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DESIGN-ORIENTED SIMULATION TOOLS IN FRENCH SFR PROJECTS Modeling, Validation and Applications

During the last decade, France has carried out new emerging Sodium Fast Reactor Projects among which the advanced ASTRID project. Within this context, a significant work on Sodium Fast Reactor design has been achieved. The CEA's methodology considers the safety requirements regarding severe accidents at the earliest stage of the undergoing reactor design process. At this point, the use of mechanistic tools (like SAS4A, SIMMER codes) encompassing the whole knowledge of the severe accident phenomenology (making them capable of simulating any accidental sequence) requires an advanced knowledge of the reactor design. Also, the associated calculation costs are too high to provide rapid feedbacks that the early design process demands. This motivated the development of fast-running design-oriented physical tools, devoted to unprotected accidental sequence from various initiators, and mostly based on low-dimensional modeling (mostly 0D and 1D). Allowing a large number of simulations in a reasonable computational time, they enable uncertainty propagation studies and sensitivity analyses.

This approach is highly consistent with the current trend to take into account uncertainties (on input data or models) in safety studies, especially in the domain of severe accidents where many uncertainty sources remain. Various design options may be tested and their influence on the margins from the safety requirements may be rapidly characterized. Sensitivity analyses lead to highlight cliff edge effects which feature some major accident transient bifurcations which are of interest for safety.

These design-oriented fast-running simulation tools are the object of this paper. Their specificities, since each of them is dedicated to a particular accidental sequence, and main associated models are described. Their development is part of a quality process involving verification and validation steps to ensure the consistency of their results with the reality. Their validation studies on separated and integral tests versus experimental results or numerical results from mechanistic codes are summarized. Finally, illustrations of studies performed with these tools to challenge and to improve the design of the reactor cores in other versions from ASTRID are presented.

1.

INTRODUCTION

Many countries actively pursue sodium cooled fast reactor (SFR) technology owing to its energy sustainability and nuclear waste management capabilities. In France, new emerging Sodium Fast Reactor Projects projects flourish in the context of energy transition and economic recovery. These new projects rely heavily on the R&D works achieved advanced ASTRID project. ASTRID (Advanced Sodium Technological Reactor for Industrial Demonstration) was initially a prototypical reactor of a 600 MWe sodium-cooled fast breeder reactor (GEN-IV) designed from 2010 to 2017. Based on past French fast Reactors (Rapsodie, Phénix and Superphénix) operating feedbacks, ASTRID presented breakthrough safety options such as, among others:

-a core presenting a low neutronics voiding effect in order to prevent and mitigate power excursions at the beginning of any accident [START_REF] Sciora | Low void effect core design applied on 2400 MWth SFR reactor, proceedings of ICAPP 2011[END_REF]; -mitigation features such as the transfer tubes (called DCS-M-TT) [START_REF] Bachrata | Severe accident studies on the efficiency of mitigation devices in a SFR core with SIMMER code[END_REF] [START_REF] Bertrand | Status of severe accident studies at the end of the conceptual design of ASTRID: Feedback on mitigation features[END_REF]. These tubes, directly connecting the core to the core catcher, crossing the diagrid and the strongbacks, were designed to rapidly reduce the amount of molten fissile material inside the core region in case of a hypothetical accident. This would therefore decrease the likelihood and the amplitude of a core power excursion; -mitigation features such as an internal core catcher aiming at collecting, spreading and cooling the molten materials in order to prevent primary circuit failure and to ensure long term cooling of the core materials [START_REF] Bachrata | Code simulation of quenching of a high temperature debris bed: Model improvement and validation with experimental results[END_REF]. -But also a design favoring the decay heat removal and an improved gas system of energy conversion based on an exchanger sodium/nitrogen and no more sodium/water. The possibility of a sodium/water interaction in the power conversion system was thus eliminated.

Then to reduce costs, a smaller derived reactor of 150 MWe was proposed (called New-ASTRID), at the beginning with a Superphénix (SPX) type fuel to reduce the project risks and the fuel qualification.

During this period, accident simulations have been carried out at the earliest stage of the undergoing reactor design process to support it [START_REF] Bertrand | Status of severe accident studies at the end of the conceptual design of ASTRID: Feedback on mitigation features[END_REF]. This work was performed by CEA during the CEA-JAEA collaboration [START_REF] Serre | France-Japan Collaboration on the Severe Accident Studies for ASTRID: Outcomes and future work program[END_REF]. At this early stage of the project, the use of mechanistic tools (like SAS4A [START_REF] Carter | SAS1A, A Computer Code for the Analysis of Fast-Reactor Power and Flow Transients[END_REF], SIMMER [START_REF] Kondo | SIMMER-III: computer program for LMFR core disruptive accident analysis[END_REF] codes), encompassing the whole knowledge of severe accidents phenomenology and simulating any accidental sequence, is not realistic. Indeed, these simulation tools require an advanced knowledge of the reactor design and their associated calculation costs are too high to provide fast feedbacks that the early design process needs. This motivated the development of fast-running design-oriented physical tools, devoted to unprotected accidental sequence from various initiators, and mostly based on Reduced Order Model (ROM) (mostly 0D, 1D or multi-zone). These tools allow a large number of simulations in a reasonable computational time and they enable uncertainty propagation studies and sensitivity analyses essential to reinforce the reactor design and to assess design margins. This approach is highly consistent with the current trend to take into account uncertainties (on input data or models) in safety studies, especially in the domain of severe accidents where many uncertainty sources remain. Various design options may be tested and their influence on the margins from the safety requirements may be rapidly characterized to proceed to corrective feedback. Sensitivity analyses lead to highlight cliff edge effects determination which feature some major accident transient bifurcations. An example of such a bifurcation could be the fact that boiling can be restricted to the uppermost location of the core or will progress inside and induce flow redistribution leading to core degradation. Another example is the possibility to cool-down a debris bed or its melting. Characterizing these bifurcations is thus of great interest for the safety. Furthermore thanks to sensitivity analyses carried out with these fast-running design-oriented physical tools, the main physical parameters and design parameters causing these bifurcations are highlighted as well as the phenomena likely to govern the choices of design parameters. That allows a straight feedback on the core design and may give some orientations for future R&D studies. Finally, as uncertainty propagation studies are performed, these various accidental sequences and their consequences in terms of safety may be quantitatively estimated in terms of occurrence, probability that might be inputs for future Probabilistic Safety Assessments (PSA).

This approach, combining mechanistic simulation tools and fast-running design-oriented physical tools, has been repeatedly presented on the course of the ASTRID project [START_REF] Bertrand | Mitigation of severe accidents for SFR and associated event sequence assessment[END_REF] [START_REF] Droin | Safety-oriented SFR core design: methodology and application to transient bifurcations and stability maps analyses[END_REF]. Complete accidental sequences are calculated by mechanistic tools with an important computation cost considering mean values of uncertain parameters of design, initial condition of core state when the accident occur, parameters of the accident transient (such as the pump halving time in case of an Unprotected Loss of Flow accident (ULOF) or time required for the Delayed Neutrons Detector (DND) to detect the variation of neutron emission rate form transported precursors linked to a sub-assembly failure in case of Unprotected Sub-Assembly fault accident (USAF)) or parameters of physical models. Although fast-running design-oriented physical tools are validated on Separate Effects Tests (SET) and Integral Effects Tests (IET), it is then verified that their simulation results are the same as those obtained by mechanistic tools, when considering the same set of mean uncertain parameters. Following this verification, numerous simulations are carried-out using fast-running design-oriented physical tools, thanks to their low computational cost, taking into account realistic distribution laws of each uncertain parameter. This approach enables to simulate all the possible realistic transients (of the order of thousands) of the considered accident (for example an ULOF or an UTOP) considering all the uncertainties and obtain the distribution laws of the results of interest (for example, if the transient ends to a flow redistribution and a core degradation or the final mass of molten material on the core catcher or remaining in the core… and so on…). Similar approaches, considering fastrunning design-oriented physical tools, are not new. Indeed, already in the eighties, an international consensus was reached that the mechanistic approach is not sufficient to perform safety demonstration due to the complexity of severe accidents phenomenology [START_REF] Luck | The case of integral core -disruptive accident analysis[END_REF]. In France, the safety demonstration of nuclear reactors such as Superphénix was based already based on 0D parametric tools. Thus the SUREX tool calculated the evolution of the core power and of the core material temperature during the primary phase of an UTOP and COMBUS evaluated the associated for the calculation of the mechanical energy release [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in case of severe accidents[END_REF]. An approach using the lowdimensional tool PROCOR, combining physical event modelling with uncertainties treatment, has been developed for PWR (Pressurized Water Reactor) severe accident analysis [START_REF] Tellier | Phenomenological analyses of corium propagation in LWRs: the PROCOR software platform[END_REF]. In Japan, the methodology development review of Level 2 PSA for SFR [START_REF] Nakai | Development of severe accident evaluation technology (Level 2 PSA) for Sodium-cooled Fast Reactor (1) Overview of evaluation methodology development[END_REF] involved investigations with low-dimensional tools such as SuperCOP-D devoted to debris bed cooling on the core-catcher [START_REF] Sogabe | Validation analyses of a debris bed heat removal model using D series experiments[END_REF]. An analogous approach, based on low-dimensional design-oriented tools, is followed by the IGCAR (Indira Gandhi Centre for Atomic Research) for the India fast reactors in development. So in this context, Ravi et al. [START_REF] Ravi | A robust thermal model to investigate radial propagation of core damage due to total instantaneous blockage in SFR fuel assembly[END_REF] developed models to investigate the core damage due to the Total Instantaneous Blockage (TIB) of a SFR fuel subassembly (SA). Dubey et Sharma [START_REF] Dubey | Melting and multi-phase flow modeling of nuclear fuel in fast reactor fuel rod[END_REF] built an effective and validated simulation tool for proceeding to informed design studies and succeeded in demonstrating the mitigating effect of in-pile molten fuel motion on the reactivity during slow UTOP (resulting from a control rod withdrawal). They derived valuable insights on top and bottom blankets design with aim of enhancing the inherent safety of SFR [START_REF] Sathiyasheela | Comparisons of Reactivity Feedbacks Under UTOPA in Fast Reactors[END_REF]. Moreover, Bala Sundaram & Velusamy developed a multi-phase heat transfer model for the optimization of core-catcher design [START_REF] Bala Sundaram | Development of a robust multi-phase heat transfer model and optimization of multi-layer core catcher for future Indian sodium cooled fast reactor[END_REF]… Finally, in Italy, an approach, based on the development of informeddesign thermo-hydraulics and thermo-mechanistics tools, is also followed the design of Heavy Liquid Metal Cooled Reactor [START_REF] Lodi | ANTEO+: a subchannel code for thermal-hydraulic analysis of liquid metal coolant systems[END_REF].

Thus, fast-running design-oriented physical tools, part of the PROCOR-Na platform, have been developed in the framework of the French ASTRID project. These tools are continuously improved and their ability is widened and are used in on-going and future French projects on SFR. They are currently introduced into the PROCOR platform of CEA [START_REF] Tellier | Phenomenological analyses of corium propagation in LWRs: the PROCOR software platform[END_REF][20], already including fast-running tools dedicated to severe accidents in PWRs, which offers a more consistent development frame and facilitates the coupling of these tools.

These French design-oriented fast-running simulation tools are presented in this paper. Their specificities, since each of them is dedicated to a particular accidental sequence as well as their main associated models are described. Their development is part of a quality process involving verification and validation steps to ensure the consistency of their results. An insight of their validation on separated and integral experimental tests or on numerical results from mechanistic codes is summarized. Finally, illustrations of studies performed with these tools to challenge and improve the design of the ASTRID reactor cores are presented. The development of these fast-running tools is based on the phenomenological event tree of each major accidental sequence which is derived from a PIRT (Phenomena Identification Ranking Table ) elaboration [START_REF] Wilson | The role of PIRT in experiments, code development and code applications associated with reactor safety assessment[END_REF]. Following the PIRT methodology, the level of importance each phenomenon in the considered accidental sequences event is evaluated as well as its associated level of physical knowledge and of modelling uncertainty. This PIRT underlines the compulsory phenomena that should be modelled. A process of tool validation is carefully followed. In the following sections, main physical phenomena (issued from the PIRT), solved equations and main assumptions, validation are summarized for each fast running tool. These tools are all based on finite volume methods (to ensure the energy conservation) and time and meshing convergence are verified.

Tools devoted to primary phase

BETINa tool: Total Instantaneous Blockage sequence

The Total Instantaneous Blockage [START_REF] Papin | Behavior of Fast Reactor Fuel During Transient and Accident Conditions[END_REF] begins with the cessation of the sodium flow at the inlet of one Sub-Assembly (SA). This accident is the extreme bounding case of an Unprotected Sub-Assembly Fault accidental sequence (USAF) which is local or progressive blockage accident. A comprehensive investigation and modelling of the sequences of events requires the prerequisite establishment of an exhaustive phenomenological event tree considering all possibilities scenario bifurcations [START_REF] Marie | Physico-statistical approach to assess the core damage variability due to a total instantaneous blockage of SFR fuel sub-assembly[END_REF]. As soon as the SA is blocked, its degradation sequence simulates sodium vaporization, SA dry out, overheating and melting of clad and then of fuel, formation and motions of the resulting molten pools, and finally, the failure of the hexagonal can of the blocked SA. Depending on the tightness of the upper SA plug, that may form when clad melts, the melt propagation to surrounding sub-assemblies can be pressure driven (dynamical) or/and melting front driven propagations (thermal). BETINa tool couples 1D axial models for pins heating-up before degradation and 0D models for the steel and fuel molten pools whose localisations follow their associated material melting front. Details of models and important uncertainties are given in [START_REF] Marie | Physico-statistical approach to assess the core damage variability due to a total instantaneous blockage of SFR fuel sub-assembly[END_REF].

Regarding its validation, intermediate results of the blocked SA degradation phase have been compared to experimental various front progressions: sodium boiling and dry-out, clad and fuel onset and end of melting fronts are consistent with results obtained in Superphénix configuration and with SCARABEE BE3+ experiment (a 37 pins bundle) [START_REF] Marie | Physico-statistical approach to assess the core damage variability due to a total instantaneous blockage of SFR fuel sub-assembly[END_REF][24].

MACARENa tool: Unprotected Loss of Flow

MACARENa [START_REF] Droin | Physical tool for unprotected loss of flow transient simulations in a sodium fast reactor[END_REF] [START_REF] Droin | Design-oriented tool for Unprotected Loss Of Flow simulations in a Sodium Fast Reactor: Validation and application to stability analyses[END_REF] is specifically dedicated to the primary phase of Unprotected Loss of Flow transients; i.e. till the first hexagonal can degradation. It handles coupled resolutions of thermal-hydraulics and neutronics equations. More precisely, it involves:

-a two-dimensional (one radial mesh per material) transient heat equation in the solid materials of the SA; -one-dimensional mass, momentum and energy balances on the sodium flow along the SA height (homogeneous two-phase flow modelling with a drift velocity); -zero-dimensional momentum balance on each representative SA, to evaluate each inlet flow rate. This model simulates the flow redistribution between sub-assemblies, which has a major influence on the ULOF transient; -For now, all these modules are coupled with a neutronics point kinetics model even its validity becomes questionable in highly degraded core states. Indeed, the goal of this tool is to give first relevant trends on the nature of transient bifurcations. A deeper analysis of the validity of such a 0D neutronic model, which assumes constant flux shape over time, should be performed, potentially leading to a more refined modeling, if necessary in such degraded core conditions (as done for MARINa tool §2.2.4)

The MACARENa results were in very good agreement with SIMMER-III mechanistic simulation results and with experimental results (GR19 for thermal-hydraulics, SCARABEE for degradation transients) [START_REF] Droin | Physical tool for unprotected loss of flow transient simulations in a sodium fast reactor[END_REF].

OCARINa tool: Unprotected Transient Over-Power

The UTOP transients, which are simulated by the OCARINa tool [START_REF] Herbreteau | Sodium-cooled fast reactor pin model for predicting pin failure during a power excursion[END_REF], are initiated by unintended insertion of reactivity. OCARINa involves a heat transfer and thermal-hydraulic time-implicit solver chained with a mechanical model in order to provide clad failure predictions and the calculation of the molten fuel mass and temperature inside the fuel pin during the transient. It handles:

-one-dimensional radial transient conduction in the solid materials to catch the transient radial heat conduction, which highly influences the UTOP transients; -one-dimensional axial transient mass and energy balances in the coolant; -mechanical model based on analytical formulations to simulate the thermo-mechanical phenomena of interest in this transient; -von-Mises criterion for the prediction of clad failure; -zero-dimensional neutron kinetics system for the global core power evolution during the transient.

This physical tool is validated against Separated Effects Tests-cases using CESAR test loop facility results, several Integral CABRI transients. Finally a benchmark with SIMMER-III gave about 10% of relative error regarding validation data [START_REF] Herbreteau | Sodium-cooled fast reactor pin model for predicting pin failure during a power excursion[END_REF].

Additional tools for advanced accident phases

MARINa: Mitigation tool

This tool [START_REF] Marie | A physical tool for severe accident mitigation[END_REF] is dedicated to mitigation studies in the advanced accident phases. Its initial state is a generic degraded core, which could be parametrized based on the outputs of the primary phase simulations [START_REF] Bertrand | Comparison of the behaviour of two core designs for ASTRID in case of severe accidents[END_REF]. Its models are based on physical evidences and conservation balances. This 0D tool handles heat transfers from molten (possibly boiling) pools, fuel crust evolution, phase separation/mixing of fuel/steel pools, radial thermal erosion of mitigation tubes, discharge of core materials and associated axial thermal erosion of mitigation tubes. All these modules are coupled with a global neutronics evolution model of the degraded core accounting for specific degradation states thank to surrogate models derived from ERANOS simulations [START_REF] Ruggieri | ERANOS 2.1: International Code System for GEN IV Fast Reactor[END_REF]. This physical tool is used to define mitigation features (function and number of tubes devoted to mitigation inside the core, impact of absorbers falling into the degraded core, mass relocated on the core-catcher...) to avoid energetic core recriticality during a secondary phase of a potential severe accident. As no experimental data are still available for complex mixed materials, possibly boiling, pool behavior and material discharge, pending the SAIGA program [START_REF] Payot | The SAIGA experimental program to support the ASTRID Core Assessment in Severe Accident Conditions[END_REF], the results of this fast-running tool has been numerically validated on 2D SIMMER-III results [START_REF] Marie | A physical tool for severe accident mitigation[END_REF].

MOREINa: vapors expansion and mechanical energy & ICONa: Fuel Coolant Interaction

MOREINa and ICONa tackle the issue of the mechanical energy released on the vessel, which is an important value to be calculated in order to assess the design margin of the vessel. MOREINa [START_REF] Mouly | Modelling of the expansion phase of sodium fast reactor severe accident[END_REF] includes ICONa which could also be considered in stand-alone to simulate Fuel Coolant Interaction [START_REF] Caraghiaur | Simplified models dedicated to vapour explosion applicable for ASTRID pre-conceptual design[END_REF]. MOREINa computes the mechanical energy release and the pressure impulse on the vessel during the expansion phase of an energetic SFR severe accident due to steel, fuel, fission gaz and sodium vaporisation and their expansion. It implies several phases modelled in a1D multi-zone geometry. Thus, MOREINa models (issued on the former DETONa tool [START_REF] Manchon | Modeling and analysis of molten fuel vaporization and expansion for a sodium fast reactor severe accident[END_REF]) are based on dimensional analysis leading to build the balance equations with only the influent physical phenomena. Additionally to various phase vaporization, MOREINa simulates vapour and gas simultaneous expansion of the molten materials due to the pressure difference between the saturated pressure of the molten materials and the cover gas located above the sodium, at the top of the vessel, the integration of the molten material droplet into the bubble vapour owing to Rayleigh-Taylor instabilities at the vapour-liquid interface, fuel coolant interaction (FCI) if the expansion leads the molten materials to contact the coolant. Its current validation has been performed on EXCOBULLE tests [START_REF] Manchon | Modeling and analysis of molten fuel vaporization and expansion for a sodium fast reactor severe accident[END_REF], Cho and Wright FCI test cases [START_REF] Mouly | Modelling of the expansion phase of sodium fast reactor severe accident[END_REF] and it has been compared to SIMMER-III results.

LIDENa: debris bed cooling

Finally the LIDENa tool is a 1D axial tool under development dedicated to debris bed cooling evaluation. It simulates the thermal-hydraulic evolution of a debris bed (temperature and phase-flow variations). It enables to study when the bed coolability limit is exceeded, which is an important feature to not reach in order to keep stable the debris bed (no more geometry evolution, propagation and sub-criticality) [START_REF] Clavier | CEA Research programs related to the severe accident phenomenology in the lower plenum of a SFR[END_REF].

ILLUSTRATIVE RESULTS

In this section, some illustrative results among the numerous results, which supported the ASTRID core design are given. They were obtained with these design-oriented tools coupled to advanced statistical methods.

Results in primary phase

Total Instantaneous Blockage sequence

Developed within the framework of the ASTRID project, the BETINa tool takes into account the specificities of its heterogeneous core, which presents a low void worth (called CFV). As the CFV core presents axially two fissile zones separated by a fertile zone, molten pool formation within each fissile zone is likely to occur during a severe accident. This formation of two molten zones cannot be simulated by mechanistic tools like SAS4A. The BETINa tool enables to give insight of global behavior difference between homogeneous (SPX type) and heterogeneous (CFV type) cores submitted to a TIB through uncertainty propagation studies. Detailed analyses of the BTI scenario lead to the identification of 27 uncertain input variables in the SPX core [START_REF] Marie | Physico-statistical approach to assess the core damage variability due to a total instantaneous blockage of SFR fuel sub-assembly[END_REF] and 31 in the CFV core. They are related to the core configuration and reactor features such as the power of the blocked assembly. The second type of uncertainties is related to physical models. Their associated variable probability density functions are detailed in Marie et al. [START_REF] Marie | Physico-statistical approach to assess the core damage variability due to a total instantaneous blockage of SFR fuel sub-assembly[END_REF]. The propagation of input uncertainty has been performed via a Monte-Carlo sampling of 1000 TIB simulations in the SPX core and 2500 simulations based on an optimized LHS (Latin Hypercube Sampling) experimental design in the CFV case. Among others, the repartition of equivalent numbers of molten sub-assemblies at the end of the transients is displayed in FIG 3 and the related statistics for the SPX and the CFV cores in Table 1. Regarding the SPX core, it comes that the mean output value is 5.5 final equivalent molten SAs with a standard deviation of 7.5, which attests to the relatively large variability of the predicted final numbers (ranging from 1.02 to 37 molten SA). In most of cases a TIB would not exceed the safety criterion of 7 molten SAs, value taken to prevent general core melting in SPX safety report. The empirical probability of having a final number upper than this criterion is estimated on the Monte-Carlo sampling at 18.1%. It could be noted that same TIB transient (presenting same modeling assumptions and uncertainties) lead to reduced core degradation in the CFV core and shorter transients (the mean output value is 2.1 final equivalent number with a small standard deviation of 2.5). This results comes from combined effects of various design features. In the case of the heterogeneous CFV core, the empirical probability of having a final number upper than 3 molten SAs (taken as an illustrative value) is estimated at 16%. Global Sensitivity Analysis highlighted that, regarding the SPX case, the hydrodynamic propagation is the most influential variable and, in case of CFV core, it is the time delay for delayed neutron detection. This brings out R&D or design fields of research. BETINa is a fast-running tool that is indeed highly adaptable. It has been adapted to SPX and CFV core design but also to other designs like the CADOR's core presenting a reinforced Doppler Effect [START_REF] Clavier | CEA Research programs related to the severe accident phenomenology in the lower plenum of a SFR[END_REF].

Unprotected Loss of Flow sequence

In the similar manner, a lot of works has been done on ULOF sequence simulation thanks to the MACARENa tool coupled to statistical methods. Among them, variation of the repartition of core end state in case of ULOF (2000 simulations have been carried out considering the scenario, input, models uncertainties) is displayed in FIG 4. They show that boiling is observed for most of the simulated transients (around 90%). Also, it was underlined the strong impact of the modelling of reactivity feedback due to thermal expansion of solid material (including control rods and vessel expansion which was not modelled in SMMER-III until then) on the resulting core degradation. By taking them into account (i.e. closer to real conditions), the sequences leading to core degradation (i.e. sequences without flow excursion) are reduced from 78% to 25%. For these more realistic neutronics situations, the sequences mainly transients in a SPX core [START_REF] Marie | Physico-statistical approach to assess the core damage variability due to a total instantaneous blockage of SFR fuel sub-assembly[END_REF].

result in stabilized boiling transients (around 70%) and even, more rarely (around 10%), in stabilized transients without any boiling onset. MACARENa has also been adapted to other designs like the CADOR's core presenting a reinforced Doppler Effect. Another results illustrating the interest of these designed-oriented tools lies in the realization of flow stability maps which present the SA flow regime depending on the core power and on the SA mass flow rate. Both flow maps are presented stable regions of either single-phase liquid flow or stabilized boiling and a region of unstable two-phase flow regime. A mechanical integrity limit, related to the temperature, is also included. It can be observed in FIG 5 that the low quality boiling zone is wider for the CADOR core. Also the unstable flow region disappears when the power is under 35% of nominal power, whereas it disappears only for power under ~12% of nominal power for the CFV core. Thus, only based on this consideration, the CADOR core design seems better to face ULOF transients.

Results in advanced accident phases

Finally, the last illustration of the importance of these design-oriented tools is on mitigation studies. The MARINa tool had contributed to the conceptual design of mitigation devices DCS-M-TT in addition to the SIMMER code [START_REF] Marie | A physical tool for severe accident mitigation[END_REF]. The number of such tubes, the uncertainties linked to their opening and their potential flow blockage and to the initial configuration of the molten pool (mixed or stratified steel and fuel) as well as the amount of required neutron absorber to avoid recriticality have been assessed. 8000 simulations have been realized in order to cover 4 various initial configurations (mixed/separated materials in the upper fissile zone and upper shielding plugged/unplugged). Those calculations highlight that a power excursion occurs in only 8% of the simulation cases and that molten materials are ejected above the core in only 18%. Finally, these simulations inform the final region of core materials relocation. Results in Table 2 show that about 50% of the fuel and steel masses are on the core-catcher. From these materials mass and average temperature results, MOREINa simulates the mechanical energy releases as presented in Droin et al. [START_REF] Droin | Safety-oriented SFR core design: methodology and application to transient bifurcations and stability maps analyses[END_REF].

CONCLUSIONS

Within the framework of the Generation IV Sodium-cooled Fast Reactor (SFR) R&D program of CEA, safety requirements are already considered in the undergoing design process. Indeed, this enables an efficient design evolution towards intrinsically safe concepts. Among other methods and tools to fulfil these studies, several design-oriented tools are used. These fast-running tools have been developed as a complement to more complex mechanistic tool which require high computational costs. These tools allow a large number of simulations in a reasonable computational time and they enable uncertainty propagation studies and sensitivity analyses essential to achieve a satisfactory reactor design. These design-oriented physical tools are devoted to a dedicated unprotected accidental sequence on the contrary to the mechanistic tools which encompass the physical models enabling the simulation of any accidental sequence. They are mostly based on ROM (mostly 0D, 1D or multizone). Currently, seven designed-oriented tools are available for SFR French safety studies. Three of them are dedicated to the primary phase of each accidental sequence: ULOF, UTOP and USAF. Additional tools are dedicated to the mitigation studies from a generic already degraded state and specific situations; vapor (fuel, steel, fission gaz) expansion and related Fuel Coolant Interaction (FCI) causing vessel mechanical degradation and debris bed cooling. The physical models of these tools and their validation have been summarized. Finally, example of obtained results have been presented highlighting the great interest of these fast-running tools in the ASTRID design process. The integration of those tools into the PROCOR platform is under progress.

  2. DESIGN-ORIENTED FAST-RUNNING SIMULATION TOOLSCurrently seven designed-oriented tools, displayed in FIG 1, are used for SFR French safety studies.
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 1 FIG 1: Illustration of French designed-oriented tools devoted to SFR
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 2 FIG 2: Illustration of fast-running tool coupling to simulate a full ULOF accidental sequence [9].
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 4 FIG 4: Results of the unprotected loss of flow statistical analysis (2000 simulations) in terms of probability of boiling and degradation occurrence (without neutronics effects related to solid expansion on the left, and with these effects on the right) [25]
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 3 FIG 3: Distribution of equivalent numbers of molten sub-assemblies at the end of TIB transients in a SPX core [24].

FIG 5 :

 5 FIG 5: Results of the ULOF statistical analysis in terms of boiling and degradation occurrence in the CFV core (left) and the CADOR core (right) [9]-note that abscissa scales do not present the same range.

Table 1 .

 1 Summary statistics of equivalent numbers of molten sub-assemblies for SPX and CFV cores

		SPX Core	CFV core
	mean	5.5	2.1
	Standard deviation	7.5	2.5
	Median	2.6	1.31
	Min	1.02	0.58
	Max	37	21.7

Table 2 .

 2 Summary statistics (over 8000 simulations) of final distribution of core materials relocation at the end of the relocation.

	%	Above the core	Core-catcher	CRGT foot	Core
	Fuel mass fraction	9.5	45	3.5	42
	Steel mass fraction	11.5	51	3.5	34
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