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AERO2023-35-DORNIER ROBUST AND EFFICIENT CFD SIMULATIONS OF THE ARL-SL19 SUPERSONIC CASCADE THROUGH ADAPTIVE MESH REFINEMENT

This paper presents an efficient adaptive mesh refinement method able to generate automatically high quality grids that allow accurate CFD simulations for supersonic turbomachinery flow configurations. The chosen test case is the well documented ARL-SL19 [10] supersonic cascade. First, a numerical error analysis and a validation against reference results are performed to quantify the reliability of the numerical method. The next part consists in studying two mesh adaptation approaches based on a shock sensor and another one based on wake and recirculation. The results are compared to those obtained with the one relying on the more global Mach number sensor. After defining a relevant adaptation strategy, a comparison is made of the different approaches performance. Finally, the shock and the turbulent features sensors are used simultaneously to find the best combination ratios.

INTRODUCTION

Supersonic flows in axial compressors and turbines produce complex shock structures between blades. On the one hand, these phenomena can induce strong pressure losses and flow separations. But on the other hand, a supersonic compressor can use faster rotors resulting in higher pressure ratios for each stage than its subsonic counterpart [START_REF] Kantrowitz | The supersonic axial-flow compressor[END_REF]. Consequently, for a given target compression ratio, less stages are necessary which makes the whole system smaller and generally lighter. The industry has been driven by this advantages to design mostly transonic and supersonic compressors. Nevertheless, developing blade geometries for supersonic compressors and turbines remains a challenge because small changes in the upstream flow field can have high impacts on the shock structures. Thus accurately resolving such flows where shocks can interact with each others or with viscous layers is mandatory. A major difficulty is that for complex geometries the shock patterns cannot be known a priori and generating a mesh density able to capture any flow topology possible would be computationally too expensive. According to the literature [START_REF] Alauzet | A decade of progress on anisotropic mesh adaptation for computational fluid dynamics[END_REF][1] [START_REF] Vivarelli | Efficient adjoint-based mesh adaptation applied toturbo-machinery flows[END_REF] [START_REF] Benard | Mesh adaptation for large-eddy simulations in complex geometries[END_REF], mesh adaptation appears to be one of the best strategies to reach both accurate results and computationally acceptable meshes. Hence the effort in the initial mesh generation process can be significantly reduced. This paper details an adaptive mesh refinement method to automatically generate grids in order to improve CFD calculation accuracy for the aforementioned supersonic turbomachinery flows. The adaptation uses existing feature based sensors and criteria gathered from the literature along with new ones conceived during this study. Besides, the mesh modification includes a remeshing phase based on an isotropic insertion of nodes by Cassioppée's [START_REF] Benoit | Cassiopee: A CFD pre-and post-processing tool[END_REF] tool : adaptCells. The performance of the adaptation process has been assessed on the well documented ARL-SL19 [START_REF] Fottner | Test cases for computation of internal flows in aero engine components[END_REF] supersonic cascade. This test case is representative of complex supersonic turbomachinery flow configurations. It features phenomena such as oblique and strong shocks, shock/shock and shock/boundary-layer interactions as well as induced separations and wakes.

In the first part the down-selected methods and test cases are presented. The second part focuses on assessing the reliability of the numerical methods with a numerical error study and a validation against experimental and CFD references. Then the impact of the main parameters of the adaptation process is investigated with a prescribed shock sensor. The resulting know-how is the used to compare the efficiency regarding the other sensors as well as a combination of the shock and turbulence based ones. Finally the main outcomes of our study are summarized and some perspective given for future work.

METHOD

2.1 ARL-SL19 configuration and numerical setup

Test case

The test case for this study is the ARL-SL19 supersonic cascade. This case has been conceived as a reference case for supersonic compressors cascades and has been tested in three different supersonic wind tunnels. The first test campaign was made by Detroit Diesel Allison (DDA) [START_REF] Fleeter | Experimental Investigation of a Supersonic Compressor Cascade[END_REF] in 1974 while the test campaigns at ONERA [START_REF] Fourmaux | Test results and theoretical investigation on the ARL 19 supersonic blade cascade[END_REF] and DFVLR [START_REF] Tweedt | Experimental investigation of the performance of a supersonic compressor cascade[END_REF] were made in 1984. Each of the test has been performed for slightly different flow conditions and a wide variety of data are available from them for validation:

• Inlet and outlet quantities of interest: Mach number, static pressure and incidence, allowing to compute the different turbomachinery quantities such as pressure ratio and deviation (see table 2).

• On blade pressure measurements at different locations on both suction and pressure sides. These data allow to compute and compare the isentropic Mach number at blade wall.

• Wake traverse measurements of total pressure, static pressure and incidence, downstream of the cascade.

Numerical setup

Domain For the numerical CFD study, the ARL-SL19 cascade has been considered to be composed of an infinite number of blades each of infinite length, this allows to consider by translation periodic boundary condition both span-wise and pitch-wise. Therefore, only the domain described in the following figure needs to be meshed for the numerical study. The computation is made 3D but the flow is assumed to be 2D, as in the numerical simulations which will be used for the validation process. During the mesh adaptation process no subdivisions is made in span direction, thus the cells counts will be reported by layer.

Blade Geometry

The blade geometry has been reconstructed using the list of suction and pressure side points coordinates given in [START_REF] Fottner | Test cases for computation of internal flows in aero engine components[END_REF] and closed at the leading and trailing edges by inserting tangent ellipses. Boundary conditions The flow is axially subsonic everywhere in the cascade at normal operating conditions therefore the boundary conditions used at inlet is a subsonic inflow condition, for this condition the tangential (along Y-axis) velocity stagnation pressure and stagnation enthalpy need to be set. For outlet a subsonic outflow is applied, it requires providing a static pressure constraint. Along the blade, viscous wall conditions are used and periodic conditions are set to the remaining boundaries. Finally, the main parameters to set the cascade operating condition are:

• The inlet tangential velocity (derived from the inlet Mach number and incidence) V 1y

• The outlet pressure P 2

Solver

The simulation were performed with RANS modelling using the elsA [START_REF] Cambier | The ONERA elsA CFD software : Input from research and feedback from industry[END_REF] finite volume and cell centered solver (ONERA-SAFRAN property). The turbulence model used is the negative Spalart-Allmaras [START_REF] Allmaras | Modifications and Clarifications for the Implementation of the Spalart-Allmaras Turbulence Model[END_REF] model, this choice has been driven by the good results reported by Piovesan [START_REF] Piovesan | Accurate 2-D modelling of transonic compressor cascade aerodynamics[END_REF] and Zhang [START_REF] Zhang | Investigation of hysteresis loop in thestarting process of supersonic cascade[END_REF] using this model. For the discretisation of the equations the Roe scheme [START_REF] Roe | Approximate Riemann solvers, parameter vectors, and difference schemes[END_REF] is used, since it creates minimal numerical dissipation it is consequently well suited for configurations with shocks.

The mesh adaptation strategy used in this paper works only on unstructured grids, therefore all the calculations are performed using elsA's unstructured capabilities.

Operating conditions

The test points from ONERA's [START_REF] Fourmaux | Resultats d'Essais à S5 CH d'une grille d'Aubes ARL[END_REF] campaign have been used in this study, since the authors had access to extended test data and to the actual blades used for the tests. Therefore, the standard point chosen is at M 1 = 1.66 and P 2 /P 1 = 1.95 (see figure 1). It will be used for the main part of this study. The wind tunnel measurement's uncertainty has been reported along with the data when it was available.

The flow field in the cascade for these operating conditions is represented on the figure 2.

Figure 2: Mach number contours trough the ARL-SL19 cascade, with features highlighted, on a fine mesh (2M elements/layer) An important network of shock waves can be observed in the ARL-SL19 cascade (dashed lines on figure 2). It features a detached shock at the leading edge of the profile spreading upstream for its upper part and reflecting on the other blades for its lower part. A strong shock is also visible on the pressure side interacting with: the leading edge shock reflections, the trailing edge shock and the pressure side boundary layer. Because of this shock's interaction with the boundary layer a recirculation area is formed on the pressure side (dotted lines on figure 2). Finally, a wake is created downstream of the blade and interacts with the shocks (dashed-dotted lines on figure 2).

To compare the results of this study with other CFD studies from the literature, a second test point at M 1 = 1.58 and P 2 /P 1 = 2.12 as been selected. For this test point the results are reported in several papers [START_REF] Piovesan | Accurate 2-D modelling of transonic compressor cascade aerodynamics[END_REF][21] [START_REF] Liu | A new method for rapid shock loss evaluation and reduction for the optimization design of a supersonic compressor cascade[END_REF].

Feature sensors

It has been seen in the previous section that a wide variety of features and interactions are present within the ARL-SL19 flow field. As the goal here is to use these features for the mesh adaptation process, a first step would be to identify sensor that can efficiently isolate one or several features from the flow field. After a bibliographic research and preliminary studies, three types of sensors have been selected: a sensors to detect shock waves, a sensor to detect recirculation area and wakes and a more generalist sensor that can detect all of these features at once. This selection of sensors aims to include most of the ARL-SL19 specific phenomena while providing a representative sample of the different sensors in the literature.

Shock sensor To detect and isolate shock waves and their interactions, the Lovely & Haimes [START_REF] Lovely | Shock detection from computational fluid dynamics results[END_REF] sensor has been used. This sensor is based on the pressure gradient and the Mach number vector (computed from the Mach number and the velocity vector). The idea here is not to detect the zones with strong pressure gradient, as it leads to the detection of unwanted features such as strong expansions. Instead, the goal is to compute the component of the Mach number vector tangent to the pressure gradient, which at a shock, is always normal to the shock. Therefore the computed Mach number is the Mach number normal to the shock which is known to always be greater than one upstream of the shock and lower than one downstream. Consequently any value of the Lovely & Haimes sensor close to one means that a shock wave is detected. In the original version of the sensor, the authors propose to scale the pressure gradient with its norm, however this method has shown to create singular values where the pressure variations are almost null. To avoid this problem the scal-ing have been replaced with the following:

θ lh = -→ ∇p ρ 1 ∆L - → V 2 . - → M (1) 
This is the final form of the Lovely & Haimes sensor that will be use in this study. While it does not preserve the full physical meaning of the original sensor it is still very efficient as it detects the zone where the pressure gradient is strong and where the Mach vector is mainly aligned with it.

Wakes and recirculation As RANS models are used in this study, the turbulence in the flow field is modelled by the equations of the chosen model, here the negative Spalart-Allmaras [START_REF] Allmaras | Modifications and Clarifications for the Implementation of the Spalart-Allmaras Turbulence Model[END_REF] model. Given that production of turbulence is especially high in zones with high vorticity and shear stress. It's possible to conceive a sensor, from the turbulence equation, dedicated to the second group of features present in the cascade: wakes and recirculation. To this end, the term of production of the pseudo viscosity equation has been used in this study, it can be written as follows:

θ pk = Cb1ρ ν Ω Ω = - → ω + ν (κ.dw) 2 f v2 (2) 
With Cb1 = 0.1355, κ = 0.41, Cv1 = 7.1 and f v2 a damping function.

This sensor can be computed for several other turbulence model such as Menter's [START_REF] Menter | Zonal Two Equation k-w Turbulence Models For Aerodynamic Flows[END_REF] using their specific turbulent production term. Or with the generalist approach featured in Driver and Seegmiler's [START_REF] Driver | Features of a reattaching turbulent shear layer in divergent channel flow[END_REF] work.

General sensor A generalist sensor for the ARL-SL19 should be able to detect at the same time the shocks, the recirculation bubble and the wake present in the cascade. As all of these features show significant velocity variations, a sensor based on velocity gradient should be relevant. Hence, the Mach number gradient has historically been used for this task. In this study, its norm will be considered to construct the following sensor:

θ ∇M = ∇M (3) 
It is important to note that this sensor tends to overdetect the strong gradients in boundary layers whereas these zones are known to be correctly refined in the normal to the wall direction for the initial mesh. Moreover, uneven refinement and strong size transition close to the wall can cause convergence issues and harm the quality of the solution. Therefore, it has been chosen to "protect" the boundary layers via a weighting of the sensor value by the smallest cell edge length. This way the thin cells in the boundary region wont be as much represented by the sensor. The authors are aware that this solution is not optimal because with the isotropic refinement used in this study it also prevents the refinements in the tangent to the wall direction whereas they aren't problematic and can highly improve the walls curvature definition.

Adaptation process

The iterative adaptation process used in this study is summarized by the following figure : The mesh adaptation is based on an isotropic insertion of nodes with Cassiopee's [START_REF] Benoit | Cassiopee: A CFD pre-and post-processing tool[END_REF] tools adaptCells. The tools is able to subdivide any given basic cell (parent) into a given number of equivalent new cells (children), see figure 4. As the grids resulting from this subdivision, when conformized, wont be fully hexahedral anymore, adaptCells uses a hierarchical representation of the grids to perform successive mesh adaptations. The tool performs smoothing when necessary to limit the strong size transition ratio induced by the adaptation. It is also able to perform directional refinement, which as been used here to prevent the insertion of new cells span wise. Finally, adaptCells is able to enforce coincidence at periodic interface by splitting the required opposites faces.

To transform the sensors values into integer subdivisions count for adaptCells, a quantile criteria has been used. It work by taking a given fraction (or quantile) of the For example choosing the 75 th percentile (or 3 rd quartile) will flag the 25% of cells having the highest values of sensor. As the parameter of the criteria can have a huge impact on the adaptation process, it will be studied in detail in section 4.

After the subdivision the resulting mesh is re-projected onto the high resolution geometry of the ARL-SL19 using Ael's Quantum mesh deformation tool. This step is mandatory to ensure that the resolution of wall curvatures is improved when the available number of points along them increases from the adaptation.

The final step of the adaptation is a prolongation of the solution of the parent cells to their children in order to create a good initialisation state for the next step.

Furthermore, at each step a convergence criterion is computed to determine if the adaptation loop should continue or not.

For this study, as the goal is to better understand how the adaptation process behaves no convergence criterion have been used, instead, the adaptation are all run until they either reach a prescribed number of adaptation iterations or a maximum number of elements per layer.

NUMERICAL UNCERTAINTY AND EXPERIMENTAL VALIDATION

The first step of this study has been to validate the numerical method used for the simulation of the ARL-SL19 cascade and to evaluate the solution sensitivity to the mesh.

Validation

For the validation part of the study, the results using a fine grid have been compared at the reference M 1 = 1.58, P 2 /P 1 = 2.12 test point with the data from Tweedt's testing [START_REF] Tweedt | Experimental investigation of the performance of a supersonic compressor cascade[END_REF] and with the numerical study of Piovesan [START_REF] Piovesan | Accurate 2-D modelling of transonic compressor cascade aerodynamics[END_REF] on the ARL-SL19 cascade. The first validation aims at showing that the numerical set-up can efficiently represents the flow field at the desired test point. While the second is done to ensure that the CFD results are coherent with the ones of Piovesan which have also been made with a Spalart-Allmaras model and a Roe scheme but with a purely 2D configuration. 12. From this study and from the CFD study of Piovesan [START_REF] Piovesan | Accurate 2-D modelling of transonic compressor cascade aerodynamics[END_REF] and the experimentation of Tweedt [START_REF] Tweedt | Experimental investigation of the performance of a supersonic compressor cascade[END_REF] On figure 5 a general good agreement between the results of this study and Piovesan's is found. Both feature the same small separation at 80% of chord on the suction side induced by the leading edge shock reflection and the separation on the pressure side due to the strong shock is also consistent.

Nevertheless, both CFD studies struggle to accurately represent the plateau of isentropic Mach number before the strong pressure side shock measured during Tweedt's experiment.

According to the results shown is this section, the numerical method seems to be accurate enough to give a good representation of the ARL-SL19 flow field at the desired test points. For the following part it has been decided, using the mesh sensitivity analysis, to start all the adaptation computations from the first grid and solution reported on figure 6 (5.10 3 elements per layer).

Numerical error and uncertainty

The procedure used in this paper for numerical error and uncertainty approximation is from Ec ¸a [START_REF] Ec | A procedure for the estimation of the numerical uncertainty of CFD calculations based on grid refinement studies[END_REF]. It relies on the following error formulation :

ε φ ≈ φ i -φ 0 = αh p i (4)
A fitting is performed on at least 4 grids to find the unknown parameters : φ 0 the approximated exact solution, p the observed order of grid convergence and α a constant. From these values, the numerical uncertainty can be computed (see equations ( 20) and ( 21) in Ec ¸a [START_REF] Ec | A procedure for the estimation of the numerical uncertainty of CFD calculations based on grid refinement studies[END_REF]). This method is especially interesting because it allows to perform the analysis with more than the minimum of four grids, therefore the estimation's quality can be improved from additional grids. Ec ¸a also gives a clear methodology to apply when the order of convergence of the method underlines poor convergence. To use this method two assumptions are made. First, the different grids must be in the "asymptotic range" then the grids must be geometrically similar in order to be representable by a single size parameter.

Two methods have been used and compared for this study, first adaptCells has been used to create a sequence of self similar fully refined grid. Then the authors manually created grids that match the cell count of the different grids of the previous sequence without isotropically refining the mesh. The main difference are that first cell height close to wall was not changed and that the refinement in the upstream and far downstream regions of the computational domain were limited.

For both of these methods the compression ratio has been computed at each step, along with its numerical error and uncertainty. Five steps have been made starting with a 5.10 3 elements by layer mesh and finishing with close to 2.10 6 elements by layer meshes as can be seen on figure 6. On this figure a good asymptotic convergence toward a compression ratio of 1.957 can be observed when the mesh size increases, with the self similar grids. The outlet pressure P 2 derives from the ratio P 2 /P 1 and the inlet pressure P 1 computed from the stagnation pressure and the inlet Mach number M 1 . In CFD, M 1 is not specified by user but results from the computation. Thus, any discrepancy in M 1 prediction results in a deviation on P 2 and leads to the small difference encountered. With the manual grids the static pressure ratio at the end is close to the one obtained before but the convergence is degraded by some overshooting made with the second and third grid. Therefore, the numerical error is higher resulting in noticeably more important numerical uncertainty even with the finest grids. This could be induced by lower mesh quality at important locations of the domain, or by the density of the mesh not being sufficient in those same key areas.

For computational time issues and considering the error level in static pressure ratio of the fourth isotropically refined grid, its cell count (4.10 5 elements per layer) is 

SENSOR BASED MESH ADAPTA-TION INVESTIGATION

The different sensors and parameters used in the adaptive mesh refinement procedure can have a huge impact on the flow solution. Therefore, to evaluate and improve the robustness of the method several parametric studies were performed. First, the impact of the quantile criterion on the adaptation using the Lovely& Haimes shock sensor was examined. Then, the performance of the different sensors were compared with a fixed quantile criterion. Finally, the efficiency of sensor combination was assessed by combining the Lovely& Haimes shock sensor with the turbulent production sensor in different proportions.

Influence of quantile on the adaptation

The choice of an adequate quantile criterion for adaptation is not an easy task, choosing a to low parameter could make the adaptation miss certain features. Whereas choosing a to high quantile parameter could make the adaptation inefficient. On the figure 7 the static pressure ratio evolution during the adaptation process has been plotted for eight different quantile criteria.

A strong link between the quantity of refinement done at each step and the intensity of the induced variation on the static pressure ratio is found. Except for the 95 th and 70 th criterion all the studied criteria induce a strong Figure 7: Error relative to reference on the static pressure ratio trough the ARL-SL19 cascade for several adaptation iterations. Using the Lovely & Haimes [START_REF] Lovely | Shock detection from computational fluid dynamics results[END_REF] shock sensor and a quantile type refinement criterion ranging from the 95 th to the 60 th augmentation of the static pressure ratio during the first adaptation iterations. During these steps the criterion converges significantly faster toward a final plateau than the reference isotropic refinement. During the adaptation process elements are added in regions that requires more refinement than the simple isotropic method can provide. The adaptation made with the 70 th quantile criterion does not follow the general trend observed earlier, indeed, it converges toward a final value between the 85 th and 80 th criteria's final value. Moreover, its initial convergence rate is lower than the others and it does not top out either. The figure 8 gives some more information to explain this difference. On the figure, one can see that during the adaptation the zones refined with each criterion are interlocked, the biggest quantile contain the smallest ones. Also, the zone refined during the later iterations of an adaptation process are generally contained inside zones that have already been refined. This behaviour is due to the nature of shocks, because they are infinitely thin discontinuities, the smaller the mesh gets through the shock, the stronger the gradients get. Therefore, if the shock sensor is not limited the refined zone is getting more and more focus on the exact locations of the shocks. Yet, the 70 th criterion does not follow this pattern. At both iterations 3 and 6 it can be observed that some of the zones refined with it (in yellow) are different than with the other criteria. The discrepancies in refinement area seems to appear on the suction side near the shock boundary layer interaction at 80% of the chord. Before this point the reflections of the leading edge shock are similar for all the criteria, but after, the resulting shock have a slight offset with the 70 th criterion. This difference directly impact the strong shock and all Figure 8: Refined zone evolution on the ARL-SL19 cascade for the quantile criterion ranging from the 95 th to the 60 th and for different adaptation steps. The refined zone are coloured by quantile value and nested from smaller quantile to bigger ones. the downstream shock structures. An observation of the refinement made in this zone shown on figure 9 underlines that with the criteria lower than the 70 th the boundary layer is not refined while with the ones greater than the 70 th the boundary layer is refined down to the wall uniformly. In contrast, with the 70 th criterion the refinement seems to stop inside the boundary layer, in the ten first layers of cells. The induced size transition between un-refined and refined regions in this area could explain the difference observed. Knowing that the shock and the boundary layer are highly coupled and that the mesh refinement near the wall has a strong impact on the boundary layer, it can induce a modification of the shock position. As a result, the protection of already well resolved boundary layers seems to be essential to the robustness of the adaptation process when using isotropic refinement as is done here.

Finally, there is a close proximity between the results with a 65 th and 60 th quantile criterion, thus increasing the quantity of refined cells more than that will be inefficient as it wont change the final solution significantly. It would be interesting for a future study to understand how the adaptation process can lead to value greater than the supposedly converged reference. 

Sensors performance comparison

To better understand how the specificities of each sensor influence their behaviour and performance, the three sensors have been compared using, for each, the best performing quantile criterion observed in the study. The resulting static pressure ratio evolution have been reported on figure 10. The static pressure ratio evolution during the adaptation, observed on figure 10 is very different from one sensor to an other. As seen in the previous section, the shock sensor allows a faster convergence of the static pressure ratio toward a final plateau than the isotropic solution. Meanwhile, using the Mach number gradient sensor does not result in such a strong asymptotic convergence on the static pressure ratio. With this sensor the quantity of interest first dips lower than its initial value for two iteration before slowly increasing toward the reference value. The static pressure ratio peaks three iterations before the end of the process and decreases for the last iterations. This behaviour on the first and last iterations is due to the shock system moving toward the leading edge of the blade and quitting the already refined zone. As for the first iterations, the decline observed at the end is likely to be followed by a new increase sequence when the adaptation "catches up" with the new position of the shocks. This phenomenons is due to the fact that the Mach number sensor is a global sensor, therefore is refines simultaneously several features. On the ARL-SL19 most of the feature are linked meaning that refining one of them will affect the others. Here, refining the recirculation area and wake will affect the position of the shocks, which themselves will affect the recirculation and wake. As a consequence, the adaptation process will oscillate around its final state before converging. In this case the approach chosen here could be improved. As no de-refinement is performed, the zones refined where the features are not located any-more remain, increasing the size of the successive meshes.

The turbulent production sensor does not seem to have any positive effect, when applied alone, on the static pressure ratio. Because, with this sensor, a decrease is observed at first followed by a re-increase and a plateau near the initial value. That is expected because the physics of the ARL-SL19 is dominated by the shocks, as a result not refining them limits the quality improvement that can be made. Nevertheless, the results obtained with the shock sensor show that refining only the shock isn't sufficient either to reach the reference solution.

Sensors combination

In the previous section it was concluded that neither the shock sensor nor the turbulence sensor alone is sufficient to reach the desired solution, therefore the combination of these two sensor was investigated in this part. Here, the zone flagged for refinement by each sensor is combined (by union) at each step. The goal of this part of the study is to find the best quantile criterion to apply to each sensor before the combination to get the most accurate results. To do so a parametric study has been made by combining both sensor with quantile criteria ranging from the 95 th to the 60 th (only the combinations creating a criterion greater or equal to the 60 th have been studied). The error relative to the reference value at the end of each adaptation have been reported on figure 11. It can be observed that the difference with the reference for the initial grid is close Figure 11: Relative difference between the static pressure ratio at the end of the simulation of combined Lovely & Haimes and turbulent production sensors and the reference simulation (on figure 6). For combinations of quantile parameter ranging between 95 th and 60 th for both sensors to 1.6%, this means that every adaptation resulting in a greater error value has ultimately worsen the simulation of the flow field, either because it converged toward a worse value or because it has not done enough iteration to fully converge. In contrast the adaptation featuring an error value lower to 1.6% have improved the representation of the flow filed. However, it doesn't mean that these adaptations were more efficient than the isotropic refinement. On the map the worse adaptations are mainly found for small quantile of the shock sensor but for all turbulence sensor's quantile value. This illustrate the strong important of shock resolution for the ARL-SL19, if none or to few refinement is done along the shocks the solution can't converge toward the value. Yet, the refinement of the recirculation and wake area isn't useless. The results show that the adaptations with only the shock sensor (horizontal axis) are not the ones with the lowest error. Indeed, coupling a high criterion for the shocks with a moderate criterion for the turbulence seems to give the best results. The adaptation allowing the reach the lowest error of the experience set, is the one made with a 75 th criterion for the shocks and a 85 th criterion for the turbulence. Generally, it seems that choosing a combination that allows for high number of total flagged cells with at least an 80 th shock criterion is the most efficient way of combining these two sensors. Strong refinements have some advantages for the robustness of the adaptation process. Because the mesh is usually refined further away from the features their movement is less likely to cause convergence rate issue. Besides, refining larger zones around the features has the side effect to allow the refinement of other nearby features that wouldn't have been refined otherwise. Moreover, refining faster the mesh ultimately means that less iteration are to be performed to reach a cell count target or a convergence criterion, meaning that the adaptation is likely to be less expensive. However there is also some drawbacks to this approach, as seen earlier refining far from the features can induce uneven refinement in the boundary layers and strong flow destabilisations.

Finally, one should keep in mind that the error measure provided in the study is not perfect, because it does not give any insight on convergence, a low value of error only means that the adaptation ended close to the reference value, but not that it converged toward this value. Also, because of the union made for the combination of criteria the map on figure 11 is not accurate: combining a 75 th criterion and a 85 th for example result in a refined zone smaller or equal to the zone refined by a 60 th criterion.

CONCLUSIONS AND PERSPEC-TIVES

A fully automated mesh adaptation process has been presented and applied to the ARL-SL19 supersonic cascade.

Once the numerical settings validated, a thorough convergence and error analysis have been carried out, providing insights on the most efficient and robust mesh adaptation strategy. First of all, a smooth geometric evolution of the cell size normal to the wall in the boundary layer seems to be play an important role. If this condition is not ensured in the key areas of the flow field such as shock/boundary-layer interaction and flow separations,the analysis of the quantities of interest have undergone significant alterations. Particular attention must be paid regarding the adaptation mechanism within the boundary layer. Then, when dealing with interacting features such as shock/boundary-layer interaction the efficiency of the adaptation process can be altered, reducing the order of convergence of the method and increasing the number of iterations needed. Being able to de-refine the mesh would be an interesting solution to keep the adaptation cost acceptable. Finally, combining sensors seemed to be a good practice to catch simultaneously several features. It has been observed that there can be an optimal combination of the sensors which required a lot of computational effort to be found. Further investigations would be necessary for a better understanding of this combination sensitivity with regard to the operating conditions. The methodologies and knowledge developed during this study is essential for future developments of adaptive mesh refinement, with a possible extension to the domain of parametric uncertainty. To do so the adaptation should prove to be robust enough to take into account the uncertainties when applied to different operating flow conditions.
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 5 Figure 5: Isentropic Mach Number along the ARL-SL19 blade for the test point at M 1 = 1.58, P 2 /P 1 = 2.12. From this study and from the CFD study of Piovesan[START_REF] Piovesan | Accurate 2-D modelling of transonic compressor cascade aerodynamics[END_REF] and the experimentation of Tweedt[START_REF] Tweedt | Experimental investigation of the performance of a supersonic compressor cascade[END_REF] 
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 6 Figure 6: Compression ratio and numerical uncertainty versus grids size for successive self similar grids and their equivalent in size manually made grids.The convergence order of the self similar grids is 1.67
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 9 Figure 9: Refinement differences in the inner boundary layer, on the suction side at 80% of chord
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 10 Figure 10: Error relative to reference on the static pressure ratio trough the ARL-SL19 cascade for several adaptation iterations. Using the Lovely & haimes [15] shock sensor, the Mach number gradient sensor and the turbulent production sensor. Respectively with quantile 75 th , 85 th and 75 th refinement criteria.

  

Table 2 :

 2 Experimental data from Fourmaux's testing[START_REF] Fottner | Test cases for computation of internal flows in aero engine components[END_REF][12] * Axial Velocity Density Ratio * * Total pressure loss

			The geometric configuration and ex-
	perimental quantities associated with this test point are
	reported in the following tables:
		Parameter	Value
		c	85.0 mm
		t	55.6 mm
		β s	146.93 •
	Table 1: Experimental parameters from Fourmaux's test-
	ing [10][12]		
	Inlet		Outlet
	M 1	1.66 ± 0.02 M 2	1.098 ± 0.02
	β 1	57.5 • ± 0.2 β 2	60.5 • ± 0.5
	AVDR * 1.057	ω * *	0.1363
			P 2 /P 1 1.95
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