noticeable. However, this might be due to the different values of the turbulent Reynolds number (Re t ) used between the two groups to compute the dissipation rate at the inlet boundary condition. The quality of the mesh in both studies does not seem to imply any mesh dependency. This last point leads to the comparison between the present study predictions with the ones of Benyahia et al. [8]. Their predictions overestimate the experimental results, even though they got good predictions of the isentropic Mach number distribution over the blade suction side. The reason is a question of mesh dependency since they used the coarsest mesh among all the presented studies and there is no apparent wake treatment or refinement in the wake vicinity. At last, the comparison with Pacciani et al. [START_REF] Pacciani | A CFD Study of Low Reynolds Number Flow in High Lift Cascades[END_REF] predictions leads to a good matching. Since their laminar kinetic energy approach is intented to be based on more physical models, one can conclude on the reliability of the correlation-based transition model, used in this study, for this HL-LPT blade configuration. 

T106C LPT blade test case

The T106C blade is a high diffusion blade. The blade design is illustrated in figure 6.10 in a linear cascade configuration. This is an aft-loaded high-lift LPT blade which was assessed in the frame of the European programmes UTAT and TATMo. This blade was tested at several turbulence levels. From the available information, only the investigations carried out at two turbulence levels (0.9%, see section 6.2.1 and 1.8%, see section 6.2.2) are presented. The mesh information is provided in table 6.3. The T106C blade was tested at the natural freestream turbulence intensity of the facility. The working conditions at which the T106C blade was evaluated are displayed in table 6.4.

The mass-averaged kinetic losses (figure 6.11) and outlet flow angle (figure 6.12) numerical results do not correctly predict the experimental results at low Re 2,is . However, at mid and high Re 2,is , the numerical predictions match pretty well with the experimental results. There is an underprediction of the present work "Re t = T D" results ("TD" corresponds to the value of the turbulent Reynolds number extracted from the extrapolated "S1" decay law, see section 5.2). This aspect was expected as the current blade is a high diffusion blade with high adverse pressure gradient level. The correlation for the onset of transition in the adverse pressure gradient region is basically meant for attached flows [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF][START_REF] Menter | A Correlation-Based Transition Model Using Local Variables -Part I: Model Formulation[END_REF] and ranges up to λ θ = ±0.1 (λ θ can be lower than -0.1 for the HL-LPT blade cases of the present work ; λ θ,min = -2.5 for the T106C case). Consequently, this explains why the model might fail at low Re 2,is where laminar separation is encountered. The same research groups, as in the former section, worked on the T106C blade with the same methodology and numerical approach, except Benyahia et al. [8] who used a finer mesh with a wake treatment. Their results are presented in figures 6.11 and 6.12. Apparently, the values of Re t used by the other research groups are lower than the one used in the 'TD" trend (see table 6.4). In fact, Pacciani et al. [START_REF] Pacciani | A CFD Study of Low Reynolds Number Flow in High Lift Cascades[END_REF] used a ratio of turbulence length scale over the axial chord of 2.5 × 10 To understand this Re t dependence, an insight at the turbulence intensity level along a streamline across the cascade (from the inlet plane to the outlet plane) in the "freestream" region (between two blades) is provided in figure 6.13 for Re 2,is = 80000. The corresponding extraction streamline is shown in figure 6.14.

There are two turbulence intensity levels (0.9% and 1.7%). The plain lines correspond to the 0.9%-case and the dashed lines correspond to the 1.7%-case. For the 0.9%-case, one can see that for Re t = 0.01, the level of turbulence is really low (around 0.1%). This behavior is close to a pseudo-laminar case or an external flow configuration. Moreover, it does not follow the extrapolated "S1 facility" decay law. This conclusion is applicable to Re t = 0.1 as well whereas Re t = 1 seems close to the extrapolated "S1" decay law. For the lowest Re t (0.01 and 0.1), the dissipation of the turbulence, set by the specific dissipation rate (ω), is independent of the turbulence intensity (a fortiori the turbulent kinetic energy, k). Indeed, both turbulence intensity trends fall into the same low level which confirms this low-Re t independency. The introduction of the low-Re t approaches is illustrated in figures 6.15 and 6.16.

The improvement in the prediction is obvious and particularly for the two lowest Re 2,is . The Re t = 0.01-cases are able to predict the measured kinetic losses and To better understand the Re t investigations, the isentropic Mach number and wallshear stress distributions and the wake profile at two isentropic outlet Reynolds numbers (80000 and 160000) are presented in figures 6.17 to 6.23. At Re 2,is = 80000, the experimental isentropic Mach number distribution shows a long bubble/massive separation pattern which is noticeable from the reduced isentropic Mach number peak, the extended pressure plateau and the incomplete pressure recovery. The gradual decrease of the turbulent Reynolds number induces a flow behaviour which is similar to a pseudo-laminar calculation. Indeed, by lowering the turbulent Reynolds number, one drastically reduces the turbulence intensity level in the freestream region (see figure 6.20). Consequently, the boundary layer is prone to laminar separation, which is expected according to the experimental information. The lowest Re t isentropic Mach number distribution is able to predict the aft region pressure level as well as the pressure plateau extension (see figure 6.17). This is corroborated by the wall-shear stress information where the separation is moved forward when decreasing the turbulent Reynolds number (see figure 6.18). However, it is expected to have a massive separation bubble since the isentropic Mach number distribution shows an incomplete pressure recovery and the wake profile (see figure 6. [START_REF] De Saint-Victor | Sensitivity of Numerical Simulations of Low-Reynolds Number Flow over the T106 Turbine Blade[END_REF]) is wide and deep, characteristic of a massive separation. It is believed that the reattachment position assessed with the hot-film sensors is more delicate than the separation one. Indeed, when the level of the pseudo-wall-shear stress reaches a level close to zero, then the boundary layer is considered to have separated. This is the dead air region (see figure 2.5).

In the separation bubble, there is the reverse flow vortex that follows the dead air region and which is associated to friction on the wall and consequently to an increase of the pseudo-wall-shear stress. This reverse flow vortex is still part of the separation bubble (see figure 2.5). That is why the determination of the reattachment position should be defined in concordance with the isentropic Mach number distribution. At Re 2,is = 160000, the experimental isentropic Mach number distribution features a short bubble type (see figure 6.21). This is retrieved from the Re t = T D prediction. However, the bubble extension is shorter than expected. This is corroborated by the wall-shear stress information (see figure 6.22). Instead, the wake profile information is well predicted in terms of wake width and depth in comparison to the low turbulent Reynolds number approach (see figure 6.23). The introduction of a turbulence grid allows to set different turbulence intensity levels at the leading edge plane of the cascade. The working conditions at a turbulence intensity of 1.8% are displayed in table 6.5.

The mass-averaged kinetic losses and outlet flow angle are displayed in figures 6.24 and 6.25. The numerical predictions are in good agreement down to Re 2,is = 100000. At Re 2,is = 80000, the model fails to predict the separation bubble extension (see figures 6.26 and 6.27). Indeed, there is a pressure plateau and a reattachment. Moreover, the predicted wake profile is too narrow which confirms the underprediction of the separation bubble on the suction side (see figure 6.28). 

T2 LPT blade test case

The T2 blade is a high diffusion blade. The blade design is illustrated in figure 6.29 in a linear cascade configuration. This is an aft-loaded high-lift LPT blade specifically designed at the von Karman Institute for Fluid Dynamics in the frame of the European programme UTAT [START_REF] Sieverding | Private Communications[END_REF]. It is based on the same velocity triangles as of the T106C and its design guidelines were to maximise the pitch-to-chord ratio, maintaining the same acceleration along the front suction side but limiting the maximum surface Mach number for subsonic conditions. The main change, in comparison to the T106C, was the increased diffusion rate along the rear suction side [START_REF] Sieverding | Private Communications[END_REF]. The mesh information is provided in table 6.6. The T2 blade was assessed at the natural freestream turbulence intensity of the facility. The working conditions are displayed in table 6.7.

The T2 blade is among the most difficult blades of the database as it features a high Zweifel loading coefficient and a high diffusion rate. This means that the diffusion on the aft part of the blade is pretty steep.

At first sight, the standard Re t = T D approach underpredicts the experimental mass-averaged kinetic losses and outlet flow angle (see figures 6.30 and 6.31) and particularly in catching the massive separation occurring at mid and low Re 2,is .

That is why a study of the turbulent Reynolds number was done in order to improve the predictability of the calculation. According to the T106C study, a value of Re t = 0.01 is kept to simulate a pseudo-laminar flow. Indeed, the aim is to set a developing laminar boundary layer which will be influenced by the adverse pressure gradient in order to trigger a laminar separation. It turns out that the trend of both the mass-averaged kinetic losses and outlet flow angle are acceptable at high and mid Re 2,is (down to Re 2,is = 160000). However, at low Re 2,is , the kinetic losses and the outlet flow angle predictions could not reach the level of the experiment even though open separation is attained and particularly the pressure plateau level.

Those behaviours are illustrated in the isentropic Mach number and wall-shear stress distributions and wake profile at two isentropic outlet Reynolds numbers (210000 and 120000). At Re 2,is = 210000, the numerical predictions match well for both Re t approaches (see figure 6.32). There is no pseudo-wall-shear stress information available. Then, the wake profiles are satisfactory, at least their width (see figure 6.33).

At Re 2,is = 120000, the experimental results illustrate a massive separation that affects the global isentropic Mach number distribution (see figure 6.34). This is corroborated by the pseudo-wall-shear stress that shows a really low level close to 123 ). The numerical Re t = 0.01 isentropic Mach number prediction succeeds to reach the pressure plateau level but could not succeed to predict the level of the peak Mach number. However, the wall-shear stress successfully predicts the separation position. Concerning the wake profile, the under-turning of the flow is well retrieved when the Re t = 0.01-approach is applied (see figure 6.36). Indeed, the wake is shifted towards the suction side at Re t = 0.01 but still cannot catch the experimental wake shift. 

HIVK LS LPT blade test case

The HIVK LS blade is a high diffusion blade. The blade design is illustrated in figure 6.37 in a linear cascade configuration. This blade is the low-speed version of the HIVK HS blade studied by Coton during his PhD thesis [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]. This is a flat roof top ultra-high-lift LPT blade. The low-speed design was commissioned in order to conserve the pressure gradient evolution along the blade suction side. Moreover, the purpose of this low-speed investigation is to assess the incidence effect and the secondary flows in an easier way than in the CT2 facility [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF].

HIVK_LS Figure 6.37.: HIVK LS cascade

The mesh information is provided in table 6.8. The HIVK LS blade was assessed at the natural freestream turbulence intensity of the facility. The working conditions at which the HIVK LS blade was evaluated are displayed in table 6.9.

The HIVK LS blade is the only low-speed blade investigated in this thesis. The Zweifel loading coefficient and the diffusion rate are relatively high. Therefore, a separation phenomenon is expected through the isentropic outlet Reynolds number range. The mass-averaged kinetic losses and outlet flow angle are displayed in figures 6.38 and 6.39. The numerical predictions of the Re t = T D-approach are within the uncertainty range at high and mid Re 2,is . Nevertheless, at low Re 2,is , the increase in the kinetic losses and the outlet flow angle trends is present which illustrates the presence of a long separation/massive separation phenomenon. To improve the prediction, the Re t = 0.01-approach is used and gives a fairly good agreement with the experimental results. paigns. This information is presented as a pressure coefficient C p for two isentropic outlet Reynolds numbers (130000 and 50000) in figure 6.40. The atmospheric pressure P atm is set at the exit of the cascade [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF].

C p = P 01 -P wall P 01 -P 2 = P 01 -P wall P 01 -P atm (6.1)

At Re 2,is = 130000, the predictions are in good agreement with the measurements. The accelerating part of the suction side as well as the pressure recovery in the aft region are in good agreement. Likewise, the pressure side information is well predicted. The Re t = T D approach is able to represent correctly the separation phenomenon from the pressure distribution (from the velocity peak until the pressure plateau). The extension of the pressure plateau is not well retrieved at Re 2,is = 50000. However, the pressure recovery is not totally completed as the experimental result and the transition prediction do not recover the pressure level close to the trailing edge of the fully turbulent calculation. Indeed, from this fully turbulent case, one does not expect any separation bubble. Even though the massaveraged kinetic losses trend features an increase at low Re 2,is , the Re t = 0.01 approach is used to extend the pressure plateau. It turns out that the separation phenomenon is over-predicted from the pressure coefficient distribution as the pressure plateau is longer than the experimental result and the separation bubble corresponds to a massive separation. In spite of these facts, the mass-averaged kinetic losses and outlet flow angle are close to the experimental results. 

HIVK HS LPT blade test case

The HIVK HS blade is a high diffusion blade. The blade design is illustrated in figure 6.41 in a linear cascade configuration. This is a flat roof top ultra-high-lift LPT blade which was assessed in the frame of Coton's PhD thesis [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]. The CFD investigations were carried out at the natural freestream turbulence intensity of the facility. An investigation at a higher turbulence intensity (3.5%) was carried out and did not show confidence in predicting the flow topology. As a consequence, the high turbulence level predictions are not discussed (see the explanations in appendix A.4).
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Figure 6.41.: HIVK HS cascade

The mesh information is provided in table 6.10. The values of the dimensionless wall distance, y + , (slightly over 1) correspond to the highest isentropic outlet Reynolds number working conditions. Otherwise, for the other isentropic outlet Reynolds numbers, the y + is below 1. The working conditions at which the HIVK -HS blade was evaluated are displayed in table 6.11.

The HIVK HS blade is the most difficult blade of the database as it features the highest Zweifel loading coefficient and the highest diffusion rate. This means that the diffusion on the aft part of the blade is very steep. Interestingly, this is the only blade which was assessed on a wide Re 2,is range, covering cruise and take-off conditions.

At first sight, the standard Re t = T D approach underpredicts the experimental area-averaged kinetic losses and outlet flow angle (see figures 6.42 and 6.43) and particularly fails in catching the massive separation occurring at mid and low Re 2,is . That is why the Re t = 0.01 approach is used to improve the predictability. Indeed, the aim is to set a developing laminar boundary layer which will be influ-enced by the adverse pressure gradient in order to trigger a laminar separation. It turns out that the trend of both the area-averaged kinetic losses and outlet flow angle are acceptable at high and mid Re 2,is . However, at low Re 2,is , the kinetic losses and the outlet flow angle predictions could not reach the level of the experiment. Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] commented on the higher kinetic losses level and consequently the lower outlet flow angle. Indeed, the desired value that he provided was around -62 de-grees. This is what is obtained from the present numerical simulations. Instead the experimental values are below -58 degrees. This difference could not be explained by the measurement uncertainty. Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] pointed out that there is a mismatching of the working conditions. The isentropic outlet Mach number is slightly higher than the desired value (0.75 instead of 0.7). It was already stressed that the isentropic outlet Mach number influences the losses for a fixed isentropic outlet Reynolds number (see section 3.3). Knowing this issue, the numerical investigations were set in accordance with the isentropic outlet Mach and Reynolds numbers as reported by the experimentalist during his test campaigns. Nevertheless, it is believed that the kinetic losses and the outlet flow angle experimental values present an offset [4]. Indeed, there is more confidence in their trend than the absolute values [4].

The heat transfer coefficient h for two isentropic outlet Reynolds numbers (450000 and 90000) are presented in figures 6.44 and 6.45 along with the isentropic Mach number distribution around the blade, even though there is no experimental data for the latter. This isentropic Mach number distribution is provided to support and give a better understanding of the heat transfer coefficient information.

At Re 2,is = 450000, the heat transfer coefficient numerical predictions follow well the laminar extent of the boundary layer in the front part of the blade (see figure 6.44a). Then, the Re t = T D approach fails to predict the separation as visible from the experiments. Indeed, the transition starts at s/s 0 = 0.5 without any separation. This is corroborated by the isentropic Mach number distribution (see figure 6.44b). The Re t = 0.01 approach is able to predict a short separation bubble type (see figure 6.44b) with the characteristic inflection point close to the minimum value of h. However, the separation (from the numerical information) is shifted downstream in comparison to the separation evaluated experimentally. The level of the turbulent heat transfer coefficient is in a fairly good agreement, even though it is delayed. Besides, the gradient of the heat transfer coefficient rise at transition is similar to the experimental one. From this investigation, one can see that the low turbulent Reynolds number approach is able to give a good evolution of the heat transfer coefficient (in terms of level) but fails to predict the separation position.

At Re 2,is = 90000, both the heat transfer coefficient predictions (Re t = T D and Re t = 0.01 approaches) show a separation that is shifted downstream in comparison to the experimental result (see figure 6.45). The Re t = T D approach features a small bubble type (see figure 6.45b) in comparison to the Re t = 0.01 approach which features a long bubble/massive separation type (the pressure recovery is not complete as there is no reattachment of the flow, but the peak Mach number is not so affected by the long bubble). Indeed, the experimental result shows a slightly earlier separation (around s/s 0 = 0.45) with a smooth increase of h, depicting a longer transitional zone and a non-reattached boundary layer. From the experimental information (heat transfer coefficient, mass-averaged kinetic losses and outlet flow angle), it is expected that the boundary layer experiences a massive separation, comparable with the Re 2,is = 120000 T2 case where the isentropic Mach number distribution was tremendously affected (see figure 6.34). In the HIVK HS case, the peak Mach number level is not so affected but one has to remember that this blade is a flat roof top configuration. More insight about the interpretation of the heat transfer coefficient distributions is provided in appendix A where other LPT blade investigations in CT2 facility are discussed. 

TX LPT blade test case

The TX blade is a mild diffusion blade. The blade design is illustrated in figure 6.46 in a linear cascade configuration. This is an aft-loaded LPT blade. This blade was assessed at two turbulence levels (0.9%, see section 6.6.1 and 3.2%, see section 6.6.2). The particularity of this test case is the low isentropic outlet Reynolds number that could be set (22000). Indeed, it allows to explore a range where massive separation and long bubble are expected. Moreover, it constitutes challenging working conditions to evaluate the γ-Re θt transition model and the methodology presented during this work (see section 5.2).

The mesh information is provided in table 6.12. The TX blade was assessed at the natural freestream turbulence intensity of the facility. The working conditions at which the TX blade was evaluated are displayed in table 6.13.

The area-averaged kinetic losses (see figure 6.47) and the area-averaged outlet flow angle (see figure 6.48) are non-dimensionalised for confidentiality reasons.

The reference is the corresponding experimental value at Re 2,is = 103000. From those comparisons, one can see the good agreement between the predictions and the experiments. The interesting aspect is the good prediction at very low Re 2,is .

In fact, at those conditions, one might expect a laminar boundary layer which should be prone to massive separation. Since there is no flow information around the blade, the trends of the kinetic losses and the outlet flow angle are important as well as the wake profile to understand the type of separation. That is why an extension of the numerical investigation towards the higher isentropic outlet Reynolds numbers was carried out.

The wake and the outlet flow angle profiles downstream the cascade are provided for two Re 2,is (103000, see figure 6.49 and 22000, see figure 6.50). The nondimensionalization of the wake is done by dividing ∆P 0 /P 01 by its maximum measured value at Re 2,is = 103000. The agreement between the experimental results and the predictions is good in terms of wake and outlet flow angle profiles and particularly at Re 2,is = 22000. In terms of outlet flow angle, both profiles present similar trends with approximately the same mean value but with different levels away from the mean. However, the general trend of the flow angle in a wake is respected. At higher Re 2,is (103000), the experimental wake profile seems wider in comparison to the prediction and even less deep. This behaviour is verified to be independent of the mesh since a couple of investigations were done to get rid of this dependency. One can explain this aspect by the inherent presence of a large separation bubble on the pressure side. It could extend up to 50% of the pressure side curvilinear abscissa (this was assessed by the numerical wall shear stress, not presented here). The pressure side is defined by a concave surface, which is prone to transition. Thus, from the combination of separation and concave curvature, it was possible to observe from the turbulence intensity and turbulent kinetic energy contours the presence of an extended turbulent region over the whole pressure side for Re 2,is = 103000. Instead, this turbulent region vanishes for Re 2,is = 22000 in the rear part of the pressure side. Indeed, the low Re 2,is case features a relaminarization due to the low density whereas the higher Re 2,is experiences an acceleration as well but seems less prone to a way back to laminar flow. Therefore, a wider wake profile at a high Re 2,is could be explained by the presence of a turbulent boundary layer on the pressure side. The working conditions at a turbulence intensity of 3.2% are displayed in table 6.14. The area-averaged kinetic losses (see figure 6.51) and the area-averaged outlet flow angle (see figure 6.52) are given. The reference for the non-dimensionalization is the corresponding experimental value at Re 2,is = 104000. The predictions are in good agreement with the experimental trends. This time, the numerical investigation was not extended to higher Re 2,is . It was done for the low turbulence intensity case in order to understand and define the bursting region as long bubble and massive separation are expected. Instead, at high turbulence intensity level, one would expect a by-pass transition with a short bubble type. The wake and the outlet flow angle profiles downstream of the cascade are provided for two Re 2,is (104000, see figure 6.53 and 30000, see figure 6.54). The nondimensionalization of the wake is done by dividing ∆P 0 /P 01 by its maximum measured value at Re 2,is = 104000.

At Re 2,is = 104000, the predicted wake width is smaller than the experimental one.

Summary

This chapter constitutes the evaluation of an innovative approach to predict transition with a RANS equation model. The framework of the new transition model (γ-Re θt ) is well known in the literature and was extensively studied for different types of aerospace applications (both external and internal aerodynamics). However, to the best knowledge of the author, this model has not been studied on a large number of LPT blades. Indeed, one has to remember that the transition model was not calibrated for HL-LPT blades. From the comparisons with the experiments and the fully turbulent predictions, the present CFD methodology gives predictions that are in good agreement with what was measured.

One can conclude that this methodology is reliable in predicting transitional flows on HL-LPT blades with mild diffusion rate. However, it turned out that for HL-LPT blades with high diffusion rate, the predictions are underestimated. Consequently, an adjustment of the methodology was done to predict laminar separation and massive separation that may happen in HL-LPT blade configurations. This adjustment allows to get satisfactory predictions.

Chapter 7.

Investigation of the flow topology with the γ-Re θt transition model

The γ-Re θt transition model turns out to be interesting to predict with a certain confidence experimental measurements at the expenses of an adjustment of the boundary conditions in specific cases.

To better understand the influence of the separation on transition, an investigation of the flow topology is carried out. The main parameters in this study are the transition onset and the separation locations. This information can be extracted from both the numerical and experimental data. The way to define those flow topology parameters is illustrated in section 3.2.

However, the momentum thickness Reynolds number is only accessible via the numerical predictions. That is why, one can compare the momentum thickness Reynolds number at separation and at transition onset with correlations of the open literature.

For separated-flow transition at low turbulence intensity and with uniform upstream boundary conditions (at the natural freestream turbulence intensity of the facility), the correlation of Hatman and Wang [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF] is, at the time of writing and to the best knowledge of the author, the most comprehensive correlation for this type of transition. It is an interesting tool to characterise the bursting Reynolds number from the outcomes of the present work predictions and to validate and corroborate the analysis of the experimental database carried out in chapter 4.

For by-pass transition at high turbulence intensities (above 3%) generated by a turbulence grid, the correlations of Abu-Ghannam and Shaw [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF], Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF], Hourmouziadis [35] and Steelant and Dick [START_REF] Steelant | Modeling of Laminar-Turbulent Transition for High Freestream Turbulence[END_REF] are used to assess the predictions of the γ-Re θt transition model.

Separated-flow transition at the natural (low) freestream turbulence intensity

In the following plots, the curves designated as "Onset Re t " represent the numerical transition onset information and the curves designated as "Sep Re t " represent the numerical separation information while the symbols designated as "Onset Exp." and "Sep Exp." represent the experimental transition onset and separation information.

T108 LPT blade test case

The T108 blade predictions were within the measurement uncertainty range in terms of kinetic losses when applying the expected Re t = T D approach. Again, a break is intentionally present in the plots (see section 3.3). The corresponding transition onset and separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.1. When looking at the separation positions, the predictions follow the trend of the experimental results. Indeed, when decreasing the isentropic outlet Reynolds number, the separation location moves upstream. Moreover, the predictions are slightly underestimated, even though the hot-film sensors discretization over the blade suction side is around 4% of the suction side TE curvilinear abscissa. One can conclude that the predictions are satisfactory. There is a good confidence on the transition onset location as well. As expected, when decreasing the isentropic outlet Reynolds number, the transition onset location, first, moves downstream, then the transition still happens in the free shear layer but moves upstream due to the effect of the earlier separation.

From the investigation of the momentum thickness Reynolds number at separation, one can compare the present predictions with the correlation of Hatman and Wang [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF] (see figure 7.2). The intersection between the Re θ,sep trend and the Re θ,sep = 240 line defines the isentropic outlet Reynolds number at bursting (Re 2,is B ). The T108 blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 115000.

T106C LPT blade test case

The T106C blade predictions were within the measurement uncertainty range in terms of kinetic losses when applying the expected Re t = T D approach for Re 2,is ≥ 120000 and the Re t = 0.01 approach for Re 2,is < 120000. The corresponding transition onset and separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.3. When looking at the separation position, the predictions follow the trend of the experiments. Indeed, when decreasing the isentropic outlet Reynolds number, the separation location moves upstream. The predictions are satisfactory as they are within the spatial uncertainty range of the hot-film sensors (around 4% of the curvilinear TE suction side abscissa). There is a good confidence on the transition onset locations as well. As expected, when decreasing the isentropic outlet Reynolds number, the transition onset location, first, moves downstream, then the transition still happens in the free shear layer but moves upstream due to the effect of the earlier separation. The T106C blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 170000 (see figure 7.4).

T2 LPT blade test case

The T2 blade predictions approach the experimental trend of the kinetic losses only when applying the Re t = 0.01 method for the Re 2,is range. The corresponding transition onset and the separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.5. When looking at the separation position, the predictions follow the trend of the experiments. Indeed, when decreasing the isentropic outlet Reynolds number, the separation location moves upstream. The predictions are satisfactory as they are within the spatial uncertainty range of the hot-film sensors (around 4% of the curvilinear TE suction side abscissa). The transition onset location is clearly affected by the separation location as the former moves upstream when decreasing the isentropic outlet Reynolds number. In contrary to the two former cases, the transition onset location does not move downstream when decreasing Re 2,is then upstream when decreasing Re 2,is further. This illustrates the effect of the massive separation and long bubble types on the transition onset. However, the predictions underestimate the experimental locations (difference of 15% of the curvilinear TE suction side abscissa). Unfortunately, the information, necessary for the evaluation of the transition onset location from the experiments, was not available for Re 2,is > 160000. Moreover, the evaluation of the transition onset from the experiments is open to discussion. Indeed, for Re 2,is ≤ 160000, the transition onset location is ahead of the separation location. However, they are within the spatial uncertainty of the hot-film sensors. They may be close to each other. One reason might be the tremendous influence of the massive separation at those isentropic outlet Reynolds numbers that induces steep disturbances at the inception of the boundary layer separation. Consequently, these disturbances are the roots of the transition. As a comparison, the T106C (see figure 7.3) experiences a slightly similar behaviour at Re 2,is = 80000 (where massive separation was encountered). The transition onset location moved closer to the separation location.

The T2 blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 240000 (see figure 7.6). 

HIVK LS LPT blade test case

The HIVK LS blade predictions were within the measurement uncertainty range in terms of kinetic losses when applying the expected Re t = T D approach for Re 2,is ≥ 110000 and the Re t = 0.01 approach for Re 2,is < 110000. The corresponding transition onset and separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.7. When looking at the separation position, the predictions follow the trend of the experiments. Indeed, when decreasing the isentropic outlet Reynolds number, the separation location moves upstream. One has to stress that the separation positions were determined thanks to the pressure coefficient distributions. Consequently, the evaluation may not be as precise as the hot-film sensors information. The predictions are satisfactory as they are within the spatial uncertainty range of the pressure taps (around 4% of the curvilinear TE suction side abscissa) for Re 2,is ≥ 110000. For Re 2,is < 110000, the predictions are overestimated as they are predicted earlier than the experiments. However, considering the technique to evaluate the separation location from the experiments, one has to put more emphasis on the trend. Indeed, the trend is satisfying. The transition onset location could not be determined from the experiments as there is no reliable information. Instead, the predictions still feature the typical effect of the separation which is the upstream movement of the transition onset. The HIVK LS blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 100000 (see figure 7.8). The results of Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] are displayed as "Sep Coton (2003)". The integral parameters (particularly the momentum thickness at separation) could not be measured in the facility because of the reduced dimensions of the blade passage. The integral parameters were then obtained from a boundary layer code which input was the measured velocity distribution [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]. When comparing the predictions of Coton [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF] and the predictions of the present work, they match well at low isentropic outlet Reynolds numbers (Re 2,is ≤ 90000). For Re 2,is > 90000, there is an overestimation of the momentum thickness Reynolds number at separation predicted in the present work. However, the offset is constant and the trend is correct. 

. HIVK HS LPT blade test case

The HIVK HS blade predictions were able to describe the kinetic losses trend when applying the Re t = 0.01 approach for the Re 2,is range. The corresponding transition onset and separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.9. When looking at the separation positions, the predictions follow the trend of the experiments. Indeed, when decreasing the isentropic outlet Reynolds number, the separation location moves upstream. The predictions are satisfactory as they are within the spatial uncertainty range of the thin films (around 4% of the curvilinear TE suction side abscissa). The transition onset location is clearly affected by the separation location as the former moves upstream when decreasing the isentropic outlet Reynolds number. This was already seen with the T2 blade. This illustrates the effect of the massive separation and long bubble types on the transition onset. Moreover, the evaluation of the transition onset from the experiments is open to discussion as it is not based on the thin films signal RMS but on the averaged heat transfer coefficient. This might be an explanation of the constant offset seen on the predictions (the transition onset is predicted 10% of the curvilinear TE suction side abscissa later than the experimental value). Anyway, bearing in mind this offset, the trends are more of interest as they are similar. The HIVK HS blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 140000 (see figure 7.10).

TX LPT blade test case

The TX blade numerical simulations were able to predict the experimental kinetic losses trend when applying the expected Re t = T D approach. The corresponding transition onset and separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.11. Unfortunately, there is no surface instrumentation on the blade that allows to define the flow topology parameters. When decreasing the isentropic outlet Reynolds number, the separation location moves upstream. About the transition onset location, when decreasing the isentropic outlet Reynolds number, as expected, the transition onset location only moves downstream. Indeed, this blade has a mild diffusion rate and a mid Zweifel loading coefficient. Consequently, the separation process on the aft part of the blade suction side is not as harsh as on the T2 and HIVK HS test cases.

The TX blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 135000 (see figure 7.12).

TD LPT blade test case

The TD blade predictions were able to describe the kinetic losses trend when applying the Re t = 0.01 approach for the Re 2,is range. However, the Re t = T D approach seems to be more reasonable for such a mild diffusion rate blade at mid and high Re 2,is . That is why both approaches are presented for the flow topology parameters. The corresponding transition onset and separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.13. For the Re t = 0.01 approach, the predicted separation location moves upstream while decreasing the isentropic outlet Reynolds number. The experiments feature only one separation location which is well predicted by the corresponding Re t approach at Re 2,is = 190000. That prediction is satisfactory as it is within the spatial uncertainty range of the thin films (around 4% of the curvilinear TE suction side abscissa). In contrast, the Re t = T D approach predicts only one separation at Re 2,is = 80000. In addition, the Re t = 0.01 predictions of the transition onset are farther than the Re t = T D predictions with respect to the experimental results. Indeed, the Re t = T D predictions follow the experiments like the typical downstream movement of the transition onset when decreasing the isentropic outlet Reynolds number.

Nevertheless, the evaluation of the transition onset and separation positions from the experiments is open to discussion as it is based only on the averaged heat transfer coefficient. This might be an explanation of the difficulty to compare the experiments and the predictions. The TD blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF] and with the Re t = 0.01 approach, is 140000 (see figure 7.14). The value is submitted to discussion as the Re t = T D approach does not predict a separationinduced transition through the isentropic outlet Reynolds number range (except at Re 2,is = 80000). Consequently, at this Re t = T D approach, the bursting might be lower because the flow passes by a separation-induced transition state (at Re 2,is = 80000) to a by-pass transition state (at Re 2,is = 140000).

TF LPT blade test case

The TF blade predictions were able to describe the kinetic losses trend when applying the Re t = 0.01 approach for the Re 2,is range. The corresponding transition onset and separation locations through the isentropic outlet Reynolds number Nevertheless, the evaluation of the transition onset and separation positions from the experiments is open to discussion as it is based only on the averaged heat transfer coefficient. This might be an explanation of the difficulty to compare the experiments and the predictions.

The TF blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 140000 (see figure 7.16).

TG LPT blade test case

The TG blade predictions were able to describe the kinetic losses trend when applying the Re t = 0.01 approach for the Re 2,is range. The corresponding transition onset and separation locations through the isentropic outlet Reynolds number range are displayed in figure 7.17. The predicted separation location moves upstream while decreasing the isentropic outlet Reynolds number. This trend is visible from the experiments. The transition onset location is affected by the separation location from both the experiments and the predictions. Indeed, the transition onset location moves upstream when decreasing the isentropic outlet Reynolds number.

Nevertheless, the evaluation of the transition onset and separation positions from the experiments is open to discussion as it is based only on the averaged heat transfer coefficient. This might be an explanation of the difficulty to compare the experiments and the predictions. The TG blade Re 2,is B prediction, assessed with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF], is 135000 (see figure 7.18).

Bursting characterization

Previously, the bursting characterization of each numerical test case investigation was done in association with the Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF]. This process is really delicate. The bursting characterization of the experimental database, done in chapter 4, was based on several criteria, such as the kinetic losses and outlet flow angle evolutions through the isentropic outlet Reynolds number range and coupled with the local information around the blade such as the isentropic Mach number, wall-shear stress and heat transfer distributions. That is why, this process is open to a certain uncertainty. Consequently, it was not of interest to carry out the same investigation with the predictions of the present work. Indeed, since the agreement between the experiments and the predictions was generally good, the bursting characterization of the numerical predictions would not have given much more insights. Instead, what is more of interest is to try to define a correlation that could provide the limits between the different types of separation bubble.

The Hatman and Wang correlation [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF] has this purpose as it gives a limit for the bursting in terms of momentum thickness Reynolds number at separation (Re θ,sep = 240). Thus, to assess the experimental findings, the predictions can be used, and particularly the integral parameter of the boundary layer (i.e. Re θ ), to conclude on the reliability of the Hatman and Wang correlation for LPT blades.

Figure 7.19 depicts this investigation. An effort was made to define the experimental information by plain symbols and the numerical information by empty symbols. One can see that the T108, TX and T106C blades predictions fall into a linear trend. However, the slope is too steep for higher diffusion rate blades. The isentropic outlet Reynolds number difference between these predictions and the experiments is high (35000 to 60000). The T2 blade prediction is pretty high, even though this test case experiences a massive separation up to Re 2,is = 185000. In contrast both HIVK LS and HIVK HS present a good agreement where the isentropic outlet Reynolds number difference between the predictions and the experiments is within 10000 to 20000.

It may be understood that the isentropic outlet Reynolds number at bursting increases while increasing the diffusion rate (see figure 7. [START_REF] De Saint-Victor | Sensitivity of Numerical Simulations of Low-Reynolds Number Flow over the T106 Turbine Blade[END_REF]). Both the experiments and the predictions confirm this statement. However, this increase might be limited by a threshold, as illustrated by the HIVK HS value.

At this stage, those conclusions are the only ones that could be drawn. Indeed, as done by several researchers who have built correlations, a large number of test cases are necessary in order to reduce the data scattering. Moreover, they need to cover the same range in terms of isentropic outlet Reynolds number for instance. The TX, TD, TF and TG blades are examples of these out-of-range investigations. Their isentropic outlet Reynolds number at bursting was either at a higher outof-range Re 2,is (TX blade) or at a lower out-of-range Re 2,is (TD, TF and TG blades). 

Transition at the freestream turbulence intensity generated by a turbulence grid

To illustrate the by-pass transition mode, numerical investigations were carried out on the T106C and the TX blades, where the turbulence intensity at the leading edge plane is extrapolated at 3.2%. At this turbulence intensity, one will expect to have by-pass transition, even though for highly loaded blade, such as the T106C, separation-induced transition may happen at low Re 2,is .

The correlations of Abu-Ghannam and Shaw [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF], Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF], Hourmouziadis [35] and Steelant and Dick [START_REF] Steelant | Modeling of Laminar-Turbulent Transition for High Freestream Turbulence[END_REF] constitutes good examples of by-pass transition correlations.

Abu-Ghannam and Shaw correlation [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF] It constitutes the most comprehensive correlation on transition for LPT blade. It is illustrated in section 2.4.1. At high turbulence levels (above 3%), the effect of the pressure gradient is less significant (see figure 2.15). Consequently, two Re θ,onset limits could be defined for the present work investigations with the corresponding turbulence intensity input. The first one is defined by the laminar separation pressure gradient condition (λ θ = -0.09) as taken by U.K. Singh, cited by Abu-Ghannam and Shaw [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF]. The corresponding transition onset is determined by Re θ,onset = 192. The second one is defined by the zero-pressure gradient condition. The corresponding transition onset is determined by Re θ,onset = 204.

Mayle correlation [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF] This correlation is intended for flow with zero-pressure gradient. In fact, the expression is only a function of the turbulence intensity. However, as pointed out in the former paragraph, the effect of the pressure gradient is less significant when increasing the turbulence level. Consequently, one can assume that this Mayle correlation is applicable to by-pass transition occurring on LPT blades (i.e. with non-zero pressure gradient).

Re θt = 400 • T u -5/8 (7.1)

Hourmouziadis correlation [35] This correlation of Hourmouziadis [35] is similar to the former correlation of Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF].

Re θt = 1000 T u 0.3 -0.65 = 457 • T u -0.65 (7.2)
Steelant and Dick correlation [START_REF] Steelant | Modeling of Laminar-Turbulent Transition for High Freestream Turbulence[END_REF] This correlation takes into account the compressibility effect in addition to the turbulence intensity level as pointed out previously. Indeed, they showed that the compressibility effect is necessary to assure a correct prediction of both transition onset and length. 

Summary

An effort was done to investigate the flow topology parameters from the predictions and to confront them to the experiments. The general conclusion is a fairly good agreement of the characteristic positions between the predictions and the experiments in terms of trend. Indeed, there are some offsets but this is due to the spatial uncertainty range of the sensors.

Otherwise, the comparisons with correlations of the literature provide interesting information such as the determination of the isentropic outlet Reynolds number at bursting for low turbulence level test cases. However, it is based on Hatman and Wang [START_REF] Hatman | A Prediction Model for Separated-Flow Transition[END_REF] criteria and may necessitate an adjustment as it was meant for incompressible flat plate flows. Indeed, the evaluation of the present work correlation shows some discrepancy with the predictions.

Likewise, for by-pass transition, the predictions fall within the correlations of the literature and particularly the one of Abu-Ghannam and Shaw [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers -The Effects of Turbulence, Pressure Gradient and Flow History[END_REF] (Re θ,onset = 192) and the one of Mayle [START_REF] Mayle | The Role of Laminar-Turbulent Transition in Gas Turbine Engines[END_REF]. However, there is a dependency on the isentropic outlet Reynolds number visible from the predictions that was not included in the literature correlations and which should be taken into account for future works.

Chapter 8.

Investigation of the local roughness-induced transition with the Chimera technique

The UTAT european programme partly investigated the effectiveness of a local roughness passive control device. The design was a wavy-shaped wire. The wavy wire is similar to a sawtooth spanwise forward-backward facing step (see figure 8.1).

During the test campaigns, only measurements at midspan were performed. As a first approach to assess the design numerically, it is suggested to set the wavy wire as a straight forward-backward facing step extending in the spanwise direction. The yellow lines illustrate the spanwise layers used to delimit the domain to mesh (see figure 8.1). Again, as described in section 5.2, the spanwise mesh extension is restricted to 5 layers for a CFD time-saving reason. This configuration will be called "straight forward-backward facing step" or "straight FB" in the following. Similarly, the TATMo european programme in the continuity of the UTAT programme partly investigated the effectiveness of a local roughness passive control device. The design was a transversal cylindrical wire. The geometry was set numerically as a Gaussian shape in order to take into account the fillet radius due to the glue used to stick the wire on the surface. Indeed, the cylinder diameter is pretty small (0.2 mm) (see figure 8.2). This configuration will be called "cylindrical wire" in the following.

To understand the impact of the local roughness on the numerical predictions, the γ-Re θt transition model will be used, even though, it was not meant for this kind of configuration. What will be interesting to investigate is the boundary layer information (and particularly the transition onset) that come from the calculations and see if the correlative process could be extended to local roughness passive control devices. To ease the introduction of the local roughness on the suction side surface, the Chimera technique will be used. The aim of this investigation is to get more insight on the use of the Chimera technique for the introduction of geometrical artifacts in a LPT environment and in association with the γ-Re θt transition model. To the best knowledge of the author, there is no application of the aforementioned technique for such configurations. That is why the purpose is to assess the feasibility of that technique as a prediction tool for the designer. This study has been performed with the active collaboration of Juan Ramón Llobet Gómez [START_REF] Llobet Gómez | Low Reynolds Prediction of the Flow in Low Pressure Turbines[END_REF]47] during the period of his Research Master at the von Karman Institute.

At last, there exists a transition model to take into account the presence of a local roughness in elsA. The required information about the local roughness are its location and its height. This technique uses its own transition criterion. The criterion is based on the calculation of a critical Reynolds number based on the local roughness height. As soon as the criterion reaches a value of 500, the transition is triggered. Consequently, the model introduces an over-thickening of the boundary layer simulating the presence of the local roughness. This over-thickening is produced by injecting a small amount of fluid across the wall over a small length. However, when predicting the flow field around the blade, this approach cannot determine the presence of recirculation bubbles ahead and after the local roughness and then the expected overshoot in isentropic Mach number. As a consequence, this approach will not be discussed in this thesis as the real effect of the local roughness is intended here for the understanding of the phenomenon and evaluation of the γ-Re θt transition model associated to the Chimera technique. 

Incorporation of the local roughness geometry with the Chimera technique

As briefly highlighted previously in section 5.1, the Chimera technique is used to simplify the meshing of complicated objects or the addition of new features in the mesh. This method lies within the scope of the resolution of the equations of Navier-Stokes on overlapping multi-domain 3D grids. Therefore, it allows overlapping different mesh blocks in order to add new features to an already existing meshed geometry. This method consists in the transfer of the solution from overlapping grids by interpolation [59].

For that purpose, a new mesh (see figures 8.3, 8.4 and 8.6) was generated for the surroundings of the local roughness and overlapped on the existing original mesh of the smooth blade configuration (see table 6. To have a good overlap of the background mesh, the overlapping mesh resolution has to be higher than the overlapped mesh. This was done in both streamwise direction and perpendicular direction away from the blade surface and can be seen in figures 8.5 and 8.7 where the red mesh corresponds to the overlapped mesh whereas the black mesh refers to the overlapping mesh. The parameters varied for this study were the length of the mesh upstream and downstream of the local roughness location and the density of the mesh. More insights are provided in section 8.2.3. Table 8.1 sums up the meshing information of the overlapping mesh. Three different zones status are created for the overlapping and are illustrated with the current local roughness geometry:

• Blanked zone: This is a non-calculated zone which is located in the overlapped mesh (see figure 8.8b). As a consequence, the calculation of this zone is performed in the corresponding area of the overlapping mesh. In this region, the features of the overlapping mesh substitute the features of the overlapped mesh. In the present case, the overlapped mesh corresponds to the smooth blade, whereas the overlapping mesh introduces the strip geometry.

• Interpolated zone: This zone is situated at the limit of the overlapped and overlapping meshes. It is where the information is transferred between meshes (see figure 8.8). The overlapping mesh will get its boundary conditions through this area (see figure 8.8a). In the same way, the overlapped mesh will retrieve the information of the flow inside the overlapping zone through these regions (see figure 8.8b).

• Calculated zone: This zone is calculated normally.

The blanking of the overlapped zones can be done, either manually, defining the regions within the code, or automatically, using one of the implemented algorithms in elsA. For the present project two different automatic blanking algorithms are used and tested: the Implicit Hole Cutting (IHC) and the Patch Assembly (PA). The cheapest and the easiest criterion is the cell volume one. By these means, the algorithm selects the cells to be calculated (overlapping zone) and the blanked cells (overlapped zone). A minimal interpolation zone is always respected, even if an overlapping mesh presents preferable cells than the overlapped mesh for all its extension. On its boundaries the calculation will be performed in the overlapped mesh in order to provide an interpolation zone, where the boundary conditions required for the overlapping mesh will be transferred [59].

Patch assembly

The patch assembly algorithm is based on the designation of different priorities for the multiple overlapping meshes. For this method, the user has to define the higher priority to the mesh where the calculation must be done. By these means, the algorithm automatically assigns the blanking zones to avoid calculation in the overlapped mesh and forces it to be done in the overlapping one. It also generates the zone of interpolation, where the higher and lower priority meshes share the required information to calculate the domain as a whole [59].

Evaluation of the Chimera technique methodology

Before showing the results of the local roughness-induced transition with the Chimera technique, it is important to evaluate the chosen Chimera technique methodology. Two tests are carried out to illustrate this evaluation. A first comparison of the automatic blanking algorithms is provided. This is followed by the use of the Chimera technique with an overlapping mesh that does not feature any local roughness element or artifact, i.e. with a smooth blade suction side surface. This last approach aims at evaluating the transfer of information between the different overlapping mesh blocks.

Comparison between the implicit hole cutting and the patch assembly automatic blanking algorithms

To start the evaluation of the Chimera technique methodology, the comparison between two automatic blanking algorithms is provided. In figure 8.9, the comparison between the implicit hole cutting (IHC) algorithm and the patch assembly (PA) algorithm is illustrated with the isentropic Mach number distribution, the suction side wall-shear stress and the downstream wake profile. From the comparison, one can see that the difference is tiny except for the wall-shear stress where the reattachment region differs slightly. However, the levels are still of the same order. As a conclusion, it seems that the choice of the automatic blanking algorithm does not affect the results for the straight FB case.

However, the blanking definitions are different for the two algorithms in the overlapped mesh.

Patch assembly Concerning the PA algorithm, it reduces the blanked zone to a minimum. This means that most of the overlapped zone is calculated both in the overlapped and overlapping meshes. The overlapping mesh contains the geometry of the straight FB and the overlapped mesh corresponds to the original smooth blade. Only the zones near the geometrical difference between both meshes are blanked in the overlapped mesh and calculated only in the overlapping one, as observed in figure 8.10. In these contours, the overlapping mesh (figure 8.10a) gets its boundary conditions through the interpolated zones on its limits and the flow is calculated on all the rest of its volume. In the case of the overlapped mesh (figure 8.10b), the flow is calculated in almost all its volume. It is only interpolated near the straight FB location, where it gets the information from the overlapping mesh. The blanking takes place only in the interior part of the straight FB. This reduces the effective part of the overlapping mesh to the small region near the straight FB. Indeed, the only information transmitted to the rest of the domain, coming from the overlapping mesh, is reduced to the interpolated zones in the overlapped mesh. The main drawback is that introducing an overlapping mesh optimised for the newly introduced geometry is of no effect, as the only data transmitted to the overlapped mesh will come just from a confined region near the straight FB. Moreover, the prediction of the separation bubble is performed in the overlapped mesh. This mesh is not optimised for the calculation of this phenomenon. Nevertheless, this bubble develops close to the wall and the higher gradients are in the direction normal to it. Near the wall, the refinement of the overlapped mesh in the direction normal to the wall is high, allowing good results even if the mesh is not specifically adapted for the separated flow. This is the reason for which the results with both the PA and the IHC algorithms do not differ substantially. An important drawback of this method is that, if the local roughness is smaller than the size of two cells of the overlapped mesh, it may not be detected and the overlapping mesh would not transfer any information to the rest of the domain. This is the case for the cylindrical wire geometry, where the PA algorithm cannot be used (see figures 8.5 and 8.7

). An advantage of the presented approach is that it facilitates the extraction of the data with respect to the IHC algorithm. The interpolated zones may present deviations from the correct value. These zones act as an information exchange area and the values may not correspond to the solution. The higher gap between interpolated zones of both meshes always allows to have a calculated area in one of the meshes far from any interpolation. This avoids any spurious value due to the proximity of interpolated zones between meshes, as may happen for the IHC as will be described below.

Implicit hole cutting

The IHC algorithm is dependent on a mesh quality criterion and not on a geometrical difference like the PA algorithm. Generally, the overlapping mesh that introduces a geometrical difference will be optimised for this new feature. This method will always respect the zones of better quality grid. The calculation will be always performed on the best fitted cells. Hence, the calculation will be performed on the overlapping mesh as long as the quality criterion for its cells is better than for the overlapped mesh cells. In the present case, the overlapping mesh contains cells of smaller volume than the overlapped mesh in all its extension. As the used quality criterion was the cell volume, the calculation will be performed as long as possible in the overlapping mesh, respecting a minimum interpolation area and blanking the overlapped mesh. This, can be observed in figure 8.11. This methodology allows to introduce new geometry features of any size, as the overlapped mesh is blanked where the overlapping mesh is finer.

In particular, it allows to introduce the cylindrical wire geometry and to perform the calculation in the overlapping mesh, where the grid is optimised for the flow around this obstacle. The only drawback of this approach is that in some cases, a slightly spurious value can be extracted in the region between interpolated zones in both meshes. The evaluation of the transfer of information is assessed with an overlapping mesh that does not feature any local roughness. Thus, the configuration is a smooth blade. The aim is to see if the Chimera technique affects the prediction on a simple smooth blade. The standard O4H mesh calculation is at disposal for comparison (see section 6.2.1). At first sight, figure 8.12 shows no real difference in the isentropic Mach number distribution. However, tiny differences exist in the wall-shear stress and the wake profile but are still negligible. The reason might be due to the higher resolution of the overlapping mesh. The extensions of the overlapping mesh upstream and downstream of the straight FB were evaluated in order to assess their influence in the separation prediction.

The most relevant conclusions are that the upstream and downstream lengths of the mesh have to cover the recirculation zones generated by the local roughness. This means that the upstream length can be relatively small, as the recirculation bubble on the front part of the local roughness is localised close to the front foot of the local roughness. On the contrary, the length downstream of the local roughness needs to be much longer, as the separation bubble generated downstream of it can be very large (see figure 8.13). From the observation of figure 8.13, the upstream recirculation bubble size is comparable to the straight FB height (h r ). However, it is advisable to extend the length of the mesh much more upstream in order to allow a good area of overlapping between meshes. This allows the Chimera technique to interpolate far from the area of interest. The recirculation bubble downstream of the straight FB was found to be around 50 to 100 times the height of this straight FB. Following this reasoning, the selected mesh for the calculations has an upstream length of 50.h r and a downstream length of 100.h r for the cases from Re 2,is = 120000 to Re 2,is = 185000 and 130.h r for Re 2,is = 80000 and Re 2,is = 100000. An investigation, focusing at an isentropic outlet Reynolds number of 100000 with two downstream mesh extensions from the straight FB end (100.h r and 130.h r ), was carried out to illustrate those findings. These positions are marked on figure 8.14 

Straight forward-backward facing step investigations

The straight FB case was performed with the PA algorithm for Re 2,is ranging from 80000 to 185000. Table 8.2 sums up the geometrical and working conditions. The mass-averaged kinetic losses (see figure 8.15) and the mass-averaged outlet flow angle (see figure 8.16) are predicted with a good confidence. Indeed, it was expected as the straight FB provides disturbances in the boundary layer and consequently hastens the transition. Moreover, the behaviour of the γ-Re θt model with such a configuration (which is supposed to be out of the scope of this model) is satisfactory. This is even confirmed from the isentropic Mach number distribution, the wake profile and the wall-shear stress distribution on the suction side at two isentropic outlet Reynolds numbers (185000, see figures 8.17 to 8.19 and 80000, see figures 8.20 to 8.22). From the isentropic Mach number distributions, one can see the pressure drop associated to the local acceleration induced by the local roughness. In addition, there a good prediction of the pressure recovery for both Re 2,is . This confirms the good prediction of the separation bubble downstream of the local roughness with the corresponding pressure plateau and from the wall-shear stress information. After evaluating the information measured during the test campaigns (isentropic Mach number distribution, wake profile, wall-shear stress distribution), it is of interest to investigate the transition onset information, even though, as it was stressed previously, the correlation-based transition model (γ-Re θt ) is not meant for local roughness configuration but for smooth configurations. Moreover, this transition model was calibrated to cover natural transition (low turbulence intensity), separated-flow transition and by-pass transition. In this local roughness configuration, it is not really obvious if this configuration could be classified in one of the aforementioned categories. Indeed, natural transition is by definition discarded as well as by-pass transition since the freestream level of turbulence is low (around 1%). Besides, the disturbances are embedded in the boundary layer since the local roughness introduces a discontinuity in the flowfield (sort of forwardbackward facing step). Since the local roughness induces a separation of the flow downstream, this type of transition may be associated to separation-induced transition, even though the level of disturbances is expected to be higher in the local roughness configuration due to the physical obstacle. However, the type of the separation bubble is expected to be short according to the classification illustrated in section 2.1.2.1. Indeed, the peak Mach number is not affected as long as the local roughness location is close to the suction side peak Mach number location.

The local roughness-induced transition is of interest in this study of transition in an LPT environment, as it constitutes a way to cope with massive separation occurring at low Re 2,is . Indeed, it seems to be a good trade-off to tremendously reduce the kinetic losses at low Re 2,is and to keep reasonable level at high Re 2,is (see figures 3.9 and 3.10).

During the UTAT programme, the T106C blade with the wavy wire (approximated as a forward-backward facing step in the CFD approach) was instrumented with hot-film sensors. Consequently, the transition onset information is available. Figure 8.23 shows a good matching between the experimental transition onset positions and the CFD predictions. What is interesting to see is that the transition starts downstream of the local roughness location and move downstream at low Re 2,is . The presence of the local roughness has an impact on the development of the separation bubble process as it avoids to have a massive separation at low Re 2,is (in comparison to the smooth blade case, see figure 6.17). Indeed, the local roughness induces a separation bubble that extends further at low Re 2,is but still belongs to the short bubble type (see section 2.1.2.1). As a consequence, the boundary layer is able to withstand the strong adverse pressure gradient, which explains the gain in performance when looking at the kinetic losses (see figure 3.9). 

Cylindrical wire investigations

The cylindrical wire case was performed with the IHC algorithm for the Re 2,is ranging from 80000 to 185000. Table 8.2 sums up the geometrical and working conditions.

Similarly to the straight FB case, the mass-averaged kinetic losses (figure 8.24) and the mass-averaged outlet flow angle (figure 8.25) are predicted with a good confidence and particularly when looking at the trends. The isentropic Mach number distribution and the wake profile at two isentropic outlet Reynolds numbers (160000, see figures 8.26 and 8.27 and 100000, see figures 8.28 and 8.29) show interesting predictions. Indeed, the pressure drop caused by the local roughness blockage is retrieved on the suction side as well as the pressure recovery. Moreover, the wake profile is correctly predicted and illustrates the good boundary layer development occurring on the both sides of the blade. However, during the TATMo programme, no hot-film sensors were implemented on the blade featuring the cylindrical wire. Therefore, no information concerning the flow topology parameters such as the transition onset cannot be investigated. 

Conclusions and recommendations

This thesis has presented the investigation of the separation-induced transition phenomenon occurring in a LPT environment. The study was primarily numerical, using CFD prediction tools, and relied as well on the analysis of data from experimental test campaigns.

Conclusions and contributions

Previous experimental campaigns, carried out in several VKI facilities in the frame of several programmes, feature nine LPT blades tested at different isentropic outlet Reynolds numbers, isentropic outlet Mach numbers, inlet turbulence intensity levels, with or without incoming wakes generated by the bars of a rotating disk and with two local roughness configurations. The LPT blades belong to different types of families from aft-to front-loaded, normal-and high-lift designs. These cases constitute a large and unique database.

Separation-induced transition: Bursting characterization

The main outcome of the experimental database analysis is the importance of the isentropic outlet Reynolds number on the performance. The LPT blade performance is quantified from the kinetic losses (resulting from the total pressure deficit in the wake downstream of the cascade). It is well-known that the deterioration of the performance at low Re 2,is is associated to an increase in profile losses. At low Re 2,is , the profile losses are mainly driven by the occurrence of a separation bubble that will be detrimental. The bursting condition (where the separation bubble status changes from short to long) is a very important criterion for the designer. Consequently, the aim is to decrease as much as possible the isentropic outlet Reynolds number at bursting. As every blade of the database was tested at a low turbulence intensity (around 1%) and with homogeneous inlet conditions, the present work mainly looked into those conditions. Moreover, it seemed more reasonable to study the blade aerodynamic performance in a decoupled way. Indeed, from the database analysis, the increase of the turbulence level as well as incoming wakes tend to prevent the massive separation and the long bubble types existing at low Re 2,is and consequently improve the performance. This means that between two wake impingements the boundary layer is still prone to laminar separation and particularly in the case of high pitch-to-chord ratio (reduction of blade number policy). Moreover, in a purpose of comparison with a CFD RANS approach, the simulation of the incoming wakes is still questionable as the vortex shedding associated with the rotating bars might not be well reproduced since only the total pressure deficit and the turbulence scales could be set. Indeed, the flow around a bar is known to be difficult to solve with a RANS approach. It was observed that the separation bubble type affects the transition onset. The stronger the separation bubble is (long bubble and massive separation), the earlier is the transition onset. A correlation linking the isentropic outlet Reynolds number at bursting and the diffusion rate was established and features a linear relationship for the most comprehensive test cases.

Methodology to predict LPT flows

To get more insight into the flow topology with a prediction tool and to evaluate it, one needs to define a methodology accordingly. This was set thanks to the available measured turbulence information. Indeed, the turbulence scales condition the laminar separation process as seen from the database analysis. As a consequence, a determination of the decay of turbulence was carried out. The latter was the input of the CFD calculation and the predictions revealed to be in a good agreement with the experiments. This contributed to confirm the good calibration of the turbulence model used. A mesh investigation stressed the importance of the discretization of critical regions, such as the wake. Likewise, the transition modelling techniques were assessed and it emphasised the need for local models (such as the innovative γ-Re θt transport equation model) in comparison to the conventional non-local transition criteria (such as the well known Abu-Ghannam and Shaw correlation or any other technique using a prescribed intermittency function).

Flow topology parameters for separated-flow transition

The methodology being set, the evaluation of the γ-Re θt transition model revealed to be quite satisfactory. Indeed, the model behaved very well for mild diffusion rate LPT blades (such as the T108 and TX blades). Instead, for stronger diffusion rate LPT blades (such as the T106C, T2 and HIVK HS blades), an adjustment of the turbulence scales at the inlet of the domain was necessary. As the laminar separation-induced transition could not be retrieved with the standard decay of turbulence, the aim was to trigger the laminar separation by lowering the turbulence intensity and consequently increasing the dissipation (ω) of the turbulent kinetic energy (k). This approach was successful as it allowed to simulate a long bubble and a massive separation with the expected influence on the transition onset. Attention was drawn to the investigation of the flow topology and the agreement was good while considering the evolution of the separation and transition onset positions with respect to the isentropic outlet Reynolds number. Moreover, the predictions generally fell within the spatial uncertainty range of the sensors. In addition, the determination of the bursting condition from the predictions with correlations of the literature was a good procedure to assess existing correlations. Nevertheless, it turned out that the bursting condition extracted from this assessment was not totally satisfactory as these correlations were meant for incompressible flows over a flat plate.

Reliability and robustness of the Chimera technique

The defined methodology has demonstrated to be reliable and robust in comparison to the standard way of tackling transition with RANS equations. That is why a straightforward way to improve the performance of LPT blades with local roughness was investigated. Based on the aforementioned methodology, the investigation of the Chimera technique to ease the introduction of local roughness was studied and resulted to be reliable and robust in predicting the flow over a local obstacle, and more precisely the separation downstream of this obstacle as well as the local acceleration induced by this obstacle.

Recommendations and prospects

The purposes of the investigation were to define a reliable and robust numerical methodology to predict steady transition in a LPT environment and to get more insight into the flow topology with the help of detailed numerical information. The limits of the present numerical approach allow to provide recommendations for further work. Two types of recommendations are stressed. One deals with the numerical approach and the roots of the transition modelling implementation. The other one focuses on the topic and particularly on the correlation extension.

Numerical approach -Transition modelling It has to be reminded that the CFD code used was provided by ONERA and was not open for implementation. Therefore the constants of the transition model could not be changed. Even though the job done by the ONERA is not questionable, it would be of interest to adjust the transition modelling for LPT cases or add new extra weighting functions. It was shown that the γ-Re θt transition model was reliable in predicting flows for mild diffusion rate LPT blades but needed an adjustment of the inlet boundary conditions for stronger diffusion rates. Even though it constitutes a good alternative to predict the laminar separation-induced transition, it should not be in contradiction with the real flow characteristics measured in the facility. As the study focused more on the steady transition process, no incoming wakes calculation was performed. Even though the drawbacks of simulating the incoming wakes was previously stressed, an attempt to assess the correlation process for multimode transition applications might be tried. The Chimera technique for the introduction of an overlapping mesh including an obstacle is a reliable tool. That is why investigating the benefits of innovative passive controls such as local roughness or cavity is definitely of interest for the designer in order to understand as a first approach which design performs better and where is the optimal location prior to the manufacturing of a mock-up. Moreover, this could be eased by the use of an optimization process. Investigations were done on elevated local roughness. However, depressed local roughness might be of interest as they allow to contain the separation bubble and reduce the thickening of the boundary layer. In addition, it is well-known that they allow to control shock-boundary layer interaction. Channels that connect the pressure side to the suction side are an alternative technique to generate jets and could then be investigated in the frame of boundary layer separation and transition control.

Correlation extension

About the correlation extension, there is an obvious need for more investigations of the momentum thickness. It was observed that most of the information lies in this parameter. Investigating this information in a high-speed cascade configuration turns out to be tricky particularly with the curvature of the blade. Moreover, one needs to have a probe which head diameter is smaller than the boundary layer thickness (at least one order of magnitude smaller) in order to get a good discretization of the velocity profile for integration. That is why a flattened total pressure probe could be considered even though it will introduce a higher blockage in the flow than a hot wire sensor. Still the hot wire supports are sources of disturbance. The advantage of the hot wire is its thickness (in the order of magnitude of the micron) which allows to explore the boundary layer whereas a conventional total pressure probe inner head size diameter is around 0.1 mm. Those two techniques could be used in a cascade configuration with the appropriate traversing mechanism. One major disadvantage of the aforementioned measurement techniques is their intrusive character. That is why non-intrusive techniques such as Particle Image Velocimetry and Laser Doppler Velocimetry are more convenient. However, one needs to set appropriately the optics and the optical access to the test section (lenses, glass endwall, ...). Another alternative is to reproduce a LPT blade pressure gradient with a flat plate and a diverged outer wall. This type of configuration was extensively used to build correlations at low-speed conditions (Abu-Ghannam and Shaw work and Hatman and Wang work). However, the effect of curvature on the boundary layer development is not negligible for LPT blades. Most likely, the use of the same measurement techniques would be eased in the latter configuration. However, an investigation with blades would provide more insights as no curvature effect was introduced in the correlations below the γ-Re θt transition model. The purpose of these recommended wind tunnel investigations is to extend the existing correlation of Abu-Ghannam and Shaw. Indeed, numerical prediction (not presented here) where for both Re 2,is , a close separation bubble exists. What is more interesting from this Re t = 0.01 approach is that the level of the heat transfer coefficient, in the aft region, is similar to the experimental results level and the gradients are comparable. As briefly indicated in sections 6.5 and A.1, the numerical predictions of the heat transfer coefficient at a turbulence intensity generated by a grid (3.5%) did not succeed to catch the boundary layer evolution on the blade suction side according to the analysis of the measurements of h.

The heat transfer coefficient distributions at T u l.e. = 3.5% and Re 2,is = 190000 for the TD and TG blades are presented in figure A.10. The experimental results feature a separation for both configurations. This is visible from the level of h as well as the inflection point before the minimum level of h. In contrast, the numerical predictions do not present a separation as the level of h is higher than the experimental results and the transition starts earlier. This is verified in the numerical wall-shear stress distributions (not presented here).

Similarly, the heat transfer coefficient distribution at T u l.e. = 3.5% and Re 2,is = 90000 for the HIVK HS blade is presented in figure A.11 on the blade suction side. At this low isentropic outlet Reynolds number, it is expected to have a glimpse at the separation phenomenon. Instead, the prediction reveals no presence of a separation (which is corroborated from the wall-shear stress information, not presented here). Indeed, the predicted boundary layer transitions around s/s 0 = 0.4.

As the prediction at the lowest isentropic outlet Reynolds number does not feature a separation, there is no confidence in the high turbulence intensity predictions on the whole Re 2,is range. 

2. 15 . 3 . 1 .

 1531 Momentum thickness Reynolds number at transition onset (Abu-Ghannam and Shaw [1]) . . . . . . . . . . . . . . . . . . . . . . . . Effect of the isentropic outlet Reynolds number -Uniform upstream conditions and natural freestream turbulence level of the facility -Cascade losses (a) and outlet flow angle (b) -Area-averaged -HIVK HS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2. Effect of the isentropic outlet Reynolds number -Uniform upstream conditions and natural freestream turbulence level of the facility -Cascade losses (a) and outlet flow angle (b) -Mass-averaged -T108, T106C, T2 and HIVK LS . . . . . . . . . . . . . . . . . . . . . . . 3.3. Effect of the isentropic outlet Mach number -T106C -Uniform upstream conditions and natural freestream turbulence level of the facility (0.9%) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4. Effect of the turbulence intensity -T106C -Uniform upstream conditions at M 2,is = 0.65 . . . . . . . . . . . . . . . . . . . . . . . . . 3.5. Effect of the turbulence intensity -HIVK HS -Uniform upstream conditions at M 2,is ≈ 0.75 . . . . . . . . . . . . . . . . . . . . . . . 3.6. Effect of the incoming wakes -HIVK HS -Wake generator disk rotating speed = 6000 rpm with two different rotating bar diameters d (1.5 mm and 2 mm) at two different Re 2,is (130000 and 300000), natural freestream turbulence level (0.8%) and M 2,is ≈ 0.75 . . . . 3.7. Effect of the incoming wakes -T106C -Natural freestream turbulence level (0.9%) and M 2,is = 0.65 . . . . . . . . . . . . . . . . . . 3.8. Effect of the incoming wakes -T108 -Natural freestream turbulence level (0.9%) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9. Effect of the local roughness -T106C -Uniform upstream conditions, natural freestream turbulence level of the facility (0.9%) and M 2,is = 0.65 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.10. Effect of the local roughness -T2 -Uniform upstream conditions, natural freestream turbulence level of the facility (0.9%) and M 2,is = 0.65 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.1. AMDCKO investigations -Cascade total pressure losses -a) T108 at T u = 0.9%, b) T106C at T u = 0.9%, c) T2 at T u = 0.9%, d) T106C at T u = 3.2% . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2. Examples of power laws representative of the losses evolution with the isentropic outlet Reynolds number . . . . . . . . . . . . . . . . 4.3. Illustration of the power law coefficients (A and B) variations . . . 4.4. Correlation of Re s,reat and Re s,sep -a) Full scale, b) Zoom at low Re 4.5. s reat /s 0 against s sep /s 0 . . . . . . . . . . . . . . . . . . . . . . . . 4.6. Correlation of Re s,end and Re s,onset -a) Full scale, b) Zoom at low Re . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.7. s end /s 0 against s onset /s 0 . . . . . . . . . . . . . . . . . . . . . . . . xxii 6.

8 . 6 .

 86 6.29. T2 cascade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiv 7.14. TD momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.8% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.15. TF transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.8% . . . . . . . . . . . . . . 7.16. TF momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.8% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.17. TG transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.8% . . . . . . . . . . . . . . 7.18. TG momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.8% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.19. Re 2,is B against D R at the natural (low) freestream turbulence intensity -Bursting correlation updated with the CFD predictions used with the Hatman and Wang correlation [30] . . . . . . . . . . 7.20. T106C momentum thickness Reynolds number at transition onset (Re θ,onset ) through the Re 2,is range at T u l.e. = 3.2% . . . . . . . . 7.21. TX momentum thickness Reynolds number at transition onset (Re θ,onset ) through the Re 2,is range at T u l.e. = 3.2% . . . . . . . . . . . . . .8.1. T106C blade suction side with wavy wire passive control device -UTAT programme -a) View from the top of the blade suction side, b) Zoom of the view from the top of the blade suction side, c) Transversal view from the edge of the blade suction side, d) Straight FB geometry used for the mesh generation . . . . . . . . . . . . . . 8.2. T106C blade suction side with cylindrical wire passive control device -TATMo programme -a) View from the top of the blade suction side, b) Zoom of the view from the top of the blade suction side, c) Cylindrical wire geometry used for the mesh generation . . . . . . 8.3. T106C original mesh (overlapped mesh) including the overlapping mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.4. T106C overlapping mesh: Straight FB . . . . . . . . . . . . . . . . 8.5. T106C overlapping mesh: Straight FB meshes resolution -a) Standard view and b) zoom . . . . . . . . . . . . . . . . . . . . . . . . . xxvii T106C overlapping mesh: Cylindrical wire . . . . . . . . . . . . . . 8.7. T106C overlapping mesh: Cylindrical wire meshes resolution -a) Standard view and b) zoom . . . . . . . . . . . . . . . . . . . . . . 8.8. Zones status at overlapping -Cylindrical wire with the implicit hole cutting algorithm -a) Overlapping mesh status, b) Overlapped mesh status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.9. Comparison between the Implicit hole cutting and the Patch assembly automatic blanking algorithms -T106C at Re 2,is = 100000 and at T u l.e. = 0.9% -a) Isentropic Mach number distribution, b) Pseudo-wall-shear stress (τ ps,w from experiment) and wall-shear stress (τ w from CFD calculation) distributions on the SS, c) Wake profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.10. Zones status at overlapping -Straight FB with the patch assembly algorithm -a) Overlapping mesh status, b) Overlapped mesh status 8.11. Zones status at overlapping -Straight FB with the implicit hole cutting algorithm -a) Overlapping mesh status, b) Overlapped mesh status . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.12. Evaluation of the Chimera technique with a smooth blade suction side overlapping mesh -T106C at Re 2,is = 160000 and at T u l.e. = 0.9% -a) Isentropic Mach number distribution, b) Wall-shear stress, c) Wake profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.13. Recirculation zones upstream and downstream of the straight FB on the T106C suction side at Re 2,is = 100000 with the patch assembly algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.14. Evaluation of the overlapping mesh extension downstream of the straight FB -T106C at Re 2,is = 100000 and at T u l.e. = 0.9% -a) Isentropic Mach number distribution, b) Pseudo-wall-shear stress (τ ps,w from experiment) and wall-shear stress (τ w from CFD calculation) distributions on the SS, c) Wake profile . . . . . . . . . . . 8.15. T106C mass-averaged kinetic losses at T u l.e. = 0.9% with the straight FB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.16. T106C mass-averaged outlet flow angle at T u l.e. = 0.9% with the straight FB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.17. T106C isentropic Mach number distribution at Re 2,is = 185000, T u l.e. = 0.9% and with the straight FB -a) Full scale, b) Zoom in the aft region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.18. T106C wake profile at Re 2,is = 185000, T u l.e. = 0.9% and with the straight FB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.19. T106C pseudo-wall-shear stress (τ ps,w from experiment) and wallshear stress (τ w from CFD calculation) distributions on the SS at Re 2,is = 185000, T u l.e. = 0.9% and with the straight FB . . . . . . 8.20. T106C isentropic Mach number distribution at Re 2,is = 80000, T u l.e. = 0.9% and with the straight FB -a) Full scale, b) Zoom in the aft region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxviii 8.21. T106C wake profile at Re 2,is = 80000, T u l.e. = 0.9% and with the straight FB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.22. T106C pseudo-wall-shear stress (τ ps,w from experiment) and wallshear stress (τ w from CFD calculation) distributions on the SS at Re 2,is = 80000, T u l.e. = 0.9% and with the straight FB . . . . . . 8.23. Transition onset (s onset /s 0 ) through the Re 2,is range for the T106C at T u l.e. = 0.9% with the straight FB . . . . . . . . . . . . . . . . 8.24. T106C mass-averaged kinetic losses at T u l.e. = 0.9% with the cylindrical wire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.25. T106C mass-averaged outlet flow angle at T u l.e. = 0.9% with the cylindrical wire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.26. T106C isentropic Mach number distribution at Re 2,is = 160000, T u l.e. = 0.9% and with the cylindrical wire -a) Full scale, b) Zoom in the aft region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.27. T106C wake profile at Re 2,is = 160000, T u l.e. = 0.9% and with the cylindrical wire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.28. T106C isentropic Mach number distribution at Re 2,is = 100000, T u l.e. = 0.9% and with the cylindrical wire -a) Full scale, b) Zoom in the aft region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8.29. T106C wake profile at Re 2,is = 100000, T u l.e. = 0.9% and with the cylindrical wire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.1. TD area-averaged kinetic losses at T u l.e. = 0.8% . . . . . . . . . . A.2. TD area-averaged outlet flow angle at T u l.e. = 0.8% . . . . . . . . A.3. TD heat transfer coefficient on the blade suction side at T u l.e. = 0.8% -a) Re 2,is = 650000 and b) Re 2,is = 190000 . . . . . . . . . . A.4. TF area-averaged kinetic losses at T u l.e. = 0.8% . . . . . . . . . . A.5. TF area-averaged outlet flow angle at T u l.e. = 0.8% . . . . . . . . A.6. TF heat transfer coefficient on the blade suction side at T u l.e. = 0.8% -a) Re 2,is = 650000 and b) Re 2,is = 190000 . . . . . . . . . . A.7. TG area-averaged kinetic losses at T u l.e. = 0.8% . . . . . . . . . . A.8. TG area-averaged outlet flow angle at T u l.e. = 0.8% . . . . . . . . A.9. TG heat transfer coefficient on the blade suction side at T u l.e. = 0.8% -a) Re 2,is = 650000 and b) Re 2,is = 190000 . . . . . . . . . . A.10.Heat transfer coefficient on two blades suction side at Re 2,is = 190000 and T u l.e. = 3.5% -a) TD and b) TG . . . . . . . . . . . . A.11.HIVK HS heat transfer coefficient on the blade suction side at Re 2,is = 90000 and T u l.e. = 3.5% . . . . . . . . . . . . . . . . . . . xxix List of Tables3.1. Blades characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 6.1. T108 LPT blade mesh information . . . . . . . . . . . . . . . . . . 6.2. T108 LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.3. T106C LPT blade mesh information . . . . . . . . . . . . . . . . . 6.4. T106C LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.5. T106C LPT blade working conditions at a turbulence intensity of 1.8% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.6. T2 LPT blade mesh information . . . . . . . . . . . . . . . . . . . 6.7. T2 LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.8. HIVK LS LPT blade mesh information . . . . . . . . . . . . . . . . 6.9. HIVK LS LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . 6.10. HIVK HS LPT blade mesh information . . . . . . . . . . . . . . . 6.11. HIVK HS LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . 6.12. TX LPT blade mesh information . . . . . . . . . . . . . . . . . . . 6.13. TX LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.14. TX LPT blade working conditions at a turbulence intensity of 3.2%8.1. T106C LPT blade overlapping mesh information . . . . . . . . . . 8.2. T106C LPT blade working conditions at the natural freestream turbulence intensity and with the local roughness . . . . . . . . . . . . A.1. TD LPT blade mesh information . . . . . . . . . . . . . . . . . . . A.2. TD LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.3. TF LPT blade mesh information . . . . . . . . . . . . . . . . . . . A.4. TF LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.5. TG LPT blade mesh information . . . . . . . . . . . . . . . . . . . A.6. TG LPT blade working conditions at the natural freestream turbulence intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 1 . 1 .

 11 Figure 1.1.: Cut-off of the CFM56-7 (Courtesy of CFM International)
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 1 Figure 1.2.: Sfc of conventional and geared turbofans at different by-pass ratios -(Kurzke [42])
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 13 Figure 1.3.: Stage velocity triangle and station definitions (de la Calzada [18])
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 14 Figure 1.4.: Commercial aircraft engine flight envelope and the associated LPT operating range Reynolds number (Hourmouziadis [35])
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 15 Figure 1.5.: Turbine cascade performance with different flow topologies (Hourmouziadis [35])
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 16 Figure 1.6.: Alternative turbine design losses (Hourmouziadis [35])
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 11 Overview of the concept of transition 2.1.1.1. Natural transition
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 21 Figure 2.1.: Stages of transition (White [77])
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 22 Figure 2.2.: Turbulent spot description (Schubauer and Klebanoff [67])
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 23 Figure 2.3.: Time-space distribution of the turbulent spots during natural transition (Pfeil et al. [61])
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 24 Figure 2.4.: a) Propagation of a turbulent spot in (x,y,t), b) Dependence volume of point P(x,y,t) (Emmons [24])
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 121 Figure 2.5.: Sectional view of a two-dimensional short laminar separation bubble (Roberts [65])
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 27 Figure 2.7.: Wake passing effect on the rotor blades (Dietz and Ainsworth [21])
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 28 Figure 2.8.: Time-space diagram of the turbulent spots during forced transition (Pfeil et al. [61])
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 2 Figure 2.10.: Momentum thickness Reynolds number as a function of the freestream turbulence level for zero-pressure gradient flows (Mayle [52])
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 2 Figure 2.11.: Illustration of the momentum thickness Reynolds number at transition onset in function of the acceleration parameter and the turbulence level (Mayle [52])
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 2 Figure 2.12.: Passive flow control devices (Himmel and Hodson [31])
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 2 Figure 2.14.: Passive transition elements (Sieverding et al. [69])
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 2 Figure 2.15.: Momentum thickness Reynolds number at transition onset (Abu-Ghannam and Shaw [1])
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  Figures 3.1a and 3.2a gather the area-averaged (see equation 3.7) and the massaveraged (see equation 3.8) cascade kinetic losses (ζ) respectively. Figures 3.1b and 3.2b gather the area-averaged and the mass-averaged outlet flow angle (β 2 )respectively. These two information are typical indicators of a blade performance. Generally, one uses the cascade turning instead of the outlet flow angle even though there are linked. The cascade turning quantifies the turning done by the flow from the leading edge until the trailing edge of the blade. Usually, β 1 is constant and corresponds to the design inlet angle, whereas β 2 is the result of the path around the blade and the working conditions (mainly Re 2,is ) the flow encounters. From equation (1.2) and figure 1.3, one can understand that the turning of the flow is paramount in the definition of performance. Besides, as β 1 is constant, one can assess the turning by looking at the deviation of β 2 in comparison to the design value of β 2 or the one at the highest Re 2,is . Typically, at high Re 2,is , β 2 corresponds to the design outlet angle because the losses are minimum.
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 313273 Figure 3.1.: Effect of the isentropic outlet Reynolds number -Uniform upstream conditions and natural freestream turbulence level of the facility -Cascade losses (a) and outlet flow angle (b) -Area-averaged -HIVK -HS
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 343 Figure 3.4.: Effect of the turbulence intensity -T106C -Uniform upstream conditions at M 2,is = 0.65
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 36 Figure 3.6.: Effect of the incoming wakes -HIVK HS -Wake generator disk rotating speed = 6000 rpm with two different rotating bar diameters d (1.5 mm and 2 mm) at two different Re 2,is (130000 and 300000), natural freestream turbulence level (0.8%) and M 2,is ≈ 0.75

Figure 3 . 7 .

 37 Figure 3.7.: Effect of the incoming wakes -T106C -Natural freestream turbulence level (0.9%) and M 2,is = 0.65
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 3 Figure 3.9.: Effect of the local roughness -T106C -Uniform upstream conditions, natural freestream turbulence level of the facility (0.9%) and M 2,is = 0.65
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 3 Figure 3.10.: Effect of the local roughness -T2 -Uniform upstream conditions, natural freestream turbulence level of the facility (0.9%) and M 2,is = 0.65
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 41 Figure 4.1.: AMDCKO investigations -Cascade total pressure losses -a) T108 at T u = 0.9%, b) T106C at T u = 0.9%, c) T2 at T u = 0.9%, d) T106C at T u = 3.2%

Figure 4 .

 4 [START_REF] Ainley | An Examination of the Flow and Pressure Losses in Blade Rows of Axial-Flow Turbines[END_REF] depicts typical examples encountered in the LPT environment, such as the effect of the turbulence intensity and the detrimental case of massive separation.

Figure 4 .Figure 4 . 2 .Figure 4 . 3 .

 44243 Figure 4.2.: Examples of power laws representative of the losses evolution with the isentropic outlet Reynolds number

Figure 4 .

 4 4 illustrates a linear correlation between the Reynolds numbers based on the local information (see equation 4.5) at the reattachment and the separation locations. Re s,j = U j • s j ν j j ∈ {sep; reat; onset; end} U j = f (p stat,j , P 01 , T 01 ) ν j = f (p stat,j , P 01 , T 01 ) (4.5) The proximity between the Hatman and Wang data and the present work data highlights the interest of this correlating method. Indeed, it gets rid of the scaling factor (low-speed data against high-speed data), the wind tunnel factor (Hatman and Wang facility, VKI S1, VK1 CT2 and VKI C1) and the blade configuration (high-loaded against normal-loaded in one hand and front-loaded against aftloaded in another hand). Likewise, the correlation between the Reynolds numbers based on the local information at the transition end and transition onset locations (figure 4.6) and the correlation between the Reynolds numbers based on the local information at the transition onset and separation locations (figure 4.8) illustrate again the linearity between those parameters and their proximity with Hatman and Wang data.
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 444546474849 Figure 4.4.: Correlation of Re s,reat and Re s,sep -a) Full scale, b) Zoom at low Re
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 44 Figure 4.10.: L B /s 0 against Re 2,is
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 4 Figure 4.12.: L lam /s 0 against Re 2,is
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 4 Figure 4.13.: L turb /s 0 against Re 2,is
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 444 Figure 4.14.: s reat /s 0 against s sep /s 0 -Turbulence intensity effect
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 4 Figure 4.17.: L B /s 0 against Re 2,is -Turbulence intensity effect
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 44 Figure 4.20.: s reat /s 0 against s sep /s 0 -M 2,is effect -T106C -Ψ = 1.24 -T u = 0.9%
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 444 Figure 4.22.: s onset /s 0 against s sep /s 0 -M 2,is effect -T106C -Ψ = 1.24 -T u = 0.9%
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 4 [START_REF] Farokhi | Aircraft Propulsion[END_REF] illustrates the correlating process between the isentropic outlet Reynolds number at bursting and the diffusion rate.At first sight, the TX, T106C and HIVK HS isentropic outlet Reynolds numbers at bursting fall into one linear trend. The TD, TF and TG blades are not repre-
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 4 Figure 4.25.: Re 2,is B against D R -Bursting correlation
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 51 Figure 5.1.: Mesh topology of T106C (Ψ = 1.24)
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 7552 Figure 5.2.: "S1" Decay of turbulence ahead of the cascade -T108 CFD predictions
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 5354555657 Figure 5.3.: T108 mesh topologies for the mesh independency investigation (not scaled)
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 58 Figure 5.8.: T108 isentropic Mach number distribution at Re 2,is = 160000, M 2,is = 0.6 and T u l.e. = 0.9% -Transition model assessment

Figure 5 . 9 .

 59 Figure 5.9.: T108 momentum thickness Reynolds number on the SS at Re 2,is = 160000, M 2,is = 0.6 and T u l.e. = 0.9% -Transition model assessment
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 5 Figure 5.10.: Intermittency function (Abu-Ghannam and Shaw [1])
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 61 Figure 6.1.: T108 cascade (not scaled)
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 663665667 Figure 6.2.: T108 isentropic Mach number distribution at Re 2,is = 140000 and T u l.e. = 0.9% -a) Full scale, b) Zoom in the aft region
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 68 Figure 6.8.: T108 mass-averaged kinetic losses at T u l.e. = 0.9%
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 6 Figure 6.9.: T108 mass-averaged outlet flow angle at T u l.e. = 0.9%
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 6 Figure 6.10.: T106C cascade

Figure 6 .- 63 Figure 6 .

 6636 Figure 6.11.: T106C mass-averaged kinetic losses at T u l.e. = 0.9%
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 6 Figure 6.13.: Turbulence across the T106C cascade at Re 2,is = 80000 with the influence of the turbulent Reynolds number (Re t )
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 6 Figure 6.14.: Extraction line across the T106C cascade for the investigation of the turbulent Reynolds number influence
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 66 Figure 6.15.: T106C mass-averaged kinetic losses at T u l.e. = 0.9% -Re t effect
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 6666 Figure 6.17.: T106C isentropic Mach number distribution at Re 2,is = 80000 and T u l.e. = 0.9% -a) Full scale, b) Zoom in the aft region
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 666 Figure 6.21.: T106C isentropic Mach number distribution at Re 2,is = 160000 and T u l.e. = 0.9% -a) Full scale, b) Zoom in the aft region
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 66666 Figure 6.24.: T106C mass-averaged kinetic losses at T u l.e. = 1.8%
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 6 Figure 6.29.: T2 cascade
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 6666 Figure 6.30.: T2 mass-averaged kinetic losses at T u l.e. = 0.9%
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 666 Figure 6.34.: T2 isentropic Mach number distribution at Re 2,is = 120000 and T u l.e. = 0.9% -a) Full scale, b) Zoom in the aft region
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 66 Figure 6.38.: HIVK LS mass-averaged kinetic losses at T u l.e. = 0.6%
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 6 Figure 6.40.: HIVK LS pressure coefficient on the blade suction side at T u l.e. = 0.6% -a) Re 2,is = 130000 and b) Re 2,is = 50000
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 6646 Figure 6.42.: HIVK HS area-averaged kinetic losses at T u l.e. = 0.8%
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 6 Figure 6.44.: HIVK HS heat transfer coefficient on the blade suction side (a) and isentropic Mach number distribution (b) at Re 2,is = 450000 and T u l.e. = 0.8%
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 66 Figure 6.45.: HIVK HS heat transfer coefficient on the blade suction side (a) and isentropic Mach number distribution (b) at Re 2,is = 90000 and T u l.e. = 0.8% TX
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 616 Figure 6.47.: TX area-averaged kinetic losses at T u l.e. = 0.9%
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 6 Figure 6.49.: TX wake profile (a) and outlet flow angle profile (b) at Re 2,is = 103000 and T u l.e. = 0.9%
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 66 Figure 6.51.: TX area-averaged kinetic losses at T u l.e. = 3.2%
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 772 Figure 7.1.: T108 transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.9%
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 73 Figure 7.3.: T106C transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.9%
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 7 Figure 7.4.: T106C momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.9% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320)
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 776 Figure 7.5.: T2 transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.9%

Figure 7 . 7 .

 77 Figure 7.7.: HIVK LS transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.6%

Figure 7 . 8 .

 78 Figure 7.8.: HIVK LS momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.6% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320)
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 79 Figure 7.9.: HIVK HS transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.8%
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 7 Figure 7.10.: HIVK HS momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.8% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320)
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 77 Figure 7.11.: TX transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.9%
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 7 Figure 7.13.: TD transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.8%

Figure 7 .

 7 Figure 7.14.: TD momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.8% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320)

Figure 7 .

 7 Figure 7.17.: TG transition onset (s onset /s 0 ) and separation (s sep /s 0 ) positions through the Re 2,is range at T u l.e. = 0.8%
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 7 Figure 7.18.: TG momentum thickness Reynolds number at separation (Re θ,sep ) through the Re 2,is range at T u l.e. = 0.8% -A: Laminar separation -Long bubble region (Re θ,sep < 240) ; B: Laminar separation -Short bubble region (240 < Re θ,sep < 320) ; C: Laminar separation -Dominant transitional / Transitional separation region (Re θ,sep > 320)
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 7 Figure 7.19.: Re 2,is B against D R at the natural (low) freestream turbulence intensity -Bursting correlation updated with the CFD predictions used with the Hatman and Wang correlation [30]
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 882 Figure 8.1.: T106C blade suction side with wavy wire passive control device -UTAT programme -a) View from the top of the blade suction side, b) Zoom of the view from the top of the blade suction side, c) Transversal view from the edge of the blade suction side, d) Straight FB geometry used for the mesh generation
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 51 . This new mesh (overlapping) is a standard H-type mesh. It allows extracting the geometry of the blade suction side and generating the strip with the following parameters:• Straight FB -Blade O-type mesh data filex cax ; s s0 for start of mesh, start of step, end of step and end of mesh -Step height -Mesh height in the perpendicular direction away from the blade surface • Cylindrical wire -Blade O-type mesh data file x cax ; s s0 for start of mesh, center of the wire and end of mesh -Diameter of the wire -Diameter of the fillet radius (simulation of the glue) -Mesh height in the perpendicular direction away from the blade surface
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 8 Figure 8.3.: T106C original mesh (overlapped mesh) including the overlapping mesh

Figure 8 Figure 8 . 5 .

 885 Figure 8.4.: T106C overlapping mesh: Straight FB
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 887 Figure 8.6.: T106C overlapping mesh: Cylindrical wire
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 8 Figure 8.8.: Zones status at overlapping -Cylindrical wire with the implicit hole cutting algorithm -a) Overlapping mesh status, b) Overlapped mesh status
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 88 Figure 8.10.: Zones status at overlapping -Straight FB with the patch assembly algorithm -a) Overlapping mesh status, b) Overlapped mesh status
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 8 Figure 8.12.: Evaluation of the Chimera technique with a smooth blade suction side overlapping mesh -T106C at Re 2,is = 160000 and at T u l.e. = 0.9% -a) Isentropic Mach number distribution, b) Wall-shear stress, c) Wake profile
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 8 Figure 8.13.: Recirculation zones upstream and downstream of the straight FB on the T106C suction side at Re 2,is = 100000 with the patch assembly algorithm
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 31 Evaluation of the γ-Re θt transition model on the straight forward-backward facing step configuration
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 8 Figure 8.15.: T106C mass-averaged kinetic losses at T u l.e. = 0.9% with the straight FB
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 8888 Figure 8.16.: T106C mass-averaged outlet flow angle at T u l.e. = 0.9% with the straight FB

Figure 8 .

 8 Figure 8.22.: T106C pseudo-wall-shear stress (τ ps,w from experiment) and wallshear stress (τ w from CFD calculation) distributions on the SS at Re 2,is = 80000, T u l.e. = 0.9% and with the straight FB
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 8 Figure 8.23.: Transition onset (s onset /s 0 ) through the Re 2,is range for the T106C at T u l.e. = 0.9% with the straight FB
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 8 Figure 8.24.: T106C mass-averaged kinetic losses at T u l.e. = 0.9% with the cylindrical wire
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 888 Figure 8.25.: T106C mass-averaged outlet flow angle at T u l.e. = 0.9% with the cylindrical wire

  Figure A.5.: TF area-averaged outlet flow angle at T u l.e. = 0.8%
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 6 Figure A.6.: TF heat transfer coefficient on the blade suction side at T u l.e. = 0.8% -a) Re 2,is = 650000 and b) Re 2,is = 190000

Figure A. 8 .

 8 Figure A.8.: TG area-averaged outlet flow angle at T u l.e. = 0.8%

FigureA. 4 .

 4 Figure A.9.: TG heat transfer coefficient on the blade suction side at T u l.e. = 0.8% -a) Re 2,is = 650000 and b) Re 2,is = 190000

FigureFigure A. 11 .

 11 Figure A.10.: Heat transfer coefficient on two blades suction side at Re 2,is = 190000 and T u l.e. = 3.5% -a) TD and b) TG

  

  They were part of a series of designs studied in the frame of the EUfunded TATMo programme. The other designs were not published in the open literature. However, Himmel and Hodson published the three aforementioned designs which have the easiest-to-implement geometry of each group.

						One can see
	in figure 2.13, the improvement in reducing the losses at low Reynolds numbers but
	there is still a slight increase of the losses at high Reynolds numbers, except for the
	rectangular groove (2D RG). This latter design seems to be the good trade-off in
	terms of loss reduction and blade implementation. Apparently, the better results
	of the rectangular groove are due to its absence of blockage in contrary to elevated
	control devices. However, one has to point out that those results were assessed
	at a turbulence intensity of 4.0% and with a moving bar mechanism where the
	reduced frequency was 0.57. Indeed, these latter flow characteristics may bias the
	judgement of the effectiveness of the rectangular groove but still, those conditions
	are closer to what a LPT experiences during operating conditions.
		0.06				Smooth
						2D_CW
						2D_RS
		0.05				2D_RG
	Y p	0.04			
		0.03			
		0.02	50	100	Re [10 ] 150 3	200
	Figure 2.13.: Mixed-out total pressure loss coefficient for smooth and modified sur-
	face cases (LS-T106C, f r =0.57, Tu=4.0%) (Himmel and Hodson [31])

Table 3 .

 3 

	Facility		M2,is	Velocity Ratio	D R	Loading	Ψ	β1 (deg)	g/c	cax (mm)	c (mm)	Blade
	S1		0.6	N/A	0.50	Aft	0.95	N/A	N/A	N/A	N/A	TX
	CT2		0.8	N/A	N/A	Aft	1.07	N/A	N/A	N/A	N/A	TD
	CT2		0.8	N/A	N/A	Aft	1.19	N/A	N/A	N/A	N/A	TF
	S1		{0.5 ; 0.6}	1.31	0.41	Front	1.22	33.2	0.90	81.23	98.42	T108
	S1		[0.6 ; 0.7]	1.30	0.58	Aft	1.24	33.2	0.95	79.97	93.01	T106C
	CT2	No	0.8	N/A	N/A	Aft	1.35	N/A	N/A	N/A	N/A	TG
	S1	Yes/No	0.65	1.38	0.67	Aft	1.46	32.7	1.05	80.32	96.35	T2
	C1	No	LS	1.36	0.74	Flat roof top	1.48	50	1.05	44.98	50.79	HIVK LS
	CT2	No	∼0.75	1.45	1.01	Flat roof top	1.50	50	1.05	42.98	48.37	HIVK HS

1.: Blades characteristics

  3.1a and 3.2a gather the area-averaged (see equation 3.7) and the massaveraged (see equation 3.8) cascade kinetic losses (ζ) respectively. Figures 3.1b and 3.2b gather the area-averaged and the mass-averaged outlet flow angle (β 2 ) respectively. These two information are typical indicators of a blade performance. Generally, one uses the cascade turning instead of the outlet flow angle even though there are linked. The cascade turning quantifies the turning done by the flow from the leading edge until the trailing edge of the blade. Usually, β 1 is constant and corresponds to the design inlet angle, whereas β 2 is the result of the path around the blade and the working conditions (mainly Re 2,is ) the flow encounters. From equation (1.2) and figure 1.3, one can understand that the turning of the flow is paramount in the definition of performance. Besides, as β 1 is constant, one can assess the turning by looking at the deviation of β 2 in comparison to the design value of β 2 or the one at the highest Re 2,is . Typically, at high Re 2,is , β 2 corresponds to the design outlet angle because the losses are minimum.

  Effect of the local roughness The last parameter that was used to improve the efficiency of the LPT blades is the local roughness. What is considered as a local roughness is a local spanwise extension of a trip wire for instance. This approach was assessed on the T106C and the T2 LPT blades. The local roughness used is a wavy wire (similar to a sawtooth configuration but with rounded edges, see figure 8.1). This local roughness could be approximated as a forward-backward facing step in a streamwise direction (see chapter 8). Another design was assessed only on the T106C. This time the local roughness is a cylindrical wire (see figure8.2). The advantages of such devices were already spotted in section 2.2.1. Figure3.9 show the positive impact of the local roughness (wavy wire and cylindrical wire) on the losses and particularly at low Re 2,is . In contrast, at high Re 2,is , the local roughness slightly increase the losses. The local roughness geometry does not seem to affect so much the improvement of a blade with a local roughness in comparison to a smooth blade at high and mid Re 2,is . However, at low Re 2,is , the cylindrical wire has lower losses in comparison to the wavy wire. The wavy wire has a longer streamwise extension on the suction side in comparison to the cylindrical wire (one order of magnitude more, see geometrical characteristics in figures 8.1 and 8.2). Moreover, its three dimensional shape should induce complex vortical structures that might energise more the boundary layer, leading to a shorter transition region.

	M2,is=0.5 -fr=0
	M2,is=0.6 -fr=0
	M2,is=0.5 -fr=0.68
	M2,is=0.6 -fr=0.68
	Figure 3.8.: Effect of the incoming wakes -T108 -Natural freestream turbulence
	level (0.9%)

  "C" shape (see figure4.21). The separation location affects the transition onset location as already presented before. The trends are the same except that the transition onset location moves more downstream at low M 2,is (see figure4.22).
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Figure 4.18.: L lam /s 0 against Re 2,is -Turbulence intensity effect Figure 4.19.: L turb /s 0 against Re 2,is -Turbulence intensity effect with the mirrored
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 6 1.: T108 LPT blade mesh information

	Blade	T108
	Number of {nodes ; cells} in one streamwise layer	{46605 ; 45488}
	Minimum orthogonality (deg)	25.9
	Number of cells in orthogonality intervals:	
	{[18 deg ; 27 deg[ ; [27 deg ; 36 deg[} in one streamwise layer	{77 ; 841}
	Maximum expansion ratio	1.78
	Maximum y + on the blade {SS ; PS}	{0.15 ; 0.13}
	Number of nodes around the blade	321
	Number of nodes on the blade SS	204

Table 6 .

 6 2.: T108 LPT blade working conditions at the natural freestream turbulence intensity

	Blade	T108
	Ψ	1.22
	g/c	0.90
	Loading	Front
	D R	0.41
	M2,is	{0.5 ; 0.6}
	Re2,is (×10 3 )	[60 ; 160]
	T u l.e. (%)	0.9
	Ret	[4.8 ; 12.7]
	Facility	S1

Table 6 .

 6 3.: T106C LPT blade mesh information

	Blade	T106C
	Number of {nodes ; cells} in one streamwise layer	{46605 ; 45488}
	Minimum orthogonality (deg)	31.1
	Number of cells in orthogonality interval: [27 deg ; 36 deg[	
	in one streamwise layer	299
	Maximum expansion ratio	1.71
	Maximum y + on the blade {SS ; PS}	{0.27 ; 0.21}
	Number of nodes around the blade	321
	Number of nodes on the blade SS	204

Table 6 .

 6 4.: T106C LPT blade working conditions at the natural freestream turbulence intensity

	Blade	T106C
	Ψ	1.24
	g/c	0.95
	Loading	Aft
	D R	0.58
	M2,is	0.65
	Re2,is (×10 3 )	[80 ; 250]
	T u l.e. (%)	0.9
	Ret	[6.7 ; 22.2]
	Facility	S1
	6.2.1. T106C LPT blade test case: Natural freestream
	turbulence intensity (0.9%)

  -3 which represents values of Re t ranging in the interval [0.94 ; 2.95] for the Re 2,is range (see table 6.4). Benyahia et al.[8] used a value of Re t = 0.1. Since the predictions seem to be Re t -dependent, a study of this turbulent Reynolds number was carried out.

Table 6 .

 6 5.: T106C LPT blade working conditions at a turbulence intensity of 1.8%

	Blade	T106C
	Ψ	1.24
	g/c	0.95
	Loading	Aft
	D R	0.58
	M2,is	0.65
	Re2,is (×10 3 )	[80 ; 160]
	T u l.e. (%)	1.8
	Ret	[10.5 ; 21.0]
	Facility	S1
	6.2.2. T106C LPT blade test case: Turbulence generated by a
	grid (1.8%)	

Table 6 .

 6 6.: T2 LPT blade mesh information

	Blade	T2
	Number of {nodes ; cells} in one streamwise layer	{70601 ; 69280}
	Minimum orthogonality (deg)	30.3
	Number of cells in orthogonality interval: [27 deg ; 36 deg[	
	in one streamwise layer	771
	Maximum expansion ratio	1.72
	Maximum y + on the blade {SS ; PS}	{0.26 ; 0.23}
	Number of nodes around the blade	393
	Number of nodes on the blade SS	254

Table 6 .

 6 7.: T2 LPT blade working conditions at the natural freestream turbulence intensity

	Blade	T2
	Ψ	1.46
	g/c	1.05
	Loading	Aft
	D R	0.67
	M2,is	0.65
	Re2,is (×10 3 )	[100 ; 250]
	T u l.e. (%)	0.9
	Ret	[8.8 ; 22.0]

Table 6 .

 6 8.: HIVK LS LPT blade mesh information

	Blade	HIVK LS
	Number of {nodes ; cells} in one streamwise layer	{59225 ; 58032}
	Minimum orthogonality (deg)	15
	Number of cells in orthogonality intervals:	
	{[9 deg ; 18 deg[ ; [18 deg ; 27 deg[ ; [27 deg ; 36 deg[}	{654 ; 1583 ; 2067}
	in one streamwise layer	
	Maximum expansion ratio	1.58
	Maximum y + on the blade {SS ; PS}	{0.35 ; 0.34}
	Number of nodes around the blade	377
	Number of nodes on the blade SS	285

Table 6 .

 6 9.: HIVK LS LPT blade working conditions at the natural freestream turbulence intensity

	Blade	HIVK LS
	Ψ	1.48
	g/c	1.05
	Loading	Flat roof top
	D R	0.74
	M2,is	LS
	Re2,is (×10 3 )	[50 ; 200]
	T u l.e. (%)	0.6
	Ret	[6.4 ; 25.5]
	Facility	C1

Table 6 .

 6 10.: HIVK HS LPT blade mesh information

	Blade	HIVK HS
	Number of {nodes ; cells} in one streamwise layer	{70541 ; 69184}
	Minimum orthogonality (deg)	21.1
	Number of cells in orthogonality intervals:	
	{[18 deg ; 27 deg[ ; [27 deg ; 36 deg[} in one streamwise layer	{1079 ; 2019}
	Maximum expansion ratio	1.55
	Maximum y + on the blade {SS ; PS}	{1.42 ; 1.01}
	Number of nodes around the blade	417
	Number of nodes on the blade SS	313

Table 6 .

 6 11.: HIVK HS LPT blade working conditions at the natural freestream turbulence intensity

	Blade	HIVK HS
	Ψ	1.50
	g/c	1.05
	Loading	Flat roof top
	D R	1.01
	M2,is	∼0.75
	Re2,is (×10 3 )	[90 ; 600]
	T u l.e. (%)	0.8
	Ret	[14.7 ; 112.1]
	Facility	CT2

Table 6 .

 6 12.: TX LPT blade mesh information

	Blade	TX
	Number of {nodes ; cells} in one streamwise layer	{55061 ; 53888}
	Minimum orthogonality (deg)	20.7
	Number of cells in orthogonality intervals:	
	{[18 deg ; 27 deg[ ; [27 deg ; 36 deg[} in one streamwise layer	{1027 ; 2189}
	Maximum expansion ratio	1.42
	Maximum y + on the blade {SS ; PS}	{1.47 ; 1.14}
	Number of nodes around the blade	361
	Number of nodes on the blade SS	256

Table 6 .

 6 13.: TX LPT blade working conditions at the natural freestream turbulence intensity

	Blade	TX
	Ψ	0.95
	g/c	N/A
	Loading	Aft
	D R	0.50
	M2,is	0.6
	Re2,is (×10 3 )	[22 ; 103]
	T u l.e. (%)	0.9
	Ret	[8.1 ; 40.9]
	Facility	S1
	6.6.1. TX LPT blade test case: Natural freestream turbulence
	intensity (0.9%)	

  It was observed that with increasing Mach number, all experiments indicate that the transition onset shifts downstream at any given turbulence level. This correlation (equation 7.3) is suggested by R. Narasimha, cited by Steelant and Dick[START_REF] Steelant | Modeling of Laminar-Turbulent Transition for High Freestream Turbulence[END_REF], and features a correlation of Steelant and Dick[START_REF] Steelant | Modeling of Laminar-Turbulent Transition for High Freestream Turbulence[END_REF] (equation 7.4).The T106C blade features a separation bubble at low isentropic outlet Reynolds numbers (at least up to Re 2,is = 120000). This evaluation was done only with the isentropic Mach number distribution (not presented here) as there was no wallshear stress information available. As a consequence, the pressure plateau visible from the isentropic Mach number distribution was considered as an illustration of the presence of a separation bubble, though they are most likely of the transitional separation bubble mode (see section 2.1.2.1) The predictions did not show a separation bubble except at Re 2,is = 80000 (not presented here).Thus, the evolution of the momentum thickness Reynolds number at transition onset in function of the isentropic outlet Reynolds number is represented in figure 7.20 with the aforementioned correlations of the literature. One can see that the Mayle correlation and the Abu-Ghannam and Shaw correlation (for both pressure gradient conditions) predicts similar levels. Instead, the Hourmouziadis correlation predicts a higher level of momentum thickness Reynolds number whereas the Steelant and Dick correlation gives a lower level. When comparing the numerical predictions of the present work with the correlations of the literature, one can see that for the highest isentropic outlet Reynolds numbers (where there is more confidence about the by-pass transition type and the transitional separation bubble mode), the agreement is acceptable with the Mayle and Abu-Ghannam and Shaw correlations. Re 2,is ≤ 104000). The numerical investigations predicts a separation bubble up to Re 2,is = 58000 (not presented here). Figure7.21 still displays the aforementioned correlations of the literature. Again, the lowest isentropic outlet Reynolds number cases do not present the characteristics of a by-pass transition according to the numerical investigations and the isentropic outlet Reynolds number level. Instead, at the highest isentropic outlet Reynolds numbers, the momentum Figure 7.20.: T106C momentum thickness Reynolds number at transition onset (Re θ,onset ) through the Re 2,is range at T u l.e. = 3.2% Figure 7.21.: TX momentum thickness Reynolds number at transition onset (Re θ,onset ) through the Re 2,is range at T u l.e. = 3.2% thickness Reynolds number at transition onset tends towards the level of the Mayle and Abu-Ghannam and Shaw correlations.

		T106C -Tu l.e. = 3.2%		
		Re θt,comp = Re θt,incomp 1 + 0.38 • M 0.6	(7.3)
	Re θ,onset	Re θt,incomp = 0.664 400094 • T u -1.38 l.e.	-105254 • T u -7/8 l.e.	(7.4)
	Onset_Ret = TD 7.2.1. T106C LPT blade test case AGS (1980) -Reθ,onset = 192	
		AGS (1980) -Reθ,onset = 204	
		Mayle (1991)		
		Hourmouziadis (1989)	
		Steelant and Dick (2001)	
	7.2.2. TX LPT blade test case The TX blade was tested at a low isentropic outlet Reynolds number range 80000 100000 120000 140000 160000 180000 Re 2,is 20000 40000 60000 80000 100000 120000 140000 Re θ,onset Re 2,is TX -Tu l.e. = 3.2% Onset_Ret = TD AGS (1980) -Reθ,onset = 192 AGS (1980) -Reθ,onset = 204 Mayle (1991) Hourmouziadis (1989) (35000 ≤ 60000 Steelant and Dick (2001)

Table 8 .

 8 1.: T106C LPT blade overlapping mesh information

	Blade		T106C	
	Local roughness configuration	Straight FB	Straight FB (Long)	Cylindrical wire
	Number of {nodes ; cells} in one	{6765 ; 6560}	{7257 ; 7040}	{7093 ; 6880}
	streamwise layer			
	Minimum orthogonality (deg)	34.2	35.6	31.1
	Number of cells in orthogonality	3	1	46
	interval: [27 deg ; 36 deg[ in one			
	streamwise layer			
	Maximum expansion ratio	1.47	1.44	1.33
	Maximum y +	0.22	0.14	0.23
	Number of nodes in the stream-	165	177	173
	wise direction			
	Number of nodes in the perpen-	41	41	41
	dicular direction away from the			
	blade surface			
	Overlapping mesh upstream ex-	50.hr	50.hr	50.hr
	tension from the local roughness			
	Overlapping mesh downstream	100.hr	130.hr	100.hr
	extension from the local rough-			
	ness			

Table 8 .

 8 2.: T106C LPT blade working conditions at the natural freestream turbulence intensity and with the local roughness

	Blade	T106C
	Ψ	1.24
	g/c	0.95
	Loading	Aft
	D R	0.58
	M2,is	0.65
	Re2,is (×10 3 )	[80 ; 185]
	T u l.e. (%)	0.9
	Ret	[6.7 ; 16.4]
	Facility	S1
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Consequently, the evaluation and the investigation of the test cases, assessed in the CT2 facility where the turbulence intensity level is 3.5%, will not be discussed in this work as the predictions are not satisfactory for the aim of separation-induced transition.

wakes No Yes/No Yes/No Yes/No Yes/No Yes/No Yes/No No Yes/No Local roughness No No No No Yes/No

As already pointed out for the low turbulence intensity case, there is a separation bubble extending up to 50% of the pressure side curvilinear abscissa (this was assessed by the numerical wall shear stress, not presented here). Moreover, the transition process is hastened by this separation phenomenon associated to the concave surface of the pressure side. At Re 2,is = 30000, the agreement between the numerical prediction and the experimental result is good for both the wake profile and the outlet flow angle. The width and the depth of the wake are acceptable and the outlet flow angle profile is as expected in a wake. Only the wall-shear stress illustrates a minor difference even though the levels are still the same. That is why, one can conclude that the downstream extension does not influence the separation prediction as long as the separation bubble is mostly captured. 

Summary

This final chapter illustrates the investigation of passive control devices to improve the performance of HL-LPT blades at low isentropic outlet Reynolds number. The aim was to set a methodology to incorporate easily and with reliability a local roughness geometry in the CFD methodology presented in chapter 5.

The use of the Chimera technique coupled with the γ-Re θt transition model gives great confidence in the flow topology prediction around the obstacle and the prediction of the onset of transition, even though the transition model was not calibrated for local roughness-induced transition.

In addition to the methodology, the passive control devices seem promising for the reduction of losses but should be evaluated with other working condition parameters (extended Re 2,is range, different turbulence intensity levels representative of real machine environment, incoming wakes, ...).

this correlation constitutes the most comprehensive investigation of LPT blades and is still a reliable frame for further investigations and extensions. That is why investigations on more loaded LPT blades would be of interest in order to cover the laminar separation region that was not addressed in their work.

Appendix A.

Evaluation of the γ-Re θt transition model: Additional LPT blade test cases

In addition to the test cases presented in chapter 6, three other LPT blades were studied in the CT2 facility (TD, TF and TG). These blades were investigated with similar conditions as the HIVK HS (see section 6.5) by the same experimentalists. Consequently, the comment on the offsets present in both the kinetic losses and the outlet flow angle are still seen for the TD, TF and TG blades [4]. These blades were designed to operate with the same velocity triangulation, outlet Mach number and for a nominal Reynolds number of 190000 [START_REF] Coton | Unsteady Wake-Boundary Layer Interaction on Advanced High Lift Low Pressure Turbine Airfoils[END_REF]. However, their pitch-to-chord ratio was gradually increased from the TD blade to the TG blade. Consequently, the profile losses are expected to increase in association to detrimental separation.

In order to get more insight at the separation/transition phenomenon occurring at low Re 2,is , the numerical investigations were extended towards low Re 2,is (80000 and 140000). Indeed, it helps understanding the influence of the separation bubble on the kinetic losses and on the outlet flow angle. The kinetic losses and the outlet flow angle are non-dimensionalised with respect to the experimental value at Re 2,is = 650000. The heat transfer coefficient distributions on the suction side do not exhibit the ordinate for confidentiality reasons imposed by the industrial partner. For each blade, the heat transfer coefficient distribution at two isentropic outlet Reynolds numbers are provided (650000 and 190000). What is more of interest in the present work is the separation effect on the transition process. That is why, the trends of the plots are sufficient for the present analysis.

A.1. TD LPT blade test case

The TD blade is the less loaded of the three aforementioned blades. In the database, this blade is characterised by a low Zweifel loading coefficient with a mild diffusion (see table 3.1). The mesh information is provided in table A.1.

The TD blade was assessed at the natural freestream turbulence intensity of the facility as well as at a higher turbulence intensity generated by a grid (3.5%). However, it turned out that the high turbulence intensity predictions did not The numerical predictions of the kinetic losses (see figure A.1) present a good agreement with the measurements and particularly when using the Re t = 0.01 approach. Indeed, this trend follows the increase of the kinetic losses at low isentropic outlet Reynolds numbers as depicted by the experimental results.

Concerning the outlet flow angle (see figure A.2), the numerical predictions show a slight reduction of the turning at low Re 2,is (around 0.5 degree). Instead, the experimental outlet flow angle illustrates a slight increase of the turning at low Re 2,is (around 0.5 degree as well). This behaviour is not really expected. However, one has to remind that the angle measurement uncertainty is a bit more than 0.5 separation is expected. Moreover, the level of the minimum heat transfer coefficient (at s/s 0 = 0.66) is still high to conclude on the absence of separation. Instead, the Re 2,is = 190000 features a lower minimum heat transfer coefficient level (at s/s 0 = 0.71) and an inflectional point close to the minimum heat transfer coefficient that allow to conclude on the presence of a separation. In contrast, the Re t = T D approach predicts level of heat transfer coefficient similar to the experimental results but does not predict any separation (from the investigation of the numerical prediction of the wall-shear stress, not presented here). In addition, the level of the heat transfer coefficient for the Re t = 0.01 approach in the aft part has not recovered as the level of the experimental results whereas the Re t = T D approach has recovered. This is due to the massive separation (for Re 2,is = 190000) and long bubble extension (for Re 2,is = 650000) predicted by the Re t = 0.01 approach.

A.2. TF LPT blade test case

The TF blade has a mid Zweifel loading coefficient with a mild diffusion (see table 3 

A.3. TG LPT blade test case

The TG blade has a high Zweifel loading coefficient with a strong diffusion (see table 3.1). The mesh information is provided in table A.5 and the working conditions at which the TG blade was evaluated are displayed in table A.6. The kinetic losses (see figure A.7) experience a strong increase at low Re 2,is . It is corroborated by the heat transfer coefficient at Re 2,is = 190000 where the separation position is moved upstream (at s/s 0 = 0.53) and the increase in h is smoother thereafter (see figure A.9). This latter fact may be an indication of a massive separation.

Concerning the outlet flow angle (see figure A.8), the experimental results show an increase of the turning from Re 2,is = 650000 to Re 2,is = 350000 and a decrease of the turning from Re 2,is = 350000 to Re 2,is = 190000. The variation is pretty small (around 1 degree). Again, one could consider this variation as a measurement