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Sodium-cooled Fast Reactors (SFR) are investigated as future Generation IV reactor concepts. In SFR, the core configuration is not the most reactive during the nominal reactor operation, its geometry change or coolant voiding can induce a reactivity insertion. Within these considerations, mitigation devices should be implemented into the core in order to limit the thermal energy released into the fuel during a severe accident and thereby the possibility to induce mechanical loadings of the reactor structure when vaporized materials expand. Complementary safety devices called Transfer Tubes (TT) are studied in a French concept as an effective mitigation measure of severe accidents to reach a final reactor safe state, even in case of a failure of all shutdown systems including the passive shutdown safety rods. More precisely the TT, with their upper part located in and above the core, cross the core support structure and are linked to the core catcher zone situated in the main vessel bottom. Their purpose is to extract fissile materials from the core zone and secondly to favour the transfer of the molten fuel from the core region to the core catcher in case of severe core damage. The fuel discharge out of the core zone is necessary in order to lower the core reactivity, the relocation into the core catcher is necessary to enable the stabilization, the sub-criticality and the fuel cooling. An extensive work on severe accident calculations and phenomena identification related to fuel discharge through TT was performed. These studies represent the outcome of the work performed in 2014-2019, performed with collaboration of Japanese JAEA and MFBR and Framatome in the framework of the SFR project carried out by CEA. Calculations of fuel discharge were carried out with the mechanistic calculation code SIMMER and the main results are presented in this paper. Firstly, the whole unprotected loss of flow (ULOF) accident sequence was calculated with the SIMMER code. From these calculations, the power and flow evolution were set as boundary conditions for a more detailed model with six fuel assemblies around TT. This model was used to focus on key phenomena and to check impact of design parameter as local bottom restriction inside TT on fuel discharge way.

Glossary

Introduction

The purpose of severe accident studies is to demonstrate that the associated radiological releases are acceptable and that, following any type of accident, the reactor can go back to a safe state. In order to satisfy this general objective of limiting the releases, the aim of safety provisions is to maintain the integrity of the structures limiting the progression of the molten fuel (main vessel, core catcher and reactor roof)… and the leak-tightness of the 3rd barrier (safety vessel: additional shell around the main vessel, reactor building), and thus to reduce the risk of occurrence of severe energetic accidents and of excessive thermal loadings that may affect these structures. In practice, two temporal phases of the accident scenario can be distinguished, during which the confinement must be preserved:  A short-term phase in which it is necessary to control the generation of mechanical energy which could result from the accident and which could lead to a rupture of the confinement. This implies to identify and to manage the phenomena leading to power excursions able to release mechanical energy (void effect, fuel compaction, secondary phase recriticality);  A longer term phase during which the relocation, the sub-criticality and the cooling of the degraded core must be promoted in order to decrease the risks of failure of the confinement. Regarding this long term phase, keeping of the confinement implies, in particular, that enough decay heat removal capabilities are maintained.

Even if in most of the cases, the value of mechanical energy would be low versus primary vessel capabilities, it has been yet decided to foresee provisions aiming at reducing it. One of the goals of the SFR safety approach is to avoid situations leading to significant mechanical energy release taking into account scenario variability and uncertainties on physics. Furthermore, another design goal is to manage the course of the accident scenario as much as possible and thus to manage and control the molten material relocation. For all these reasons, it has been chosen to implement mitigation devices (see Figure 1) [START_REF] Bertrand | Status of severe accident studies at the end of the conceptual design of ASTRID: Feedback on mitigation features[END_REF]:

 Mitigation tubes (TT) in French SFR designs in order to reduce the amount of fissile material inside the core region during the secondary phase and therefore to reduce the likelihood and the amplitude of a power excursion;  A core catcher aiming at collecting, spreading and cooling molten materials in order to prevent primary circuit failure and to ensure long term cooling [START_REF] Bachrata | Code simulation of quenching of a high temperature debris bed: Model improvement and validation with experimental results[END_REF] of the core materials.

Figure 1: Sketch of the lower vessel head and mitigation devices: TTs and core catcher [START_REF] Bertrand | Status of severe accident studies at the end of the conceptual design of ASTRID: Feedback on mitigation features[END_REF] 2 France-Japan collaboration and SIMMER scenario studies

During the recent years CEA has been working on ASTRID design [START_REF] Chenaud | Status of the ASTRID core at the end of the preconceptual design phase[END_REF] and special interest has been payed to mitigation devices-transfer tubes. The SFR project started in France in 2010 and was later joined, in years 2014-2019, by JAEA and MFBR in the frame of the France-Japan collaboration [START_REF] Serre | France-Japan collaboration on the severe accident studies for ASTRID: Outcomes and future work program[END_REF]. The collaboration concerned different SFR topics oriented to experiments, codes, reactor studies or design. Even if there was recently re-orientation of SFR project in France, this collaboration will continue also in the next phase 2020-2024. One of the objectives of working groups on reactor studies was the demonstration on efficiency of mitigation devices. These studies were carried on by CEA and JAEA with the SIMMER code. The SIMMER code is developed by the Japan Atomic Energy Agency (JAEA). SIMMER is a two-dimensional (SIMMER-III) or three-dimensional (SIMMER-IV), multi-velocity-fields, multi-components, Eulerian fluid-dynamics code coupled with a fuel-pin model and a spacetime and energy-dependent neutronic transport kinetics model [START_REF] Yamano | SIMMER-IV: A Three-dimensional Computer Program for LMFR core Disruptive Accident Analysis, Version 2. A Model Summary and Program Description[END_REF]. SIMMER-V Preliminary Version (PV) was derived recently from SIMMER-IV by CEA and JAEA in order to take advantage of parallel computing (by improving the memory management and by parallelizing the fluid-dynamic Module). In this paper, the SIMMER studies aiming at designing and at assessing the efficiency of the TTs are summarized.

DCS-M-TT

In this work plan, the JAEA calculations completed the CEA studies. Here, the objective was not to perform a benchmark calculation on this topic but to benefit from the rich expertise of all institutions to perform different calculations to support that time ongoing conceptual design safety evaluations. One of the aims of CEA and JAEA collaboration was to share the understanding of major factors that govern the amount and the kinetics of fuel relocated into the core catcher through mitigation devices. Also, another aim was to standardize physical models and parameter sets of SIMMER with regard to fuel discharge analyses on the ASTRID core design.

The performed studies were performed for a common sketch of reactor design provided by CEA that is shown on Figure 1 and its main characteristics are summarized in Table 1. In the pre-conceptual design phase that preceded the France-Japan collaboration (Figure 2), the CEA objective was to demonstrate the efficiency of TTs on core reactivity decrease. The Figure 3 [START_REF] Chenaud | Status of the ASTRID core at the end of the preconceptual design phase[END_REF] shows the ASTRID and transfer tubes. From 2014, during the conceptual design phase, complementary studies were realised by CEA and JAEA in the frame of the France-Japan collaboration. Many sensitivity studies were performed. These were taking into account, compared to previous work, the local restriction at the bottom of TT. The design demand the restriction in diagrid zone for their suitable integration. All mentioned studies are summarized in this paper.

ULOF transient and mitigation via transfer tubes

The CEA's studies on mitigation devices efficiency started in the pre-conceptual design phase during the years 2010-2012 and continued later in conceptual design phase with the SIMMER-III and a preliminary version of SIMMER-V [2] [START_REF] Bachrata | Unprotected loss of flow simulation on ASTRID CFV-V3 reactor core[END_REF]. The selected core in the pre-conceptual design phase is CFV core, characterized by near zero void effect. Thus, the sodium boiling will not result directly in a high reactivity insertion and power excursions should be eliminated
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France-Japan collaboration during this primary phase. After a definition of number and location of mitigation tubes [START_REF] Bertrand | Status of severe accident studies at the end of the conceptual design of ASTRID: Feedback on mitigation features[END_REF], the work focused on verification of TT efficiency during the whole severe accident transient. For this purpose, the whole Unprotected Loss Of Flow transient (ULOF), starting from initially intact fuel was simulated with the SIMMER code. This work represents the starting point for followed studies realised in the framework of the France-Japan collaboration (Figure 2) that will be discussed in section 4. In this section, we focus on calculation conditions, results and discussion of results of the reference ULOF transient. 

TT

The studied concept is a pool type reactor of 1500 MWth cooled with sodium. The core power is removed by forced circulation of sodium in the primary circuit through three mechanical pumps, and four heat exchangers and immersed in the upper part of the sodium pool. The difference of temperatures (outlet/inlet) through the core is 150°C, the core sodium inlet temperature being of 400°C. The CFV core consists of 180 SAs in the inner region and 108 FAs in the outer region (see Table 1). The core reactivity is controlled with 18 control rods plus 3 additional scram rods of passive type, based on hydraulic actuation due to the sodium flow decrease. In addition, there are 21 mitigation tubes-TT that cross the core diagrid and the strong-back up to the core catcher, where 18 are situated on core periphery and 3 closer to core center (see Figure 1). The reflectors are surrounding the core and there is also the inner fuel storage at the core periphery. A schematic view of CFV core is shown in Figure 3. The structure of the fuel assembly is characterized by 217 fuel pins in a hexagonal tube. The fuel adopted is UO2-PuO2 for fissile zones, UO2 for fertile zones, and clad is made of steel. The fissile and fertile zones organization differs axially between the inner core region and the outer core region as is illustrated in Figure 3-right.

The ULOF transient calculations of CFV core are performed with the SIMMER-III where the applied model options reflect the previous CEA validation experiences. Between these, the fragmented core materials (particles) are treated by their own momentum balance equation in the code. Consequently, liquid phase and particle phase are treated by separate momentum equation [START_REF] Csengeri | Comparative Study of Physical Models for Particle Sedimentation Using Simmer Code[END_REF]. The verification of complexity of current momentum exchanges modelling between liquid phase and particle phase for this modelling approach is still ongoing ( [START_REF] Csengeri | Comparative Study of Physical Models for Particle Sedimentation Using Simmer Code[END_REF]).

In this ULOF calculation, the core is simulated in SIMMER-III within 2D axis-symmetric geometry where the fuel assembly is represented in 1D mesh scheme (Figure 4). The control rod guide tubes and TT are represented in dedicated radial rings also with 1D meshing scheme.

The lateral heat exchanges between the neighbouring fuel assemblies are neglected until the hexcan tube is melted. Neither sodium flow nor the sodium itself is represented within interassembly gap. This simplification is to be improved because it can play a role on neutronics and thermal exchanges. However, not taking these into account in preliminary study decrease the favourable impact of plenum voiding.

The pump and heat exchangers zone are simulated, but the heat removal through the heat exchangers is simply modelled in this first study and the temperature boundary condition on tube wall surface is imposed constant. The pump halving time is set to 10 seconds. The neutronic module TWODANT is activated; and the simulated fuel state corresponds to BOL (no irradiated fuel). The reactivity feedbacks due to the axial dilatation of structures are not represented in these preliminary studies. This assumption seems to be justified for the large structures as the reactor vessel, where the temperature on core inlet stays constant. Nevertheless, the axial dilatation of fuel pins that is not taken into account in this preliminary impact, may play a role on primary phase but less impact is expected on movement of fuel after power excursion that is the scope of this paper.

In order to simulate the fuel propagation through TT, a specific modeling in SIMMER-III is necessary. It is illustrated in Figure 5. This modeling is necessary due to limitations in 2D geometry. If the mitigation tubes crossing the core diagrid are simulated from the beginning of transient, the whole core inlet zone is isolated and there is no possible sodium flow. Thus, only during the secondary phase, once there is no more sodium inlet flow, the 'virtual wall' modeling in SIMMER-III is changed as is illustrated in Figure 5 and TT start to be directly connected with the core catcher. The virtual walls represent the flow barriers but there is no friction neither heat transfer simulated with them.

This modeling issue has one main disadvantage related to the fact, that by this 'virtual wall' modeling the transfer tube structure in this diagrid region has cross section directly associated to mesh size as we cannot vary the virtual wall thickness. There is no way to envisage in this region any restriction in cross section of transfer tubes. For this reason, the complementary calculations are necessary to study the impact of TT restriction within diagrid zone, which can be either ULOF transient calculations in 3D geometry as were performed recently [START_REF] Bachrata | A three-dimensional neutronics -Thermalhydraulics Unprotected Loss of Flow simulation in Sodium-cooled Fast Reactor with mitigation devices[END_REF] or local SIMMER studies performed in the frame of the France-Japan collaboration (Figure 2) summarized in Section 4. 

Primary phase without degradation

The decrease of the flow leads to an increase of sodium temperature. Consequently that results in insertion of negative reactivity as shown in Figure 7, (t: 0s, 39s).. During this time interval before the sodium boiling, the net reactivity is negative resulting in decrease of reactor power. The power decrease cannot compensate the sodium flow decrease and the sodium temperature at the outlet of fuel assemblies increases. The first sodium boiling appears at 33.5s but lasts only 4s. A fully developed boiling is observed after 39.6s, in the first ring of external fuel assemblies. The reactivity oscillations in Figure 7 (t: 39s, 50s) are due to the sodium plenum voiding and reflooding while the sodium flow at core inlet persists (see Figure 6). The corresponding power variation during this stage is in the range of 40-80% of nominal power. The instant of fuel degradation depends on chosen user criteria in SIMMER-III. The base criterion chosen for our calculations allows the fuel degradation, if the cladding is melted and fuel thermal criterion (0.5) is reached, i.e. 50% of fuel mass in the mesh reaches the energy of liquefaction. In the primary phase of ULOF transient, the dry-out persists in the external core fuel assemblies where the first boiling appeared. The clad melting and relocation occur. In our calculations, the impact of clad movement on reactivity is minor at this stage of the transient. The first fuel degradation occurs after 53s. In parallel, the sodium plenum voiding and reflooding occurs during the time interval (t: 53s, 68s). The net reactivity reaching 0.5$ at 68s corresponds to the core degradation state that can be seen in Figure 8. It can be seen that the fissile fuel in the external core region is degraded and in this SA, the hexcan tube is already melted. reactivity($)

Figure 8: Core state before the prompt-criticality, t=68.2s

Transition phase

The first path for fuel relocation into the neighbouring control rod guide tubes (that stay at top position in our hypothesis) is possible after 68s. However, this fuel relocation resulting in the reactivity decrease is not sufficient to compensate the reactivity increase due to continuous fuel degradation during this transient phase. The clad continues to melt in the neighbouring fuel assemblies followed by fuel degradation. The prompt criticality (1$) occurs once the spatial fuel compaction occurs, in this case it corresponded to about 11.5% of degraded fuel. The core state after the power excursion is shown in Figure 9.

Figure 9: Core state after the reactivity peak, t=71s

In Figure 9 we can see that the upper fissile and the lower fissile in the internal core region are melted. The external core region is partially melted, only the last ring of fuel assemblies stays intact. The upper steel structures at the top of fuel pins are not degraded which does not allow to fuel being ejected upwards. The original flow path about 24% is rapidly closed due to first steel and particle upward movement. 

Secondary phase and relocation

The fuel relocation paths in the TT are opened after 71s. In the central core region the upper pin structures are melted and the fissile pool is ejected upward. Its contact with the upper neutronic protection structures (PNS) results in the fuel cooling, fragmentation and a partial PNS degradation. In this case, we find significant amount of B4C present in molten zone. Moreover, there is no chemistry model in SIMMER for the interaction of B4C with corium, eutectic formations are prohibited. These phenomena should be studied further in detail because it may significantly influence the transient.

The paths for fuel relocation through the mitigation tubes TTs (see Figure 10) are opened at 71.7s (inside the core) and 73.6s (at the core periphery). In Figure 10 the molten material discharge through TTs is illustrated. It can be seen that due to FCI occurring within mitigation devices and also due to the core power decrease, mostly fuel particles, chunks and liquid steel are discharged through TTs. Regarding the molten material inside the TTs, the same composition is observed (chunk, particles, liquid steel and liquid fuel) than the one obtained during the discharge process starting from initial degraded state. Particles are continuously discharged onto core catcher zone (i.e. small particle size and large hydraulic diameter in TTs are favourable for this discharge).

In this whole ULOF transient calculation, up to 40% of the fuel mass reaches the core catcher zone in a very short time (less than 10 seconds) after TTs opening (see Figure 12). In this case, the efficiency of TTs is demonstrated because, thanks to their presence inside the core, the core reactivity decreases due to fuel dispersion [START_REF] Bertrand | Status of severe accident studies at the end of the conceptual design of ASTRID: Feedback on mitigation features[END_REF]. After their opening, no more criticality is observed in the SIMMER-III calculation (see Figure 7). Thus, positive features regarding the efficiency of mitigation devices TTs are encouraging. 

Local studies on impact of bottom restriction inside transfer tubes

In the previous section, the whole core ULOF transient calculation with the SIMMER-III is presented. It is demonstrated that the presence of transfer tubes inside the core CFV has significant impact on degraded core discharge from core zone, thus on severe accident mitigation. In the previous studies, less attention is payed to design details concerning transfer tubes i.e. their upper and lower restrictions. In order to privilege the downward material discharge, the upper part of TT is considered to be restricted The upper TT restriction corresponds to upper neutronic structure identical to other fuel assemblies.. Moreover, in the previous 2D whole reactor studies, there is no restriction inside TT in its bottom part, i.e. within diagrid zone. As we specified previously, the TT structure representation within this region is very simplified i.e. narrow path inside TTs corresponding to mesh size and no heat transfer is simulated between fluid inside TT and TT's structure.

During the conceptual design phase, special attention concerned the local bottom restriction inside transfer tubes, in its bottom part. The inner diameter of TT along the core region is about ~16 cm, but should be reduced by factor of two at the bottom part. This restriction is necessary from a design point of view, to make the TT cross the diagrid and enter the strongback. In P/Pnom order to study the impact of the reduced hydraulic diameter inside TT, local studies SIMMER have been performed in the frame of the France-Japan collaboration (Figure 2).

In this section, the calculation conditions, results and discussion on results will be introduced. Firstly, the JAEA local studies around one TT surrounded by six heterogeneous fuel assemblies will be presented. Secondly, the CEA local study around one TT surrounded by one homogeneous fuel assembly and five reflectors will follow. These studies are complementary, to cover all cases on TT location, situated either on core periphery or closer to core center.

4.1 SIMMER-V local studies around one TT in internal core region

Calculation characteristics

The calculations are realised with the SIMMER-III version, i.e. in 2D geometry. The local analysis model by two-dimensional RZ system is shown in Figure 13. This includes one TT, its surrounding six fuel sub-assemblies in internal core region, hot pool and a part of cold pool where the core catcher is installed (the CC region). The fuel assemblies are intact at the initial state of ULOF. The diagrid region to supply fuel assemblies with coolant is provided with the pressure boundary. This pressure boundary models the primary pump head. This local analysis study targets fuel assemblies that are allocated to the 5th layer (i=5) in Figure 9, which are the first FAs where fuel discharge started, in the CEA whole core analysis of ULOF presented in Section 3. A pre-transient analysis was performed in order to obtain the normal operation state as the initial state for ULOF transient. Features of targeted FAs during the normal operation are summarized in Table 2. The power transient, which is the analysis result of whole ULOF transient with neutronic calculation in Section 3, is specified in this local thermal-hydraulics calculation as boundary condition. However, in a case where fuel is relocated out of the core region, the fuel power density is assumed to decrease to residual power. This residual power in this calculation is taken to be 5.6 % of initial power. The coolant flow in FA decreases with 10-second halving time, which is specified by the pressure boundary condition modelling the total pump head of the primary pumps.

Calculation results

Fuel discharge behavior observed in this local analysis is presented in this section. Especially, fuel motion in FA and TT with the structural restriction after TT failure is focused.

An event progression up to TT failure is briefly described. Coolant boiling occurs due to mismatch between the FA power and the FA coolant flow as observed in the whole core analysis in Section 3. After that, at 70.6s, in the upper fissile fuel region, fuel disruption (melting of cladding and fuel pellet and subsequent dispersion of molten cladding and fuel in an axial direction) occurs due to the power excursion imposed as the calculation condition. Then, the hexcan tube melts due to heating from the molten materials and subsequently the duct wall of TT also melts in a short time. At this moment in time, in the lower fissile fuel region, cladding melts but fuel pellet with some molten cavity is not mobile yet. Internal blanket is not melted and mixes with molten fuel coming from the upper fissile fuel region. This difference of fuel degradation between in the upper fissile fuel and in the lower fissile fuel comes from the axial power density. The power density in the upper fissile fuel is larger than that in the lower fissile fuel.

Figure 14 shows the mass fraction of fissile fuel in each region to understand how fuel is discharged out of the core region through TT and reaches the CC region. Moreover, Figure 15 shows the fuel average temperature in the upper part (the area over the local structural restriction up to the top of the core region) and the lower part (the local structural restriction) of TT, respectively. At 71.1s, molten fuel whose temperature is 3450K starts to be discharged into TT from the upper fissile fuel region. Although only 7% of the fissile fuel is discharged into TT up to 71.5s, 38% of the fissile fuel is discharged out of the core region. This arises mainly as a result of fuel dispersion to the upper part of FA. We can confirm in Fig. 14 that 26% of fissile fuel is temporarily relocated in the upper part of FA. This driving force is sodium vapor pressure due to FCI when molten fuel penetrates into TT at the level of the upper fissile region.

Figure 16 shows the sodium vapor average pressure in the upper part (the area over the local structural restriction up to the top of the core region) and the lower part (the local structural restriction) of TT. At 71.1s, the sodium vapor pressure dramatically increases in the upper part due to the aforementioned FCI. Focusing on the event that occurs in TT again, sodium vapor generated by FCI expands over the range between the top of TT and the middle level of the structural restriction. Figure 17 shows the mass fraction of fissile fuel that passes through four observation sections each in TT by a certain time: the top of the core region, the bottom of the core region, the top of the structural restriction and the bottom of the structural restriction. Fuel tends to move upward in the expanding sodium vapor region at the beginning of fuel discharge, driven by the sodium vapor pressure. At 72.3s, the duct wall of TT eventually melts in the internal blanket region and the lower fissile region. Lower fissile fuel pellet is melting and the upper half of it has been disrupted. A part of internal blanket is melting due to heating from the molten fuel coming from the upper fissile fuel region. Fuel becomes mobile even in the lower part of the core region. Thus, massive fuel discharge into TT starts as shown in Fig. 14. The average temperature of discharge fuel is 3041K (fuel liquidus temperature) at this time as shown in Fig. 15 In addition, fuel that relocated to the upper part of FA is falling back to the core region to be discharged into TT. Up to 73.8s, another 30% of fissile fuel is rapidly discharged into TT by only gravity (Fig. 14).

At this point, one can think that major fuel discharge from the core region into TT is completed. Looking back to the fuel discharge behavior between 72.3s and 73.8s in TT, fuel starts to enter the structural restriction at 72.8s and then reaches the bottom of it at 73.5s. Fuel discharge slows down in the structural restriction. Only 10% of fissile fuel passes the section at the top of the structural restriction (Fig. 17). Furthermore, in Fig. 14, the mass fraction of fissile fuel in TT slightly decreases around 73.0s despite no fuel discharge into the CC region yet. In reverse, the mass fraction of fissile fuel in the core region increases by the decrease in that of TT. Thus, fuel is temporarily pushed back to the core region. Again carefully looking at the Fig. 17, the mass fraction of fissile fuel passing through the cross-section at the top of the structure restriction occasionally decreases. This means that fuel discharge is bit prevented by sodium vapor pressure due to FCI at the leading edge of discharge fuel in the structural restriction. We can confirm in Fig. 16 that sodium vapor pressure sharply increases several times in the lower part of TT between 72.8s and 73.8s.

At 73.6s, fuel starts to reach the CC region, passing the structural restriction. Up to 80.0s, 14% of fissile fuel is discharged there at a slow pace. The fuel discharge rate into the CC region between 73.6s and 80.0s is much smaller than that from the core region into TT between 72.3s and 73.8s, ~2%/s vs ~20%/s in Fig. 14. Fuel accumulates around the top of the structural restriction. In Fig. 17, for a few seconds after 74.0s, so little fuel passes through the section at the top of the structural restriction. On the other hand, fuel slowly but successively does the section at the bottom of the structural restriction because the flow cross-section is large in the area under the structural restriction. Most of this fuel is solidified fuel because fuel in the structural restriction is being cooled both by the TT wall and discharging liquid steel (molten cladding and molten hexcan) to become solidified. In Fig. 15, the fuel average temperature decreases to 3021K in the structural restriction at 73.6s and is completely below 3002K (fuel solidus temperature) at 75.3s. Although fuel is solidified, temperature of solidified fuel and liquid steel is still higher than sodium boiling temperature. FCI also occurs in the area under the structural restriction. In Fig. 16, the sodium vapor pressure increases after 74s by the impact of FCI that occurs in the area under the structural restriction. However, this FCI has little effect on fuel discharge at the bottom of the structural restriction as shown in Fig. 17. Finally, most of the fuel transferred into the CC region is solidified fuel.

Discussion on results

The local calculation result indicates that fuel can be immediately discharged out of the core region into TT to reach the local structural restriction by gravity after TT failure. Thus, TT is expected to be effective as the mitigation device against the severe accident because a space over the structural restriction up to the lower end of the fissile fuel zone is sufficient for decreasing core reactivity in short term by fuel discharging.

The structural restriction has a potential impact on fuel discharge into the core catcher region. The local calculation result indicates that the structural restriction can slow down fuel motion due to the decrease in the flow sectional area of the structural restriction. In particular, in a case where fuel enthalpy is low which means fuel solidification is proceeding or completed, the above effect of the structural restriction on fuel motion can become marked because of jamming of solidified fuel. On the other hand, one may think that even solidified fuel is smoothly discharged via the structural restriction thanks to its relatively large diameter. However, at this time, validation of the physical model dedicated to low-enthalpy fuel discharge through the duct having relatively large diameter such as the structural restriction in TT is not sufficient.

Therefore, experimental backgrounds are required to evaluate the long-term reactivity transient and transferred mass of core materials on the core catcher for long term cooling.

FCI at the leading edge of discharge fuel in TT is one of the important phenomena governing fuel motion. Especially, when only gravity is expected as driving force for fuel discharge, sodium vapor expansion due to FCI is the unique mechanism to eliminate liquid sodium in TT.

The elimination of liquid sodium in TT is necessary to attain fuel discharge in short term for decreasing reactivity. The local analysis result indicates that the sodium level in TT can be pushed down by sodium vapor expansion with multiple FCI events and then fuel can be discharged further downward in the new voided region. On the other hand, FCI can be also a factor contributing to slowing down fuel discharge into the CC region. When FCI occurs in the structural restriction, the generated sodium vapor pressure can prevent fuel discharge toward the CC region and even make fuel return upward, namely the opposite direction of fuel discharge. However, the local calculation result indicates that the upward fuel motion in TT by FCI has a small effect on the overall fuel transfer to the CC region because the upward fuel motion is temporary for a given short time. The relocalisation is facilitated by FCI (after TT rupture) and sodium voiding in TT, but if this phenomena is less important, the discharge will be driven by gravity [START_REF] Seiler | A physical tool for severe accident mitigation studies[END_REF].

The results from these local calculations brought detailed look on fuel relocation but the conclusions are not questioning the results from global calculations.

4.2 SIMMER-V local studies around one TT in external core region CEA performed SIMMER-V calculations to complete the studies on fuel discharge via TT with restricted bottom cross section. The previous studies summarized in section 4.1.1 were realised with the SIMMER-III, i.e. in 2D geometry. These studies simulated TT representative for internal core region, surrounded by six heterogeneous fuel assemblies.

In the pre-conceptual design phase of C, in addition to three TT situated within internal core region, 18 TT are considered to be situated on core periphery. Thus, in order to complete the calculation studies, CEA simulated TT representative for external core region, surrounded by one homogeneous fuel assembly and five reflectors. For this purpose, due to non-symmetrical case, calculations with preliminary version SIMMER-V in its 3D geometry were realised. The calculation characteristics, results and discussion are given hereafter. In SIMMER calculation options, the same physical models are set as in previous CEA whole core calculations on ULOF transient (Section 3).

Figure 18: Local analysis model in SIMMER-V starting from the intact geometry for ULOF (left-blue sodium, grey-fuel pin, blacksteel, white-gaz, no-flow volume)

Calculation characteristics

The local analysis model is shown in Figure 18. This includes one TT, its surrounding one fuel sub-assembly, five reflectors (RAC), Hot plenum and a part of cold plenum where the core catcher is installed (the CC region). The restricted hydraulic diameter in the bottom part of TT is simulated, as in local JAEA calculations and is about 80mm.

The fuel assembly is intact at the initial state of ULOF. The diagrid region to supply fuel assemblies with coolant is provided with inlet sodium flow. The sodium flow decrease in time is set to correspond to whole core ULOF calculation for this fuel assembly. In these analyses, CEA applied the existing simplified pin model description for fuel assembly to be in agreement with modelling options in whole core ULOF calculation. Here, only two temperature nodes are provided for representative pin. Features of targeted FA during the normal operation are summarized in Table 3. The power transient, which is the analysis result of whole ULOF transient with neutronic calculation, is specified in local thermohydraulic calculations as boundary condition. In the case of fuel discharge out of the core region, power densities in those nodes decrease to about 7 % of the initial power at the peak power position which means decreasing to decay heat level.

Calculation results

The first instants of transient correspond to sodium flow decrease and heat-up of fuel assembly. Under the power transient and imposed power peak in local calculations, the steel cladding and fuel melting occurs. After the power peak (~70.6s), about 75% of fissile fuel is melted; the rest of fuel is degraded into small-size fragments. Few seconds after the power peak, the TT opening next to the molten fissile pool occurs. It is important to note that simultaneously, the fuel assembly tube is melted also on the sides of reflectors. Thus, the molten fuel starts to discharge into TT but also into neighbouring reflectors. In about 3 seconds, the fuel mass within reflectors zones stays constant, and represent about 30% of total fuel mass. The fuel mass fraction within reflector zones is quickly saturated due to limited available free volume inside reflectors.

After the fuel discharge into TT, the FCI appears as is also observed in local JAEA calculations presented in Section 4.1.1. As in JAEA calculation, the pressure increase due to FCI inside TT enhances the dynamic behaviour of molten fuel flow. Minor fuel fragments are fluidized above PNS region into hot plenum (less than 2%). Nevertheless, the generated pressure during FCI in TT induce some inverse flow appearance i.e. fuel mass returns into FA is observed. The duration of FCI sequences inside TT takes several seconds and ends by ~77 seconds (see Figure 19). It can be seen on this figure, that during this time interval, the important fuel is discharged via TT up to the core catcher zone, so the generated pressure during the FCI in TT has positive impact on downward fuel discharge. In conclusion, there is about 20% of total fuel mass fraction discharged into CC, in about 6 seconds after TT opening. In fresh fuel case, about 20 % of total fuel was relocated on to CC in about 6 seconds. These calculations, performed in 3D geometry around TT situated on core periphery are complementary to JAEA local calculations summarized in Section 4.1.1. Indeed, the calculation results show very similar results on discharged fuel mass into CC within the first seconds. Moreover, CEA calculation run is pushed over 80 seconds, showing secondary fuel discharge from 90 seconds i.e. 40% of fuel is discharged in total in about 20 seconds after TT opening. This later phase is related to gravity flow of solidified fuel accumulated inside TT, once there is no more dynamic phase change behavior (sodium vaporization) inside TT, see Figure 20.

The CEA case, contrary to JAEA case indicated the benefit of generated pressure inside TT due to FCI on fuel downward discharge. The important fuel mass is discharged into CC during this FCI period. As it is described in this paper, the CEA and JAEA local calculations are complementary. The studied domain (internal core/external core), geometry (2D/3D), or code user set parameters pin representation/degradation or particle treatment is not identical. In CEA calculation, the mass corresponding to one homogeneous fuel assembly is being discharged via TT (and about 30% of mass indicated to be discharged into reflectors). In JAEA calculation, more mass is involved in discharging process, corresponding initially to six heterogeneous fuel assemblies. This may be the reason of more significant fuel accumulation within restriction in JAEA case. It may be interesting to note that CEA 3D calculation predicted similar fuel accumulation once the hydraulic diameter in restricted zone decreased more, i.e. sensitivity study with half diameter compared to 8cm. Thus, CEA and JAEA agree that experimental grounds are needed to understand how the solidified fuel passes the spike of TT.

Conclusions

In this paper, the performed studies were performed for a common sketch of reactor design provided by CEA. Mitigation devices called TT have been installed within the core. Their role is, in the event of severe accidents, to discharge the molten fuel out of the core region aiming at a reactivity decrease and to lead core materials into the core catcher for long term cooling.

In the pre-conceptual design phase that preceded the France-Japan collaboration, the CEA objective was to demonstrate the efficiency of TT on core reactivity decrease with fuel discharge. From 2014, during the conceptual design phase in the frame of the France-Japan collaboration, the objectives were to further understand fuel discharge behavior and to reveal impacts of TT design geometry on fuel discharge. Many sensitivity studies were performed by CEA, JAEA and MFBR. These were taking into account, compared to previous works, the location of TT in the core and the design oriented local restriction at the bottom of TT. The SIMMER-III and a preliminary version of SIMMER-V studies on TT efficiency are summarized.

Firstly, the whole core ULOF calculation with the SIMMER-III is presented, focusing on demonstration of efficiency of TT on reactivity decrease with fuel discharge. For this study, 18 TTs are situated on core periphery and three ones are closer to core center. These calculations indicated that after the primary phase of ULOF transient, the opening of TT occurs. Important fuel mass fraction is discharged into TTs and then relocated into core catcher region, representing about 40% of total fuel inventory in a very short time (less than ten seconds). This fuel discharge into TT lowers drastically the core reactivity as expected.

Secondary, special attention concerned the local bottom restriction inside transfer tubes, in its bottom part in the diagrid zone because it is not possible to represent this restriction within TT diameter due to limitations for 2D R-Z modeling in those whole core calculations. It has been indicated, that the inner diameter of TT along the core region is about ~16 cm, but should be reduced by factor of two at the bottom part. This restriction is necessary from a design point of view, to make the TT cross the diagrid and enter the strongback. In order to represent this restriction, two kinds of local calculations are performed. One is to study the fuel discharge via TT situated in internal core region i.e. surrounded by six heterogeneous fuel assemblies with the SIMMER-III. The other is to study the fuel discharge via TT situated in external core region, on core periphery i.e. surrounded by one homogeneous fuel assembly and five reflectors with preliminary version of SIMMER-V. The calculations reproduce the ULOF transient, where the power and flow are set as boundary condition in these local calculations.

Both the local calculation results indicate that TT with the local bottom restriction functions successfully in fuel discharge out of the core region. After the opening of TT due to its melting, fuel is immediately discharged into TT. However, this structural restriction possibly affects fuel discharge into the core catcher region. In case where low-enthalpy fuel such as half-solidified fuel reaches the restriction, the fuel motion significantly becomes slower and then fuel congests in the restriction to constrict smooth fuel discharge as observed in the whole core calculations.

Considering core reactivity, even if solidified fuel temporarily forms blockage in the restriction, TT is expected to be still effective as the mitigation device against the severe accident because a space over the restriction up to the lower end of the fissile fuel zone is sufficient for decreasing core reactivity in short term by fuel discharging. Experimental backgrounds are required to evaluate the long-term reactivity transient and transferred mass of core materials on the core catcher for long term cooling. The definition of experimental program is ongoing.
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 2 Figure 2: Timescale of previous French ASTRID program
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 3 Figure 3: Sketch of CFV core and position of TTs [3]
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 4 Figure 4: SIMMER-III model of ASTRID primary system (half-cut)
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 56 Figure 5: Modeling of transfer tubes-switch between primary and secondary phase In this section, our focus are the main outcomes of ULOF transient calculations. In ULOF transient, the simulated pump pressure head in SIMMER modeling decreases from the initial value down to zero. The pump halving time is set to 10s. Once the pump pressure head becomes zero, only the hydrostatic pressure in the system plays a role and is simulated in SIMMER. The sodium flow decreases at the core inlet during the whole transient as shown in Figure 6. Different phases of transient are presented here in a chronological order.
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 67 Figure 6: Sodium flow in internal core and external core region during the transient
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 10 Figure 10: Fuel discharge from the core region
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 1112 Figure 11: Power decrease (P/Pnom ratio, where Pnom=1500MWth) in the secondary phase of accident
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 13 Figure 13: Local analysis model in SIMMER-III starting from the intact geometry for ULOF
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 14 Figure 14 : Analysis result of fissile fuel mass fraction in SIMMER-III local calculation (leftblue sodium, grey-fuel pin, blacksteel, white-gaz, no-flow volume)

Figure 16 :

 16 Figure 16 : Analysis result of sodium vapor average pressure in TT in SIMMER-III local calculation (left-blue sodium, grey-fuel pin, blacksteel, white-gaz, no-flow volume)

  : Area over the structural restriction up to the top of the core region Sodium vapor pressure increases by the impact of FCI in the area under the structural restriction.

Figure 19 :

 19 Figure 19: Analysis result of fuel mass fraction inside CC in SIMMER-V local calculations
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Table 2 :

 2 Modelling features of FAs in SIMMER-III local studies around one TT

	Number of fuel assemblies surrounding TT	6
	Axial fuel arrangement	heterogeneous
	Power per fuel assembly [MW]	5.11
	Coolant flow rate at the inlet of FAs	~28.8kg/s/FA
	Coolant inlet/outlet temperature	673K/833K
	*sodium flow inside TT is almost stagnant	

Table 3 :

 3 Modelling features of FA in SIMMER-V local studies around one TT

	Number of fuel assemblies surrounding TT	1
	Axial fuel arrangement	homogeneous
	Power per fuel assembly [MW]	4.64
	Coolant flow rate at the inlet of FAs	~22.4kg/s/FA
	Coolant inlet/outlet temperature	673K/835K
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