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INTRODUCTION

ASTEC is an integral code jointly developed by IRSN (France) and GRS (Germany) to simulate the whole sequence of a severe accident in nuclear power plants, from the initiating event up to the fission products releases and their behaviour in the containment, and finally to appreciate radioactive releases out of the containment. The "lower plenum" models implemented in ASTEC deal with the corium behaviour in the reactor vessel from its slump from the central part of the core, its possible fragmentation and solidification in water present in the lower plenum, up to the possible failure of the vessel lower head, taking into account the corium stratification (separation of chemical phases) and heat transfers with the vessel lower head wall. The adequate representation of all of these phenomena should in principle allow an accurate determination of the time of vessel rupture and the characteristics (temperature, composition…) of corium which would flow subsequently in the reactor pit, leading to molten-core-concrete-interaction (MCCI). Between V1.3 and V2.0 versions of ASTEC, improvements were made on the lower plenum corium models. In particular, a new phase separation model was developed for situations involving a U-Zr-O-Fe molten pool in the lower head (separation between non-miscible metallic and oxide phases) in agreement with MASCA experiments (see Section 5). In addition, the validation matrix of lower plenum models was also extended (compared to V1.3 version) by adding the LIVE L6 experiment (Table 1). For the six experiments concerned, the results obtained with the V2.0 version are presented and compared with those obtained with the V1.3 version, when existing. The main remaining limitations of the models are also underlined. 

ASTEC MODELLING OF THE CORIUM BEHAVIOUR IN THE VESSEL LOWER PLENUM

In case of reactor calculations performed with the ASTEC code, when the molten corium relocates from the core down to the lower plenum, the melt jets interact with water and may be totally or partially fragmented depending on the level of water inside the vessel. The code evaluates the jet break-up length and deduces the fragmentation rate and the associated water vaporization. Accurate evaluation of this steam production is important in order to be able to predict the associated pressurisation. If the melt jet is totally fragmented, a debris bed is created at the bottom of the lower plenum, but if it is only partially fragmented, a corium layer is formed at the bottom, covered by the debris bed (Fig. 1). Then ASTEC evaluates the separation of non-miscible liquid oxide and metal phases and the stratification of those phases up to 3 corium layers. Heat transfers are evaluated between all the layers in the lower plenum as well as between corium and the vessel wall and the internal structures. A specific model is also available to take into account the focusing effect related to the formation of a thin metallic layer. In that case, the layer thickness is small compared to the vessel mesh size in contact, which requires a particular treatment to calculate accurately the significant heat flux at that location. Models are implemented to take into account the possible melting of the debris layers, which then feed the corium layers, and the sinking of debris into corium layers or inversely, depending on their relative density and viscosity. When the vessel wall heats up, its mechanical deformation and progressive melting are calculated until its possible failure. All these models allow to calculate the timing and mode of vessel failure, as well as the properties of corium which will flow out of the vessel. These properties will impact phenomena like steam explosion, MCCI and direct containment heating (DCH) in the containment. 

ASTEC VALIDATION VS. FARO EXPERIMENTS

The FARO-L14 and FARO-L28 experiments, performed by JRC-Ispra (Italy), were designed to study the interaction of a corium melt (80 wt% UO2, 20 wt% ZrO2) poured by gravity into a pool of water at saturation temperature. More information about L14 and L28 tests is available in [START_REF] Magallon | Experimental investigation of 150-kg scale corium melt quenching in water[END_REF] and [START_REF] Magallon | Characteristics of corium debris bed generated in large-scale fuel-coolant interaction experiments[END_REF].

Comparison of ASTEC V1.3 and V2.0 results

The L14 and L28 experiments have already been simulated with the V1.3 version of ASTEC [START_REF] Bandini | Recent advances in ASTEC validation on circuit thermal-hydraulic and core degradation[END_REF]. Thus the same modelling has been considered for the V2.0 calculations. It uses the ICARE module for the vessel phenomena, coupled with the CESAR module for the circuit thermal-hydraulics (in particular for annular space simulation in L28 test). With the V1.3 version the best results were obtained considering a diameter of 3.5 mm for the debris formed by fragmentation for the L14 test and 3 mm for the L28 test assuming spherical particles. These values are in accordance with the range of particle diameters observed experimentally (see [START_REF] Magallon | Characteristics of corium debris bed generated in large-scale fuel-coolant interaction experiments[END_REF]. The same parameters have been chosen for comparison with the V2.0 version. The results are presented in Fig. 2 and Fig. 3 and compared with the available data for both experiments. For the L14 experiment, the differences between V1.3 and V2.0 calculations are significant only for the core catcher temperature and might be due to a correction made in V2.0 on the evaluation of the conductivity of the debris bed taking into account its porosity. The evolution of the main parameters of the experiment is well reproduced. In particular, there is a very good agreement on pressure elevation and water and steam temperatures. The remaining discrepancies are: -The fraction of fragmented corium: almost 74% in the calculation, whereas the experimental data is 84%; -The period of time during which the water level is maintained high: this could be related to an underestimation of water boiling; -

The debris bed temperature: this discrepancy could be explained by the one observed on water level, showing an underestimation of the water-debris thermal exchanges. However, the experimental data are difficult to use due to the failure of several thermocouples (3 of the 5 thermocouples located close to the centre of the vessel and with an elevation up to 10 mm) whose maximum range of temperature is near 1500 K, whereas ASTEC evaluates higher temperatures; -

The temperature of the core catcher: convective heat transfers probably occur in the corium lower layer but are not taken into account in the model.

a) b) c) d) e) f) g) h)
Fig. 3 -L28 experiment: a) masses (the melt is named "magma"), b) pressure history, c) inner vessel water level, d) annular vessel water level, e) water temperature, f) steam temperature, g) debris bed temperature, h) core catcher temperature

For the L28 experiment, some differences are observed between V1.3 and V2.0 calculations, in addition to the ones observed in the previous case (concerning the core catcher temperature and already explained). The water level evaluation gives better results than the previous one with the V1.3 version. This could be linked to the improvements implemented in CESAR (compared to V1.3 rev.0) concerning the calculation of the condensation and evaporation in water level volumes. This modification impacts more the L28 calculations than the L14 probably because the initial pressure is 10 times lower in the L28 case, which leads to emphasize the effect of vaporization. This modification also explains the differences obtained for the pressure and water temperature evolutions. However, it leads to overestimate these parameters compared to the experimental results. Possible improvements are investigated in the following section.

Finally, in the calculation, 83% of the corium is fragmented whereas the experimental data is 56%. This discrepancy is difficult to analyse as the nature of the cake obtained at the end of the experiment is questionable. Indeed, it shows a large porosity and agglomeration of particles with the melt [START_REF] Magallon | Characteristics of corium debris bed generated in large-scale fuel-coolant interaction experiments[END_REF], indicating that some fragments were probably not taken into account in the final inventory because they could not be separated from the cake.

Sensitivity analyses

LIQFDEBR parameter

The parameter LIQFDEBR is the threshold of debris molten fraction for which the liquid part is transferred to the closest corium layer. For the V1.3 validation, this parameter was fixed to 1. Thus this value was also chosen for the comparison with V2.0 version presented in the section 3.1. This means that debris materials are transferred to a dense corium layer only when they are fully molten. Thus the particles are assumed to start melting in their centre and this molten part is not immediately available to flow towards the corium layer. On the contrary, the value 0 corresponds to the assumption that any amount of molten debris, even small, is able to flow towards the adjacent corium layer. The ASTEC results are presented in Table 2 for LIQFDEBR set to 0 and 1.

In case of L14 experiment, with the value 0, a significant part of the debris would melt, which reduces the fragmented proportion, in disagreement with experimental results. The sensitivity of L28 calculations to this parameter is low. Therefore, in the current modelling state, it is recommended to set the value at 1: this appears to be conservative for reactor simulations by transferring debris to molten layers when they are totally liquid since partially solid debris in molten layers would lead to decrease the layers temperature. Diameter of debris particles The differences between V1.3 and V2.0 calculations results lead to invalidate the choice of 3 mm for the particle diameter in L28 experiment. In particular, the overestimation of pressure and water temperature suggests to raise the debris diameter. With a debris diameter fixed to 4 mm the results obtained are presented in Fig. 4. The increase of the debris diameter improves the pressure evaluation but the slope of the curve remains too sharp compared to the experimental values. Reasons for this discrepancy are investigated in the next Section. This modification also improves the water temperature evaluation (Fig. 4 c andd) but does not change significantly the repartition between fragmented and melted parts.

Deep bed heat exchange coefficient

In the simulation of L28 experiment, the pressure increases too sharply compared with the experiment. This could be explained by examination of the distribution of materials at the end of the experiment. It shows that the dense corium is mainly located in the centre of the vessel, whereas debris are mainly located in the annular space around the dense corium (see Fig. 5 from [START_REF] Magallon | Characteristics of corium debris bed generated in large-scale fuel-coolant interaction experiments[END_REF].

Fig.5 -L28 experiment -Configuration of the debris in the core-catcher

This configuration could be explained by the flow rate of the corium injection which was sufficiently low to allow a good cooling of the corium jet as it flowed down. It was consequently almost solid when it reached the catcher and then was not able to flow along the whole catcher surface. In the calculation, each layer is assumed to be uniformly spread over the vessel surface. This leads to smaller heights for the layers and this underestimation of the debris bed height influences the heat exchanges between the debris bed and water. Indeed, two models are available in ASTEC for the thermal exchanges between fluid and debris bed, depending on the debris bed height. When debris bed height is smaller than 10 cm, the shallow bed model [START_REF] Dhir | On the coolability of degraded LWR cores[END_REF]) is used, leading to higher thermal exchanges and consequently higher vaporisation and pressure in the vessel. A new calculation has been performed for the evaluation of the heat exchange coefficient between debris bed and water, considering a modified height and surface for the debris bed according to the experimental results:

S_cake - S_catcher S_catcher H_deb H_deb_new  =
with H_deb being the debris bed height calculated by the code, S_catcher the surface of the debris catcher, i.e. the debris bed surface taken into account by the model, and S_cake the surface of the non fragmented part of the corium measured after the experiment. The results of this calculation are presented in Fig. 6. These modifications have no significant impact on the water level in the inner vessel and in the annular space, which remain in good agreement with the experimental results. As a conclusion, the ASTEC V2.0 code predictions for corium fragmentation are reasonably good and follow the trends observed in the experiments. However, some limitations in the modelling have been identified and are summarized in the next section.

Modelling limitations

An important limitation of the predictability of the models used to simulate the corium fragmentation is the necessity to adjust the debris diameter to obtain results close to the experimental values. In the ASTEC code, by default a fixed diameter of 5 mm is considered for the debris. This leads to significant discrepancies with the experimental data, in particular for L14 experiment for which the best-estimate particle size is lower (3.5 mm). The use for L14 experiment of the debris diameter determined for the best-estimate calculation of L28 experiment (4 mm) gives better results. Thus it is recommended to fix the diameter at 4 mm. This is in accordance with the average value, obtained for all FARO tests, of the diameter for which the mass of debris having an upper or lower diameter is equal (see Fig. 7 b).

Two correlations are also available for the evaluation of the debris diameter in ASTEC. The most elaborated correlation [START_REF] Namiech | Fragmentation of a molten corium jet falling into water[END_REF] allows diameter variation during the fragmentation process. In particular, the calculated diameter depends on the jet velocity, the surrounding pressure and temperature, etc. However, the diameter obtained with this correlation is bigger than the one leading to the code best-estimate results on FARO. Thus pressure in the vessel is underestimated, as well as the water temperature and the swollen water level in the annular space. This discrepancy could be explained by the fact that, in Namiech's correlation, secondary fragmentation of the debris is not taken into account. This phenomenon leads to reduce the size of the debris initially formed and therefore to increase the pressure and the water temperature. This deficiency was underlined in [START_REF] Namiech | Fragmentation of a molten corium jet falling into water[END_REF]. The second available correlation [START_REF] Henry | Experiments on the lower plenum response during a severe accident[END_REF] is based on capillary effect and leads to a too small debris diameter (2.4 mm).

In conclusion, the models available in ASTEC to evaluate the debris diameter during fragmentation process depending on thermo-hydraulic conditions do not give best-estimate results for FARO experiments simulations. The use of a fixed diameter, deduced from experimental results, leads to a better agreement. In case of reactor calculations, the use of this intermediate value in accordance with all FARO tests (see Fig. Another limitation of the modelling concerns the geometry of the layers, which considers that the debris bed or the dense corium are axially equally distributed over the surface of the lower plenum. However, this assumption has a low impact on reactor cases in which shallow bed model is expected to be activated only during short transients.

ASTEC VALIDATION VS. LIVE EXPERIMENTS

The LIVE-L1 and LIVE-L6 experiments, performed at KIT (Germany), were designed to study the late phase of core degradation, the formation and stability of crusts and melt stabilization in the reactor pressure vessel by external cooling. In the L6 experiment the configuration with a two-layer melt pool was investigated, with a heated lower layer and an unheated upper layer of molten material. More information about L1 and L6 experiments are available in [START_REF] Miassoedov | LIVE experiments on melt behaviour in the RPV lower head[END_REF] and [START_REF] Palagin | Analysis and interpretation of the LIVE-L6 experiment[END_REF].

For the modelling of the experiments, the molten pool was treated as one homogeneous layer in the L1 experiment and as two layers for the L6 one (for the heated and the unheated parts of the melt). The objective of the validation was to investigate the heat transfer between the corium and the vessel wall. The ASTEC V2 simulations were performed using only the ICARE module in stand-alone. Indeed, the external cooling of the vessel outer wall surface was not modelled but it was simulated in ICARE by using boundary conditions for temperature and heat transfer coefficients at different positions of the vessel wall and derived from the test measurements.

L1 experiment

The calculated temperature evolution of the layer (T-layer) is compared with the central pool measurements. The fact that only one layer is modelled does not allow to compare with the temperatures profiles in the vessel. However, because of the hemispherical shape of the vessel, the average temperature is close to the value of the thermocouple positioned in the upper part of the melt, which is well predicted by the ASTEC V2.0 version (Fig. 8). The difference shown between V1.3 and V2.0 versions is related to a bug correction in the heat exchange coefficient evaluation performed in the last revision of the V2.0 version.

Fig.8 -L1 experiment -Temperature of the melt layer (from bottom to top of the layer: MT3, MT11, MT23)

The best estimated crust thickness profile is calculated choosing a conductivity close to 0.5 W/m/K for the crust (Fig. 9). This value is comparable to the value evaluated for the melt conductivity below its liquidus temperature, i.e. 0.46 W/m/K [START_REF] Buck | The LIVE program: test and joint interpretation within SARNET and ISTC[END_REF]. The increase of the crust thickness between radius 0.2 and 0.3 is not predicted by the model.

Fig.9 -L1 experiment -Crust thickness profile after melt extraction

L6 experiment

No study was performed with the V1.3 version for this experiment. With the V2.0 code version, the calculated melt temperature is globally 15 K higher than the measured temperatures. A calculation performed with reduced heating power, to take into account the heat losses due to experimental devices estimated from experimental results (see Fig. 11), leads to a lower discrepancy for the melt temperature between 5 K to 10 K (Fig. 10).

Fig.10 -L6 experiment -Temperature of the lower melt layer with and without reduced heating power

The power distribution between both layers is in agreement with the experimental one (around 20% of the heating power is transmitted from the lower layer to the upper one, see Fig. 11).

Fig.11 -L6 experiment -Heat transfer through the vessel above (Qwall_up) and below (Qwall_down) the separating plate

The calculated crust thickness at the end of the experiment and during each steady-state phase is in good agreement with the experimental values (Fig. 12), taking into account the crust conductivity equal to 0.6 W/m/K, as experimentally measured (see [START_REF] Palagin | Analysis and interpretation of the LIVE-L6 experiment[END_REF].

Modelling limitations

In spite of the fact that, for a melt with homogeneous composition, only one layer with a single temperature is modelled, the ASTEC results obtained in both L1 and L6 experiments show good agreement with experimental values. Similarly, the assumption of steady-state conditions and linear temperature gradient through the crust is satisfying for the validation. However, it should be noticed that, in other configurations, these simplifications could lead to larger uncertainties, particularly when the temperature profile in the layer is sharper or in case of rapid transient leading to strong temperature variations (for the latter, see the CORDEB project in Section 7).

Otherwise, even if it is possible to impose boundaries conditions, a model to simulate the water external cooling appears necessary in particular for reactor calculations. A way could be the coupled use of the modules CESAR and ICARE of ASTEC.

Fig.12 -L6 experiment -Crust thickness profile after melt extraction

MASCA EXPERIMENTS

The MASCA series of experiments, performed by NRC-KI (Russia), were designed to study the phase separation of mixtures of UO2, ZrO2, Zr and Fe/Steel. Some of the experiments also involved fission products simulants, namely Mo, Ru, Sr, Ba, Ce, La, in order to evaluate their re-distribution between the non-miscible phases. For more information, readers may refer to Asmolov et al. (2004), [START_REF] Asmolov | The thermodynamics of U-Zr-Fe-O Melts[END_REF], and [START_REF] Bechta | Corium phase equilibria based on MASCA, METCOR and CORPHAD results[END_REF]. The V2.0 version of ASTEC was used to simulate the 21 experiments of the MASCA program: 17 with 0.5 kg of mixture (STFM series) and 4 with 2 kg (MA series). The metal-oxide corium stratification model implemented in ASTEC V2.0 code comes from the one developed for ICARE/CATHARE V2.0 IRSN code [START_REF] Salay | Modelling of metal-oxide corium stratification in the lower plenum of a reactor vessel[END_REF]. For all the experiments, the ASTEC V2.0 predictions for corium separation in the presence of structural materials (Fe/Steel) and for fission products distributions are reasonably good and follow the trends observed. The relative errors in metallic mass predictions are on average of 21% for the STFM series (36% maximum) and of 12% for the MA series (21% maximum). Fig. 13 depicts the U, Zr and Steel concentrations in the metal phase as a function of relative metal addition predicted for all experiments involving the corium composed with zirconium being initially oxidized at 32 %. The experimental data trends are well reproduced by the code calculations.

Fig.13 -MASCA experiments -U, Zr and Fe (steel) concentrations for all experiments with 32% initial oxidation of corium zirconium

The limitation of this validation task is the transient behaviour of the separation (the mass transport between the layers is calculated by modelling migration of drops) which could not be assessed due to lack of experimental data. This will need further investigation in the frame of the new CORDEB project (see Section 7).

OLHF EXPERIMENTS

The OLHF1 experiment, performed by SNL (USA), intended to simulate the thermal/mechanical loads to a 1/4.85 -scale model of a reactor pressure vessel. This experiment was already included in V1.3 version validation matrix [START_REF] Koundy | Progress on PWR lower head failure predictive models[END_REF] [START_REF] Bandini | Recent advances in ASTEC validation on circuit thermal-hydraulic and core degradation[END_REF]. The same modelling was considered for V2.0 calculations. At the inner surface, the imposed temperature boundary conditions correspond to actual experimental measurements. At the vessel outer surface, a constant heat transfer coefficient and a constant ambient temperature condition of 300 K are assumed. The pressure condition inside the vessel is assigned according to the experimental measurements.

The comparison between V1.3 and V2.0 versions did not show any difference. The temperature evolution of the vessel outer surface at two different positions (10° and 70° from the top) is presented in Fig. 14. These calculations were performed using the 'OEUF' vessel rupture model [START_REF] Koundy | Progress on PWR lower head failure predictive models[END_REF] with the criterion for the vessel rupture corresponding to excessive creep deformation (CRIT = 6). Note that the excessive creep deformation criterion was the one used by default in V1.3 version, whereas all criteria are now checked by default in V2.0 version (CRIT = 0 means that fragile and ductile failure, wall thickness and displacement, creep velocity and deformation are all considered, see Table 3).

Fig.14 -OLHF1 experiment -Temperature evolution at vessel outer surface (at 10° and 70°) -OEUF model, CRIT = 6

A discrepancy with the experimental results is obtained for the outer vessel temperature at the end of the calculation. This could be linked to the assumption of constant heat transfer coefficient around the vessel surface which is inappropriate: the natural convection flow along the vessel wall would lead to a variable heat transfer coefficient both in time and location. It may also be noted that the current heat transfer model does not take into account the vessel thinning and deformation due to creep. The elongation value of the vessel as a function of time is presented in Fig. 15. The calculated elongation at the end of the curve is close to the experimental one, even if the failure is obtained earlier in the code. The different vessel rupture models available in ASTEC (COMBESCURE, OEUF and LOHEY) have also been tested to evaluate the sensitivity on the time and position of the vessel failure. The results obtained are summarized in Table 3. For the 3 different models, the failure localisations evaluated by the code for the first failure criteria reached (default parameter) are comparable to the experimental one (60° to 75° in the calculations vs. 75° in the experiment) but the rupture time is underestimated from 3% to 13%. As underlined previously, this discrepancy could be linked to the modelling of external heat exchanges around the vessel wall with only one constant coefficient. However, its impact on failure time evaluation is limited. Concerning the OEUF model, the use of criteria 1 and 6, resp. fragile failure and failure due to excessive creep deformation, gives very close results. The ductile failure (criterion 1) is the conservative one in terms of failure time. On the other hand, the criteria 3, 4 and 5 lead to a wrong evaluation of the rupture location. Indeed, these criteria are not designed for a global approach of vessel failure but could be useful for detailed study of a particular case in which maximal values of these criteria would be defined depending on the vessel shape and material properties. That is why default values fixed in the code for these criteria cannot be reached before criteria 1 and 6. We should note that, both experimentally and numerically, the failure mode is not clearly identified for the OLHF1 experiment. This difficulty was already underlined in the benchmark performed on this experiment with different calculation codes [START_REF] Nicolas | Results of benchmark calculations based on OLHF-1 test[END_REF]. However, in that case, the rupture times evaluated by ASTEC for the different failure modes are sufficiently close for the simulation of accident scenarios in a reactor. More generally, depending on the accidental scenario, thermal loadings on the lower head vessel could be different and lead to a specific failure mode. Thus, the improvement of thermal loadings evaluation for various transients is an important issue to increase the accuracy of failure time evaluations. Finally, the crack opening is not modelled in the code and the final size of the hole is not evaluated. However this is an important issue for simulating the melt ejection outside the vessel. Failure propagation is currently investigated by IRSN with a 3D mechanistic code. This work will allow to better understand these phenomena and possibly take them into account in the ASTEC code in the future.

CONCLUSION

The ASTEC V2.0 code was assessed by comparison with four series of experiments, each of them dealing with one important phenomenon affecting the corium behaviour in the lower plenum.

The FARO experiments were selected to assess the model of the fragmentation of corium falling into a water pool. Overall, the model may be considered satisfactory for the prediction of the increase of pressure resulting from the interaction with the water and of the fraction of fragmented corium, even if, for L28 test, the mixing of debris and non fragmented corium makes the comparison difficult. As a first step of improvement, it seems necessary to simulate other experiments in order to confirm that the default value used for the debris diameter does not lead to larger uncertainty than the one obtained from the two selected FARO tests. As a second step, it appears that the model would benefit from an improvement of the prediction of the debris size, depending on scenario conditions, in order to provide more accurate initial conditions to the models dealing with the subsequent evolutions of corium (cooling by water, possible melting and chemical interaction).

The LIVE experiments were selected to assess the model predicting the heat transfer between the corium and the vessel wall. The model is considered satisfactory but one has to keep in mind that the experimental conditions are not the most difficult ones to simulate because the Rayleigh number is small (compared to the reactor case) and there is no actual "focusing effect" because the top layer is not "thin" compared to the vessel scale, which prevents a significant increase of the local heat flux in the top layer. So, the model should be assessed by comparison with other experiments in order to cover a wider range of molten pool configurations and intensities of heat flux. Uncertainties in the predicted results are likely to be higher for higher Rayleigh numbers. Moreover, the addition of a model to predict the external cooling of the lower plenum by a coolant flow appears necessary, first, in order to improve the prediction of boundary conditions for experiments simulations and, mainly to be able to predict the efficiency of external cooling designs at the reactor scale. The MASCA series of experiments was selected to assess the model predicting the separation of U-Zr-Fe-O corium into non-miscible phases and the subsequent stratification of the molten pool. The model is considered satisfactory in the prediction of the respective masses and compositions of the metallic and oxidic phases. The main limitation of that assessment is that the MASCA experiments were not designed to provide data about the transient behaviour leading to the final stratified state. Therefore, if the final state predicted by ASTEC is considered to be correct, the evolution towards that state remains to be validated (see below the CORDEB project).

The OLHF1 experiment was selected to assess the model predicting the failure of the vessel wall. The model is considered satisfactory despite the relative uncertainty on the timing of failure. Indeed, for a reactor accident scenario, an accuracy of 30 minutes for the time of failure is acceptable because most of the sequences considered for PSA have a duration of several hours. In addition, even for fast sequences, an uncertainty of 30 minutes is comparable to the time necessary for an operator's action, therefore it cannot be considered as significant. In order to be more confident in the consistency of the failure criteria, the assessment should be done with more experimental data. In particular, thermal loading evaluations include uncertainties and various accidental scenarios should be considered. However, the number of available and relevant data is today still limited. As a general conclusion, it may be underlined that almost all the processes governing the corium behaviour and its thermal interaction with the vessel wall are modelled in ASTEC and that all those models have been assessed individually, with satisfactory results. The main uncertainties appear to be related to the calculation of transient evolutions from one given state (i.e. debris bed following fragmentation) towards another state (i.e. molten pool surrounded by crusts). Only a few experimental data are currently available for such transients, in particular for the time of transition between two states. For example, the RASPLAV-AW-200 experiment [START_REF] Asmolov | Behavior of a core melt pool on the floor of a reactor vessel (RASPLAV Project)[END_REF] provided data for the transition from a (UO2-ZrO2-Zr) debris bed to a molten pool in a lower plenum geometry. The CORDEB programme, which has started recently with new experiments in NITI (Russia), in collaboration with IRSN, EDF and AREVA NP, should also provide relevant data on the corium transient behaviour in the lower head.
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 1 Fig.1 -Schematic representation of the corium behaviour in the vessel lower plenum as implemented in the ASTEC code

Fig. 2 -

 2 Fig.2 -L14 experiment : a) masses (the melt is named "magma"), b) pressure history, c) water level, d) water temperature, e) steam temperature, f) debris bed temperature, g) core catcher temperature

Fig. 4 -

 4 Fig.4 -L28 experiment -Pressure evolution: debris diameter fixed to a) 3 mm, b) 4 mm; Water temperature evolution: debris diameter fixed to c) 3 mm, d) 4 mm.
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  Fig.6 -L28 experimenta) pressure evolution and b) water temperature evolution: debris diameter fixed to 4 mm and corrected debris bed height and surface

  Fig.7 -L28 experimenta) debris diameter evaluation using Namiech's correlation, b) distribution of the fragmented debris in experiments (from[START_REF] Magallon | Characteristics of corium debris bed generated in large-scale fuel-coolant interaction experiments[END_REF] 
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 15 Fig.15 -OLHF1 experiment -Vessel sagging as a function of time -OEUF model, CRIT = 6

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Validation matrix for lower plenum models of ASTEC

		Experiment	Main phenomena	ASTEC V1.3 ASTEC V2.0
	FARO	L14 L28	Corium fragmentation	x	x
	LIVE	L1 L6	Thermal exchanges between the corium molten pool and the vessel	x -	x x
	MASCA (STFM/MA series)	Oxide/metal layers stratification	-	x
		OLHF-1	Vessel lower head failure	x	x

Table 2 :

 2 Sensitivity to LIQFDEBR parameter of the fragmented part in L14 and L28 experiments

		LIQFDEBR = 1	LIQFDEBR = 0	Experiment
	L14	74%	63%	84%
	L28	83%	81%	56%

Table 3 :

 3 Rupture time and failure localisation obtained with the different models of V2.0 version

			Criteria		
		Type of rupture	Default value	Chosen value	Time	Location
	Experimental results	-		192 min	75°
	OEUF model					
	CRIT 1	Fragile failure	Damage = 1	187 min	65°-70°
	CRIT 2	Ductile failure	Ultimate stress of the material	175 min	60°-65°
	CRIT 3	Too small thickness	0.001 m	187 min	85°-90°
	CRIT 4	Excessive displacement	10 20 m	0.2 m	187 min	85°-90°
	CRIT 5	Excessive creep velocity	10 20 s -1	1 s -1	187 min	35°-40°
	CRIT 6	Excessive creep deformation	1		186 min	65°-70°
	COMBESCURE model				
	CRIT 'PLASTIC'		Ultimate stress of the material 192,5 min	45°-60°
	CRIT 'CREEP'		Creep velocity	187 min	60°-70°
	LOHEY model		Creep failure	166 min	65°-75°