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During Severe Accidents (SAs) in Light Water Reactors (LWRs), the core heat up due to the lack of fuel cooling in the Reactor Pressure Vessel (RPV) may lead to the formation of a so called corium pool (molten core oxidic and metallic liquid materials) relocating in the lower head of the RPV. Within the framework of SA, one strategy to minimize risks of containment failure is the In Vessel Retention (IVR) strategy. To demonstrate the feasibility of such a strategy and to ensure the vessel integrity during the accident, one of the key points is to correctly evaluate the thermal load applied on the RPV wall by the lower head corium pool. Among all the complex coupled transient phenomena taking place in the RPV, the possible solidification of the corium pool, forming the so-called corium crust, has been shown by experimental and numerical results to be a key phenomenon for the IVR strategy. However, in most SA codes, the corium crust is only taken into account as a stationary model playing the role of a thermal resistance between the corium pool and the RPV wall. In this paper, a transient corium crust model is presented which explicitly takes into account the mass, temperature, composition and thermodynamic properties of the crust and pool material. Numerical results, in the context of the IVR strategy, highlight the impact of the transient corium crust modeling in comparison to a stationary modeling. The proposed model opens new perspective of modeling such as the

Introduction

During Severe Accidents (SAs) in Light Water Reactors (LWRs), the core heat up due to the lack of fuel cooling in the Reactor Pressure Vessel (RPV) may lead to the formation of a so called corium pool (molten core with oxidic and metallic liquid materials) relocating in the lower head of the RPV. Within the framework of SA, one strategy to minimize risks of containment failure is the In Vessel Retention (IVR) strategy. To demonstrate the feasibility of such a strategy and to ensure the vessel integrity during the accident, one of the key points is to correctly evaluate the thermal load applied on the vessel wall by the lower head corium pool. In this pool, the volumetric heat generation associated with decay heat induces natural convection combined with phase segregation effects (which may lead to a stratified oxidic and metallic pool) determine the heat flux distribution on the vessel wall. Furthermore, one important limitation for the IVR strategy is the possible formation of a "thin" metal phase on top of the pool which may lead to heat flux concentration at that point (the so-called focusing effect [START_REF] Theofanous | Salimassi, In-vessel coolability and retention of a core melt[END_REF][START_REF] Rempe | Potential for invessel retention through ex-vessel flooding[END_REF]). Among all the complex coupled transient phenomena taking place in the lower head vessel, the possible solidification of the corium pool, forming the so-called corium crust, is a key phenomenon for the IVR strategy. It was clearly highlighted in the "Phenomena Identification Ranking Table" (PIRT) exercise carried out in the frame of the recent European project IVMR [START_REF] Fichot | Elaboration of a PIRT for the modelling of in-vessel retention[END_REF].

Experimental studies have, at least partially, identified some of the nonsteady thermal and physicochemical phenomena taking place in the corium crust and their impact on the kinetic of stratification of the lower head in-vessel corium pool. During the stratification of the pool, a part of the molten stainless steel from reactor components is relocated at the bottom (forming the heavy metal layer from interaction with the oxide layer) and the remaining on top (forming the upper metal layer). In this case, a sub-oxidized "axial" corium crust can separate the top metal layer from the oxide and metal layers, forming the 3-layer pool configuration for which the focusing effect phenomenon is stronger. A small scale experimental study carried out within the CORDEB project [START_REF] Almjashev | Experimental study of transient phenomena in the three-liquid oxidic-metallic corium pool[END_REF] shows that phenomena such as mass transfer through the axial crust, crystallization of oxide phases on top of the crust and dissolution of the crust can secure this 3-layer pool configuration for a longer time (in opposition with the MASCA experiments for which no crust was considered [START_REF] Tsurikov | Main results of MASCA1 and 2 projects[END_REF]). These findings are confirmed by the VITI-CORMET experiments [START_REF] Pivano | Experimental studies of molten steel -suboxidized corium crust interaction for IVR application[END_REF] in which it is shown that molten stainless steel from the "thin" metal phase can penetrate in the pool because of mechanical stresses through cracks formed during the crust formation and, secondly, by a dissolution mechanism. These two experiments all emphasize the complex non-steady phenomena taking place in the corium crust and their impact on the transient thicknesses of the layers in the pool and thus the heat fluxes transferred to the reactor vessel.

Despite these experiments and because of the difficulties to reproduce experiments at large scale, all the transient physico-chemical phenomena taking place in the corium pool and their impact on heat fluxes transferred to the vessel wall are not well known. Thus, up to now, current methodologies for SA mitigation use stationary model, bounding cases and probabilistic approaches to evaluate the IVR strategy. However, for high power reactors, less conservative models with transient consideration are needed in order to correctly evaluate the strategy [START_REF] Tellier | Transient stratification modelling of a corium pool in a LWR vessel lower head[END_REF][START_REF] Fichot | Some consequences of material interactions for invessel melt retention[END_REF]. Thus, many modeling assumptions are made regarding the corium crust modeling, which was pointed out in [START_REF] Carénini | Modelling issues related to molten pool behaviour in case of in-vessel retention strategy[END_REF] by analysis based on sensitivity studies in the ASTEC code, and which was more recently confirmed in the scope of the IVMR project [START_REF] Carénini | Main outcomes from the ivr code benchmark performed in the IVMR project[END_REF] on a benchmark exercise with different SA codes (leading to discrepancies between codes because of modeling assumptions varying from code to code).

For these reasons, the corium crust should be considered explicitly as an independent component from the corium pool in such a way that the thermal, thermodynamic and thermo-mechanical transient behavior of the crust can be correctly calculated. To the extent of our knowledge, this is currently not the case in most SA codes such as ASTEC, HEFEST, MAAP_EDF or PROCOR (details about these codes can be found in [START_REF] Tellier | Transient stratified corium pool modelling for in-vessel retention analysis[END_REF]). In the ASTEC code, crusts are not explicitly modeled as a specific component of the lower head corium pool but are considered as thermal resistances with neglected inertia and thicknesses evaluated with a quasi-stationary state assumption [START_REF] Carénini | Modelling issues related to molten pool behaviour in case of in-vessel retention strategy[END_REF]. While using a transient model, the EDF proprietary version of MAAP5 code [START_REF] Fauske | MAAP5 -modular accident analysis program for LWR power plants[END_REF] uses, at the interface with the pool, a temperature always set to the liquidus temperature of the pool leading to possibly non physical solidification the crust [START_REF] Beuzet | Corium-related improvements in the edf version of MAAP code in the frame of severe addicents studies[END_REF] (e.g. when an oxidic crust is facing a metallic layer after stratification of the pool [START_REF] Sidorov | Numerical and experimental researches on In-Vessel Retention Possibility for VVER reactors[END_REF]). Currently, in the PROCOR code, the corium crust is simply modeled as stationary thermal resistance with no inertia and no mass with an interface temperature with the pool set to the global liquidus temperature of the pool [START_REF] Tellier | Transient stratification modelling of a corium pool in a LWR vessel lower head[END_REF].

In this paper, an explicit transient modeling of the corium crust is presented in sec. 

Modeling of the radial corium crust in the PROCOR platform

This section presents the corium crust model that represents a solidified corium pool in the lower head vessel of the RPV of a LWR. Without loss of generality and for the sake of clarity, the model is described hereafter in case a radial corium crust along the vessel wall.

Crust meshing and remeshing algorithms (sec. 2.1), meshes governing equations (sec.2.2), boundary conditions (sec. 2.3) and thermodynamic closures (sec.2.4) of the proposed crust model are designed keeping in mind that additional phenomena (e.g. dissolution at the interface or crust thermo-mechanical rupture) will have to be "integrated" when associated models are made available.

During one time step between two times t n and t n+1 , the algorithm is as follows:

1. First, at the beginning of the time step at t n , crust meshes are instantly updated following the strategy described in sec. 2.1; 2. Then, with the updated crust meshing, continuous equations described in sec.2.2 are solved between times t n and t n+1 .

Crust meshing and remeshing strategies

Fig. 1 illustrates a typical configuration in the lower head vessel of the corium pool, corium crust and reactor vessel as represented in the associated lumped parameter models, or the so-called "0D" models. The corium pool being possibly axially stratified, e.g. a heavy metal layer (also referenced as the lower metallic layer in the following) below an oxidic layer below a light metallic layer (also referenced as the upper metallic layer in the following), the corium crust domain is axially discretized along the z-axis with rectangular meshes C j . Each mesh has its own mass, average temperature and average composition (in terms of ), heavy metallic (met.,dwn) and light metallic (met.,up) layers and the vessel wall in terms of heat fluxes φ and temperatures T at interface Γ in and its restriction Γ in,j = Γ in ∩ C j to a crust mesh C j species mass fraction) that evolve with time according to lumped parameter equations (described below).

The corium pool volume and level in the lower head vessel and stratification configuration (up to 3 layers with different composition) can change during the transient. Moreover, the pool layers thicknesses are evolving due to inter-layer mass transfer. Furthermore, at the interface between the pool and its crust, melting of the crust or solidification of the pool can lead to variation of the crust meshes height. At the beginning of each time step, we update the axial meshing of the corium crust. The updating strategy is as follows:

• a crust mesh can only face one pool layer. In that way, any smearing effect of the heat flux from the pool is avoided in case of a thin pool layer on top of a larger pool layer.

• at least one crust mesh is assigned to a pool layer.

• when a crust mesh is no longer in front of the pool (because the pool is moving up and down in the lower head of the vessel), an adiabatic condition is imposed on its left boundary. Note that, if radiative heat transfer of the pool surface towards the vessel inner wall is considered, this boundary condition will be modified.

Lumped parameter conservation equations

For each crust mesh C j , macroscopic (or lumped parameter) conservation equations are governing the evolution of its mass m j (kg) and specific enthalpy h j (J.kg -1 ). They are given by the following equations

dm j dt = -ṁin,j (1) 
dm j h j dt + ṁin,j h in,j = S in,j φ conduction in,j -φ conduction ext,j + qmass j m j (2) 
with h in,j the specific enthalpy at interface Γ in,j = Γ in ∩ C j between the crust mesh C j and its facing pool layer l(j) (with area S in,j (m 2 )) and qmass j (W.kg -1 ) its mass power density.

φ conduction in,j
and φ conduction ext,j (W.m -2 ) in eq. 2 are heat fluxes. For practical use, they need proper closure laws. Currently, these heat fluxes correspond to heat conduction in the crust mesh and are given by a lumped parameter model assuming a quadratic profile of the crust radial temperature (see [START_REF] Tellier | On the treatment of plane fusion front in lumped parameter thermal models with convection[END_REF] for details on this model). Clearly, other models for closure of these heat fluxes could be used. Additionally, axial heat fluxes, neglected currently, could be considered as in [START_REF] Peybernes | Hybrid lumped/distributed parameter model for treating the vessel lower head ablation by corium during a LWR severe accident[END_REF].

ṁin,j is a mass flow rate associated to the displacement of interface Γ in,j .

It corresponds to a plane fusion/solidification front and is detailed hereafter.

Boundary conditions and couplings at the crust interfaces

A Dirichlet-Neumann scheme 1 is applied for the coupling at the interfaces of the crust. At the interface Γ in,j = Γ in,l(j) ∩ C j between the crust mesh C j and its facing pool layer l(j):

1 Couplings are not arbitrary but are imposed by the underlying local equations (see [START_REF] Tellier | On the treatment of plane fusion front in lumped parameter thermal models with convection[END_REF] for the construction of a lumped parameter model from the local equations) and are done in such a way that the associated domain decomposition problem is well posed [START_REF] Dolean | An Introduction to Domain Decomposition Methods[END_REF]. met.,up is the layer lateral boundary temperature calculated from the averaging projection operator f detailed in the beginning of sec. 2.3.

• for each pool layer l(j), the corium pool model calculates 0D heat fluxes φ in,l(j) which are projected, while ensuring energy conservation, as φ in,j on Γ in,j for each crust mesh C j ;

• for each crust mesh C j , the crust model calculates interface temperatures T in,j which are then projected as T in,l(j) on Γ in,l(j) for each pool layer l(j) with T in,l(j) = j |Γin,j | |Γin| T in,j (in which |Γ| (m) is the length of the interface). Note that in case of inhomogeneous temperatures T in,j at the interface of the pool layer, e.g. when the upper metallic pool layer, responsible of the focusing effect on the vessel wall, is facing both the crust and the vessel, this projection might lead to a crude estimation of the interface temperature T in,l(j) and, thus, of the 0D heat flux of the pool layer. This problem is depicted in fig. 2, will be highlighted in the numerical results sec. 3 and is currently being worked on as explained in the perspectives of this paper in sec. 4.

For the sake of clarity and conciseness, in the following, we note Γ in for Γ in,l(j) .

At the interface Γ ext,j = Γ ext ∩ C j , heat fluxes continuity is imposed at the motionless interface Γ ext between the crust and the vessel: the crust model (resp. the vessel model) calculates interface heat fluxes (resp. temperatures) imposed on the vessel (resp. the crust). Note that the same projection operators as the one used for the coupling with the pool are used for this coupling.

The main important feature of this model concerns the crust/corium pool interface condition that, depending on the pool stratification, can vary axially from one mesh to the other. In the present model, depending on the heat fluxes at the interface between the pool and the crust, three possible cases are distinguished:

• in case of an heat fluxes discontinuity at the interface, i.e. φ in,j = φ conduction in,j , a plane fusion/solidification front associated to a Stefan condition at the interface is considered (note that no mushy zone is treated, see the remark below);

• in case of heat fluxes continuity at the interface, i.e. φ in,j = φ conduction in,j , the interface is motionless.

In case of a plane fusion/solidification front at the interface Γ in,j , the crust and pool are therefore coupled through mass flow rates ṁin,j associated to the displacement of this interface at a certain interface temperature T in,j detailed below. In the present model, only displacement along the x-axis is considered in such a way that crust meshes remain rectangular.

Remark concerning the mushy zone. At the liquid solid interface between the pool and the crust, a mushy zone might exist with a temperature in between the solidus temperature and the liquidus temperature in which solid and liquid phases co-exist. However, when considering the solidification of a typical corium pool in the lower head vessel, it is shown in [START_REF] Combeau | Interface temperature between solid and liquid corium in severe accident situations: A comprehensive study of characteristic time delay needed for reaching liquidus temperature[END_REF] that the liquidus temperature of the pool is reached in the mushy zone in a few minutes in such a way that the mushy zone is fully liquid and disappears. In regard to the thermal-hydraulic characteristic time (≈ 1 h) for in-vessel lower head calculations, the assumption of a plane solidification front propagating at the liquidus temperature is often made. Regarding the fusion front propagation, the considered transient for reactor case is the solidification of an oxidic pool and then fusion of this oxidic crust in front of metallic layers (for which no mushy zone at the interface can exist) or slight fusion of this crust in front of a smaller oxidic layer with less power. Thus, the mushy zone in case of a fusion front is not of primal importance and, in that case, we also assume a plane front. However, this should be verified with additional calculations or experiments.

We distinguish two temperatures at which the plane fusion/solidification front propagates:

• the temperature T + of melting of a crust mesh C j ,

• the temperature T -of solidification of a pool layer l(j) in front of the crust mesh C j .

Note that this distinction is crucial and is one of the key motivation of this model; it is based on thermodynamic considerations discussed afterwards. A pool layer and the associated facing crust do not necessarily have the same solidification and melting temperature (e.g. the metallic layer facing an oxidic crust). Hence, there exist an interval of interface temperature

T in,j ∈ [T -, T + ]
for which the crust cannot melt and the pool cannot solidify and the interface is motionless.

The plane fusion (+ symbol) or solidification (-symbol) front at interface Γ in,j = Γ in ∩ C j associated to a Stefan condition at the interface is given by equations

   ∆H ṁin,j = (φ in,j -φ conduction in,j )S in,j T in,j = T with ∈ {+, -} (3) 
with ∆H + (resp. ∆H -) the latent heat of fusion of the crust (resp. the latent heat of solidification of the pool layer) and φ conduction in,j the heat flux of conduction in the crust (described in the previous sec. 2.2).

When the interface Γ in,j is motionless the heat fluxes continuity at the interface given by equations

φ in,j = φ conduction in,j in Γ in (4) 
allows to calculate an interface temperature T in,j ∈ [T -, T + ]. With such a boundary condition, the crust is said to be in a "pure conduction" state in The three different boundary conditions at interface Γ in,j between the pool and the crust are described in fig. 3. Transitions between these states are also depicted.

In the following section, thermodynamic considerations allow to give closures for temperatures T -, and T + and to complete the description of the proposed crust model.

Crust composition and thermodynamic closures

In what follows, we describe the treatment done for the compositions, specific enthalpies and thermodynamic2 properties of the crust meshes.

As for each pool layer, the crust meshes C j compositions are described in terms of average species mass fractions and associated element mass fractions denoted by

w i j i∈S and f i j i∈E
with S the set of all species and E the set of all elements present in the crust mesh C j .

The specific enthalpy h j (J.kg -1 ) of C j is explicitly written in temperature and is associated with the description of the crust material with its liquid and solid specific enthalpies given by

h j T j = h solid j T j = h o -Cp solid j T + -T j (5) 
h liquid j T j = Cp liquid j T j -T + + ∆H + + h o (6) 
with h o a reference enthalpy, Cp solid j and Cp liquid j (J.kg -1 .K -1 ) the solid and liquid specific heat capacities and ∆H + (J.kg -1 ) the latent heat of fusion (or melting) of the crust mesh.

As suggested in [START_REF] Combeau | Interface temperature between solid and liquid corium in severe accident situations: A comprehensive study of characteristic time delay needed for reaching liquidus temperature[END_REF], liquidus temperatures are considered at the fusion/solidification front taking place at Γ in between the pool and the crust. In that way,

• the temperature T + of melting of a crust mesh C j is given by the liquidus temperature T liquidus f i j i∈E associated with the average elementary composition of the mesh;

• the temperature of solidification of a pool layer l(j) in front of C j is given by the liquidus temperature T liquidus f i l(j) i∈E associated with the average elementary composition of the pool layer l(j); When solidification occurs, the created solid crust composition is equal to the pool layer average composition.

Remark on the chosen closures for T -and T + . They allow to avoid, for instance, the non physical solidification of a metallic pool layer in front of an oxidic crust after stratification of the pool (from the whole oxide and metallic mixture to stratified oxide and metal phases) which can have a much lower liquidus temperature than the oxidic layer. Table 1 shows phases liquidus temperature and composition for various sub-oxidized (U-O-Zr) and steel (Fe) mixtures at 2900K (for which the mixtures are in the miscibility gap of the U-O-Zr-Fe system) predicted by thermodynamic equilibrium calculations. As expected, the liquidus temperatures of the whole mixture, oxidic and metallic phases are almost equal and are always associated with the appearance of a face cubic centered solid when below the stratification inversion threshold, ‡ when above)

R U/Zr = 1.2, C Zr = 0.3 R U/Zr = 1.2, C Zr = 0.3 x steel 0.2 † 0.5 ‡ 0.05 † 0.2 ‡ T liquidus ( 
phases (U,Zr)O 2-x . However, in the liquid metallic phase, a very small amount of oxygen is available to form this refractory solid (a few kilograms per ton of liquid). Under these conditions, if component transport was sufficiently fast, a refractory crust, a few millimeter thick, could be formed at the interface between the metallic layer and the vessel wall. However, experiments from [START_REF] Sidorov | Numerical and experimental researches on In-Vessel Retention Possibility for VVER reactors[END_REF] have shown that when a cold steel material is plunged into a liquid metallic layer, there are actually no oxidic phases that appear at the liquid/solid interface so that, actually, it can be assumed that no refactory solid made of oxidic components appears in front of a liquid metallic layer. Note that these experiments also confirm that the oxidic crust seems to remain stable when in contact with a liquid metallic layer, at least for a certain period of time depending on the kinetics of dissolution. Under the thermodynamic equilibrium assumption for the solidification of the metallic phase at the liquid solid interface, once all the oxygen has been used, calculations show that the solidification can only continue at a much lower temperature (given by the metallic without O phase liquidus temperature) associated with the appearance of a Laves phase made of metallic components. Thus, from these calculations and experiments, it seems reasonable to assume that the solidification temperature of a metallic layer is much lower than the one of the oxidic layer.

In the following, neglecting the metal phase O content, we consider the following simplification for the closure of the solidification temperature

T -= T liquidus f i l(j) i∈E
of the pool layer l(j):

T liquidus f i l(j) i∈E ≈           
2800K -3000K for an oxidic phase 1700K -1800K for steel 1500K -1600K for a metallic phase enrichied with U, Zr

At this stage, the crust composition treatment and thermodynamic closures remain simple while being qualitatively coherent (and probably quantitatively at the first order) to regain the expected physical behavior of the coupling at the interface between the pool and its crust. Indeed, it is shown in [START_REF] Tiwari | On the use of CALPHAD-based enthalpy-temperature relations in suboxidized corium plane front solidification modelling[END_REF] that, for a given pool composition, the variation of the liquidus temperature of the oxide pool remains small (less than 50 K). Plus, we show in the following that for usual reactor case calculations, the metallic pool layers do not lose enough power in the crust in such a way that the interface temperature of its facing oxidic crust stays well above the solidification temperature. Thus, this "simplification" in case of metallic layers does not have any impact, or at least a very limited one, for the considered reactor transient. Thus, as a first approach, we have chosen constant liquidus temperatures for the oxide and metallic layers. In [START_REF] Tiwari | On the use of CALPHAD-based enthalpy-temperature relations in suboxidized corium plane front solidification modelling[END_REF], it is also shown that the radial variation of composition in the solid crust remains small (maximum of ≈ 9.5 % for the mass fraction of ZrO 2 ) in comparison to the variation of composition in the liquid. However, the crust model and its coupling with the pool were developed in such a way that more complex models could be easily plugged in, e.g. models allowing thermodynamic treatments consistent with CALPHAD data as proposed in [START_REF] Tiwari | On the use of CALPHAD-based enthalpy-temperature relations in suboxidized corium plane front solidification modelling[END_REF][START_REF] Tellier | Consistent use of CAL-PHAD data for in-vessel corium pool modeling: some analytical and practical considerations[END_REF].

Numerical results

Case of study

A nominal test case was constructed on a typical configuration of interest for light water reactor severe accident analysis: within a vessel (the reactor vessel made of steel) lies a large volumetrically heated fluid pool (molten corium from the core meltdown) heating and melting the various reactor components (such as the vessel itself or internal structures). These steel flow rates are then mixed with the pool.

For the vessel, the numerical results presented here are all based on the spherical cap geometry with with a radius and a height of 2 m that is relevant for the reactor configuration. The considered test case focuses on the coupling between the pool and its crust. Hence, the ablation of the vessel is not calculated and temperatures at its interface Γ ext with the crust are imposed and equal to the temperature of fusion of the vessel steel material (taken equal to 1600 K).

The corium pool is volumetrically heated by the residual power associated with the heat generated by the decay of radioactive fission products. The residual power is constant and taken to be equal to 14 MW.

The pool is cooled from above: the upper boundary condition associated with cooling is related to the availability of water to be injected on the system.

While water is injected, the cooling provided by nucleate boiling at the surface is very efficient; when water is no longer available or if dry out occurs, the cooling is limited and the heat removal is mainly provided by radiative heat transfer.

For this test case, we consider that the pool is cooled from its top boundary with an imposed radiative heat transfer toward a fixed temperature taken as the fusion temperature of the steel.

In the liquid pool, natural convection controls the power partitioning between its upper boundary and lateral boundary (at the interface Γ in with the corium crust). For these convective heat exchanges at the liquid boundaries of each pool layer, standard Nusselt-Rayleigh correlations are used. Note that when the pool is solid, while its average temperature remains below its liquidus temperature, heat fluxes are considered to be null.

More specifically, for the upper boundaries of pool layers, the Bali Upward correlation is taken for the upper heat transfer of an oxidic pool layer while the Globe & Dropkin correlation is used for a upper metallic pool layer.

An adiabatic condition at the interface between the oxidic and lower metallic layers is considered. Note that it was shown in [START_REF] Bakouta | Assessment of advanced corium-in-lowerhead models in MAAP and PROCOR codes[END_REF] that considering a non adiabatic boundary condition with the Fieg & Werle correlation [START_REF] Fieg | Experimental investigations of heat transfer in pools[END_REF] leads to small differences in terms of power through the lateral surface of the heavy metallic layer (≈ 3.76%) and in terms of average temperature of the oxidic layer (≈ 0.12%). For the lateral boundaries of pool layers, the Bali Downward correlation is taken for the lateral heat transfer of an oxidic pool layer while the Churchill & Chu correlation is used for a metallic pool layer. Then, when coupling these 0D lateral heat fluxes with the crust, analytical heat flux profiles are applied for each corium pool layer: a flat profile is taken for the metallic layers while a spherical cap specific profile is used for an oxidic layer (this profile leads to a heat flux increasing with the level of the crust mesh on the vessel).

As suggested in eqs. 7, the liquidus temperature of metallic and steel pool layers is T liquidus = 1600 K while it is T liquidus = 3000 K for an oxidic layer.

A test case was then designed in such a way that the associated transient calculation tests and highlights the important features of this model; it consists in three different stages that are associated with:

• initialization with an oxidic pool: at t = 0 s, within a spherical cap vessel with a radius and a height of 2 m lies 82.5 t of a liquid corium pool with an initial temperature of 2900 K, a U/Zr molar ratio R U/Zr = 1.2 and a Zr oxidation degree C Zr = 30%; the corium crust has 50 meshes with initial thicknesses of 2 mm and an initial temperature calculated in such a way that the heat fluxes imposed on the vessel are zero,

• molten steel input flow: between t = 6000 s and t = 8000 s, a molten steel flow rate of 10 kg/s at 1600 K is added on top of the pool,

• residual power decrease: at t = 10000 s, the residual power, initially equals to 14 MW, is reduced to 0.1 MW while the vessel wall temperature, initially equals to 1600 K, is reduced to 1200 K3 .

In the associated transient, the following phenomena are observed:

• first, the growing of the initial oxidic crust from the solidification of the oxidic pool,

• then, with addition of steel from the melting of reactor structures, its stratification with an heavy metallic layer and a light metallic layer in between an oxidic layer. First, while the added steel remains below a certain threshold, the heavy metal layer mass increases while the light metal layer mass decreases.

• then, at inversion, when the threshold is crossed, the heavy metal layer mass decreases while the light metal layer mass increases.

In the context of severe accident analysis, this transient represents the beginning (the first hours up to a few days since the beginning of the accident) of the transient of the core meltdown relocating in the lower head vessel.

• finally, lowering the residual power and the vessel wall temperatures reproduces the power behavior of the pool after a much longer time.

The results obtained with the proposed crust model are compared with the results obtained with a crust modeled as a stationary thermal resistance (no explicit modeling of the crust). This stationary model is currently used in the PROCOR platform and as depicted in fig. 4, assumes that a stationary oxidic crust is around the oxidic and heavy metallic layers while the light metallic layer is in direct contact with the vessel. 

Numerical schemes

The corium pool and corium crust models are coupled in time on a macro time loop with a macro time step of 50 s. In between these times, they have their own time integrators. Lumped parameter eqs. 1 and 2 in the crust model are solved with an Euler explicit time scheme with a time step of 1 s. This kind of partitioning in time, space and/or physics is known in the literature as the partitioned approach as opposed to the monolithic approach. Several partitioned algorithm can be used to solve the coupling between models to regain, as much as possible, the precision of the monolithic solution.

Partitioned schemes are usually classified into loosely coupled schemes [START_REF] Farhat | Provably second-order timeaccurate loosely-coupled solution algorithms for transient nonlinear computational aeroelasticity[END_REF] and strongly coupled schemes [START_REF] Degroote | Performance of a new partitioned procedure versus a monolithic procedure in fluid-structure interaction[END_REF]. Both these type of schemes were used to solve the coupling between the pool and the crust. However in the considered transient, when stratification of the pool occurs, the interface between the metallic layers and the oxidic crust is motionless and the crust is in pure conduction state. In that case, analytical calculations such as the one found in [START_REF] Viot | Solving coupled problems of lumped parameter models in a platform for severe accidents in nuclear reactors[END_REF] show that loosely coupled schemes are unconditionally unstable w.r.t the macro time step of coupling. Fig. 5 shows the interface temperatures between the pool and the crust calculated with the transient crust model and a loosely coupled scheme, also known as an explicit coupling scheme. When stratification occurs at 6000 s after the first steel flow on top of the pool, quickly, non-physical oscillations of the interface temperatures occur. They lead either to fusion or solidification of the crust while we expect the crust to be stable in front of metallic layers and its interface with the pool to remain motionless with interface temperatures in between the fusion temperature of the crust and the solidification temperature of the pool.

In the remaining, a strongly time coupling scheme based on fixed point iterations with constant relaxation is used (see [START_REF] Viot | Solving coupled problems of lumped parameter models in a platform for severe accidents in nuclear reactors[END_REF] for details on such schemes).

Results and discussion

For the previously described transient, fig. 6 shows the masses of the pool oxidic and metallic layers and the sum of the corium crust meshes. From the initial time to the time of the first steel flow rate at 6000 s, an oxidic crust is formed in the oxidic pool and in about 1000 s a near stationary state is reached.

Then, when the steel flow rate is added on top of the pool, a heavy metallic layer is formed below the oxidic layer in the pool. At about 7900 s, enough steel has been added to the pool and stratification inversion occurs leading to heavy metallic species rising through the oxidic pool in the light metallic layer: the heavy metallic layer mass decreases while the light metallic layer mass increases.

Facing the two metallic layers, the oxidic crust is in pure conduction state, its interface with the pool is motionless and its mass does not evolve during this part of the transient. Finally, after 10000 s of calculations, reproducing the late phase of the accident, the residual power and the vessel wall temperature is reduced in such a way that the pool, i.e. oxidic as well as metallic layers, starts to solidify again. At the end of the calculation, almost 40 t of crust is formed representing 50 % of the initial corium pool. Werle correlation [START_REF] Fieg | Experimental investigations of heat transfer in pools[END_REF] have shown that, for the first part of the transient, this leads to small differences in terms of lateral power of the heavy metallic layer (≈ 6 %) and in terms of its average temperature (≈ 1.5 %) and, for the second part of the transient, the interface temperature between this layer and the crust actually never reaches the solidification temperature of the crust. For the light metallic layer, with the stationary assumption, its interface temperature with the crust is under estimated which leads to higher heat fluxes toward the vessel and to an over estimated cooling of the light metallic layer: its temperature stabilizes around 1900 K for the stationary model while it stabilizes around 2200 K for the transient model.

Powers transmitted by the surfaces of the oxidic layer and its residual power are shown in fig. 9 for the calculation using the transient and stationary crust T lat. met.,up = T vessel liquidus = 1600 K. That way:

1. In relation to the previous point This calculation test case allows to highlight that the transient crust modeling has only a minor impact when considering, at the interface between the upper metallic layer and the vessel, the same boundary condition as with the stationary modeling, i.e. no crust at the interface and has an important impact in terms of boundary condition at this interface. This brings us to the main conclusion of these results: in order to properly model the behavior of the crust at the interface between the pool and the vessel, the proposed transient crust model is necessary but, on one hand, more precise closure for the '0D' heat fluxes are needed in case of inhomogeneous temperatures at the interface and, on the other hand, other physical phenomena such as the dissolution and/or thermomechanical behavior of the crust need to be considered.

Conclusion and future works

In this paper, a transient crust model at the boundary of the pool in the reactor vessel lower head with explicit modeling of its composition and appropriate thermodynamic closures in terms of fusion and solidification temperatures has been discussed. The comparison of this model with a widely used stationary crust model in SA codes has been carried out through numerical calculations focused on the coupling between the pool and its crust (other couplings with, for instance, the vessel wall are not considered in this paper). Note that this model has also been used for the comparison with the Live-L1 experiment [START_REF] Buck | The live program -results of test l1 and joint analyses on transient molten pool thermal hydraulics[END_REF] carried out in the scope of the LIVE program (this will be discussed in future works). However, this experiment does not allow the validation of the modeling at the interface between metallic layers and the oxidic crust. This more refined modeling leads to new numerical and physical challenges.

On the numerical side, under certain circumstances such as the stratification of the pool, the explicit coupling in time between the transient crust model and the pool model appears to be unconditionally unstable w.r.t. the time step of coupling. An implicit time coupling scheme was used for the numerical calculations. On the physical side, the heat fluxes correlation used for the '0D' energy conservation equation in the light metallic layer of the pool might lead to over-estimated (resp. under-estimated) heat fluxes toward the crust meshes (resp. the internal vessel wall) in case of inhomogeneous temperatures at the interface between the pool and the crust/vessel. For this specific case, more appropriate '0D' correlation for the heat flux calculation could be obtained from CFD type calculations. In particular, CFD calculations of the upper metallic layer heat fluxes with inhomogeneous temperatures at its boundary could be used to construct new Nusselt correlations for the 0D heat flux of the metallic layer. Such an approach has already been successfully used in [START_REF] Peybernes | Use of CFD results to model heat transfer in a thin metal layer[END_REF] and [START_REF] Le Guennic | Study of a thin metallic layer: Comparison of cfd and integral codes[END_REF] in the frame of the H2020 European project IVMR [START_REF] Fichot | Elaboration of a PIRT for the modelling of in-vessel retention[END_REF].

In the studies proposed in this work, the focus was on the coupling between the corium pool and its crust. In future work, more thorough studies involving the coupling between the crust and the vessel will be done.

Furthermore, for the time being, no radial meshing is considered in the crust meshes. Their compositions is radially homogeneous. For the late phase of the accident in LWRs (as shown in the results) or for other SAs in smaller reactors with smaller power with bigger thickness of crust, this might be a too rough approximation.

Finally, one other salient aspect of the crust at the boundary of the pool is the possible presence of a thin air gap in between the crust and the internal vessel wall due to different thermal expansions between the crust and the reactor vessel. When water ingress occurs in this gap, it can protect the vessel wall (see the TMI-2 report [START_REF] Wolf | Tmi-2 vessel investigation project integration report[END_REF] for details). Such an affect could be seamlessly integrated in the model as a gap resistance.

2 .

 2 Within the context of SA codes requiring fast calculations, the proposed transient lumped parameter model of the corium crust allows explicit modeling of the crust composition and proper closure of its thermodynamic properties. In the long run, this model should open new perspective of modeling regarding the fusion/dissolution mechanisms, as pointed out in the CORDEB and VITI-CORMET experiments, and its thermo-mechanical behavior. This model has been implemented in the PROCOR platform and tested on a test case of interest for various SA cases. Numerical results are presented in sec. 3. These test cases have shown that the proposed model, while opening new perspectives in terms of modeling, also brings new numerical challenges which should be treated properly by an adapted numerical scheme.

Figure 1 :

 1 Figure 1: Schematic of the lateral crust meshes C j and their couplings with the pool oxidic (ox.), heavy metallic (met.,dwn) and light metallic (met.,up) layers and the vessel wall in terms

Figure 2 :

 2 Figure 2: Schematic of the boundary of the upper metallic layer facing both the crust and the vessel leading to in-homogeneous temperatures T vessel liquidus and T in,j at its lateral boundary. T lat.met.,up is the layer lateral boundary temperature calculated from the averaging projection operator f detailed in the beginning of sec. 2.3.

Figure 3 :

 3 Figure 3: Schematic of the different possible interface conditions at the pool-crust interface Γ in and associated conditions for switching from one to the other (the crust mesh and pool layer index are omitted for the sake of conciseness

Figure 4 :

 4 Figure 4: Schematic of the stationary crust model (thermal resistance) in the PROCOR platform used to compare with the proposed transient crust model. Interface temperatures of the pool layers are either the liquidus temperature of the oxidic pool or the liquidus temperature of the vessel.

Figure 5 :

 5 Figure 5: Interface temperatures of the corium pool oxidic (ox.), heavy metallic (met.,dwn) and light (met.,up) metallic layers with the corium crust calculated with the transient corium crust model and with an explicit time coupling scheme between the crust and the pool.

Figure 6 :

 6 Figure 6: Masses of the corium pool oxidic (ox.), heavy mettalic (met.,dwn) and light metallic (met.,up) layers and of the corium crust meshes C j calculated with the transient corium crust model.

Fig. 7 Figure 7 :Figure 8 :

 778 Fig. 7 shows the interface temperatures of the pool layers with its crust calculated both by the transient and the stationary crust model. During the partial solidification of the oxidic pool, the first phase of the transient, the interface temperature between the oxidic pool and its crust is, for both the transient and the stationary models, the solidification temperature of the oxidic material, i.e. 3000 K.Then, between the steel flow rate addition to the pool at 6000 s and the

Figure 9 :Figure 10 :Figure 11 :Figure 12 :

 9101112 Figure 9: Residual power (Q) and thermal loads (φS ) transmitted by the corium pool oxidic layer (ox.) calculated with the transient (×) and stationary (•) corium crust model.

Figure 13 :

 13 Figure 13: Residual power (Q) and thermal loads (φS ) transmitted by the corium pool upper metallic layer (met.,up) calculated with the transient (×) corium crust model with the stationary BC at the upper metallic layer lateral interface and the stationary (•) corium crust model.

Overall, the expected

  physical behavior of the corium crust at the boundary of the pool is regain with the transient crust model in comparison to the stationary model. Once an oxidic crust is formed in front of an oxidic pool and after apparition of metallic layers, the solidification temperature of these metallic layers are low enough in such a way that the crust facing them is stable and protect the vessel wall. This transient model is the first step toward a more complex crust model taking into account dissolution phenomena and/or the mechanical behavior of the crust.

Table 1 :

 1 

	K)	whole mixture	2831	2843	2841	2853
		oxide phase	2830	2843	2841	2853
		metal phase	2829	2842	2840	2852
		metal without O 1620	1479	1581	1547
		f U	0.416	0.278	0.389	0.252
	metal	f Zr f O	0.115 0.003	0.070 0.003	0.101 0.003	0.057 0.002
		f F e	0.466	0.649	0.507	0.689

Liquidus temperatures and elementary compositions associated with thermodynamic equilibrium calculations in the miscibility gap at 2900K. With R U/Zr the U/Zr molar ratio, C Zr the zirconium oxidation degree, x steel the steel/sub-oxidized corium mass ratio (with †

  1, there is no crust at the interface of the upper metallic layer which is in direct contact with the vessel wall as with the stationary crust model; this pool layer has the same BC at its lateral interface with the transient crust model as with stationary crust model,
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	thus we call this BC the stationary BC;			
	2. In relation to the previous point 2, this interface temperature is the lower
	bound that can reach the projected interface temperature since T lat. met.,up ∈
	[T vessel liquidus , T in,j ].						

thermodynamic in the sense that a multicomponent system is described by its Gibbs energy as in the CALPHAD method[START_REF] Lukas | Computational Thermodynamics: The Calphad Method[END_REF] 

This instantaneous decrease is non-physical but allows to analyze the model behavior when long term solidification of the pool takes place in a limited simulation time frame

This is totally independent of the proposed transient crust model.
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