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Turbine blades are highly aerodynamically loaded, which leads to secondary flows in the vicinity of the hub/shroud walls. These secondary flows are the cause of significant aerodynamic losses in the turbine row, that need to be accurately predicted by the design engineer. Also, turbine rows operate in a flow with a high intensity of free-stream turbulence. Predicting such flows is quite challenging for RANS models that may lack accuracy. In the present work, a hybrid RANS/LES approach, named Zonal Detached Eddy Simulation, is assessed on a linear cascade of turbine blades submitted to a significant external turbulence. The selected configuration is the MAGPI configuration (Re=560 000) for which measurements are available downstream of the blades and on the blade walls. In this work, both the ZDES approach and the methodology for injecting turbulence are presented. The physical consistency of ZDES solutions is analysed and discussed. Finally, ZDES results are compared to the measurements and with a RANS solution: pressure losses maps downstream of the blade simulated with ZDES show a fair agreement with experiments both in shape and magnitude, while the RANS solution overestimates the pressure losses. The comparison of the pressure distribution on the blade wall near the lower wall (where secondary flows develop) exhibits also a better matching of the ZDES results with the measurements.

INTRODUCTION

Turbine blades are submitted to strong aerodynamic loads. This leads to strong pressure gradients at the vicinity of shroud walls generating secondary flows responsible for the main losses in a turbine row. These flows are three-dimensional, they generate a strong mixing of momentum with the main flow [START_REF] Cui | Numerical Investigation of Contrasting Flow Physics in Different Zones of a High-Lift Low-Pressure Turbine Blade[END_REF]). The prediction of the aerodynamic losses is a concern for the engineer who needs accurate methods to design high-performance and efficient machines. RANS methods are widely used in design cycle in industry, because they offer the best compromise between computational cost and accuracy. For such complex flows, the choice of the turbulence model remains delicate because of its strong influence on the results. Also, some turbulence models face difficulties for modeling large external turbulence rates. If not modelled, the turbulence can be partly resolved for a higher level of accuracy (Large Eddy Simulations approaches) but at the expense of a much larger computational cost. In turbine flows, Wall-Resolved LES (WRLES) is often prefered because the turbulence in the boundary layer is essentially resolved [START_REF] Fiore | Description of the flow in a linear cascade with an upstream cavity part 1: Influence of turbulence[END_REF]) and not modelled as in Wall-Modeled LES approaches. However, the numerical cost of WRLES is high because of the mesh required in the boundary layer. An alternative way is to resort to hybrid RANS/LES approaches, which solve the attached boundary layer with RANS while the rest is solved with LES. The mesh effort is reduced compared to WRLES, so does the numerical effort [START_REF] Tucker | Hybrid les approach for practical turbomachinery flows part i: Hierarchy and example simulations[END_REF]). This strategy is followed here using the Zonal Detached Eddy Simulation of [START_REF] Deck | Recent Improvements in the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF]. Yet, this approach has never been assessed on turbine configurations in which secondary flows and external turbulence are present. The configuration studied in this work is a linear cascade of a turbine from the EU project MAGPI. Measurements downstream of the cascade and on the blade walls are available and will be compared to the numerical results.

The present paper is organized as follows. First the configuration is presented as well as the secondary flow topology. Second, the numerical methodes are described: the Zonal Detached Eddy Simulation and the approach for injecting turbulent fluctuations to simulate the external turbulence in the computational domain. Third, the flow solutions are analysed to verify their consistency and the distribution of RANS/LES solving areas. Finally, the numerical results are compared to the measurements and discussed. The influence of the mesh on the numerical results is also discussed.

CONFIGURATION

Geometry and main flow features MAGPI (Main Annulus Gas Path Interactions) project is a European Commission funded project (2006)(2007)(2008)(2009)(2010)(2011). The project addressed the interactions between main gas path and secondary flow systems in commercial gas turbines. Experiments were performed on turbine disk rim and compressor manifold cavity heat transfer, hot gas ingestion, and spoiling effects of cooling air flow and their impact on turbine and compressor performance, as well as a reduction of secondary air losses. The experimental data was used for better understanding of the complex flow phenomena and improvements of platform and cavity design.

The MAGPI configuration investigated in the present work is a linear cascade composed of five nozzle guide vanes (NGV) installed at Karlsruhe University, Germany [START_REF] Schuler | Investigation of the Influence of Different Rim Seal Geometries in a Low-Pressure Turbine[END_REF]). The rig is set in an open circuit, which includes an upstream honeycomb settling chamber, a centrifugal blower, and a Venturi pipe to target desired inflow conditions. Upstream of the blade leading edge, the rim seal is included in a cavity module linked to the test-section allowing to set different rim seal designs. Purge flows of various mass flow rate are supplied to the cavity with a tangential component with respect to the span direction that mimic the driving effect of the rotor disk on the sealing flow in the cavity. The blade design represents a typical low-pressure turbine. In the present work, only the configuration without cavity is studied. Figure 1 gives an illustration of the test rig with the linear cascade and a summary of the main geometrical and flow features. 

Flow topology

In order to illustrate and better understand the general flow topology observed in the MAGPI configuration prior to analyzing in details the simulations, Figure 2 presents the main secondary flow structures in the inter-blade channel, obtained from a RANS simulation1 . For the sake of clarity, only half on the channel height is displayed. Firstly, the incoming lower wall boundary layer impinges the blade leading-edge (LE) creating a horseshoe vortex. In the suction side, this vortex is convected along the blade wall, labeled as 1b in Fig. 2-a. On the pressure side, this vortex becomes a passage vortex crossing the whole inter-blade channel, labeled as 1a in Fig. 2-a. This passage vortex is driven by the strong azimuthal pressure gradient due to the large turning of the flow in the channel and the low momentum of the flow at the lower wall. This passage vortex impacts the adjacent blade suction side and is then convected along the suction side, labelled as 2 in Fig. 2-b. Inspection of the friction map (not shown here for conciseness) shows that the interaction of the passage vortex with the suction side of the blade do not cause flow separation (independently of the turbulence model). Near the suction side of the blade, the passage vortex causes then, in its vicinity, the creation of another vortex rotating in the opposite direction (colored in red), visible in Fig. 2-b and Fig. 2-d. On the first half of the pressure side, a flow separation occurs near the lower wall, downstream of the start of the passage vortex. This flow separation is labelled as 3 in Fig. 2-c. Downstream of this flow separation, a second passage vortex is created and is convected again across the whole channel because of the azimuthal pressure gradient. Nevertheless, it does not interact with the adjacent blade as observed in Fig. 2-d and labelled as 3 but with its wake. Figure 2-d illustrates the two main vortices responsible for the main aerodynamic losses of the linear cascade: the vortex colored in blue is the passage vortex (coming from the horseshoe vortex and labelled as 1a in Fig. 2-a) while the vortex colored in red is induced by the passage vortex (1a) (see Fig. 2-b), usually called "wall vortex".

HYBRID RANS/LES APPROACH

The hybrid RANS/LES method used in this work is the Zonal Detached Eddy Simulation (ZDES) developed at ONERA. The reader is referred to [START_REF] Deck | Recent Improvements in the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF] for the complete formulaiton of ZDES, which main ideas are recalled herefater. This approach has been used with success to simulate a wide range of applications of industrial interest (aircraft, space launchers, jet flows and turbomachinery) . ZDES has three operating modes. It is important to bear in mind that modes 1 and 2 of ZDES belong to the so-called "natural Detached Eddy Simulation" approaches in which the whole attached boundary layers are treated in RANS and the freeshear flows are treated in LES. Conversely, mode 3 of ZDES is a Wall Modelled LES approach in which the outer part of attached boundary layers is resolved in LES while the inner part is treated in RANS.

In the present paper, the formulation ZDES mode 2 is applied to the whole computational domain. ZDES mode 2 provides an "automatic" operating option (referred to as mode 2 in the following) for which the switch between RANS and LES regions is dynamically set by the model. Indeed, the ZDES mode 2 was developed to deal with separations over smooth surfaces and works as a global RANS/LES approach where the model itself defines the RANS and DES areas, which makes the treatment of complex geometries straightforward for the user. To ensure that attached boundary layers are treated in RANS independently of the grid density, a shielding function f d is used. This function was defined in the framework of Delayed-DES (DDES) [START_REF] Spalart | A New Version of Detached-Eddy Simulation, Resistant to Ambiguous Grid Densities[END_REF]) to be equal to 0 in the boundary layer and 1 elsewhere:

f d = 1 -tanh (8r d ) 3 , r d = ν + ν U i,j U j,i κ 2 d 2 w (1)
where ν is the kinematic viscosity, U i,j is the velocity gradient and κ is the Karman constant.

The hybrid length scale for ZDES mode 2 then reads:

dII ZDES = d w -f d × max 0, d w -C DES ∆ II ZDES (2)
which ensures that dII ZDES = d w in attached boundary layers where f d = 0, i.e. the underlying RANS model (the SA model is used in this work) is forced in these areas. Conversely to DDES, the mode 2 of ZDES provides a specific definition of the subgrid length scale according to the flow resolution and a threshold value f d0 = 0.8 determined in [START_REF] Deck | Recent Improvements in the Zonal Detached Eddy Simulation (ZDES) Formulation[END_REF]. When f d < f d0 , dII ZDES = ∆ max (∆ max being the characteristic mesh length necessary to ensure the correct behaviour of f d ). When f d > f d0 , the subgrid length scale revolves to dII

ZDES = ∆ vol = 3 ∆ x ∆ y ∆ z .

MESH AND NUMERICAL PARAMETERS Mesh

Figure 3: Mesh used in the simulations. One point over two is shown in the illustration.

Figure 3 presents the mesh used in the simulations and the main mesh features. The computational domain contains a single channel blade. It extends to one axial chord upstream of the blade and three axial chords downstream of the blade. These choices allow the convection of the secondary flows up to at least two axial chords. Near the outlet boundary condition, a buffer area with large mesh cells was set. The largest mesh size is 11 mm. At the inlet boundary condition, flow quantities measured experimentally are imposed (pressure stagnation, temperature stagnation, velocity direction). All walls are treated with a no-slip adiabatic boundary condition. The total number of mesh cells is 13 millions. The RANS and ZDES simulations were performed on the same mesh.

Flow Solver and Numerical Parameters

The flow solver is the elsA software [START_REF] Cambier | The Onera elsA CFD Software: Input from Research and Feedback from Industry[END_REF]), owned by ONERA and Safran. This compressible flow solver is based on a cell centered finite volume technique and structured multiblock meshes. For the steady RANS computations, the time scheme used is a standard 1st order implicit Backward Euler and for the unsteady ZDES simulations, the time scheme is achieved by an implicit second order scheme based on a Newton algorithm. The timestep has been set to 3 × 10 -7 s. The choice was mainly driven by acoustic CFL number considerations and computational cost (the selected timestep is small enough to capture the turbulent structures at stake). It corresponds to a convective CFL number around 36 in the smallest cells in the boundary layer and of 0.1 for cells with the length of 1 mm. This timestep samples the convection time of a particle from the leading-edge to the trailing-edge (TE) of the blade by 7000. For each timestep, five sub-iterations are used in the inner-loop of the time scheme and the residuals decrease by one order of magnitude. The convective flux discretization is treated with the AUSM (Advection Upstream Splitting Method) scheme with a third order limiter. The turbulence model used in the RANS part of ZDES is the turbulence model from [START_REF] Spalart | A One-Equation Turbulence Model for Aerodynamic Flows[END_REF].

METHODS TO ACCOUNT FOR THE EXTERNAL TURBULENCE IN ZDES

Setting the correct inlet turbulence rate To account for the freestream turbulence, perturbations modeling this turbulence need to be injected at the inlet of the computational domain. Measurements indicate that the turbulence rate is roughly equal to 6% at the leading edge position. Upstream of the blade at a distance of at seven chords, the turbulence is generated by a grid composed of bars of 8 mm with an aperture of 25 mm. The turbulence impinging the blade is assumed to be homogeneous and isotropic.

According to [START_REF] Sagaut | Homogeneous Turbulence Dynamics[END_REF] and used by [START_REF] Fiore | Description of the flow in a linear cascade with an upstream cavity part 1: Influence of turbulence[END_REF], the time evolution of the turbulent kinetic energy can be written as:

k(t) = k(t 0 ) 1 + (C ϵ -1) t τ 0 -1 Cϵ-1 (3) 
with τ 0 = k(t 0 )/ϵ(t 0 ) and C ϵ = 1.92. The Taylor assumption is used to relate time and spatial evolution. It comes then using the relation x = u 0 t where u 0 is the mean velocity:

k(x) = k(x 0 ) 1 + (C ϵ -1) x u 0 τ 0 -1 Cϵ-1 (4)
with τ 0 = k(x 0 )/ϵ(x 0 ). The dissipation rate can be related to a turbulent length scale L t with the relation L t = C Lt k 3/2 /ϵ where C Lt = 0.4 [START_REF] Pope | Turbulent Flows[END_REF]).

For the present configuration, the velocity is equal to u 0 = 41.4 m/s., the flow angle α = 38 • . The distance between the inlet and the leading-edge of the blade (following the flowpath) is roughly 95 mm. Given that the uncertainties regarding the turbulent length scale for the upstream turbulence, two length scales were tested in the simulations: 8 mm and 4 mm. To meet the measured turbulence rate at the leading-edge position, the estimated turbulence rate imposed at the inlet based on Eq. 4 for turbulent length scales L = 8 mm and L = 4 mm are respectively 7% and 8.5%.

Methodology for injecting external turbulence

The methodology to account for external turbulence is based on the approach of [START_REF] Jarrin | Reconstruction of Turbulent Fluctuations for Hybrid RANS/LES Simulations using a Synthetic-Eddy Method[END_REF], named Synthetic Eddy Method (SEM). In order to generate an unsteady and turbulent velocity field at the inlet of the computational domain, the principle of SEM is to superimpose a large number of turbulent structures defined analytically by their velocity field over a mean velocity field provided by the user. Thus, the velocity field in each point of the inlet boundary condition u i is defined as follows:

u i (x, y, z, t) = U i + 1 √ N N k=1 ϵ k j A ij V B σ -3 T x -x k (t) σ T y -y k (t) σ T z -z k (t) σ i = 1, 2, 3
where:

• Provided data from the user are the mean velocity field U i , the Choleski decomposition of the targeted Reynolds tensor A ij and the length scales of the coherent structures σ.

• N , V B are respectively the number of structures and a control volume (computed automatically)

• ϵ k j : a random value equal to 1 or -1 • (x k (t), y k (t), z k (t)) are the coordinates of the turbulent structure k following an assumption of frozen turbulence

• T is a shape function for the coherent structures, defined as

T (x) = 3 2 (1 -|x|) if x < 1, it equals 0 otherwise.
For the present study, the Reynolds stress is assumed homogeneous and isotropic such as R ij = (T u × U 0 ) 2 × δ ij where T u is the turbulence rate, U 0 a reference velocity, δ ij the Kronecker symbol. After 15 time passages from LE to TE (i.e. 10 5 iterations), the mean mass flow rate and the mean forces are converged. Figure 4 presents the evolution of the magnitude of the instantaneous velocity over time on one numerical probe located at mid-span, at the center of the inter-blade channel and at the same axial position as the leading-edge of the blades. For conciseness, only the signal for ZDES with L = 8mm is shown. The red curve depicts the instantaneous velocity modulus signal whereas the green curve is the time-averaged quantities over a sliding window. The sliding window width is equal to ten time passages of a particle convected from the leading-edge to the trailing-edge of the blade. Both signals are normalized by the final time-averaged value: it gives direct access to the variation in percent of the signals.

RESULTS AND DISCUSSION OF THE ZDES SIMULATION Convergence

The time in abscissa is normalized by this time passage. Figure 4 shows the mean values are converged and varies less than a few percents over the periods. Figure 5 illustrates the injection in the inlet plane and the convection of the turbulent structures for two ZDES simulations with prescribed external turbulence. It enables to verify that the shape and size of turbulent structures at the inlet and their evolution through the computational domain are qualitatively correct. The purpose of injecting external turbulence is to reproduce the experimental conditions in which a turbulence rate of 6% was measured on the leading-edge plane of the cascade. Calculations of this turbulence rate from the simulations show that ZDES L = 8 mm and ZDES L = 4 mm actually reached a turbulence rate at the LE of 5.5% and 4.5% respectively. With the decaying turbulence law, the turbulence rate is slighty underestimated in the simulations compared to the measurements. Nevertheless, it remains quite significant and it is believed to have a noticeable influence on the results.

Convection of the injected turbulent structures

Behavior of the ZDES shielding function and analysis of the flow Analysis without external turbulence

The present ZDES formulation was never applied to a turbine configuration with secondary flows. As a validation step of the approach, the shielding function maps (indicating RANS or LES solving) are inspected. Figure 6-a presents a flow visualisation with secondary flows colored by the helicity (blue denotes counterclockwise rotation while red denotes clockwise rotation). Close-up views are shown in subfigures within Fig. 6-a. The same passage vortex labelled 1a and described in Fig. 2-a and a flow separation (also present in RANS) on the pressure side on the blade can be observed. On all subfigures in Fig. 6-a, a second color map is superimposed on a plane located at x = 0.2C x in which the shielding function field f d is displayed. Dark magenta color indicates that the area is solved with a RANS modeling, otherwise it is solved with LES. The dark magenta area nearby the wall indicate the presence of the boundary layer which is, as expected, treated in RANS; the rest of the domain is treated in LES. Locally, Fig. 6-b shows that the presence of the passage vortex nearby the lower wall and interacting with its boundary layer : this implies the boundary layer is no longer a canonical attached boundary layer in its upper part and for this reason, the method switches to a LES solving. This is a consistent behavior of the approach which automatically detects this kind of situation. In Eq. 1, the additional vorticity brought by the main vortex decreases the variable r d and modifies the value of the shielding function to 1 (LES solving). Same behavior was observed by Franc ¸ois et al. [2020] with tip vortices nearby a shroud wall on a fan. Fig. 6-a,b (bottom-right) shows that the flow separation is well solved in LES mode near the wall. This is also an expected feature of the approach. For conciseness, the colormap of the shielding function is shown only on one plane but additional analysis have demonstrated a relevant repartition of the RANS and LES solving area in the whole computational domain.

Effect of the external turbulence

The validation work is continued with the analysis of the effect of external turbulence on the RANS/LES areas. Using the same pattern as Fig. 6-b for shielding function visualisation, Fig. 6c,d presents ZDES with external turbulence for two turbulent length scales. Observations of the boundary layer on the lower wall show that the RANS area reduces due to the presence of the external turbulence. The presence of eddies give rise to strong velocity gradient at the border of the boundary layer. Compared to simulations without external turbulence, the variable r d becomes smaller and the model switches to LES in these part. This explains why the RANS area is smaller with external turbulence in ZDES simulations. This expected behavior is observed in the whole computational domain.

COMPARISON TO THE MEASUREMENTS AND RANS RESULTS

Pressure losses downstream of the blades Figure 7 presents stagnation pressure maps at a quarter-chord downstream of the cascade for the experimental data, a RANS simulation using the Spalart-Allmaras turbulence model and two ZDES simulations accounting for external turbulence with two turbulent length scales. In the same figure, another prediction using ZDES with a mesh of higher density (27 millions points) than the one presented in Fig. 3 is added. The convection of the passage vortex, described in Fig. 2, generates stagnation pressure losses at positions z/H ≈ 0.2 and z/H ≈ 0.8 on the channel height. The pressure losses due to the wake are also visible on the whole channel height at y/s ≈ 0. In the simulations, the RANS results with the SA turbulence model predicts a correct shape of the maps of losses but not their magnitude. Pressure losses are overestimated in both the wakes and the passage vortex where the ZDES results reproduces quite accurately the pressure losses maps, both in shape and magnitude. In a companion paper, Uncu et al. [2023] show similar overestimations of pressure losses with other turbulence models (relying on the Boussinesq approximation and a Reynolds Stress Model), although these discrepancies with measurements are somehow compensated when comparing the radial profiles of pressure losses due to the azimuthal average. In Fig. 7, a slight overestimation of the pressure losses can be observed compared to the measurements near the lower wall. Comparison of Fig. 7-c and Fig. 7-e show the predicted maps of pressure losses are almost identical with two different meshes. First, the RANS and ZDES results on mesh with 13 millions points (named M13) are compared. At mid-span, the results are identical between the three ZDES and match quite well with the measurements: the same under-estimation of the blade loading as RANS results is observed. This is an expected behavior of the method because at this channel height, the boundary layer remains attached and solved in RANS with ZDES. Also, the presence of external turbulence has no effect on the C p distribution for this blade height. At blade height of 4% and 6%, both ZDES results with external turbulence are very similar. Both show a significantly better agreement of the results with the measurements compared to RANS results and to ZDES without external turbulence. The results of the latter are quite similar to the RANS results. At blade height of 6%, the bump observed at a position of 60% chord in the measurements on the suction side is reproduced with the same intensity with ZDES but at a slightly more upstream position than in the measurements whereas the tested RANS model over-estimates this bump (such as the ZDES without external turbulence). Among the two ZDES accounting for external turbulence, the simulation using the turbulent length scale of 8mm (and having the closest turbulence rate to the measurements when meeting the blade leading-edge) is in closest agreement with experiments. At blade height of 4%, a bump is observed on the C p distribution with the RANS model while it is absent with the ZDES results with mesh M13. Figure 9 shows that the main reason of this discrepancy is the position of the low pressure area which is more distant (and of higher intensity) to the hub for the RANS model than for the ZDES results.

Wall pressure on blade

The results of a ZDES simulation on a refined mesh M27 are also plotted in Fig. 8 and Fig. 9, which provides some insights on the mesh sensitivity of the results. At h/H = 6% and h/H = 50%, the discrepancies between the two meshes are quite low as observed in Fig. 8. At h/H = 4%, the discrepancies between the two ZDES with different densities is as large as the ones with RANS results. Inspection of the pressure distribution on the whole suction side surfaces in Fig. 9 shows that the reason for this is again that the trajectory of the passage vortex along the suction side (identified by the low pressure area) is slightly different. The low pressure area is located closer to the hub surface for the simulation using the mesh of 27 millions points and intersect the isosurface at h/H = 4% whereas for the ZDES using the mesh of 13 millions points, it does not intersect this iso-surface. 

CONCLUSIONS

The present paper proposes an assessment of a hybrid RANS/LES approach, the Zonal Detached Eddy Simulation (ZDES), on the aerodynamic simulation of turbine flow with external turbulence on a linear cascade. The flow topology around turbine blades is quite complex because secondary flows are present and generate additional losses. Their prediction is important in an industrial design process. The ZDES results have shown that first, the approach works correctly on such flows with a consistent distribution between RANS and LES solving areas. Accounting for external turbulence with this approach for a turbomachinery flow was also new in this work and the flow analysis shows that the method behaves as expected. These observations increase the maturity of the approach for turbomachinery flows. Furthermore, the ZDES results presents a very good agreement with the experimental results on both the pressure losses map and on the pressure distribution on the blades. Regarding the last point, the comparison with the C p measurements must be done with care because the numerical predictions are strongly dependent of the trajectories of the secondary flows. Three major conclusions can be drawn from this work. First, accounting the external turbulence for this configuration significantly improves the results, especially for secondary flows. Second, the ZDES results provide better prediction results than RANS simulations using Spalart-Allmaras model. Third, the mesh influence study has revealed a low mesh sensitivity of the flow solution with two meshes. Future work will be dedicated to the simulation of this configuration with a cavity flow interacting with the main flow. 
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 1 Figure 1: Test rig of the MAGPI configuration from Schuler et al. [2011] (left) and main geometrical and flow features (right)

Figure 2 :

 2 Figure 2: Flow topology of the secondary flows from a RANS simulation illustrating the main flow physics of the MAGPI configuration. Blue and red colors indicate respectively counterclockwise and clockwise vortices with respect to the X-axis. Legend from (a) applies to figures b,c,d.
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 4 Figure 4: Instantaneous and time-averaged (10 periods) signal of the magnitude of the velocity over time iteration for the ZDES with turbulent length scale L = 8 mm.
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 5 Figure 5: Illustration of the turbulent structures (Q criterion colored by the axial momentum) for the ZDES for length scales (left) L = 8mm and (right) L = 4mm

  Fig. 6-b is identical to Fig. 6-a except the secondary flows isocontours have been removed for the better visualisation of the shielding function colormap.

Figure 6 :

 6 Figure 6: Plots of secondary flows with shielding function contour maps at plane x = 20% without external turbulence (a & b), with external turbulence (T u = 6%) and two turbulence length scales : (c) L = 8 mm , (d) L = 4 mm. Same legend applies for all the figures.

Figure 7 :

 7 Figure 7: Comparison of stagnation pressure map (P i -P i,amb ) at a quarter axial chord downstream of the cascade. P i,amb refers to the stagnation pressure at one axial chord upstream of the leading-edge of the cascade. MXX indicates the number of million cells in the mesh used.

Figure 8 :

 8 Figure 8: Pressure coefficients at h/H = 4% (left), h/H = 6% (center) and h/H = 50% (right) from ZDES

Figure 9 :

 9 Figure 9: Non-dimensionned time-averaged pressure on the suction side of the blade from RANS and ZDES simulations (Tu=6%,L = 8mm) using two mesh densities.
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the secondary flow topology does not vary much according to the turbulence model
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