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a b s t r a c t

Purge air is injected in cavities at hub of axial turbines to prevent hot mainstream gas ingestion into interstage gaps. This process induces additional losses for the turbine due to an interaction between purge and mainstream flow. To deal with this issue, this paper is devoted to the study of a low speed linear cascade with an upstream cavity at a Reynolds number representative of a low-pressure turbine using RANS and LES with inlet turbulence injection. Different rim seal geometries and purge flow rates are studied. Details about numerical methods and comparison with experiments can be found in a companion paper. The analysis here focuses on the loss generation based on the description of the flow and influence of the turbulence introduced in the companion paper. The measure of loss is based on an exergy analysis (i.e. energy in the purpose to generate work) that extends a more common measure of loss in gas turbines, entropy. The loss analysis is led for a baseline case by splitting the simulation domain in the contributions related to the boundary layers over the wetted surfaces and the remaining domain (i.e. the complementary of boundary layers domains) where secondary flows and related loss are likely to occur. The analysis shows the strong contribution of the blade suction side boundary layer, secondary vortices in the passage and wake at the trailing edge on the loss generation. The study of different pur ge flow rates shows increased secondary vortices energy and subsequent loss for higher purge flow rates. The rim seal geometry with axial overlapping promotes a delayed development of secondary vortices in the passage compared to simple axial gap promoting lower levels of loss.

Introduction

Rotor-stator wheel space in low-pressure turbines implies gaps often referred to cavities under the main flow passage in which hot turbine gas could be ingested. This hot flow could impinge rotor disks leading to potential overheating and damages for the turbine [START_REF] Chupp | Sealing in turbomachinery[END_REF] . Some relative cold air is blown from the compressor to feed and seal turbine cavities and prevent partially hot-gas ingestion from the main annulus [START_REF] Moore | Gas turbine engine internal air systems: a review of the requirements and the problems[END_REF] . Part of this air called purge flow blows into the mainstream through the rim seal. The literature gives some insight on the influence of cavity and purge flow on the loss in turbines with generally a detrimental effect [START_REF] Marini | The effect of blade leading edge platform shape on upstream disk cavity to mainstream flow interaction of a high-pressure turbine stage[END_REF] . The purge flow reinforces the horse shoe vortex process at the blade leading edge as stated by Kost and Nicklas [START_REF] Kost | Film-cooled turbine endwall in a transonic flow field: part I -Aerodynamic measurements[END_REF] and more gener-ally of secondary flows in the passage. In a rotor-stator configuration with cavity in-between, Reid et al. [START_REF] Reid | The effect of stator-Rotor hub sealing flow on the mainstream aerodynamics of a turbine[END_REF] reported the influence of mixing process at the rim seal interface and perturbed rotor secondary flows by purge flow as mechanisms inducing additional losses in the turbine. However, the direct link between the purge flow and losses generated in the main annulus remains generally difficult to draw and quantify especially when using loss in total pressure. The entropy/exergy approach can provide additional insight in the mechanisms of loss. The notion of loss in gas turbines has been widely studied from a general and theoretical sight by Horlock [START_REF] Horlock | Exergy analysis of modern fossil-Fuel power plants[END_REF] comparing a wide range of gas turbine architecture and introducing the notion of availability function or equivalently exergy. This quantity makes possible to account for both the energy contained in the flow with total enthalpy and the level of irreversibility in the flow with entropy that will reduce the energy available to generate work. This analysis is compliant with the use of entropy to account for the loss generated in a gas turbine that is currently widely used to assess the loss generation https://doi.org/10.1016/j.compfluid. 2019 [START_REF] Lengani | Accurate estimation of profile losses and analysis of loss generation mechanisms in a turbine cascade[END_REF][START_REF] Lengani | Identification and quantification of losses in a LPT cascade by POD applied to LES data[END_REF][START_REF] Michelassi | High-Fidelity simulations of low-Pressure turbines: effect of flow coefficient and reduced frequency on losses[END_REF] as popularized by Denton [START_REF] Denton | Loss mechanisms in turbomachines[END_REF] . In addition, this approach makes possible to account for potential heat and work transfers between the flow and the gas turbine. The entropy/exergy approach made possible to give additional insight in the mechanisms of loss associated to purge flow as studied by Reid et al. [START_REF] Reid | The effect of stator-Rotor hub sealing flow on the mainstream aerodynamics of a turbine[END_REF] and Zlatinov et al. [START_REF] Zlatinov | Turbine hub and shroud sealing flow loss mechanisms[END_REF] showing that a reduction losses could be achieved by promoting a swirled purge flow before to interact with the main annulus flow. This approach can be coupled with the Computational Fluid Dynamics (CFD) tool to study the influence of purge flow on the loss generated in the turbine. The current design of turbines is mainly performed using Reynolds Averaged Navier Stokes (RANS) approach where all scales of turbulence are modelled. However, the interaction processes between cavity and main annulus flow are inherently unsteady [START_REF] Rabs | Investigation of Flow Instabilities Near the Rim Cavity of a 1.5 Stage Gas Turbine[END_REF] . The relatively low Reynolds number considered in lowpressure turbines (Re ~10 5 ) makes more and more feasible wallresolved Large Eddy Smulations (LES) [START_REF] Sagaut | Large eddy simulation for incompressible flows: an introduction[END_REF] that resolve the turbulent unsteady flow field. Lower levels of turbulence modelling are obtained for LES approach compared to RANS [START_REF] Tyacke | Future use of large eddy simulation in aeroengines[END_REF][START_REF] Tyacke | Large eddy simulation for turbines: methodologies, cost and future outlooks[END_REF] that may expect a better resolution of the flow field at the interface between cavity and main annulus flow. From a loss perspective, recent studies have shown that the assessment of loss in a gas turbine can be obtained more accurately by LES compared to RANS [START_REF] Leggett | Loss analysis of unsteady turbomachinery flows based on the mechanical work potential[END_REF][START_REF] Lengani | Accurate estimation of profile losses and analysis of loss generation mechanisms in a turbine cascade[END_REF] , this being due to a better resolution of turbulent field that drives the mixing process of momentum and enthalpy which in turns controls the level of losses generated in the flow field [START_REF] Sandberg | The current state of high-Fidelity simulations for main gas path turbomachinery components and their industrial impact[END_REF] . This paper uses the exergy formalism to draw the loss generated in a low-speed linear cascade with an upstream cavity including a parametric study of the purge flow rate supplied to the cavity and the rim seal geometry. The companion paper showed the good behavior of RANS approach to describe the flow field in the linear cascade with the finer agreement obtained for the LES with inlet turbulence injection (LES turb.inj. ). The two simulations are compared based on the exergy analysis to provide the differences between the two approaches from a loss perspective. The LES turb.inj. is then used to draw the exergy analysis for a baseline case. Following that, the influence of the purge flow rate and rim seal geometry on the loss generation is studied in this paper before to draw conclusions.

Configuration and numerical methods

A summary of the test case and numerical methods is provided below. More informations can be found in the companion paper. The test case considered for this study is a low-Mach linear cascade composed of five nozzle guide vane reprensentative of a modern low-pressure turbine design installed at Karlsruhe University, Germany (see Fig. 1 ). The mean Reynolds number based on axial chord and vane exit velocity is 50 0,0 0 0 typical of a mediumsized low-pressure turbine at take-off [START_REF] Hourmouziadis | Aerodynamic design of low pressure turbines[END_REF] . The free-stream turbulence is produced by a turbulence grid positioned at seven axial chord length upstream of the blade leading edge and was measured at midspan giving a turbulent intensity of Tu = 6% at the blade leading edge. Upstream of the blade leading edge, the rim seal is included in a cavity module linked to the test section allowing to easily set different rim seal designs. The purge flow is supplied to the cavity as a fraction of the mainstream flow, respectively ˙ m c / ˙ m m = 0, 0.5 or 1%. Main rig characteristics are gathered in Tab. 1 . Three different rim seal geometries are studied during the experiments with a first geometry composed of an axial clearance (A) and two geometry using axial overlapping geometries: simple (S) and double (D) (see Fig. 2 ). The different cases studied with the different geometries and purge flow rates are de- noted by a letter for the rim seal geometry considered (A: axial, S: simple overlapping, D: double overlapping) and a figure for the purge flow rate imposed (0: 0%, 05: 0.5%, 1: 1%). For example, the configuration A05 stands for the axial rim seal geometry with 0.5% of the mainstream flow supplied in the cavity. RANS simulations are performed using the CFD code elsA [START_REF] Cambier | Status of the elsA software for flow simulation and multidisciplinary applications[END_REF] . This software uses a cell centered approach on structured multiblock meshes. An upwind Roe scheme with third-order limiter is used for the convective terms [START_REF] Nishikawa | A third-order fluctuation splitting scheme that preserves potential flow[END_REF] . Diffusive fluxes are computed with a secondorder centred scheme. The Wilcox k-ω two-equations model with Zheng's limiter [START_REF] Wilcox | Formulation of the k-ω turbulence model revisited[END_REF] is used. The LES turb.inj. is performed using the in-house unstructured AVBP solver [START_REF] Gicquel | High performance parallel computing of flows in complex geometries[END_REF] . The convective operator is discretized by the two-step Taylor-Galerkin scheme [START_REF] Colin | Development of high-Order Taylor-Galerkin schemes for LES[END_REF] (3rd order accurate). The Sub-Grid Scale model (SGS) is the Wall-Adapting Local Eddy-viscosity (WALE) [START_REF] Nicoud | Subgrid-scale stress modelling based on the square of the velocity gradient tensor[END_REF] . A layer of 20 prisms in near-wall regions is applied with an expansion ratio of 1.03 and tetraedra fill the remaining domain. The meshes for RANS and LES turb.inj. are designed to fulfil wall-resolved requirements [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 end-wall flow in a linear LPT cascade with variable inlet conditions, Part I: Flow and secondary vorticity fields[END_REF][START_REF] Piomelli | Wall-layer models for large-eddy simulations[END_REF] including a grid refinement from the inlet to the blade leading edge to transport turbulent structures generated at the inlet. This lead to a mesh of 7 × 10 6 cells for the RANS and 80 × 10 6 cells for the LES turb.inj. . The comparison against experiments and the analysis of the flow field is provided in the companion paper. A summary of the main mechanisms described in the companion paper is here proposed based on the sketch in Fig. 3 to give a clearer view of the corresponding mechanisms of loss. Due to the relatively high freestream turbulence (6%) and for the considered Reynolds number, the boundary layer over the hub, shroud and blade is turbulent without separation on the aft portion of the blade suction side. On the pressure side, an enclosed separation bubble between 10 and 30% chord occurs. Close to the rim seal interface upstream of the blade, a shear layer is induced due to the high velocity of main annulus flow compared to the cavity flow. The main annulus flow is deviated downwards into the cavity when facing the blade due to potential effect. A mass conservation balance for the cavity shows that some cavity flow blows into mainstream at the center of the passage where pressure is lower (F). The cavity flow feeds the initiating secondary vortices in the blade passage. Secondary vortices are initiated face to the blade by the separation of the hub boundary layer that rolls up in vortices known as the horse shoe vortices. The horse shoe vortices are chopped by the blade leading edge in two main vortices: the suction side leg (A) that remain close to blade suction side and a pressure side vortex (B) that travels in the passage due to the cross pressure gradient between two adjacent blades and entrains the flow close to the hub and the cavity flow. These two vortices gather close to the blade suction side and initiate two main vortices: a corner vortex close to the hub and blade suction side (C) and a migrating vortex known as passage vortex (D). The same process of secondary flow development can be observed at the shroud of the configuration representing a stator row except that no feeding process of secondary vortices by cavity flow is induced.

Exergy analysis in the simulation domain

The exergy formulation is applied to the linear cascade configuration. This general assessment is first led using the RANS simulation. The RANS and LES turb.inj. are then compared with a splitting between mean and turbulent contribution in the emphasis to describe the differences between the two approaches from a loss generation perspective. Once compared, the LES turb.inj. is used to describe the contributions to losses of the boundary layers over the wetted surfaces (hub, shroud and blade) and in the remaining domain (the full domain where the subdomains related to boundary layers have been removed) where secondary flows are known to develop and contribute to losses in the turbine. All these elements will be used to obtain the regions and mechanisms inducing loss in the turbine. The general transport equation for exergy χ in differential form proposed in Eq. ( 11) of Appendix A can be written in integral form considering the whole simulation domain and steady flow conditions. This provides the following balance equation [START_REF] Arntz | Civil Aircraft aero-thermo-propulsive performance assessment by an exergy analysis of high-fidelity CFD-RANS flow solutions[END_REF][START_REF] Tailliez | CFD assessement of the use of exergy analysis for losses indentification in turbomachinery flows[END_REF] :

(ρχ ) u j n j dA IO = P shaft + χ q + ∇u + ∇T [START_REF] Arntz | Civil Aircraft aero-thermo-propulsive performance assessment by an exergy analysis of high-fidelity CFD-RANS flow solutions[END_REF] where A IO refers to the inlet / outlet plane of the simulation domain. This equation for exergy χ = (h toth 0 ) -T 0 (ss 0 ) gives a power balance for both total enthalpy h tot and entropy quantities s between the inlet and outlet of the domain (left-hand side of the equation). Exergy can vary due to the work transferred with the shaft ( P shaft ), power associated to the heat flux ( χ q ), and the irreversibility generated in the domain induced by velocity gradients ( ∇u ) and temperature gradients ( ∇T ). Since the configuration is static, no work is transferred with the fluid similarly to a stator row leading to P shaft = 0. No heat is transferred at the bor- For a simple configuration where only the hub boundary layer is considered, V i can be split in a subvolume associated to the hub boundary layer (red) and a remaining domain that is simply the subvolume V i minus the subvolume associated to the hub boundary layer (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

der of the domain (since adiabatic wall) leading to χ q = 0. There- fore, the exergy variation between inlet and outlet of the domain can only decrease due to viscous ∇u and thermal irreversibilities ∇T in the flow field. In current static configuration without heat transfer, the entropy equation is therefore sufficient to draw the exergy analysis since the total enthalpy is conserved. The viscous and thermal contributions in the RANS formalism are obtained by performing a volume integration of the velocity and temperature gradients from the inlet to the considered position x [START_REF] Moore | Entropy production rates from viscous flow calculations: Part I -a turbulent boundary layer flow[END_REF] :

∇u (x ) = V, 0 → x τ i j, eff T 0 T ∂ u i ∂x j d V (2) ∇T (x ) = V, 0 → x (λ + λ turb ) T 0 T 2 ∂ T ∂x j 2 d V ( 3 
)
where τ i j, eff = (μ + μ turb )(∂ u i /∂x j + ∂ u j /∂x i ) is the effective viscous stress tensor and . the Reynolds averaged quantities as a direct output of the simulation. Fig. 4 shows the exergy decrease of the flow along the simulation domain where the environment (reference state) has been taken at conditions ( p 0 = 101,325 Pa, T 0 = 300 K). The inlet to rim seal left corner extends from x / C x = -1 to -0.26, rim seal region from x / C x = -0.26 to -0.04, blade domain from x / C x = 0 to 1 and blade trailing edge to two axial chord downstream of the blade (outlet) from x / C x = 1 to 3 (see Fig. 5 ). This figure is obtained by subtracting the total exergy at the inlet of the domain (here normalized to one) to the contributions related to velocity ∇u and temperature gradients ∇T . The decrease of exergy due to these two contributions is generally said to produce anergy, i.e. useless energy in the purpose to generate work. The viscous and thermal anergy evolutions along the simulation domain are given in Fig. 6 where the left-hand side abscissa corresponds to viscous term and right-hand side to the thermal one. In addition, the derivative according to the axial coordinate of the anergy that is here referred to anergy production at a station x of the domain and denoted

• is provided in Fig. 7 . This quantity can be obtained by splitting the whole domain in axial subdomains of characteristic length dx and integrating the velocity and temperature gradient terms over these subvolumes for which the characteristic length tends towards zero. For the thermal contribution, the main regions of anergy production correspond to the rim seal extent where the cold cavity flow starts to interact with hot main annulus flow and downstream along the blade. The viscous anergy production is relatively low from the inlet to the rim seal, increases sharply along the rim seal and blade extent before to return towards intermediate levels of anergy production downstream of the blade. The viscous anergy production keeps non-zero contribution downstream of the blade while the thermal contribution is almost zero as soon as one axial chord downstream of the nozzle guide vane ( x/C x = 2 ). The thermal contribution is in the order of magnitude of ten times lower than the viscous contribution. At the outlet of the domain, the remaining exergy is around 98.2 % of the exergy available at inlet of the domain (compared to the reference state), i.e. the linear cascade deteriorates 1.8% by viscous and temperature dissipation process to accelerate the flow. The exergy analysis accounts for both the contributions induced by viscous and thermal mixing processes. In the remaining of this paper, the focus will be given to the viscous contribution. In the companion paper, the comparison against experiments showed that the RANS simulation is well able to recover the flow physics due to the strong influence of free-stream turbulence. However, several recent papers have shown that a detailed discussion of losses (entropy generation) can be better performed by LES [START_REF] Leggett | Loss analysis of unsteady turbomachinery flows based on the mechanical work potential[END_REF][START_REF] Lengani | Accurate estimation of profile losses and analysis of loss generation mechanisms in a turbine cascade[END_REF][START_REF] Lengani | Identification and quantification of losses in a LPT cascade by POD applied to LES data[END_REF][START_REF] Michelassi | High-Fidelity simulations of low-Pressure turbines: effect of flow coefficient and reduced frequency on losses[END_REF] . In addition, the SLES turb.inj. showed a fine agreement with the experiments. Therefore, the splitting between mean (laminar and turbulent contributions) will be led for both RANS and LES turb.inj. in order to show the differences between the two approaches from the loss generation sight while the detailed analysis of the losses generated in the linear cascade will be led using the LES turb.inj. .

RANS/LES comparison: viscous losses

Section 3 provided the total production of viscous anergy/entropy along the simulation domain. In a turbulent flow, it corresponds to a mean contribution sometimes called laminar contribution and a turbulent one [START_REF] Lengani | Accurate estimation of profile losses and analysis of loss generation mechanisms in a turbine cascade[END_REF] . This former contribution is only due to the mean flow distortion. The second contribution is provided by turbulence that under transfer of energy from large to small scales is dissipated in internal energy (heat) that induce the non locality between mean energy flow lost and equivalent heat generated at small scales. The RANS approach provides a direct splitting between the mean contribution through the natural viscosity of the fluid ( μ) and the turbulent contribution with the equivalent turbulent viscosity ( μ turb ) [START_REF] Moore | Entropy production rates from viscous flow calculations: Part I -a turbulent boundary layer flow[END_REF] . The total contribution is obtained by summing the two contributions as provided in Eq. ( 2) :

∇u, mean ∇u, turb = V μ μ turb ∂ u i ∂x j + ∂ u j ∂x i T 0 T ∂ u i ∂x j d V. ( 4 
)
In LES simulation, the splitting can be obtained by taking advantage of the unsteady nature of the method. The total viscous irreversibilities produced ∇u can be written as [START_REF] Lengani | A POD-Based procedure for the split of unsteady losses of an LPT cascade[END_REF][START_REF] Lengani | Accurate estimation of profile losses and analysis of loss generation mechanisms in a turbine cascade[END_REF][START_REF] Lengani | Identification and quantification of losses in a LPT cascade by POD applied to LES data[END_REF][START_REF] Michelassi | Turbulent kinetic energy production in the vane of a low-pressure linear turbine cascade with incoming wakes[END_REF][START_REF] Wheeler | Direct numerical simulations of a high-Pressure turbine vane[END_REF] :

∇u = ∇u , mean + P k (5)
where ∇u,mean is the mean viscous dissipation and P k is the Turbulent Kinetic Energy (TKE) production term. These different contributions can be expressed as:

∇u , mean = V ( μ + μ SGS ) ∂ u i ∂x j + ∂ u j ∂x i T 0 T ∂ u i ∂x j dV ( 6 
)
P k = V -u i u j ∂ u i ∂x j dV ( 7 
)
where μ SGS is the equivalent sub-grid scale viscosity and . represents here the temporal averaging operator. For the RANS and LES turb.inj. simulations, the turbulent contribution is larger compared to the mean one and the two approaches exhibit similar trends of loss generation along the simulation domain (see Fig. 8 ). Some differences can be exhibited between the two approaches: a decay of turbulent contribution can be observed for the LES turb.inj. from the inlet to the blade leading edge (between x / C x = -1 and x / C x = 0) that can be associated to the decay of turbulent structures injected at the inlet of the domain while not observed in RANS. At the rim seal interface, the production of loss is stronger for the RANS with a steep increase that may be induced by an overestimate of turbulent contribution compared to the LES turb.inj. . Downstream of the blade, the decrease of turbulent contribution for LES turb.inj. is made over a lower axial extent compared to RANS that may be due to a transport of the turbulent wake over a longer distance for the RANS. 

Boundary layer and secondary flow losses

Based on the boundary layer edge detection method [START_REF] Cliquet | Application of laminar-turbulent transition criteria in Navier-Stokes computations[END_REF][START_REF] Cousteix | Three-Dimensional and unsteady boundary-Layer computations[END_REF] , the boundary layer thickness can be obtained for the different wetted surfaces of the domain (hub, shroud and blade) and the corresponding volumes V hub , V shroud , V blade . The full simulation domain less the boundary layer contributions provides the remaining domain with an associated volume V rem . term . The exergy analysis is applied to these restricted domains to obtain the contributions of the different boundary layers and the remaining domain in a similar manner to previous studies of the losses in gas turbines [START_REF] Denton | Loss mechanisms in turbomachines[END_REF][START_REF] Denton | A numerical investigation into the sources of endwall loss in axial flow turbines[END_REF][START_REF] Hammer | The influence of different wake profiles on losses in a low pressure turbine cascade[END_REF][START_REF] Lengani | Identification and quantification of losses in a LPT cascade by POD applied to LES data[END_REF] . The different figures related to the contributions of the boundary layers and remaining domain are given in conjunction with the total contribution of the domain at a same abscissa denoted • ∇u, tot to give the reader the magnitude of the contribution to the total one. In addition, since the viscous anergy production is the sum of velocity gradients (see Eq. ( 6) ), the main gradients directions contributing to the generation of losses can be obtained. These gradients can be expanded in any coordinate system and in current study the local streamline coordinate (i.e. the Cartesian main axis is oriented with the stream direction in any points) is used. The wall-normal contributions to boundary layers on curved surfaces (blade) can be directly obtained and the cross contributions can be used to provide the contribution associated to secondary vortices [START_REF] Zlatinov | Turbine hub and shroud sealing flow loss mechanisms[END_REF] . Fig. 9 shows the viscous anergy production related to the boundary layers on the different wetted surfaces (hub, shroud and blade) and the remaining term. The viscous anergy production restricted to particular velocity gradients that includes both laminar and turbulent contributions is also provided in same figures. The area under the different curves of Fig. 9 provides the different contributions to the total losses generated: the hub/shroud boundary layers contribute to 25% of losses, 38% for the blade boundary layer and 37% for the remaining domain. For the hub and shroud, the contribution to losees is almost constant along the simulation domain with an increase along the blade extent between x / C x = 0 and 1. This can be associated to the development of a boundary layer over the hub and shroud that in- duce velocity gradients close to the wall and as a consequence viscous anergy. This contribution being induced by the hub/shroud wall-normal gradient ( ∂ u s / ∂ r, see Fig. 9 a). Along the blade extent, the blade boundary layer is a strong contribution to losses. Similarly to hub and shroud boundary layers, these losses are related to the wall-normal velocity gradients associated to the blade boundary layer ( ∂ u s / ∂ c, see Fig. 9 b). Wheeler et al. [START_REF] Wheeler | Direct numerical simulations of a high-Pressure turbine vane[END_REF] reported similar loss profiles along the domain in the DNS of a high-pressure turbine vane with a strong contribution of the mean strain rate along the blade extent associated to the blade boundary layer. The increase of the blade boundary layer losses on the aft portion of the blade was also observed by Lengani et al. [START_REF] Lengani | Identification and quantification of losses in a LPT cascade by POD applied to LES data[END_REF] in the LES of a low-pressure turbine with passing wakes where the increase of losses was attributed to small turbulent scales promoted by upstream wakes. Hammer et al. [START_REF] Hammer | The influence of different wake profiles on losses in a low pressure turbine cascade[END_REF] also reported similar influence of the rear part of the blade and the strong sensitivity of losses to the boundary layer state and/or potential boundary layer separation on the blade suction side. In the remaining domain (see Fig. 9 c), several physical phenomena can be identified and contribute to the generation of losses. From the inlet x / C x = -1 to the rim seal left corner x / C x = -0.26, the anergy production can be associated to the dissipation of turbulent structures injected at the inlet of the domain. At the rim seal interface extending between x / C x = -0.26 and x / C x = -0.12, the anergy production is related to the axial and tangential velocity gradient in the radial direction ( ∂ u s / ∂ r and ∂ u c / ∂ r) between high-momentum main annulus flow and low-momentum cavity flow (see Fig. 10 ). Close to rim seal right corner between x / C x = -0.12 and -0.04, the anergy production strongly increases. This contribution is induced by the variations of radial velocity in the tangential direction. This corresponds to the ingestion process of main annulus flow face to the blade (negative radial velocity) while the cavity flow emerges close to the center of the passage (positive radial velocity). The losses associated to the remaining domain in the inter-blade channel between x / C x = 0 and x / C x = 1 can be attributed to secondary vortices: pressure and suction side of the horse shoe vortex, passage and corner vortices downstream the merging point of pressure and suction side leg. These vortices are continuously fed by the cross flow component induced by the blade-to-blade pressure gradient. The energy provided by the cross pressure gradient is mainly stored into transverse energy terms to the main direction of the vortices. The vortices dissipate this secondary kinetic energy (energy contained in the cross contributions to the stream one) under a mixing process. In addition, a major contribution to losses of secondary vortices in the passage is induced by strong variations of radial velocity according to the stream and cross component. The passage vortex migrating close to the blade suction side serves as a region of blockage. In a similar manner to a nozzle, this enforces the flow in the inter-blade channel to migrate radially. This phenomenon induces strong variation of radial velocity components in the stream and cross direction direction ( ∂ u r / ∂ s and ∂ u r / ∂ c gradients, see Fig. 11 ). The resulting interaction between this radial flow and the passage vortex is not purely a potential flow effect, and shearing occurs between the two flow features that can be also observed in current configuration (see Fig. 12 between x / C x = 0.6 and x / C x = 1). This phenomenon was originally observed by Zlatinov [START_REF] Zlatinov | Turbine hub and shroud sealing flow loss mechanisms[END_REF] . The third mechanism of loss associated to the secondary vortices in the passage is the additional friction on the hub, shroud and blade suction surfaces where the secondary vortices travel (see Fig. 13 ). This phenomenon was initially observed by Denton and Pullan [START_REF] Denton | A numerical investigation into the sources of endwall loss in axial flow turbines[END_REF] studying the endwall sources of loss based on an entropy formulation. Downstream of the blade from x / C x = 1 to x / C x = 3, the losses associated to the remaining domain progressively decay. The main contributions to the decay downstream of the trailing edge is twofold: a first contribution related to cross velocity gradients ( ∂ u s / ∂ c and ∂ u c / ∂ s ). The cross velocity gradient corresponds to the shear layer between the suction and pressure side flow promoting the formation of trailing shed vortices. The contribution is strong close to the trailing edge with a quick decay since becoming almost zero as soon as x / C x = 1.4. A second process related to the passage vortex decay that induces entropy production due to a variation of radial velocity ( ∂ u r / ∂ c ) that is performed over a longer distance since becoming negligible downstream of x / C x = 1.8-2 (see Fig. 14 ).

Influence of purge flow rate on viscous anergy production

The influence of purge flow rate on the anergy production is analyzed by applying the exergy analysis developed in previous Section 5 to the LES turb.inj. performed at the different purge flow rates available (0, 0.5 and 1% of the main flow rate). The losses associated to the shroud boundary layer have been checked to be unmodified by the amount of purge flow. Indeed, for conventional purge flow rates (typically 1% of the main annulus flow rate), the influence of purge flow rate is limited to the first half height of the main annulus [START_REF] Schuler | Investigation of the influence of different rim seal geometries in a low-Pressure turbine[END_REF] . The main influence of purge flow rate is observed on the hub and remaining domain contribution (see Fig. 15 a andb). The purge flow rate increases anergy production in the blade passage from x / C x = 0 to x / C x = 1 and downstream of the blade. As stated, the anergy generated in the passage out of the boundary layers and downstream of the blade in the remaining domain may be attributed to secondary flows developing in the passage. The current observation supports a feeding process of the secondary vortices in the passage by purge flow that as a consequence generates more anergy. Due to more energetic sec- ondary vortices, the friction process at the hub is also higher with a higher purge flow amount. As a consequence, the total anergy produced along the domain increases with an increased purge flow rate (see Fig. 15 c) which is compliant with studies dealing with the influence of purge flow rate on the losses generated in turbines [START_REF] Girgis | The effect of secondary air injection on the performance of a transonic turbine stage[END_REF][START_REF] Popovi Ć | Aerothermal impact of the interaction between hub leakage and mainstream flows in highly-Loaded high pressure turbine blades[END_REF][START_REF] Reid | The effect of stator-Rotor hub sealing flow on the mainstream aerodynamics of a turbine[END_REF] . 

Influence of rim seal geometry on anergy production

At the rim seal interface, the anergy production associated to azimuthal and axial velocity gap between the main and rim seal flow is lower for the overlapping geometries. This is due to the local recirculation zone for overlapping geometries that reduces the shear compared to the axial geometry (see Fig. 16 a). The overlapping geometries promote an intense recirculation zone that homogenize the flow at the rim seal interface. A main consequence is that the cavity purge flow blows earlier at the rim seal interface, i.e. at a lower axial coordinate for the axial rim seal compared to the overlapping geometries (see positive radial velocity at the rim seal interface for axial and simple overlapping geometry in Fig. 17 ). This induces an earlier development and strengthening of the horse shoe vortex process, pressure side of the horse shoe vortex process by purge flow for axial geometry compared to overlapping ones (see Fig. 18 where the purge flow can be tracked since injected at a lower temperature). The radial migration of secondary vortices along blade suction are initiated early for the axial rim seal geometry and promote secondary vortices with a larger detrimental impact on losses compared to axial overlapping geometries.

Conclusion

This paper has been devoted to the analysis of the losses generated in a linear cascade with an upstream cavity representative of a low-pressure turbine based on an exergy analysis. RANS and LES with inlet turbulence injection have been compared based on this approach: the losses related to the decay of turbulent structures at the inlet are not observed in the RANS. At the rim seal interface, the losses related to the shear are triggered with a higher magnitude in RANS compared to the LES with inlet turbulence injection and the trailing edge losses are smoothed over a larger axial extent for the RANS. The hub, shroud and blade boundary layer represent around 2/3 of the losses generated in the cascade due to wall-normal velocity gradients. In the remaining domain that represent around 1/3 of the loss generated, several mechanisms of loss have been identified: the decay of free-stream turbulence from the inlet to blade leading edge. At the rim seal interface, the shear layer between the cavity with low momentum flow and the main annulus flow with high momentum (both axial and azimuthal) induces additional losses. Thermal anergy is also produced since the cavity flow with slightly lower temperature mixes with higher temperature main annulus flow. In the blade passage, secondary flows induce losses under various mechanisms: a friction process on the wetted surfaces where secondary vortices travel, a blockage effect due to the passage vortex promoting strong cross radial velocity gradients, and a mixing process dissipating secondary kinetic energy. Downstream of the blade leading edge, mainly two contributions are added to the hub and shroud boundary layer: the turbulent vortex shedding process that is significant until half chord downstream of the blade trailing edge. A second contribution related to the decay of secondary vortices over one axial chord length. The study of the different purge flow rates available showed that the cavity purge flow emerging in the main annulus is supplied to secondary vortices and more losses are incurred due to more energetic structures with an increased purge flow rate. Regarding the rim seal geometries, the axial overlapping geometries promote a delayed development and feeding process of secondary vortices that induce less losses generated compared to simple axial gaps. (exergy)

In gas turbine application, the common quantity to deal with variation of energy in the flow is the total enthalpy h tot that 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 i j u j -q j ) + ∂ p ∂t (8) ∂ (ρs ) ∂t + ∂ (ρsu i ) ∂x i + ∂ (q i /T ) ∂x i = 1 T τ i j ∂u i ∂x j + λ T 2 ∂T ∂x i 2 + ˙ Q T ( 9 
)
where ˙ Q is an internal heat source. Exergy is defined as a composite quantity between the total enthalpy of the flow that measure the total energy in the flow less the entropy contribution that measure the level of irreversibility in the flow, i.e. the amount of energy to be subtracted to the total enthalpy. Exergy is defined relatively to a dead state noted 0 since the processes of energy transfer between the flow and a gas turbine occurs in a surrounding environment (generally the atmosphere) that contains energy (since under pressure p 0 ) and with non-zero temperature T 0 but with no access to this energy in real processes. Exergy χ can be expressed as: χ = (h toth 0 ) -T 0 (ss 0 ) . [START_REF] Gicquel | High performance parallel computing of flows in complex geometries[END_REF] Based on the transport equations for total enthalpy Eq. ( 8) and entropy Eq. ( 9) , 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 i j u j -(1 - T 0 T ) q j ) - T 0 T τ i j ∂u i ∂x j - λT 0 T 2 ∂T ∂x i 2 + ∂ p ∂t . ( 11 
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 1 Fig. 1. View of the experimental set up. Adapted from Schuler [36] .

Fig. 2 .

 2 Fig. 2. Simulation domain.

Fig. 3 .

 3 Fig. 3. Main secondary vortices observed in the linear cascade: suction side (A) and pressure side leg of the horse shoe vortex (B), corner vortex(C) and passage vortex (D) including the ingestion process face to the blade due to potential effect (E) and blowing of cavity flow into the annulus at the center of the passage (F).

Fig. 4 .

 4 Fig. 4. Evolution of the flow exergy from the inlet to outlet of the domain (RANS), configuration A05.

Fig. 5 .

 5 Fig. 5.Example of a simulation domain discretized in axial subvolumes V i (green). For a simple configuration where only the hub boundary layer is considered, V i can be split in a subvolume associated to the hub boundary layer (red) and a remaining domain that is simply the subvolume V i minus the subvolume associated to the hub boundary layer (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6 .Fig. 7 .

 67 Fig. 6. Evolution of the flow anergy from the inlet to outlet of the domain (RANS). Right-hand legend refers to thermal contribution and left-hand to viscous contribution, configuration A05.

Fig. 8 .

 8 Fig. 8. Evolution of the viscous anergy production d ∇u /dx along the simulation including the mean and turbulent contributions for the RANS (a) and TKE production P k for LES turb.inj. simulation (b), configuration A05.

Fig. 9 .

 9 Fig. 9. Viscous anergy production for the different subdomains based on the LES turb.inj. , configuration A05.

Fig. 10 .

 10 Fig. 10. Anergy production at the rim seal interface in the remaining domain based on the LES turb.inj. , configuration A05.

Fig. 11 .

 11 Fig. 11. Axial cuts in the passage colored by viscous anergy production related to ∂ u r / ∂ c gradients, configuration A05.

Fig. 12 .

 12 Fig. 12. Viscous anergy production along the blade extent in the remaining domain based on the LES turb.inj. , configuration A05.

Fig. 13 .

 13 Fig. 13. Viscous anergy production in the boundary layer at a constant distance from the wall ( y + = 30) for the hub (left) and blade (right) based on the LES turb.inj. , configuration A05.

Fig. 14 .

 14 Fig. 14. Viscous anergy production downstream of the blade in the remaining domain based on the LES turb.inj. , configuration A05.

Fig. 15 .

 15 Fig. 15. Influence of the purge flow rate on viscous anergy production for the hub (a) remaining domain (b) and total contributions (c) based on the LES turb.inj. , axial rim seal.

Fig. 16 .

 16 Fig. 16. Influence of the rim seal geometry (axial, simple and double overlapping) on viscous anergy production for the hub (a) and remaining domain (b) contributions based on the LES turb.inj. , intermediate purge flow rate.

Fig. 17

 17 Fig. 17. Radial cut close to the hub colored by the normalized radial velocity u r for axial A (a) and simple overlapping S geometry (b).

.

  Fig. 17. Radial cut close to the hub colored by the normalized radial velocity u r for axial A (a) and simple overlapping S geometry (b).

Fig. 18 .

 18 Fig. 18. Radial cut close to the hub colored by temperature for axial A (a) and simple overlapping geometry S (b).

Table 1

 1 Characteristics of the cascade rig.

	cascade details		nominal conditions	
	Inlet blade angle	37.9 •	Re	5.6 x 10 5
	Outlet blade angle	66.3 •	Ma	0.22	
	Axial chord C x	75 mm	˙ m m	1.13 kg.s	-1
	H NGV / C x	1.3	p tot,in / p out	1.035	
	Pitch/ C x	0.884	˙ m c / ˙ m m	0, 0.5, 1%
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