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Description of the Flow in a Two-Stage Low-Pressure Turbine With Hub Cavities

In gas turbine, multi-stage row blading and technological effects can exhibit significant differences for the flow compared with isolated smooth blade rows. Upstream stages promote a non-uniform flow field at the inlet of the downstream rows that may have large effects on mixing or boundary layer transition processes. The rows of current turbines (and compressors) are already very closely spaced. Axial gaps between adjacent rows of approximately 1/4 to 1/2 of the axial blade chord are common practice. Future designs with higher loading and lower aspect ratios, i.e., fewer and bigger blades, and the ever present aim at minimizing engine length or compactness, will aggravate this condition even further. Interaction between cascade rows will therefore keep increasing and need to be taken into account in loss generation estimation. Also the cavities at hub platform induce purge flow blowing into main annulus and additional losses for the turbine. A robust method to account for the loss generated due to these different phenomena needs to be used. The notion of exergy (energy in the purpose to generate work) provides a general framework to deal with the different transfers of energy between the flow and the gas turbine. This study investigates the flow in a two-stage configuration representative of a low-pressure turbine including hub cavities based on large eddy simulation (LES). A description of the flow in the cavities, the main annulus, and at rim seal interface is proposed. The assessment of loss generated in the configuration is proposed based on an exergy analysis. The study of losses restricted to boundary layer contributions and secondary flows show the interaction processes of secondary vortices and wake generated in upstream rows on the flow in downstream rows.

Introduction

Numerical simulation has become an important tool for turbomachinery design process. Reynolds-averaged Navier-Stokes (RANS) multi-row simulations are widely used with mixing planes between rows [START_REF] Du | Validation of a Novel Mixing-Plane Method for Multistage Turbomachinery Steady Flow Analysis[END_REF]. Significant developments of non-reflecting mixing plane conditions [START_REF] Saxer | Quasi-Three-Dimensional Nonreflecting Boundary Conditions for Euler Equations Calculations[END_REF] promote the non-locality in space. However, wake and secondary flow effects on downstream rows as well as the azimuthally non-uniform blowing of cavity flow into the main annulus may be still challenging to capture with these approaches including in unsteady RANS [START_REF] O'mahoney | Large-Eddy Simulation of Rim Seal Ingestion[END_REF]. This last contribution emanates from the cooling requirements of the rotor disks under the main flow passage that induce additional losses by a blowing process of the cavity flow in the main annulus. The understanding of these effects is important since potential for further improvement in the turbomachine are still expected with the potential unsteady effects [START_REF] Lengani | Accurate Estimation of Profile Losses and Analysis of Loss Generation Mechanisms in a Turbine Cascade[END_REF], mixing processes due to non-uniformities, intermittent wakes [START_REF] Michelassi | Compressible Direct Numerical Simulation of Low-Pressure Turbines-Part II: Effect of Inflow Disturbances[END_REF], and interaction between the different blade rows [START_REF] Ramakrishnan | Multi-Blade Row Interactions in a Low Pressure Ratio Centrifugal Compressor Stage With a Vaned Diffuser[END_REF]. The interactions of wakes of upstream rows can have a strong impact on the stability and turbulent characteristic of the downstream blades boundary layers and endwall losses as experimentally studied by Steurer et al. [START_REF] Steurer | Effect of Endwall Boundary Layer Thickness on Losses in a LPT Cascade With Unsteady Wakes[END_REF] using upstream moving bars to generate wakes on a low-pressure turbine cascade. Also, the secondary flows developing in upstream passages can distort the inflow angle and secondary flow pattern in the downstream blade row as stated by Pullan [START_REF] Pullan | Secondary Flows and Loss Caused by Blade Row Interaction in a Turbine Stage[END_REF]. The effect of upstream wakes, secondary vortices, and purge flow was numerically studied by Cui and Tucker [START_REF] Cui | Numerical Study of Purge and Secondary Flows in a Low-Pressure Turbine[END_REF] on a low-pressure turbine blade with an upstream hub cavity and inflow conditions taking into account both secondary vortices and wake by a precursor simulation. The purge flow was shown to strengthen the endwall flow by increasing the penetration depth of the passage vortex and the deviation of the exit flow angle. Regions of high loss generation rate were identified at the corner between the suction surface and the endwall and where the endwall flow interacts with the boundary layer on the suction surface.

This paper investigates the flow field in a two-stage configuration with a Reynolds number and blade geometry representative of a low-pressure turbine including cavities at hub. The analysis is based on a large eddy simulation (LES) [START_REF] Sagaut | Large Eddy Simulation for Incompressible Flows: An Introduction[END_REF] with sliding interfaces. The assessment of loss generated in the configuration and the potential interaction between the different rows are made using an exergy formulation that takes into account the different transfers and transformation processes of energy between the flow and the lowpressure turbine. The first part of this paper introduces the configuration and the numerical setup. The simulation performed is then compared against experimental data available. Once validated, the numerical simulation is used to describe the physical mechanisms in the configuration from the cavity to the main annulus. Finally, the formulation based on exergy is used to assess the loss generated in the configuration and the interaction processes between the different blade rows.

Configuration and Numerical Methods

The configuration under investigation is an experimental facility representing a high-diameter two-stage low-pressure turbine setup in Darmstadt, Germany [START_REF] Schrewe | Experimental Investigation of the Interaction Between Purge and Main Annulus Flow Upstream of a Guide Vane in a Low Pressure Turbine[END_REF] (see Fig. 1). The primary air circuit of the test rig is driven by a compressor which is designed to provide a mainstream mass flowrate up to 15 kg/s at a pressure ratio of 1.55. The seal air is provided by an additional blower designed to provide a mass flow up to 4 kg/s and a pressure ratio up to 2.1. The temperature of the seal air is adjusted by a water driven air cooler. Figure 2 shows the general arrangement of the two-stage turbine including cavities under the hub platform. The rim seal at the interface between the different platforms are of axial overlapping designs. The axial distance along the test rig is expressed in terms of the first stator axial chord C x (see Fig. 2 top). The main rig characteristics are gathered for each row in Table 1 and for each stage in Table 2. The operating point is characterized by a main mass flowrate of 14 kg/s, a rotational speed of ω = 80 rad/s (760 round/min) and an expansion ratio of p tot,in /p out = 1.09.

For the present study, the simulation domain is composed of two nozzle guide vanes of the stator row 1, three blades of the rotor row 1, two nozzle guide vanes of the stator row 2, and three blades of the rotor row 2 (see Fig. 3). This configuration represents 15 • (1/24) of the full domain since the rig has been developed to enable this domain reduction based on the blade count. At the inlet (MP01 plane), the total pressure, total temperature, and velocity direction profiles (radial distribution without turbulence injection) are applied according to the experimental data. A non-rotating mass flow condition is applied at the bottom of the first hole to reach 0.5% of the mainstream flow at the rim seal interface 1 and a rotating mass flow condition at the bottom of the second hole to reach 0.4% of the main annulus flowrate. The temperature of the purge flow supplied in these two holes (c) is set at a value slightly lower than the mainstream (m) (T c /T m ≃ 0.95) similar to the experiments. The static pressure at the outlet of the domain located 1.5 chord lengths downstream of rotor 2 trailing edge is also provided by the experiments. All these conditions are coupled with a Navier-Stokes characteristics boundary condition [START_REF] Poinsot | Boundary Conditions for Direct Simulations of Compressible Viscous Flows[END_REF]. Periodic conditions are applied on the lateral sections (azimuthal direction) and walls are considered adiabatic.

The simulation has been performed using the unstructured in-house code A Very Big Project (AVBP) [START_REF] Schoenfeld | Steady and Unsteady Flow Simulations Using the Hybrid Flow Solver AVBP[END_REF]. The convective operator is discretized by the Lax-Wendroff scheme [START_REF] Lax | Hyperbolic Systems of Conservation Laws II[END_REF] (second-order accurate) and an explicit time advancement. The sub-grid scale model is the wall-adapting local eddy-viscosity [START_REF] Nicoud | Subgrid-Scale Stress Modelling Based on the Square of the Velocity Gradient Tensor[END_REF]. Two instances of AVBP (one for the static domain and the other for the rotating one) are coupled at interfaces between static and rotating domains. In each domain, an instance solves the filtered Navier-Stokes equations and a data exchange is performed by mean of a third-order interpolation at the interface under a synchronous process. This data exchange between instances is not conservative for mass and conservative variables but the discrepancy between two instances has been shown to be lower than 0.002% in gas turbine context [START_REF] Wang | An Overset Grid Method for Large Eddy Simulation of Turbomachinery Stages[END_REF]. The unstructured meshing approach uses a layer of 20 prisms in near-wall region around the different nozzle guide vanes/blades and tetrahedra fill the remaining domain. This initial mesh is composed of around 150 × 10 6 cells (LES150) and has been used to perform the numerical convergence, reach the operating point and perform a dozen of rotations of the gas turbine in order to converge the flow in the cavity. Indeed, the convergence rate in the cavity is slower than in the main annulus as stated in previous works [START_REF] Pogorelov | Large-Eddy Simulation of the Unsteady Full 3D Rim Seal Flow in a One-Stage Axial-Flow Turbine[END_REF][START_REF] Bridel-Bertomeu | Investigation of Unsteady Phenomena in Rotor/ Stator Cavities Using Large Eddy Simulation[END_REF][START_REF] Tang | Modélisation et analyse de l'interaction turbine HP-Anneau de roue[END_REF]. From this simulation, the viscous dissipation term τ ij (∂u i /∂x j ) where τ is the viscous stress tensor and u the velocity field, corresponding to the transformation of kinetic energy into heat contributing to loss has been extracted. From this quantity called "LIKE" (loss in kinetic energy) in the AVBP code (see Fig. 4 top), a metric has been built [START_REF] Daviller | A Mesh Adaptation Strategy to Predict Pressure Losses in LES of Swirled Flows[END_REF] and given as an input for the adaptative mesh refinement library called mmg3d [START_REF] Dapogny | Three-Dimensional Adaptive Domain Remeshing, Implicit Domain Meshing, and Applications to Free and Moving Boundary Problems[END_REF] of Institut National de Recherche en Informatique et Automatique (INRIA). In this metric, a constraint of no mesh coarsening is imposed and a refinement limitation of 0.4 the original characteristic length (tolerating a minimum volume around (0.4) 3 ≃ 1/16 the initial volume of the cell) is imposed to prevent the generation of very small cells that could strongly affect the explicit time-step. The mesh refinement technique is currently available only for tetrahedral elements. The prism layers, interface with tetrahedral and azimuthal boundary nodes have been frozen to keep prisms and periodic nodes. The adapted mesh shows refinement in wake regions of upstream stator 1, rotor 1, in the boundary layers and in the inter-stage honeycomb labyrinth between cavity 2 and 3 where losses are likely to occur (see Fig. 4 bottom). In addition, the mesh refinement technique was shown to provide a better quality mesh with improved skewness, smoothness, and aspect ratio compared with the initial mesh, which may reduce numerical issues. The tetrahedral mesh is finally glued back to the prisms and periodic nodes to provide a final mesh composed of around 380 × 10 6 cells (LES380). The mesh refinement in the near-wall region is provided in Fig. 5. On the hub endwall, y + 1 resolution can go up to 30 in the passage; therefore, a law of the wall treatment is applied. Around the blade, the use of prism layers enables to reach wall-resolved requirements in terms of wall-normal coordinate with y + 1 ≤ 1. In the transverse streamwise (x) and spanwise (z) directions, the mesh has been designed to fulfil recommendations for wall-resolved LES in nearwall region [START_REF] Gourdain | Large Eddy Simulation of Flows in Industrial Compressors: A Path From 2015 to 2035[END_REF][START_REF] Piomelli | Wall-Layer Models for Large-Eddy Simulations[END_REF][START_REF] Pichler | LES and RANS Analysis of the End-Wall Flow in a Linear LPT Cascade With Variable Inlet Conditions, Part I: Flow and Secondary Vorticity Fields[END_REF] leading to Δx + ≤ 120 and Δz + ≤ 40. The stretching ratio between the size of neighboring cells was set to 1.05 to ensure around 20 grid points in the viscous layer until y + 1 = 50. For each cavity, the wall resolution has been estimated a priori by δ cav = μ/ω √ that originates from the radius-independent

Ekman layer representative of this standalone model flow [START_REF] Bridel-Bertomeu | Investigation of Unsteady Phenomena in Rotor/ Stator Cavities Using Large Eddy Simulation[END_REF]. The wall resolution is checked a posteriori by calculating the wall-normal coordinate of the first off-wall grid point and remains located within the viscous sublayer even at large radius where the friction velocity is higher.

Experimental/Numerical Comparison

Static pressure taps are set up experimentally at 5, 20, and 50% span of the second stator. The flow field behind each row is also monitored by five hole probe measurements providing total pressure, temperature, and velocity direction (radial and tangential angles). The pressure coefficient around the stator 2 nozzle guide vane C p and the total pressure loss coefficient downstream of the different rows ζ are obtained based on the measurements

C p (x, z) = ptot,MP03 (z) -p NGV (x, z) ptot,MP03 (z) -pMP03 (z) (1) 
ζ(z) MP0(I) = ptot,MP0(I-1) (z) -ptot,MP0(I) (z) ptot,MP0(I-1) (z) -pMP0(I-1) (z) (2) 
where p NGV is the static pressure around the blade and the hat notation . indicates that the pressure are pitch-wise area averaged values. Subscript MPOI refers to the measurement plane I. Figure 6 shows the pressure coefficient around the nozzle guide vane of stator 2 at 5, 20, and 50% blade height. At midspan on the blade pressure side, the pressure coefficient is correctly predicted with a slowly varying pressure region between x/C x = 0.0 and 0.6. On the blade suction side, the pressure coefficient is in agreement with the experiments on the accelerating portion until x/C x = 0.7 but the simulation underpredicts the velocity decrease until the trailing edge on the diffusion portion (see Fig. 6(a)). Close to the hub at 5 and 20% span, the pressure coefficient obtained numerically is in agreement with the experiments on the blade pressure side. On the suction side, the pressure coefficient is underpredicted in the region of pressure decrease until x/C x = 0.7 with a maximum discrepancy of around 4% at 5% span, then the pressure increase is correctly predicted until the trailing edge (see Figs. 6(b) and 6(c)).

Figure 7 shows the one-dimensional total and static pressure evolution along the simulation domain including the experimental data available at measurements planes. The expansion process along the different rows shows a good agreement compared with the experiments with a decrease of static pressure at any rows while almost constant total pressure regions along the stator rows. Figure 8 shows the pressure loss coefficient downstream of the stator row 1, rotor 1, and stator row 2 for the adapted mesh (LES 380) and initial mesh (LES 150). For the adapted mesh, the spanwise pressure loss coefficient evolution is slightly overpredicted in the numerical simulation. The two main pressure loss peaks are at a similar radial position z/H = 0.1 and z/H = 0.85 (see Fig. 8(a)), where H is the height of the considered blade. Downstream of the rotor 1, the constant pressure loss region between z/H = 0.2 and z/H = 0.8 is in good agreement with the experiments except at z/H = 0.3 where the numerical simulation indicates additional losses. Close to the hub, the pressure loss is relatively well predicted. However, close to the shroud between z/H = 0.8 and 1, the pressure loss coefficient is underpredicted compared with the experiments in the region corresponding to the blade tip with a maximum discrepancy of around 8% (see Fig. 8(b)). Downstream of the stator row 2, the linear increase in the pressure loss coefficient between hub and z/H = 0.2 is not properly recovered by the numerical simulation. The loss peak at z/H = 0.35 is not predicted by the numerical simulation while the pressure peak at z/H = 0.6 is underpredicted by the simulation (see Fig. 8(c)). Close to the hub at z/H = 0.2, the experiments indicate a region of lower loss while the simulation show medium level of losses. More generally, it can be noticed that steeper pressure peaks can be observed in the experiments compared with the LES simulation that can be associated with coherent structures. However, as the flow has moved from upstream rows (stator and rotor one), more turbulence is generated mainly due to blade-row interaction and mixing would be better promoting a more uniform pressure distribution across span. This would indicate possible uncertainty in the experimental results. Also, since the corresponding measurement plane is notably closer to the downstream rotor two row compared with other measurement planes, the potential effect could affect the span pressure distribution. Despite this discrepancy downstream of the stator 2, the LES simulation shows a good agreement with experiments downstream of the first stator and rotor. Compared with the initial mesh, the adapted mesh shows a better estimate of the pressure loss coefficient downstream of the blade and the positions of the main loss peak. This observation promotes the use of adaptative mesh refinement based on a loss quantity metric to accurately predict pressure drop. Also, a Transactions of the ASME mesh dependency for the current adaptative mesh (380 × 10 6 cells) and refined mesh (550 × 10 6 cells) is proposed in Appendix A. The results promote a meshing convergence due to relatively low discrepancy between the current adaptative standard mesh and the refined one. From the relatively good agreement of the numerical simulation against experiment, the following analysis of the flow field is based on data extraction over two full rotations of the configuration.

The description is conducted in the three cavities under the main annulus, in the main annulus, and at the different rim seal interfaces between the cavities and the main annulus.

Flow Field in the Cavity

The radial and azimuthal velocity profiles in all three cavities is shown in Fig. 9 with the definition of axial, azimuthal and radial directions (x, θ, r) being provided in same figure. In addition, the same radial and azimuthal velocity profiles at mid cavity height are provided in Figs. 10 and 11. These profiles have been obtained by averaging azimuthally the flow field. The analytical profile for the laminar flow in a two infinite facing disc configuration without inner shaft [START_REF] Batchelor | Note on a Class of Solutions of the Navier-Stokes Equations Representing Steady Rotationally-Symmetric Flow[END_REF] (one static and the other rotating associated to Ekman and Bödewadt profiles) is also provided in same figure at Re Hx,cav = (H 2

x,cav ω)/μ = 5.8 × 10 4 corresponding to the cavity Reynolds number where H x,cav is the axial extent of cavity. The rotation of the disc induces radially outward expelled flow on the rotating disc and conversely radially inward on static surfaces. This effect can be observed on the streamlines in all three cavities (see Fig. 12). The von Kármán pumping effect promotes some flow to be pumped toward the rotor disc at low radius then expelled radially outward by the rotor disc. The flow travels toward the stator wall at high radius and is sent radially inward at low radius by the stator wall. In a meridional plane, this generates the large-scale flow structure rotating counter clockwise for cavities one and three (since the rotor disc is on the right-hand side and the static one on the left-hand side), and clockwise for cavity two (rotor disc on the left-hand side and static one on the right-hand side).

The second effect is the rotating central core which induces this large-scale structure also rotating azimuthally. For all three cavities, a central core with nearly zero radial velocity but non-zero entrainment velocity corresponding to around half the disk rotating velocity can be observed. This central core separates two regions of strongly varying radial and azimuthal velocity close to rotor and stator walls. This observation agrees with the prediction by Daily and Nece [START_REF] Daily | Chamber Dimension Effects on Induced Flow and Frictional Resistance of Enclosed Rotating Disks[END_REF] for enclosed rotor/stator configuration. For the current Reynolds number Re Hx,cav and the aspect ratio of all three cavities (Re Hx,cav = 5.8 × 10 4 , G = H x,cav /r 0 = 0.28, where r 0 is the axial extent and a mean radius of the cavity), the mean flow exhibits separated boundary layers with a central core.

Concerning the influence of purge flow on this general flow behavior, the purge flow supplied at the bottom of the cavity is shown to induce three recirculation zones with a center clockwise recirculation zone and two counter rotating structures on both side of this recirculation zone. These structures extend until around 40% of the cavity height. Above, the flow recovers the structure of a rotor/stator cavity flow (see Fig. 12). For the purge flow supplied into the cavity 1, since this cavity is only linked to the main annulus, a mass balance for the cavity 1 shows that an ingestion (main annulus flow into the cavity)/egress (cavity flow into the main annulus) process can happen at the rim seal interface but the blowing will excess the ingress of the main annulus flow by an amount corresponding to the mass flow supplied in the cavity. In the current configuration, it corresponds to 0.5% of the main annulus flow. In cavity 2, some purge flow is also supplied at the Figure 13 shows the axial velocity in the labyrinth between cavity 2 and 3. The flow in the labyrinth is characterized by an increased velocity when approaching the tooth due to a section reduction.

Regarding the pressure distribution between the teeth of the labyrinth, the pressure is almost constant with jumps to ensure the pressure drop between cavity two and three. The labyrinth seal used to reduce flow migration of flow between cavity 2 and 3 was shown to induce a mass flowrate between cavity 2 and 3 that is around 4% of the mass flow provided to the cavity 2 by the cooling holes. The main consequence is that the balance between ingress and blowing at the rim seal interface 2 is positive (blowing into the mainstream) corresponding to 96% of the cooling flow for the cavity 2, while the balance at the rim seal interface 3 represents 4% of the cooling flow for the cavity 2 (see Fig. 13 top).

Flow Field in the Main Annulus

The mainflow gas path of the current configuration corresponds to the main geometrical feature and Reynolds number of a mediumsized low-pressure turbine at take-off. The flow behavior for the two stator rows having strong similarity, these two rows are treated together and in a similar manner for the two rotor rows. The boundary layer at the hub of the stator separates when approaching the blade leading edge. This induces the development of a horse shoe vortex process with the pressure side leg and suction side leg emanating from the horse shoe vortex being chopped by the blade leading edge. The pressure side leg travels along the passage to reach the blade suction side and initiates the migration along the blade suction side and subsequent passage vortex. At the shroud, a similar process occurs for the shroud passage vortex except that the migration is initiated later due to lower cross pressure gradient associated with the decambering of the nozzle guide vane at the tip (see Fig. 14). Figure 15 shows the corresponding total pressure loss coefficient ζ, whirl and radial angle downstream of the nozzle guide vane of the first stator row obtained numerically and in the experiments (MP02 plane). The regions of low-pressure coefficient close to the hub and shroud can be attributed to the boundary layer over these surfaces. The central region of loss extending along the whole span can be related to the blade boundary layer and wake. This region can be identified since associated with velocity profiles oriented upward on the blade suction side and downward on the pressure side (see radial angle in Fig. 15). The high pressure loss coefficient at 20% blade height at hub and shroud slightly shifted from the wake region is attributed to hub and shroud passage vortices that can be characterized by underturning of the flow with respect to the nominal whirl angle of -62.5 • and radial migration of the hub and shroud passage vortices.

From this description of the flow field in stator 1 without upstream non-uniformities, this can be compared against the flow in stator 2 for which upstream flow has been distorted by stator and rotor 1 rows. A first additional feature observed in stator 2 row compared with stator 1 is the transport of upstream secondary vortices developed in rotor 1. This can be observed in the pressure loss coefficient downstream of the stator 2 in Fig. 16. The hub (1) and shroud (4) passage vortices can be observed with regions of lower total pressure similar to stator 1. In addition, two additional peak can be observed. When upstream passage vortex from rotor 1 is chopped by the stator leading edge apart of this structure migrates radially upward (3) while another part migrates downward (2) and induce these additional low-pressure regions downstream of stator 2 as that is compliant with earlier observations by Denton and Pullan [START_REF] Denton | A Numerical Investigation Into the Sources of Endwall Loss in Axial Flow Turbines[END_REF].

The boundary layers developing on the different wetted surfaces of stator 1 and 2 can also be analyzed (see Fig. 17 ) and no freestream turbulence, the boundary layer should remain laminar according to the works of Abu-Ghannam and Shaw [START_REF] Abu-Ghannam | Natural Transition of Boundary Layers-The Effects of Turbulence, Pressure Gradient, and Flow History[END_REF] that is confirmed on the stator 1 surface. 2 On the stator 2 surface, despite an increased turbulence level due to stator 1 and rotor 1 wakes/secondary vortices, the boundary layer is shown to remain laminar at mid span.

The Flow At the Interface Between the Cavity and the Main Annulus

Based on the pressure distribution at the rim seal interface proposed in Fig. 18 mainly two effects can be identified as promoting the blowing process of cavity flow into the main annulus. The first mechanism corresponds to the upstream wakes and secondary vortices that induce locally a lower pressure region close to the hub in the main annulus where cavity flow can emerge (see black arrows in Fig. 18). The second mechanism is the potential effect on the upstream flow that is lower at the center of the inter-blade channel compared with face the leading edge and blowing can occur (see white arrows in Fig. 18). These observations are compliant with the study of Johnson et al. [START_REF] Johnson | Turbine Rim Seal Gas Path Flow Ingestion Mechanisms[END_REF] where these last two parameters were shown to be important parameters in the ingress/egress process at rim seal interface. Figure 19 shows the radial evolution at the rim seal of axial and tangential velocity profiles, temperature, and total pressure at the beginning (x/C x = 6.3), middle (x/C x = 6.4), and end of the cavity (x/C x = 6.5). The adaptation between tangential, axial velocity, total pressure, and temperature at the rim seal interface is performed over a short layer at radius close to the rim seal left corner where hub boundary layer from stator platform separates. One of the main observation is that the azimuthal velocity component in the cavity is non-zero (around 0.3 the disc rotation velocity as depicted in Sec. 4) due to the entrainment effect of rotating disc. The thickness Δ over which the low-momentum cavity field is adapted to the mean flow field is around Δ/C x = 0.13. The adaptation of the flow field between cavity and main annulus flow is also performed axially as observed for the three different axial positions from the rim seal left corner x/C x = 6.3 to the rim seal right corner x/C x = 6.5 where the different profiles experience entrainment effect with the axial displacement. This section deals with the work transfer occurring between the flow and the gas turbine and the changes in energy nature of the flow inducing losses. This analysis is based on an exergy formulation proposed in Appendix B. This quantity denoted χ states on the useful work available to generate work by the gas turbine. Under steady flow conditions, the general equation for exergy proposed in Eq. (B4) can be integrated between the inlet (I) and outlet of the domain (O) as

©(ρχ)u j n j dA IO = P shaft + χ q + Φ ∇u + Φ ∇T (3) 
The work transfer between the fluid and the gas turbine occurs along the two rotor rows of the configuration leading to P shaft < 0 (thermodynamic convention used here: work extracted to the fluid negative). No heat is transferred at the border of the domain because of adiabatic wall conditions, and there is no heat release from a combustion process leading to χ q = 0. Thus, the exergy variation between the inlet (I) and outlet (O) of the domain can only decrease due to Φ ∇u , Φ ∇T terms (anergy production) corresponding to velocity and thermal gradients in the domain and the work extracted by the shaft of the rotor rows. The power extracted on the shaft is written as

P shaft = -© (p -p 0 )u MW,j n j -(τ ij u MW,j )n j dA MW (4) 
where p, τ are the pressure and viscous stress tensor on the skin surface, u MW is the rotating velocity, A MW represents the moving wall that in current configuration represents the surfaces related to rotor rows (see Fig. 20). Based on the pressure p, viscous stress tensor τ, and rotating velocity u MW around rotor surfaces, the work extracted by rotor rows on the flow can be obtained as proposed in Fig. 21. This figure makes possible to observe in the numerical simulation that around 45% of the work extracted by the shaft is performed by rotor 1 and 55% by rotor 2 as designed in the experiments. The viscous and thermal anergy at a position x along the simulation domain where the mean and turbulent contributions are taken into account [START_REF] Daviller | A Mesh Adaptation Strategy to Predict Pressure Losses in LES of Swirled Flows[END_REF] can be written as

Φ ∇u (x) = V, 0→x τ ij,eff T 0 T ∂ũ i ∂x j dV (5) 
Φ ∇T (x) = V, 0→x (λ + λ SGS ) T 0 T2 ∂ T ∂x j 2 dV (6) 
where τ ij,eff = (μ + μ)(∂ ũi /∂x j + ∂ ũ j /∂x i ) is the effective viscous stress tensor, . and . are the filtering from LES and the temporal averaging operator. These quantities calculated in each grid point can be integrated over axial subdomains of characteristic length dx (denoted Φ

•

) to observe the axial location where irreversibilities are generated. Figure 22 shows the corresponding total viscous anergy production in the domain and the restriction to preferential velocity gradients. The viscous anergy production strongly increases in the different rows with a sharp increase at the leading edge, continuous increase along the blade until the trailing edge before to decay downstream. The total viscous anergy production is the result of various velocity gradient contributions (see Eq. ( 5)). These different contributions can be isolated to more properly understand the mechanism of loss. The contributions are expanded in a local stream coordinate system, i.e., in any points of the discretized domain, the Cartesian coordinate system is aligned with the flow direction [START_REF] Zlatinov | Turbine Hub and Shroud Sealing Flow Loss Mechanisms[END_REF]. In this coordinate system, the transverse contributions to the stream direction may be associated with secondary vortices that are known to be strong contributors to losses for a gas turbine (see Fig. 20 for a definition of the coordinate system at hub and around the blade). The contribution related to du s /dr velocity gradients generates all losses from the inlet of the domain to the first row and corresponds to the development of a boundary layer inducing wall-normal velocity gradients. This contribution is relatively constant along the domain. Along the blade extent, the boundary layer at hub and shroud is highly skewed in the transverse direction due to cross pressure gradient and this contribution corresponding to du c /dr gradients is triggered along the extent of the different blades. By integrating the hub/shroud boundary layer contribution (the area under the related velocity gradient curve), the contribution against total loss generated can be obtained. In the current configuration, the hub/shroud boundary layer contributions represent 32% of all losses generated. The loss related to du s /dc gradients can be associated to blade wall-normal contribution related to the boundary layer over the blades. This contribution represents around 41% of all the losses generated. The remaining contribution to losses can be attributed to different contributions in the The thermal irreversibilities are mainly produced at the different rim seal interfaces and decreases in the passage of the downstream row with an influence limited to the blade row extension (see Fig. 25). This last trend corresponds to a strong thermal mixing process at the rim seal interface between the hot main annulus flow and cold cavity flow. The cavity flow being entrained by the secondary vortices in the passage [START_REF] Cui | Numerical Study of Purge and Secondary Flows in a Low-Pressure Turbine[END_REF], additional thermal mixing induced by secondary vortices occurs along the extent of downstream blade (see Fig. 26). The thermal irreversibilities created in the domain are in the order of magnitude of ten times lower compared with the viscous irreversibilities.

Since the contributions of shaft, viscous, and thermal irreversibility have been obtained along the domain, it is possible to draw the decrease of exergy (normalized to one at the inlet of the domain) due to these different contributions. Figure 27 shows the decrease of exergy restricted to the contribution of work transfer with rotors, viscous anergy, thermal anergy, and the sum of these contribution compared with the available exergy at the inlet of the domain (χ in ). In particular, it can be observed that the viscous losses are relatively large compared with the extracted power by rotor rows since the experimental test rig is designed as a low-power gas turbine compared with real engines. The numerical simulation of a representative two-stage lowpressure turbine has been performed based on a LES approach. The adaptative mesh refinement based on viscous dissipation shows a good ability to improve the levels of losses downstream of the different rows compared with experiments while keeping a tractable mesh. The analysis of the flow field in the cavities shows the turbulent nature of the boundary layers over static and rotating disks separated by a rotating core flow. In the main annulus, the mechanisms generating loss and inter-row interaction have been analyzed. The ingestion and blowing processes at the rim seal interface show the influence of the potential effect of the downstream blades in conjunction with the wake transport from upstream rows. This drives the ingestion/blowing of the cavity flow in the main annulus. The entrainment effect of the disk in the cavity promotes a reduced shear layer at the rim seal interface. The wake and secondary vortices generated in upstream rows travel until downstream rows and induce a destabilization of the boundary layer around the blade and a disrupted development of secondary vortices. The exergy analysis performed on the two-stage annular configuration makes possible to isolate the transfer of energy from the flow to the shaft along the two rotor rows, decreasing the total enthalpy of the flow. Once factored out, the remaining contribution corresponds to entropy production due to viscous and thermal mixing. The viscous anergy production originates from several contributions: the wall-normal velocity gradients along the hub, shroud, and blade boundary layers of the different rows. Also, the secondary vortices developing in the passage induce anergy production due to the blockage effect of the passage vortices, the trailing shed vortex process due to the mixing of pressure and suction side flow. This analysis also confirms that the secondary vortices can interact with downstream rows since the dissipation due to these structures still occur when reaching downstream rows. Appendix A: Mesh Dependency

Nomenclature

The mesh dependency is assessed by comparing the pressure loss coefficient downstream of the different rows for the mesh used in current study (380 × 10 6 cells) and a mesh based on the same adaptative refinement for which the tolerated mesh refinement limitation has been set to 0.35 the original characteristic length (tolerating a minimum volume around (0.35) 3 ≃ 1/25 the initial volume of the cell). This lead to a final mesh of around 550 × 10 6 cells (see Table 3). For the pressure loss coefficient downstream of the stator 1, the finer grid simulation shows an improvement of around 3% compared with the standard grid at midspan and similar levels of loss elsewhere (see Fig. 28). Downstream of the rotor 1, the results are comparable with downstream of the stator 1 with a pressure coefficient that is oriented toward experimental measurements but the improvement is modest. Downstream of the stator 2, the finer mesh better captures the upper loss peak but the lower one, similar to the standard grid, is not captured. The relatively low discrepancy in the pressure loss coefficient downstream of the different rows for the two meshes is alleged to indicate the independence of the results to the mesh and the proper use of the standard mesh for the study.

Appendix B: Energy Available in the Purpose to Generate Work (Exergy)

In gas turbine application, the common quantity to deal with variation of energy in the flow is the total enthalpy h tot that is the total energy (E tot ) of the flow including the energy related to pressure work h tot = E tot + p/ρ. A transport equation can be derived for total enthalpy h tot and entropy s that can be written as [START_REF] Greitzer | Internal Flow: Concepts and Applications[END_REF] ∂(ρh tot ) ∂t + ∂(ρh tot ) ∂x j = ∂ ∂x j (τ ij u jq j ) + ∂p ∂t (B1) 

∂x i + ∂(q i /T) ∂x i = 1 T τ ij ∂u i ∂x j + λ T 2 ∂T ∂x i 2 + Q T (B2)
where Q is an internal heat source. Exergy (or availability function as introduced by Horlock and Bathie [START_REF] Horlock | Advanced Gas Turbine Cycles[END_REF]) is defined as a composite quantity between the total enthalpy of the flow less the entropy contribution that measure the level of irreversibility in the flow. Exergy χ is defined relatively to a surrounding environment at dead state (generally the atmosphere) and conditions (p 0 , T 0 ) χ = (h toth 0 ) -T 0 (ss 0 ) (B3)

Based on the transport equations for total enthalpy Eq. (B1) and entropy Eq. (B2), a transport equation can be derived for exergy [START_REF] Dunbar | The Component Equations of Energy and Exergy[END_REF] without internal heat source that yields to

∂(ρχ) ∂t + ∂(ρχu j ) ∂x j = ∂ ∂x j τ ij u j -1 - T 0 T q j - T 0 T τ ij ∂u i ∂x j - λT 0 T 2 ∂T ∂x i 2 + ∂p ∂t (B4)

Fig. 2

 2 Fig. 2 Sketch of the two-stage annular configuration including total pressure experimental measurement planes (MP0I). Dark parts indicate the nozzle guide vanes and light parts indicate blades.

Fig. 4

 4 Fig. 4 Iso-contour of quantity "LIKE" (top) and grid refinement for rotor 1 including wake refinement of stator 1 and refinement in the cavities (bottom)

Fig. 7 Fig. 8 Fig. 6

 786 Fig. 7 Evolution of the total and static pressure in the simulation domain compared with the experiments. The pressure is non-dimensionalized by static pressure at outlet p out

Fig. 9

 9 Fig. 9 Radial (left) and azimuthal velocities (right) in the cavities 1, 2, and 3 in a meridional plane

Fig. 11

 11 Fig. 11 Azimuthal velocity in cavities 1, 2, and 3 and Ekman-Bodevadt profile, see Fig. 9 for profile position extraction

  top for boundary layer thickness over suction side of stator 1 and 2). A comparison at mid span and different chord locations (see positions 1-4 in Fig. 17 bottom) of the boundary layer obtained numerically against a

Fig. 13

 13 Fig. 13 Repartition of cooling flow in cavity 1 (C1) and 2 (C2) at the three rim seal interfaces and axial velocity/pressure evolution in the labyrinth (bottom)

Fig. 15

 15 Fig. 15 Total pressure loss coefficient ζ, whirl and radial angle downstream of the first rotor stator from simulation (top), and experiments (bottom) (MP02 plane)

Fig. 17

 17 Fig. 17 Suction side boundary layer thickness for stator 1 and 2 and corresponding boundary layer pofiles

Fig. 16 Fig. 19

 1619 Fig. 16 Total pressure loss coefficient ζ downstream of the stator 2 (MP04 plane)

Fig. 20

 20 Fig. 20 Domain discretized in axial subvolumes of length dx where the viscous and thermal anergy can be integrated. The extracted work on rotor is obtained based on pressure and shear stress on the surface. The local streamwise coordinate is proposed on the hub and blade surfaces.

Fig. 21

 21 Fig. 21 Accumulated power extracted by rotor 1 and rotor 2

Fig. 24

 24 Fig. 24 Iso-surface of q-criterion colored by streamwise vorticity showing upstream secondary vortices from stator 1 impacting rotor 1 in (a) upstream and (b) side view

Fig. 25

 25 Fig. 25 Evolution of total thermal anergy production along the domain with rim seal interfaces (RS) Fig. 23 Axial cuts along the passage domain colored by viscous anergy production related to du r /dc (left) and du s /dc gradient (right) for stator one and two

  Latin letters h = enthalpy (kg/(m 2 • s 2 )) s = entropy (kg/(m • s 2 ))u = velocity [m • s -1 ] H = blade height (m) ṁ = mass flowrate (kg/s) C x = axial chord-length (m) C p = pressure coefficient F L = lift force (kg/(m • s 2 )) H x,cav = cavity axial extent (m) Ma = Mach number (x, y, z) = cartesian coordinates (m) (s, c, r) = localstream coordinates coordinates (m) Greek Letters δ = boundary layer thickness (m) ζ = total pressure loss coefficient λ = thermal conductivity ((kg • m)/(s 3 • K)) μ = dynamic viscosity ((kg • m 2 )/s) τ = viscous stress tensor ((kg • m 2 )/s 2 ) Φ = anergy (kg/(m 2 • s 2 )) χ = exergy (kg/(m 2 • s 2 )) ω = rotational speed (rad/s) Subscripts and superscripts c = cavity m = main annulus tot = total quantity turb = turbulent visc = viscous . + = non-dimensional wall units

Fig. 28

 28 Fig. 28 Comparison of the pressure loss coefficient downstream of (a) stator 1, (b) rotor 1, and (c) stator 2 for standard (380 × 10 6 cells) and fine grid (550 × 10 6 cells)

Table 1

 1 Characteristics of the stator and rotor rows

	Row	S1	R1	S2	R2
	Number of blades	48	72	48	72
	C x (mm)	0.075	0.048	0.075	0.050
	Aspect ratio H/C x	1.77	2.77	1.77	2.66
	Inlet blade angle (°)	0	37.1	-36.0	39.6
	Exit blade angle (°)	65.2	-64.6	65.4	-66.4
	Lift coefficient	0.61	0.90	0.83	0.86
	(Zweifel 2F L /ρuC x )				
	Exit Mach	0.19	0.19	0.20	0.21
	Re chord	544,000	354,000	581,000	405,000

Fig. 1 Low-pressure turbine experimental test rig

Table 2

 2 Characteristics of the turbine stages

	Stage 1	Stage 2

Fig. 3 Simulation domain representing 1/24 of the full rig 051004-2 / Vol. 142, MAY 2020 Transactions of the ASME

Table 3

 3 Mesh used for the grid convergence

		Tolerated cell	
	Mesh	volume fraction	Mesh size
	Init (LES150)	1/1	150 × 10 6
	Standard (LES380)	1/16	380 × 10 6
	Fine (LES550)	1/25	550 × 10 6

resolution around the different blade suction sides S1, R1, S2, R2, and at the hub platform

The surface roughness, freestream turbulence characteristics, pressure and curvature effects may have significant effect on the transition process between the flat plate experiment and current configuration but the experiment by Abu-Ghannam and Shaw provides generally a good estimate for the transition Reynolds number.Journal of TurbomachineryMAY 2020, Vol. 142 / 051004-7