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Introduction

Flow past high-lift low-pressure turbine (LPT) blades can be complex since phenomena like boundary layer separation and transition are often involved. These phenomena are sensitive to the upstream conditions: turbulence characteristics and intermittency held by upstream blade wakes; Reynolds (Re) and Mach number (Ma) effects, surface roughness, or incidence variations. The T106 LPT profile design is representative of a modern high-lift LPT and has been investigated experimentally in a linear cascade to study boundary layer transition/separation phenomena under different Re and upstream turbulence. This cascade is composed of 7 outlet guide vanes (OGVs) to promote a low discrepancy in the flow for the three central blades and lower side endwall effects. The high aspect ratio of the OGVs promotes a low influence of the secondary flows developing at hub and shroud on the midspan flow, and this mid-height section can be used to have insight into the midspan flow of industrial high-lift LPTs. Experimental test campaigns of the T106 blade profile were first investigated at relatively low Reynolds number Re = 5.18 × 10 4 (based on the inlet velocity and axial chord) with and without upstream translating cylinders which generate wakes upstream of the OGVs, mimicking upstream rotor row wakes [START_REF] Stadtmüller | Investigation of wake-induced transition on the LP turbine cascade T106A-EIZ[END_REF][START_REF] Stieger | Unsteady surface pressures due to wake-induced transition in a laminar separation bubble on a low-pressure cascade[END_REF].

The T106 LPT configuration was investigated numerically based on both direct numerical simulation (DNS) and large-eddy simulation (LES) [START_REF] Sagaut | Large Eddy Simulation for Incompressible Flows: An Introduction[END_REF]. Wang et al. [START_REF] Fei | Large eddy simulation of unsteady transitional flow on the low-pressure turbine blade[END_REF] studied without upstream wakes the suction side (SS) laminar flow boundary layer separation on the rear portion of the blade. The subsequent rolling up, transportation, reattachment and shedding processes of the SS separation bubble were described and the induced transition to a turbulent state of the boundary layer was attributed to a Kelvin-Helmholtz instability. With wakes upstream of the T106 profile, Michelassi et al. [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF] and Wissink [START_REF] Wissink | DNS of separating, low Reynolds number flow in a turbine cascade with incoming wakes[END_REF] observed that this SS separation bubble is periodically suppressed in the phases where the incoming wakes traveling into the inter-blade channel impinge the SS surface corresponding to a bypass transition of the SS boundary layer. This same configuration was also studied numerically at a higher Re = 1.48 × 10 5 which is more representative of LPTs and with a higher reduced velocity (defined as the ratio between the cylinder tangential velocity and flow inlet velocity) of the upstream wakes. Wu and Durbin [START_REF] Wu | Evidence of longitudinal vortices evolved from distorted wakes in a turbine passage[END_REF] and Michelassi et al. [START_REF] Michelassi | Large-Eddy Simulation of Flow Around Low-Pressure Turbine Blade with Incoming Wakes[END_REF] observed that the transition on the SS occurs near the leading edge (LE), but the flow then quickly relaminarizes. Toward the back of the blade, after 60% of the axial chord, an adverse streamwise pressure gradient again dominates, and the transition is promoted by turbulent spots formed near mid-chord to grow due to the incoming wakes leading to a fully turbulent region near the trailing edge (TE). The authors also evidenced the development of counter-rotating elongated and flow-aligned vortices developing close to the pressure side (PS) surface. Such vortices have also been observed in the low Re case [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF][START_REF] Wissink | DNS of separating, low Reynolds number flow in a turbine cascade with incoming wakes[END_REF].

The identification of these different flow structures is generally difficult due to their space-time evolution and turbulent processes often involved. Following the initial work from Lumley [START_REF] Lumley | Coherent structures in turbulence[END_REF] that identified and decomposed turbulent processes in simpler structures within a turbulent flow using the proper orthogonal decomposition (POD), Sarkar [START_REF] Sarkar | Identification of flow structures on a LP turbine blade due to periodic passing wakes[END_REF] applied this same tool to LES data of the T106 LPT with upstream wakes at Re = 1.6 × 10 5 . The author observed that the dominant POD modes (with the largest fluctuating energy) corresponded to the unstable shear layer roll-up and formation of large-scale vortex loops at the location where the migrating wakes interact with this separated boundary layer on the blade SS rear portion. Lengani et al. [START_REF] Lengani | Recognition of coherent structures in the boundary layer of a low-pressure-turbine blade for different free-stream turbulence intensity levels[END_REF][START_REF] Lengani | Accurate Estimation of Profile Losses and Analysis of Loss Generation Mechanisms in a Turbine Cascade[END_REF] used the POD method on experimental data of a high-lift LPT based on two orthogonal planes around the blade. At low freestream turbulence, the authors observed that the SS separation bubble does not reattach before the blade TE and that the generated vortex train triggers the von Karman vortices downstream of the TE. The spectral POD (SPOD) has been recently proposed as an additional tool to characterize the main structures of a turbulent flow. Compared to the POD, this approach provides some frequency information at which the phenomenon occurs and makes it possible to isolate several phenomena that could occur at a same frequency. The purpose of this paper is to investigate the capabilities of the SPOD method to characterize the global three-dimensional flow structures holding large energy disturbance in the T106 cascade domain for the low Re case (Re = 5.18 × 10 4 ) and the high Re case (Re = 1.48 × 10 5 ) with different upstream conditions (clean and upstream wakes). In particular, the SPOD can provide several POD modes at the same frequency that could help investigating synchronization processes occuring in the cascade (for example the incoming wake passing with the separation process on the blade SS). The analysis is thus based on a total of 4 cases. The input data to the SPOD corresponds to full three-dimensional solutions provided by LES simulations of these different cases. The SPOD is performed using the flow variables composing the energy disturbance balance as proposed by Chu [START_REF] Chu | On the energy transfer to small disturbances in fluid flow (Part I)[END_REF] and corresponding to the density, velocity, and temperature fluctuations.

Nomenclature

The paper is organized as follows: Sec. 2 introduces the configuration, experimental measurements, and the numerical setup; the SPOD algorithm and corresponding parameters used for the study are detailed in Sec. 3; the comparison of the numerical simulations with experimental data is presented in Sec. 4; Sec. 5 presents the large-scale flow characteristics for each case; at last, the analysis of the most energetic flow structures inducing large disturbances using SPOD is detailed in Sec. 6.

Configuration and numerical methods

The test case corresponds to an experimental LPT linear rig composed of seven rear-loaded OGVs with the main geometrical details provided in Tab. 1. The blade aspect ratio is 1.76, making the assumption of a nearly two-dimensional flow at mid-span reasonable. The pitch-to-chord ratio of 0.799 corresponds to a middle-loaded LPT blade design. The measurements from Stadtmüller and Fottner [START_REF] Stadtmüller | Investigation of wake-induced transition on the LP turbine cascade T106A-EIZ[END_REF] have been performed at a relatively low Re of 5.18 × 10 4 based on the inflow velocity in and the axial chord length . The isen- where FST stands for freestream turbulence and 5 for the Re.

The same geometry was also selected by Wu and Durbin [START_REF] Wu | Evidence of longitudinal vortices evolved from distorted wakes in a turbine passage[END_REF] for a DNS at a significantly larger Re of 1.48 × 10 5 with upstream wakes, an inlet flow angle of 37.7 deg, a wake-toblade pitch ratio of one and a tangential velocity corresponding to cyl / in = -1.204 more representative of LPT flow conditions. This case is also studied without and with upstream wakes (denoted respectively 0FST-14 and FST-14).

The nominal conditions for the low and high Re cases are gathered in Tab. 2. For the 0FST-5 and 0FST-14 cases, only one of the seven OGVs in the experiments (OGV domain) shown in Fig. 1 is simulated. For the FST-5 and FST-14 cases, the upstream block with either one (FST-14) or two translating cylinders (FST-5) is added to the OGV block representing a total of four LES simulations. All simulations enforce a no-slip boundary condition on the blade and on the upstream cylinders when considered. Periodic boundary conditions are applied on top and bottom surfaces using a spanwise size of ∕ = 0.15 based on the work from Wissink [START_REF] Wissink | DNS of separating, low Reynolds number flow in a turbine cascade with incoming wakes[END_REF] and Wu and Durbin [START_REF] Wu | Evidence of longitudinal vortices evolved from distorted wakes in a turbine passage[END_REF] and showing the independence of the computations from the size of this same computational domain for the FST-5 and FST-14 case respectively. This assumption has also been checked a posteriori by performing spanwise signal cross correlations (see App. A). Periodic boundary conditions are also applied on the lateral surfaces (see gray lines in Fig. 1) . Constant total pressure, total temperature and flow angles are imposed upstream of the OGV (0FST-5, OFST-14) or upstream of the translating cylinders (FST-5, FST-14). Static pressure is imposed 4 downstream of the OGV TE. The interface between the cylinder block and the OGV domain for the FST-5 and FST-14 cases is handled with a sliding interface [START_REF] Sáez-Mischlich | Assessment of LES Using Sliding Interfaces[END_REF]. The same mesh refinement around the OGV and cylinders has been applied for the different cases based on the most stringent case at Re = 1.48 × 10 5 .

The mesh is based on an O-4H topology for the cylinders and the OGV. The first off-wall point is set to Δ + ≤ 50, Δ + ≤ 1 and Δ + ≤ 25 [START_REF] Piomelli | Wall-layer models for large-eddy simulations[END_REF][START_REF] Gourdain | Large eddy simulation of flows in industrial compressors: a path from 2015 to 2035[END_REF][START_REF] Pichler | LES and RANS analysis of the endwall flow in a linear LPT cascade with variable inlet conditions, Part I: Flow and secondary vorticity fields[END_REF][START_REF] Tucker | Computation of unsteady turbomachinery flows: Part 2-LES and hybrids[END_REF] for the cylinder and Δ + ≤ 20, Δ + ≤ 1 and Δ + ≤ 10 for the OGV (see Fig. 2a for the wall resolution at FST-5 and Fig. 2b for FST-14). The mesh is composed of 20.0 × 10 6 cells for the OGV domain and 5.0 × 10 6 cells for the front cylinder row domain.

The LES are performed using the in-house IC 3 code [20] which solves the spatially filtered compressible Navier-Stokes equations for the conserved variables of mass, momentum, and total energy using a cell-centered finite volume formulation on unstructured hexahedral meshes. A fourth-order centered scheme is used for the convective discretization without any additional artificial dissipation to stabilize the solution, and an explicit third-order Runge-Kutta scheme is used for time advancement. One convective time period Δ = ∕ in is resolved using 50,000 time steps. A hundred convective time periods have been used to converge the flow field and an additional hundred convective periods of time have been simulated to extract the data for the SPOD. The subgridscales are modeled using the Vreman LES model [START_REF] Vreman | An eddy-viscosity subgrid-scale model for turbulent shear flow: Algebraic theory and applications[END_REF]. 
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SPOD algorithm

The SPOD method relies on discrete Fourier transform (DFT) and POD methods to extract the main energetic structures and their characteristic frequency in the flow field. The first versions of the SPOD method have been used to extract the coherent structures in a mixing layer by Glauser et al. [START_REF] Glauser | Coherent structures in the axisymmetric turbulent jet mixing layer[END_REF] and Delville et al. [START_REF] Delville | Examination of large-scale structures in a turbulent plane mixing layer. Part 1. Proper orthogonal decomposition[END_REF] and to reconstruct the global velocity field in a mixing layer by Citriniti et al. [START_REF] Citriniti | Reconstruction of the global velocity field in the axisymmetric mixing layer utilizing the proper orthogonal decomposition[END_REF]. The mathematical basis of the SPOD algorithm in its current and more widely used version using the Welch formulation has been introduced by Towne et al. [START_REF] Towne | Spectral proper orthogonal decomposition and its relationship to dynamic mode decomposition and resolvent analysis[END_REF] and Schmidt et al. [START_REF] Schmidt | Guide to spectral proper orthogonal decomposition[END_REF]. Its use is detailed in Schmidt et al. [START_REF] Schmidt | Guide to spectral proper orthogonal decomposition[END_REF] and applications to fluid flows is provided in Ghate et al. [START_REF] Ghate | Broadband reconstruction of inhomogeneous turbulence using spectral proper orthogonal decomposition and Gabor modes[END_REF], Abreu et al. [START_REF] Abreu | Spectral proper orthogonal decomposition and resolvent analysis of near-wall coherent structures in turbulent pipe flows[END_REF].

In the present study, the purpose is to analyze the energy contained in the disturbances of the flow field in a control volume as proposed by Chu [START_REF] Chu | On the energy transfer to small disturbances in fluid flow (Part I)[END_REF]:

= ∫ 1 2 ̄ 2 ′2 ̄ + 1 2 ̄ ′ ′ + 1 2 ̄ ′2 ̄ (1)
where c, , , , and are respectively the speed of sound, heat capacity ratio, constant volume heat capacity, density, velocity and temperature; . and .' denote respectively mean and fluctuating quantities. In addition to the storage of the velocity fluctuations corresponding to the contribution in the incompressible flow regime (turbulent ki-netic energy), this expression takes into account the fluctuating density ′ and temperature ′ related to compressible effects. This last contribution is expected to be low because the simulations are carried out at a relatively low Ma number (maximum Ma number of 0.4 on the suction side). The space-time signal of density, velocity and temperature [ ′ , ′ , ′ , ′ , ′ ] of respective size ( snap , dof ) where each column corresponds to a time snapshot of length the number of grid points ( dof ) of the three-dimensional solution is assembled in the block matrix ′ that can be written as:

′ = ⎛ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎜ ⎝ ′ 1,1 ⋯ ′ 1, snap ⋯ 0 ⋅ 0 ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ′ dof ,1 ⋯ ′ dof , snap ⋯ 0 ⋯ 0 ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 0 ⋯ 0 ⋯ ′ 1,1 ⋯ ′ 1, snap ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 0 ⋯ 0 ⋯ ′ dof ,1 ⋯ ′ 1, snap ⎞ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎟ ⎠ . ( 2 
)
For the present study, this choice corresponds to snap = 10,000 snapshots of the full 3D OGV simulation domain (without considering the upstream cylinder block for the FST-5 and FST-14 cases) with an extraction frequency corresponding to St = ∕ in = 138 and a total of 50 through-flow periods of time ( ∕ in ). The dataset is partitioned into smaller overlapping blocks, each of which represents an ensemble realization of the flow. This corresponds to a splitting of this initial matrix ′ into 18 blocks with 50% overlapping corresponding to 1,024 snapshots by block. A temporal DFT of each block is then calculated. To reduce spectral leakage, a Hanning window is used to smooth the discontinuities with a hypothetical next period. The frequency resolution corresponds to around ΔSt = 0.15. New data matrices denoted ̂ ′ are formed at the -th frequency by collecting all of the Fourier realizations of the different blocks at frequency . The auto-covariance matrix is built for each frequency obtained with the DFT yielding to:

̂ ′ = ( ̂ ′ ) ̂ ′ for ∈ [1, df t ]. (3) 
where is the weighting matrix used to ensure compliance with the energy disturbance defined in Eq.( 1). This block matrix can be written as [START_REF] Schmidt | Guide to spectral proper orthogonal decomposition[END_REF]:

= 1 2 d ⎡ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ ̄ 2 ̄ ̄ ̄ ̄ ̄ ̄ ⎤ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ (4) 
where accounts for the individual volume of each cell of the spatially discretized data. The POD treatment is then applied to the matrices ( ̂ ′ ) ∈[1, df t ] at each of the DFT frequencies. This requires the solution of the Fredholm eigenvalue problem for each frequency (which is equivalent to obtaining the singular value decomposition of the matrices

( ̂ ′ ) ∈[1, df t ] ): ∫  ′ Φ ( , , ) d d d = Φ ( , , ), ∈ [1, df t ] (5)
where ( , Φ ) are the -th eigenvalue and eigenfunction from the singular value decomposition of the matrix ̂ ′ at frequency . The eigenvalues and eigenvectors are sorted from higher to lower energy content yielding a total of block SPOD modes. The temporal functions of the POD treatment are obtained via the projection of the original fluctuating field ′ ∈ [ ′ , ′ , ′ , ′ , ′ ] at a fixed frequency onto the eigenvectors (Φ ) ∈[1, blocks ] :

( ) = ∫  ′ ( , , , )Φ ( , , )d d d , ( 6 
)
with the families (Φ ) ∈[1, blocks ] , ( ) ∈[1, blocks ] being distinct orthonormal basis. The SPOD treatment provides for each variables ′ , ′ , ′ , ′ , ′ , a set of frequencies , eigenvectors, eigenvalues, and temporal functions for each of these frequencies

( , , Φ , , , ) ( , )∈[1, df t ]×[1, blocks ] .
In the present study, the SPOD algorithm applied to one variable represents a processing RAM storage requirement of 2.5 TB for a CPU node that can handle until 3.0 TB of data. Due to this RAM limitation, the analysis cannot be performed on the five flow field variables simultaneously as presented in Eq.( 2) but is performed separately for each variable taking into account the normalization weight provided for each variable in the matrix W (see Eq.( 4)). Compared to the full matrix with five variables where only one eigenvalues spectrum is provided representing the total energy disturbance, one eigenvalues spectrum per variable is provided in the present case. It can be mentionned that the sum of all eigenvalues for the different variables alone (individual contributions to energy disturbance) cannot in general be equal to the sum of the eigenvalues in the spectrum considering the different variables altogether. Indeed, the choice of different variables may highlight different dynamics (such as separation, wake, Kelvin-Helmholtz instability, shear layer) and therefore an assumption that eigenvalues using different variables will be sorted in the same order is not guaranty. It is worth mentioning that when the SPOD algorithm is applied to the different variables altogether, the convergence of the SPOD modes is improved compared to the use of one variable at a time but the authors have paid attention to use a large number of temporal snapshots to reduce the possibility of not converged SPOD modes in the analysis.

Comparison against experimental data

Static pressure distribution around the OGV

For the low-Re cases (0FST-5 and FST-5), the pressure coefficient around the OGV is defined as:

,51,800 = ̄out ,inout [START_REF] Wu | Evidence of longitudinal vortices evolved from distorted wakes in a turbine passage[END_REF] where ̄ is the temporally-averaged static pressure around the OGV, t,in is the total pressure at the inlet of the domain and out is the exit static pressure. For the FST-5 case, t,in corresponds to the pressure downstream of the cylinder wakes to account for the total pressure reduction due to the cylinderinduced losses as proposed by Stadtmüller [START_REF] Stadtmüller | Investigation of wake-induced transition on the LP turbine cascade T106A-EIZ[END_REF] and applied by Michelassi et al. [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF]. For the high Re cases (0FST-14 and FST-14), the pressure coefficient around the OGV is defined as:

,148,000 = 2( ̄ -in ) in 2 in . ( 8 
)
Figure 3 shows the pressure distribution around the OGV for the 0FST-5 (a), FST-5 (b) and FST-14 (c) cases obtained with the present LES, previous DNS for comparison purposes and experimental data from Stadtmüller [START_REF] Stadtmüller | Investigation of wake-induced transition on the LP turbine cascade T106A-EIZ[END_REF]. For the 0FST-5 case, the DNS is the one performed by Ranjan et al. [START_REF] Ranjan | New insights from high-resolution compressible DNS studies on an LPT blade boundary layer[END_REF] with a compressible flow solver and 161 million grid points. For the FST-5 case, the DNS results are the one from Michelassi et al. [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF] performing the simulation with an incompressible flow solver over a 17 million grid points. For the FST-14 case, the DNS results are the ones from Wu and Durbin [START_REF] Wu | Evidence of longitudinal vortices evolved from distorted wakes in a turbine passage[END_REF] (incompressible flow solver and 57 million grid points).

In the 0FST-5 case, the LES is in good agreement with the DNS and experiments. Similarly to the DNS, the acceleration process on the SS close to the LE between ∕ = 0 and 0.3 is underpredicted by the LES compared to the experiments with a maximum discrepancy of around 3%. For the FST-5 case, on the PS, the LES is in good agreement with the experimental data. However, on the SS, similarly to what is observed in the DNS, the acceleration process is overpredicted until the throat at ∕ = 0.6 compared to the experiments. As stated by the DNS study of Michelassi et al. [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF], this excessive blade load could be linked to the too large inlet flow angle imposed (45.5 deg). The authors indicated that a value of 43.0 deg would provide a better agreement with the experiments. For the FST-14 case, on the PS, the LES is in good agreement with the DNS. On the SS, the acceleration process is underpredicted on the first part of the blade and the deceleration process is overpredicted downstream of the throat but the global agreement is good with a maximum discrepancy of around 2% with respect to the DNS.

Wake losses

The total pressure losses in the linear cascade are monitored for the FST-5 case using the kinetic loss coefficient , defined as:

= ,in -̄ ,out ,in -ref . ( 9 
)
The total pressure ̄ ,out is measured in a plane located at 0.4 downstream of the TE and ref corresponds to the reference exit static pressure. Figure 4 shows the corresponding pressure loss coefficient compared against experiments and DNS from Michelassi et al. [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF]. The LES matches well the experiments and DNS, although the main pressure loss is underpredicted by the LES and slightly overestimated away from the wake. 

Description of the actual flow field

Before to proceed with the SPOD analysis, the largescale flow characteristics for each case without upstream turbulence (0FST-5 and 0FST-14) are presented. Then the influence of the upstream wakes (FST-5 and FST-14) on the flow field is described.

0FST-5

In order to analyse the flow around the blade SS, the time-averaged skin friction coefficient

= w ∕(1∕2) in 2 in
for the different cases studied is shown in Fig. 5 where w represents the time-averaged shear stress at the wall. The sition where the streaklines converge can be considered as the boundary layer separation point that initiate the separation bubble and is marked in same Figure . The position of the boundary layer separation is observed to change in time and occurs between ∕ = 0.81 and ∕ = 0.90. Donwstream of the separation, the free shear in the separation bubble is unstable via the Kelvin-Helmholtz mechanism leading to full breakdown to turbulence and the boundary layer reattachment. This reattachment can be observed on the temporally-averaged friction coefficient that becomes positive close to the TE. On the PS, based on the iso Qcriterion shown in Fig. 6 right, elongated structures are generated close to the wall and released at the TE. As described by Wu and Durbin [START_REF] Wu | Evidence of longitudinal vortices evolved from distorted wakes in a turbine passage[END_REF] on this same T106 LPT blading at a higher Re and with upstream wakes (FST-14), beyond the stagnation point on the PS, circular vortex tubes are flattened against the blade surface and are stretched becoming elongated and flow-aligned structures.

0FST-14

For the 0FST-14 case, the time-averaged friction coefficient also cancels on the rear part of the blade SS ( ∕ = 0.85) characterizing a boundary layer separation.The streaklines on the blade SS for different instants over a flow-through period of time are shown in Fig. 8. The SS boundary layer separation occurs over a shorter axial extent with time (between / = 0.85 and / = 0.87) compared to the 0FST-5 case (between / = 0.81 and / = 0.90) and the minimum position of separation is increased / = 0.85 against / = 0.81 for the 0FST-5 case), this position of separation agreeing well with previous experiments and LES [START_REF] Raverdy | High-resolution largeeddy simulation of flow around low-pressure turbine blade[END_REF]. Downstream of the separation bubble, the boundary layer then reattaches before the TE.

FST-5

For the FST-5 case, the upstream wakes promote the timeaveraged friction coefficient to stay positive on the rear part of the blade SS (not cancelled as for the 0FST-5 case). This observation based on temporally-averaged data can be more precisely analyzed based on instantaneous snapshots of streaklines on the blade SS as shown in Fig. 9. Indeed, the boundary layer separation occurs closer to the TE between / = 0.83 and / = 0.96 or is even canceled in some phases compared to the 0FST-5 case. This can be also observed in Fig. 10 (top) showing two instantaneous iso Q-criterion (Q = 1.0 × 10 6 ) restricted to the OGV domain colored by the streamwise vorticity at different flow phases (positions of the upstream cylinders). The near-wall vortical structures on the SS are indeed observed to move depending on the position of the upstream cylinders. As decribed by Michelassi et al. [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF] and Wissink [START_REF] Wissink | DNS of separating, low Reynolds number flow in a turbine cascade with incoming wakes[END_REF], the impinging cylinder wakes on the blade SS in conjuction with the decelerated flow region on the rear part of the blade promote the boundary layer to be transitional and delay or even suppress the SS boundary layer separation observed without upstream wakes (0FST-5 case). In phases of reduced impinging wake, the boundary layer behaves similarly to the case without upstream wake: the boundary layer separates, rolls-up due to a Kelvin-Helmholtz instability and reattached becoming a turbulent boundary layer characterized by chaotic streaklines downstream of the separation bubble.

FST-14

For the FST-14 case, in a similar manner to the FST-5 case, the time-averaged friction coefficient is not cancelled on the rear part of the blade SS. Figure 11 shows instantaneous streaklines around the blade SS at different instants during a cylinder describing a full pitch ∕ cyl and position of the boundary layer separation when occurring. Similarly to the FST-5 case, the incoming cylinders wakes delay the separation bubble or even cancel it in some phases of the flow ( ∕ cyl = 0.1, 0.2, 0.3, 0.9, 1) because of the SS boundary layer transitional/turbulent state. This transition is indeed promoted by turbulent spots initially developing near mid-chord, that grow, and merge upstream of the TE leading to a fully turbulent region (bypass transition process) as detailed by Wu and Durbin [START_REF] Wu | Evidence of longitudinal vortices evolved from distorted wakes in a turbine passage[END_REF].

SPOD analysis 6.1. 0FST-5

The SPOD eigenvalues of the five (out of the eighteen) most energetic SPOD modes associated with the axial velocity fluctuations are shown in Fig. 12. The mode SPOD1 corresponds to the most energetic POD modes over all the frequencies considered in the DFT and the same sorting is applied to other SPOD modes where the global SPOD mode (corresponding for this variable to the total axial turbulent kinetic energy of the flow in the blade domain) to provide the relative contribution of each SPOD mode at each frequency to the axial turbulent kinetic energy balance. The amount of axial/vertical turbulent kinetic energy integrated over the blade domain for the different cases studied is gathered in Tab. 3. This quantity is normalized by the inlet kinetic energy 2 in . The spectrum of the mode SPOD1 is characterized by a broadband pattern over which peaks are superimposed. At the main peaks of SPOD1, a large discrepancy with the subsequent SPOD modes can be observed (generally between one and two order of magnitude lower for SPOD2). This observation indicates that no phenomena coexist at the same frequency with similar magnitudes, most part of the energy of these different phenomena being held by the mode SPOD1. For the broadband part of the spectrum, the difference in magnitude between the mode SPOD1 and SPOD2 is lower by a factor between 1 and 4. The same analysis conducted for the spanwise velocity fluctuations ′2 showed low eigenvalue magnitudes (low disturbance energy) indicating that the turbulent energy redistribution towards the spanwise fluctuations is relatively low and no coherent structures compared to the other variables in the balance of Eq.( 1). This is why this variable is not considered in this work analysis. The SPOD eigenvalues of the first most energetic mode SPOD1 associated with axial, tangential velocity, density and temperature fluctuations are shown in Fig. 13. In Tab. 3, the integration of the eigenvalues over the full frequency range for the axial, tangential velocity, density and temperature fluctuations shows that the axial velocity fluctuations induce 52.9% ( ′2 ∕ 2 in = 0.00422) of the total energy disturbance balance, 47.0% ( ′2 ∕ 2 in = 0.00374) for the tangential velocity fluctuations, 0.07% for the density fluctuations and 0.03% for the temperature fluctuations. This energy disturbance distribution between the different variables can be related to the relatively low Ma number that does not exceed 0.4 near the rear part of the SS and therefore, mainly the incompressible energy disturbance held by the velocity fluctuations induces large energy fluctuations. Despite the large ratio in amplitude between the fluctuations related to velocity and the ones from density and temperature, the different spectra exhibit the same peaks indicating that the main energetic phenomena (with large eigenvalues) occur at the same frequencies for the different variables. For the following operating points studied, the analysis will be restricted to the axial and tangential velocity disturbances. This choice is supported by the fact that the relative contribution to the energy disturbance balance of the density and temperature fluctuations is in the order of magnitude of 1% and these variables have been observed to be synchronized with axial and tangential velocity fluctuations in terms of characteristic frequencies.

The spatial structures corresponding to the most energetic global (three-dimensional) peaks of axial velocity fluctuations are shown in Fig. 14. The corresponding iso-contours are set arbitrarily to a value of 50% of the maximum value for the positive contour and 50% of the minimum value for the negative contour, this same value being applied for the different SPOD spatial structures shown in the present paper. Four main phenomena sorted in decreasing magnitude can be observed. At a frequency corresponding to St = 5.5, large structures released upstream of the TE related to the SS boundary layer separation process can be observed. As stated in Sec. 5, at this low Re and without upstream wakes, the adverse pressure gradient on this rear region of the OGV induces the laminar boundary layer to separate and promotes the pairing, gathering and splitting of vortical structures released on the SS as described by Wang et al. [START_REF] Fei | Large eddy simulation of unsteady transitional flow on the low-pressure turbine blade[END_REF] and denoted SB for separation bubble in the following analysis. These structures appear to be periodically released on the rear portion of the OGV SS and 6 harmonics of this phenomenon are visible on the frequency range considered (SB in Fig. 13).

The main harmonic at St = 5.5 releases large scale structures. The subsequent harmonics at St = 11, 16.5, 22 have patterns with a lower spatial extent and a breakdown of the structures in two vortices of opposed phased at around 0.3 downstream of the TE. These structures are coherent over a large distance downstream of the TE corresponding to around two axial chord. Via the integration of the eigenvalues at the corresponding frequencies for the different variables, the energy disturbance contained in the separation bubble stands for around 4% of the total energy disturbance. At low frequency, between St = 2 and 3, the spatial structure of the SPOD1 mode identifies elongated structures on the PS released at the blade TE (see Fig. 14 center) that can be related to the structures depicted in Sec. 5 and shown in Fig. 6 right. The SPOD analysis indicates that these structures are generated periodically on the PS surface. This phenomenon stands for around 0.5% of the energy disturbances in the flow. Between each SS separation bubble harmonic, two main peaks can be observed. An example of the axial velocity fluctuations spatial structures associated with this peak at St = 7 is shown in Fig. 14 bottom. A synchronization/pairing process can be observed between the SS separation bubble structures generated on the rear region of the blade, traveling on the SS until the TE and the wake structures. This phenomenon can be related to the observations of Lengani et al. [START_REF] Lengani | Recognition of coherent structures in the boundary layer of a low-pressure-turbine blade for different free-stream turbulence intensity levels[END_REF] who showed in a high-lift LPT blade that when the SS separation bubble does not reattach before the blade TE, the generated vortex train triggers the von Karman vortices (wake) downstream of the TE. The underlying mechanism could be related to SS separation bubble structures of alternated vorticity traveling onto the TE that promote the detachment of the wake vortical structures due to the local alternated under and over-turning at the blade TE. These modes are referred to as separation bubble-wake interaction (SBWI) in the spectrum shown in Fig. 13. The present SPOD indicates that this process is made at frequencies shifted from the characteristic frequency of the SS separation bubble and is characterized by two main peaks in-between each harmonic of the SS separation bubble phenomenon. Finally, these different phenomena are superimposed over the broadband energy disturbance held by the turbulent wake initiated at the TE that induces disturbance levels over the full range of frequency corresponding to the wide range of turbulent length scales.

The SPOD spatial structures of SPOD1 corresponding to tangential velocity, at the frequency of the SS separation bubble (SB1) is shown in Fig. 15. The structures display similar patterns compared to the axial velocity fluctuations excepting that the structures are more largely stretched in the tangential direction.

0FST-14

The SPOD eigenvalues of the first most energetic SPOD mode (SPOD1) at each normalized frequency (St) associated with axial and tangential velocity fluctuations are shown in Fig. 16. The integration of the eigenvalues over the whole range of frequencies and POD modes for the axial and tangential velocity fluctuations shows that the axial velocity fluc- tuations induce 52.2% and 47.7% for the tangential velocity, this distribution being similar to the lower Re case where 52.9% of the disturbance energy was held by the axial velocity fluctuations and 47.0% for the tangential one. At this higher Re, the total amount of turbulent kinetic energy is lower (( ′2 + ′2 )∕ 2 in = 0.00395) compared to the 0FST-5 case (( ′2 + ′2 )∕ 2 in = 0.00796), corresponding to around two times less turbulent kinetic energy.

The spatial structures of the main peaks of SPOD1 for the axial velocity fluctuations are shown in Fig. 17. At low frequency around St = 2, the SPOD spatial structure shows the release of the pressure side elongated structures (PSES) (see Fig. 17 center right) at the blade TE. This phenomenon occurs at the same frequency as for the low Re case. The spatial structures associated with the three main peaks of SPOD1 at St = 12, 24, and 36 shown in the top left of Fig. 17 are observed to correspond to the SS separation bubble (SB) process. The characteristic frequency of the separation bubble and its harmonics is around twice as large in the 0FST-5 case (St = 5.5 for the main harmonic). This difference of characteristic Strouhal number between the two different Re cases has been checked to collapse when normalizing the Strouhal number with momentum thickness at the separation location rather than the axial chord length , this being in agreement with a previous study [START_REF] Mcauliffe | Transition mechanisms in separation bubbles under lowand elevated-freestream turbulence[END_REF].Compared to the 0FST-5 case, the SPOD1 axial and tangential velocity fluctuations spectra shown in Fig. 16 display a larger number of peaks out of the pressure side elongated structures and SS separation bubble. The spatial structure of one of these peaks at St = 13 is shown in Fig. 17 bottom. Similarly to the 0FST-5 case, this mode would be related to the triggering of the von Karman vortices downstream of the wake due to the SS separation bubble vortices traveling until the TE and downstream. The spatial structures associated with the other peaks have also been observed to have this same spatial arrangement and are related to this separation bubble-wake in- teraction process. Thus, compared to the low Re case where two main peaks related to this interaction process were observed between each harmonic of the SS separation bubble, at higher Re, the number of peaks is larger. The most energetic separation bubble-wake interaction modes are however mostly distributed around the harmonics of the SS separation bubble.

FST-5

The SPOD eigenvalues of the first most energetic SPOD mode (SPOD1) at each normalized frequency (St) associated with axial and tangential velocity fluctuations are shown in Fig. 18. Compared to the 0FST-5 case, the total turbulent kinetic energy is around 1.7 times larger for the FST-5 case (( ′2 + ′2 )∕ 2 in = 0.0136 against ( ′2 + ′2 )∕ 2 in = 0.0079 for the 0FST-5 case). This is related to the additional upstream wakes from the cylinder. Also, the relative contribution of the axial velocity fluctuations compared to the tangential velocity fluctuations contribution to the turbulent kinetic energy balance tends to increase with the upstream wakes (54.7% for the axial velocity fluctuations against 52.9% for the 0FST-5 case and 45.3% for the axial velocity fluctuations against 47.0% for the 0FST-5 case). Compared to the 0FST-5 case, the SS boundary layer separation process together with its harmonics at St = 5.5, 11, 16.5, 22 and the separation bubblewake interaction processes are not observed in the spectrum. This observation can be related to the suppression of the SS separation bubble caused by incoming wakes in some phases when the wakes traveling in the inter-blade channel impinge the SS surface as stated in Sec. 5. The first peaks of SPOD1 observed on the spectrum occur at 1 to 5 times the characteristic cylinder wake (CW) passing frequency upstream of the blade. The corresponding spatial structures of axial velocity fluctuations at the first cylinder wake passing frequencies are shown in Fig. 19. Upstream the blade LE, these modes are observed to be aligned with the cylinders wakes. Regarding the wake structures at the LE close to the PS, the wake structures mainly separate close to the blade LE. When it comes to the wake structures close to the LE on the SS, the structures are stretched by the acceleration process close to the LE. These structures progressively migrate closer to the SS due to the blade-to-blade pressure gradient. These wake structures are finally released downstream of the blade forming large rounded structures. According to the authors, the spatial structures associated with the cylinder wake passing frequencies display here the spatial distortion of the cylinder wakes in the inter-blade channel that are described in more detail in Michelassi et al. [START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF]. The ability of the SPOD to display the coherent structures and evolution of the cylinder wake shed vortices in the passage can be related to the POD step since this same property was already observed by Lengani et al. [START_REF] Lengani | Recognition of coherent structures in the boundary layer of a low-pressure-turbine blade for different free-stream turbulence intensity levels[END_REF] performing a POD analysis over a highlift LPT flow. The spectrum shown in Fig. 18 exhibits an amplification of some part of the broadband spectrum between St = 7 and 10 which is not observed for the cases without upstream wakes, the broadband part of the spectrum being held by the blade wake. The spatial structures of the three first peaks (in amplitude) in this frequency range are shown in Fig. 20 and denoted CWBWI for cylinder wake-blade wake interaction. Upstream of the blade LE, these modes are related to the cylinder wakes with structures nearly orthogonal to the main direction of the wakes and at a higher frequen- cies to small scale structures of the wake. Around the blade, these structures are mainly deviated towards the SS surface.

On the rear part of the blade SS, these structures from the cylinders wakes tend to form coherent structures near the SS surface and boundary layer. These characteristic frequencies have been compared against the expected amplified mode of the cylinder wake corresponding to St = ∕ rel. = 0.2, where rel is the relative velocity accounting for both the inlet velocity ( in ) and the translation velocity of the cylinder cyl . In terms of Strouhal number, this corresponds to St = 24 which is too high compared to the ones observed in the SPOD spectrum (between St = 7 and 10) to explain these amplified modes. According to the authors, based on the spatial arrangement of the SPOD structures near the SS, the underlying mechanism would be more probably related to a receptivity mechanism. Indeed, the upstream turbulent cylinder wakes structures periodically disturb the SS boundary layer. This disturbance can diffuse into the SS boundary layer and create perturbations (Klebanoff modes) charaterized by streamwise streaks of low-velocity fluid and grow along the blade up to a breakdown leading to a transition of the SS boundary layer as described in a previous study [START_REF] Coull | Unsteady boundary-layer transition in low-pressure turbines[END_REF]. The influence of the convection speeds (celerity rates) of the Klebanoff modes on the separation process has also been studied in several studies [START_REF] Coull | Unsteady boundary-layer transition in low-pressure turbines[END_REF][START_REF] Cui | Numerical Investigation of Contrasting Flow Physics in Different Zones of a High-Lift Low-Pressure Turbine Blade[END_REF][START_REF] Cui | Numerical Study of Purge and Secondary Flows in a Low-Pressure Turbine[END_REF]. In addition, it has been possible to observe part-span Kelvin Helmholtz rollers at transition location based on the SPOD spatial structures at the frequency of the separation bubble. As a consequence, based on this mechanism, upstream wakes can amplify some preferential modes (frequencies) of the SS boundary layer. These characteristic frequencies carried by the SS boundary layer are then also retrieved in the blade wake since coherent structures are also observed on the spatial arrangement of the SPOD modes at these same frequencies. This assumption would corroborates the works from Lengani et al. [START_REF] Lengani | On the receptivity of low-pressure turbine blades to external disturbances[END_REF] using DNS of a LPT with two different free stream turbulence intensity. Based on POD decompositions, temporal and spanwise correlations were used to identify the dominant temporal structures and spanwise wavelengths in the transition process over the SS. The authors showed that the that POD modes defining the LE and the inter-blade passage (most energetic mode) correlated with the coherent structures responsible for the transition, in particular the most amplified wavelength in the boundary layer and breakup events leading to transition.

FST-14

The SPOD eigenvalues of the first most energetic SPOD mode (SPOD1) at each normalized frequency (St) associated with axial and tangential velocity fluctuations are shown in Fig. 21. Similarly to the low Re cases without and with freestream turbulence, the upstream wakes increase the total amount of turbulent kinetic energy at the high Re case ( ′2 + ′2 )∕ 2 in = 0.0174 for FST-14 against ( ′2 + ′2 )∕ 2 in = 0.00395 for 0FST-14). Also, similarly to the cases without upstream wake, the increase of the Reynolds number decrease the total amount of turbulent kinetic energy in the domain ( ′2 + ′2 )∕ 2 in = 0.0174 for FST-14 against ( ′2 + ′2 )∕ 2 in = 0.0260 for the FST-5 case).

Similarly to the FST-5 case, the spectrum displays few main peaks at the cylinder passing frequency and its harmonics and an increase of the energy of the modes in the broadband part of the spectrum between St = 20 and 24. Also, in a same manner to the FST-5 case, the dominant modes are CW and CWBWI and the PSES also seems to be damped/suppressed that agrees with a previous study [START_REF] Cui | Numerical Study of Purge and Secondary Flows in a Low-Pressure Turbine[END_REF]. The spatial structures of axial velocity fluctuations corresponding to the cylinder passing frequency and its first harmonic are shown in Fig. 22. Similarly to the FST-5 case, the peaks correspond to the spatial evolution of the cylinder wake structures in the inter-blade channel. The spatial structures of the two first (most amplified) axial velocity fluctua- tions peaks in the frequency range corresponding to the amplified portion of the broadband contribution are shown in Fig. 23. Similarly to the FST-5 case, upstream of the blade LE, these modes are related to the cylinder wake with structures nearly orthogonal to the cylinder wake direction and, at higher frequencies, to small scale structures. These structures impinge the SS surface and coherent structures can be seen to develop in the SS boundary layer, promoting the possibility of a receptivity mechanism already observed on the FST-5 case. Compared to the FST-5 case, the frequency at which the boundary layer and the blade wake are excited is larger corresponding to a frequency between St = 20 and 24 (while between St = 7 and 10 for the FST-5 case).

Conclusion

The LES of the T106 low-pressure turbine has been performed for two Reynolds numbers of 5.18 × 10 4 and 1.48 × 10 5 without and with upstream wakes, and shows a good agreement with previous experimental/DNS data available.

The Spectral Proper Orthogonal algorithm has been applied to the three-dimensional space-time data of the LES based on an energy disturbance norm. Without upstream wakes, for the low Reynolds number case, the main flow structures holding large energy disturbance are the suction side separation bubble, the elongated pressure side vortices released at the blade trailing edge and the triggering/interaction of the suction side separation bubble structures with the developing wake structures at the trailing edge made at singular frequencies (tones). At a higher Reynolds number, the same phenomena are observed. However, the suction side separation bubble process occurs at a higher frequency, and a larger number of separation bubble-blade wake interaction modes are observed compared to the low-Reynolds number case. When considering the upstream wakes in the low-Reynolds number case, the suction side separation bubble roll-up is not observed. The main structures observed correspond to the cylinder wake and their distortion in the inter-blade channel. Also, the turbulent structures of the wake have higher velocity disturbances over a reduced frequency bandwidth between Strouhal number St = 7-10. This amplification corresponds to turbulent structures from the turbulent cylinder wake, migrating close to the blade suction side in the interblade channel, amplifying some modes of the suction side boundary layer that can be related to a receptivity mechanism and downstream triggering/inducing the developing wake turbulent structures at the trailing edge. At a higher Reynolds number, this same process is observed at larger frequencies between St = 20 and 24. 

A. Domain size in the spanwise direction and imposed periodic boundary conditions

In order to check that the length of the domain in the spanwise direction is large enough to impose periodic boundary conditions, spanwise two-point correlations are used. A set of probes aligned with the spanwise direction and at same abscissa (0.5 downstream of the TE in the wake) is used to draw the cross correlation for the axial , tangential , and normal velocity . This analysis is performed for the FST-14 case and has been checked to apply for other cases studied. Figure 24 shows the cross-correlation in the spanwise direction for these different velocity components. The different components of the cross correlation fall off to zero values for a distance between probes larger than 0.07 ∕ for the different components of the correlation while the computational domain has a spanwise extent of 0.15 ∕ . In the spanwise direction, this observation supports a computational domain width sufficiently large to have coherent structures without forcing due to the periodic boundary conditions applied.
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 1 Figure 1: Simulation domain. For the FST-5 case, two moving cylinders per pitch are considered and one moving cylinder per pitch for the FST-14 case
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 2 Figure 2: Grid dimension at the OGV wall for the FST-5 (a) and FST-14 (b) LES simulations
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 3 Figure 3: Time averaged pressure coefficient around the OGV for the 0FST-5 (a), FST-5 (b) and FST-14 (c) cases
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 456 Figure 4: Kinetic loss coefficient 0.4 downstream of the TE for the FST-5 case
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 7 Figure 7: Instantaneous streaklines and friction coefficient around the blade SS at different flow-through period of time ∕ in and position of boundary layer separation, 0FST-5 case
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 8 Figure 8: nstantaneous streaklines and friction coefficient around the blade SS at different flow-through period of time ∕ in and position of boundary layer separation, 0FST-14 case

Figure 9 :

 9 Figure 9: nstantaneous streaklines and friction coefficient around the blade SS at different instants during a cylinder describing a full pitch ∕ cyl and position of boundary layer separation when occurring shown at the blade LE, FST-5 case

Figure 10 :

 10 Figure 10: Instantaenous iso Q-criterion (Q = 3.2 × 10 7 ) colored by the streamwise vorticity for two different positions of the upstream cylinders (left-right) for the FST-5 case (a) and FST-14 case (b)
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 1112 Figure 11: Instantaneous streaklines and friction coefficient around the blade SS at different instants during a cylinder describing a full pitch ∕ cyl and position of boundary layer separation indicated at the blade LE when occurring, FST-14

Figure 13 :

 13 Figure 13: SPOD1 eigenvalues as a function of frequency (St) based on the axial, transverse velocity, density and temperature fluctuations (most energetic phenomena highlighted), 0FST-5 case
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 14 Figure 14: SPOD1 spatial structures associated with the SS boundary layer separation (SB), PS elongated structures (PSES) and separation bubble-wake interaction (SBWI) for the axial velocity fluctuations, 0FST-5 case
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 15 Figure 15: Tangential velocity, density and temperature fluctuations SPOD1 spatial structures associated with the SS boundary layer separation (SB1), 0FST-5

Figure 16 :

 16 Figure 16: SPOD1 eigenvalues as a function of frequency (St) based on the axial and transverse velocity fluctuations (most energetic phenomena highlighted), 0FST-14

Figure 17 :

 17 Figure 17: SPOD1 spatial structures associated with the SS boundary layer separation (SB) PS elongated structures (PSES) and separation bubble-wake interaction (SBWI) for the axial velocity fluctuations, 0FST-14
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 1819 Figure 18: SPOD1 eigenvalues as a function of frequency (St) based on the axial and transverse velocity fluctuations, FST-5 (two different -axis are provided in terms of St and wake passing frequency, one wake passing frequency corresponds to St = 0.8)
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 20 Figure 20: Axial fluctuations SPOD1 spatial structures associated with the larger intensity peaks in the frequency range between St = 7 and 10, FST-5
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 2122 Figure 21: SPOD1 eigenvalues as a function of frequency (St) based on the axial and transverse velocity fluctuations, FST-14 (two different -axis are provided in terms of St and wake passing frequency, one wake passing frequency corresponds to St = 1.25)

Figure 23 :

 23 Figure 23: Axial fluctuations SPOD spatial structures associated with the larger intensity peaks in the frequency range between St = 20 and 24, FST-14

Figure 24 :

 24 Figure 24: Cross-correlation R along the blade span ∕ at 0.5 downstream of the blade TE, the full span is equal to ∕ = 0.15

Table 1

 1 Configuration details

	Cascade details	
	Inlet stagger angle [deg]	37.7
	Outlet stagger angle [deg]	63.2
	Axial cord / [-]	0.86
	Pitch ∕ [-]	0.799
	Cylinder diameter ∕ [-]	0.02
	Aspect ratio ℎ∕ [-]	1.76

tropic exit Ma is 0.4. The inlet and outlet stagger angles are 37.7 deg and 63.2 deg respectively with respect to the axial direction. The test rig allows simulating the effect of an upstream blade row by a moving cylinder wake generator with a cylinder diameter to blade chord ratio of ∕ = 0.01. As suggested by several Reynolds-averaged Navier-Stokes (RANS) simulations performed by Stadtmüller

[START_REF] Stadtmüller | A test case for the numerical investigation of wake passing effects on a highly loaded LP turbine cascade blade[END_REF] 

and following the boundary conditions imposed in previous LES and DNS by Michelassi et al.

[START_REF] Michelassi | Analysis of DNS and LES of Flow in a Low Pressure Turbine Cascade with Incoming Wakes and Comparison with Experiments[END_REF]

, the actual inlet flow angle is not 37.7 deg as designed, but 45.5 deg. The wake pitch is half of the blade pitch , and the normalized tangential velocity is cyl / in = -0.41. The low Re case without and with upstream wakes are respectively denoted 0FST-5 and FST-5

Table 2

 2 Nominal conditions for the low and high Re cases

	0/FST-5	0/FST-14

Table 3

 3 Axial ( ′2 ) and vertical ( ′2 ) turbulent kinetic energy contained in the blade domain for the different cases

		0FST-5	0FST-14	FST-5	FST-14
	′2 ∕ 2 in ′2 ∕ 2 in	0.00422 0.00374	0.00207 0.00188	0.01257 0.00104	0.00460 0.00714
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