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Abstract

During the years 2018 and 2019 of the ASTRID program, a simulation program on SFRs has been prepared by the CEA and its industrial partners – EDF and Framatome – featuring sketch studies of a smaller-size SFR with extended experimental purposes. The core power has been reduced to 150 MW(e) to minimize investment costs. The design of the core and the fuel sub-assemblies (S/As) is evolutive over the reactor lifetime to demonstrate the feasibility of plutonium multi-recycling and to qualify concepts and technologies expected for the future industrial SFRs. The paper presents sketch design studies of fuel S/As for a 150 MW(e) SFR. The hexagonal wrapper tube can host either a 169-SPX-type-pins bundle or a 127-ASTRID-type-pins bundle. The thermomechanical behaviour of the fuel bundle has been calculated with DOMAJEUR code. The lower gas plenum of the fuel pins has been reduced thanks to simulations with GERMINAL fuel performance code. The upper neutron shielding is made of steel and B4C rings housed in a leaktight compartment to stay compatible with the washing process, while limiting the secondary sodium activation and the irradiation of the diversified absorber rods electromagnet.
1. INTRODUCTION
In 2018 and 2019, during the last two years of the 2010-2019 convention on ASTRID program between the Commissariat à l’Energie Atomique et aux Energies Alternatives (CEA) and the French State, a simulation program on Sodium Fast Reactors (SFR) has been prepared by the CEA and its industrial partners – EDF and Framatome – featuring sketch studies of a smaller-size SFR with extended experimental purposes [1].
The electrical power of the core has been reduced to 150 MW(e) (i.e. 400 MW(th)) – instead of 600 MW(e) for ASTRID [2] – to minimize investment costs while keeping the capacity to progressively demonstrate the feasibility of plutonium multi-recycling and to qualify designs and technologies expected for the future industrial SFRs. These requirements led to an evolutive core design with three steps over the reactor lifetime, each step aiming at improving the Technological Readiness Level (TRL).
This paper gives, at the end of the CEA / French State convention in 2019, an overview of the sketch design studies of the fuel sub-assemblies (S/As) for a 150 MW(e) SFR.
2. DESCRIPTION OF THE CORE
The design of this 150 MW(e) SFR core and its fuel S/As will evolve according to three different steps over the reactor lifetime as long as objectives are progressively fulfilled.
In the first phase, the core must comprise well-proven concepts in order to minimize qualification needs prior to commissioning and to make approval by the nuclear safety authority easier. Fuel pins dimensions will be as close as possible to the one in former SuperPhénix (SPX) French SFR, which are considered as qualified. These SPX-type pins will use mixed oxide (U,Pu)O2 fuel pellets containing plutonium coming from reprocessed PWR-UOX fuel, whose maximum plutonium content (~25 % massic) is compatible with manufacturing capacities and safety of the current MELOX (ORANO) fuel plant.
The second phase is devoted to the demonstration of plutonium multi-recycling. This will be achieved thanks to the rearrangement of the core and the progressive loading of fuel S/As with (U,Pu)O2 containing plutonium coming from reprocessed PWR-MOX fuels – while keeping the same SPX-type pin bundle geometry – at the scale of few S/As first, then up to the scale of the whole core. 
Then, the goal of the third phase is the qualification of concepts for the future industrial French SFRs fleet. The core will be rearranged again to progressively comprise modified fuel S/As with ASTRID-type pins, i.e. with large cladding / small spacer wire diameters. As for phase 2, the fuel will be made of (U,Pu)O2 with plutonium from reprocessed PWR-MOX fuels. This core will gradually permit to experiment and qualify the AST-type fuel pins, then the axially heterogeneous core with a low sodium void worth (CFV core concept of ASTRID, see [3]) and the ODS steel cladding (target dose ~120 dpa).
During these three phases over the reactor lifetime, fuel S/As remain interchangeable with the same overall dimensions. The core lattice pitch and the circumscribed core diameter also remain unchanged. Initial neutronic studies have converged toward a 140.1 mm core lattice pitch. This value has been chosen to optimize the implantation of the rods in the core – relatively to safety criteria and rods mechanisms spacing – while respecting other main criteria such as criticality, core diameter (< 2 m) and maximum linear power in the fuel.
Fig. 1 shows the layout of the core of the second phase, and the following data refer to it. The core is composed of 108 fuel S/As comprising a SPX-type pin bundle with (U,Pu)O2 made of plutonium coming from reprocessed PWR-MOX. The inner core and the outer core fuel S/As are only differentiated by the plutonium content. Fuel S/As are surrounded by 5 rows of reflectors S/As with MgO pins and 4 rows of radial shielding S/As with B4C. This configuration has been optimized to provide enhanced radial neutron absorption. Core’s absorber architecture relies on 4 control/shutdown rods and 4 diverse control/shutdown rods which are all used both to manage the core reactivity during the cycle and to shut down the reactor. As for the ASTRID core, there are few corium transfer tubes for severe accident mitigation. Internal storage and debugging positions are hosted in the radial shielding area.
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FIG. 1. Layout of the core in the second phase.

Fuel S/A maximal residence time is about 940 EFPD at equilibrium, with a management in 4 batches. Sodium temperatures at the core inlet/outlet are 400°C/550°C. Fuel S/As positions are divided into 5 different flow zones to get a flat temperature distribution at the core outlet. The sodium flow rate required through each zone, varying between 14.5 and 20 kg/s, is calculated according to the fission heat generation, a nominal cladding temperature criteria lower than 640°C (best estimate), and an outlet temperature dispersion between two neighbouring fuel S/As lower than 50°C. The whole core pressure drop is close to 3 bars.
3. OVERVIEW OF FUEL SUB-ASSEMBLIES
The overall design of the fuel S/As largely benefits from ASTRID studies [4] with some simplifications aiming at minimizing investment costs and qualification needs:
During the phases 1 and 2 of the core evolution (see section 2), the fuel pins are similar to the one of former SuperPhénix SFR.
The fuel pin length is reduced thanks to the optimization of the lower plenum (see section 6.2).
Regarding the upper neutron shielding, the dismountable concept of ASTRID is abandoned and replaced by a more common design made of steel and B4C annular rings (see section 7).
The spike’s top part is provided with a self-orientation device (see section 8).

The overall view of the fuel S/A is given in Fig. 2. The main S/A parts are detailed in the following sections.
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FIG. 2. General view of fuel sub-assembly (left), half-section (right).

Compared to ASTRID, the flat-to-flat hexagonal tube width is reduced to 137.1 mm (see section 4) because of the power decrease. A 30 cm-long sodium plenum is maintained above the fuel pin bundle to improve the core behaviour during accidental transients. The overall S/A length is 4200 mm, which represents a reduction by 300 mm compared to ASTRID in the perspective of costs reduction. This length was a target making possible the S/A fabrication in the current MELOX production plant.
4. HEXAGONAL WRAPPER TUBE
Considering the 140.1 mm core lattice pitch, a 3 mm inter-S/A gap and a 3.6 mm tube thickness – same values as ASTRID – set the hexagonal wrapper tube dimensions to 137.1 mm / 129.9 mm (outer / inner flat-to-flat width). These dimensions allow to host either a bundle of 169 SPX-type fuel pins, in the first and second phases of the core evolution, or a bundle of 127 AST-type fuel pins, in the third phase (see section 5).
As for ASTRID, the wrapper tube material is the EM10 martensitic steel, a special alloy of 9%Cr-1%Mo. EM10 has been extensively tested in Phénix, exhibiting excellent dimensional stability under irradiation [5]. A record dose of 155 dpa was reached on the EM10 wrapper tube during the BOITIX-9 experiment in Phénix, with a resulting irradiation swelling limited to 0.5%.
The process historically used to manufacture hexagonal tubes of Phénix S/As comprises a first hot extrusion step, followed by several successive cold drawing steps and intermediate heat treatments [6].
To ensure suitable clearance between all S/As in the core and preventing them from compaction, a rectangular spacer pad is stamped through each side of the hexagonal tube just above the fuel pins. This embossed pad design was originally used in Phénix and SuperPhénix, and renewed for ASTRID because of its reliability and its simplicity.
5. FUEL PINS BUNDLE
Design and dimensions
The definition of fuel pins dimensions is the result of strongly interlinked studies between core and S/As designers. Dimensions of core lattice pitch and hexagonal wrapper tube directly impact fuel pins dimensions whose requirements are:
For the first and second phases in the core evolution: pins dimensions as close as possible as SPX fuel pins, in order to minimize qualification needs.
For the third phase: pins dimensions with a large cladding-over-spacer wire diameter ratio, to be representative of the ASTRID concept foreseen for future industrial SFR.

In a hexagonal wrapper tube, cladding and wire diameters are related to the gap according to (1):
                                             (1)


where D is the cladding outer diameter, d is the spacer wire diameter, E is the inner flat-to-flat width of the wrapper tube, n is the number of pins rows in the bundle, g is the mounting gap between two adjacent pins, and N is the number of pins in the bundle.
                                                                    (2)


Thermal computations with ANSYS code have been performed on fresh fuel pins bundles (SPX and  AST types) in air atmosphere to size correctly the mounting gap considering, for the pins and the wrapper tube, the differential thermal expansions and the disadvantageous manufacturing tolerances that drive to the lowest mounting gap, which must remain positive. Finally, the mounting gap is increased relatively to ASTRID due to the high power dissipated in the MOX fuel. The temperature can reach 450°C on the hottest cladding of fresh fuel S/As.
[bookmark: _GoBack]The final dimensions of the SPX-type and AST-type fuel pins bundles are given in Table 1. As desired, dimensions of SPX-type bundle are very close to SPX one, with the same d/D ratio, which permit to be very confident on its thermomechanical and thermal-hydraulic behaviour under irradiation, thus considerably simplifying qualification. AST-type bundle has slightly higher pins diameter compared to ASTRID’s one, but with almost the same d/D ratio close to 0.10 expected for industrial SFRs. For all of these pins, the spacer wire is wrapped around the cladding with a pitch of 180 mm.

TABLE 1.	DIMENSIONS OF FUEL PINS BUNDLES (AT 20°C)

	Parameter
	SPX
	150 MW(e)
SPX-type
	ASTRID
	150 MW(e)
AST-type

	E (mm)
n
N
g (mm)
D (mm)
d (mm)
d/D ratio
	163.8
9
271
0.096
8.50
1.20
0.141
	129.9
7
169
0.135
8.46
1.20
0.142
	161.5
8
217
0.097
9.70
1.00
0.103
	129.9
6
127
0.135
10.06
1.10
0.109



As for ASTRID, fuel pin’s lower plugs are mounted on the rails of a stainless-steel grid to form the bundle (Fig. 3) that is vertically held within the wrapper tube (Fig. 4).
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FIG. 3. View of the 169-pins-SPX-type bundle mounted on the grid. Pin’s lower plugs are in blue color.
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FIG. 4. View of the 169-pins-SPX-type bundle inside the hexagonal wrapper tube.
Thermomechanical behaviour
The thermomechanical behaviour of the 169-SPX-type-pins bundle in the wrapper tube has been evaluated thanks to simulations performed with DOMAJEUR2 code [7] for a nominal irradiation of 940 EFPD (core phase 2) corresponding to the maximal dose of 87.5 dpa in the AIM1 cladding. Prior computations with TrioMC thermal-hydraulic code [8] have permitted to define temperatures in the claddings and the wrapper tube. Some sensitivity studies have been done to assess design margins.
When considering the maximal swelling and creep laws under irradiation for the AIM1 cladding, the minimal cumulative gap in the bundle occurs at an altitude of 1.4 m where the pins diameter strain is the highest at the end of irradiation time (Fig. 5). At this point, the total gap is slightly negative (-0.25 mm) which means that claddings are in contact with the wire of adjacent pins within the wrapper tube. This moderate level of interaction in the bundle does not cause unacceptable stresses in the claddings.
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FIG. 5. Evolution of the total gap in the bundle along the height of the pins (Z axis), at the beginning (1 EFFD) and at the end of irradiation (940 EFPD). Calculation with maximum swelling and creep behaviour laws.
When considering the minimal mounting gap in the bundle along with maximal swelling / creep laws, the interaction level in the bundle is increased and the cumulative gap is even more reduced (-0.68 mm, absolute value). Consequently, maximal stresses (Von Mises) of ~94 MPa are seen in the claddings at the altitude of 1.4 m where the total gap is minimal, as shown in Fig. 6.
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FIG. 6. Maps of mechanical stresses (values in Pa) along the height of the bundle. Primary stresses in the claddings (left), primary stresses in the wrapper tube (centre), total Von Mises stresses in the claddings (right). Calculation with minimal mounting gap, and maximum swelling and creep behaviour laws.

Fig. 6 also presents primary stresses in the claddings that are caused by inner pressure only. Maximal values are logically met at the top of the pins where temperatures are maximal and ultimate tensile strength of cladding material is minimal. Finally, all calculated values are acceptable according to the RAMSES criteria (see section 6.2).
6. FUEL PINS
Design and dimensions
The pins axial composition is the same for both types of fuel S/As, as illustrated in Fig. 7. Fuel pins only differs by their diameter and the plutonium content in fissile (U,Pu)O2 pellets. Plutonium content may vary depending on the configuration of the core and the S/A position (inner/outer core), as shown in Table 2. Fuel characteristics for core phase 1 are compliant with current MELOX plant manufacturing capacities and safety rules [9].
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FIG. 7. Fuel pins axial configuration (dimensions in cm).

TABLE 2.	FUEL PINS CHARACTERISTICS VS. CORE CONFIGURATION

	
	Phase 1
	Phase 2
	Phase 3

	Bundle
Pins number
	SPX-type
169
	SPX-type
169
	AST-type
127

	Pu origin
	PWR-UOX
	PWR-MOX
	PWR-MOX

	Pu content (%massic)
	
	
	

	Inner core
	~21%
	~25%
	~22%

	Outer core
	~25%
	~30%
	~27%

	Irradiation time (EFPD)
	~860
	~940
	~1060

	Cladding diameter
Wire diameter
	8.46 mm
1.20 mm
	8.46 mm
1.20 mm
	10.06 mm
1.10 mm



Both types of pins are provided with a 80 cm-long axially homogeneous (U,Pu)O2 pellet stack and a general design similar to ASTRID fuel pins. The fissile zone is bordered by a lower 30-cm UO2 fertile axial blanket and by an upper 1 cm fertile wedge. (U,Pu)O2 pellets have a central hole to improve margins with respect to the fuel melting temperature in transients such as control rods withdrawal. Fertile pellets are solid to increase the breeding gain, to reduce the loss of reactivity and to make it possible to be visually differentiated from fissile pellets.
The overall pin length has been reduced by 10 cm compared to ASTRID thanks to the optimization of the lower gas plenum (see section 6.2). Pins are filled with a helium-based mixture at 1 bar before being hermetically sealed by plugs welding. The spacer wire is helically wound around the cladding. 
Life duration of the fuel element is limited by the cladding embrittlement due to the high radiation damage rate. As for ASTRID, the reference cladding material is the AIM1 (Austenitic Improved Material #1, see [5]), an austenitic steel composed of special 15%Cr-15%Ni-Ti alloy that has been  experimented in Phénix. The cold-work level (~20%), the stabilization by titanium, and controls over the amounts of minor elements (silicon and phosphorus) have made it possible to delay the beginning of swelling under irradiation, which makes AIM1 suitable for use up to high dose rates. The embrittlement limit for AIM1 cladding has been set at a dose level of 87.5 dpa. AIM1 has also been chosen for the spacer wire to prevent differential behaviour with the cladding under irradiation.
Manufacturing specifications of cladding tubes in 15Cr-15Ni-Ti are based on experience gained from the production of similar tubes for Phénix reactor. These specifications concern the ingot, the semi-finished products, and the finished tubes. Two fabrication routes requiring industrial facilities were conducted to produce a few hundred cladding tubes in the scope of the ASTRID project [10]. Characterizations of these tubes have given good results.
Lower plenum reduction
Thermomechanical studies on ASTRID fuel pins exhibited some design margins that opened the door to further optimizations. In the perspective of reactor cost killing, the S/A length is generally a key parameter. With a contribution of roughly 20% in the overall S/A length, the lower gas plenum in fuel pins has consequently been the subject of particular interest.
Finite-element computations of fuel pins during irradiation have been performed with the CEA fuel performance code GERMINAL V2 [11] – part of the PLEIADES fuel simulation platform [12] – with the aim of optimizing the lower plenum length.
The AST-type pin has been considered in the calculations because of its lower cladding thickness over diameter ratio that tends to increase mechanical stresses in the clad. Other conservative assumptions and data were taken, such as the highest fuel burnup to maximize fission gas production, 100% gas release ratio, the minimal cladding thickness considering fabrication tolerances and corrosion on its inner and outer surfaces, cladding temperatures with uncertainties, and minimal Young modulus and ultimate tensile strength values for the cladding material.
Calculations have been done considering a very conservative – and unlikely – scenario comprising a nominal irradiation up to ~1060 EFPD (87.5 dpa) immediately followed by an unprotected loss-of-flow transient (ULOF). ULOF characteristics were those defined for ASTRID taking into account uncertainties: 21 hours duration with a peak cladding temperature of 800°C. The pin inner pressure reaches about 45 bars at the end of nominal irradiation, and about 60 bars at the end of the ULOF.
The aim of this analysis was to check the RAMSES mechanical criteria in the clad relative to the primary membrane stress, the primary membrane and bending stress, the total local Von Mises stress, and the cumulative damage fraction. RAMSES is a methodology inspired by RCC-MRx design rules [13-14] but adapted by CEA for highly irradiated and damaged structures such as SFR fuel claddings. Finally, this study showed that the lower gas plenum could be reduced by 125 mm while keeping some design margins regarding mechanical stresses.
7. UPPER NEUTRON SHIELDING
Design and dimensions
ASTRID’s CFV core requirements with a negative sodium void coefficient have forced us to design an upper neutron shielding (UNS) comprising enriched B4C pins [4], vented to avoid any excessive pressurization due to the large helium production under irradiation, and removable on-line from the S/A head just before washing to prevent from uncontrolled exothermal reactions between water and sodium trapped inside the absorber pins. However, this very innovative design [15] is not judicious for the 150 MW(e) SFR as low sodium void coefficient (CFV core) is no more considered and because qualification of first cores must be minimized.
Instead, a washable and more common design is chosen. The UNS geometry is annular and composed of a massive lower part in stainless steel – as for SPX design – and an upper part comprising boron carbide (B4C) annular rings housed in a leaktight compartment with an upper gas plenum – as for Phénix design (Fig. 8). The sodium flows in the cylindrical channel at the center of UNS that is provided with a convergent at the input and a divergent at the output to minimize pressure drop. The output divergent also improves sodium stream homogeneity (see section 7.2). UNS structures are made of AISI 316-Ti cold-worked steel to take advantage of higher tensile properties.
The top of the UNS comprises the cylindrical S/A lifting head whose design is very close to the one of SPX S/A. The head comprises an internal groove for S/A lifting using a handling grapnel. Several radial holes are also included to ensure proper fuel pins cooling in exceptional situations where S/As heads are sodium uncovered for visual inspection purposes. The top outer surface is used for detection by the under-sodium visualization system that ensures that no head extend from the others in the core.
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FIG. 8. General view of Upper Neutron Shielding and lifting head.

Extensive neutronic studies have been performed to enhance axial neutron leakages absorption in order to minimize firstly, 24Na activation in intermediate heat exchangers (IHX), and secondly, the neutron flux on the electromagnet of diversified absorber rods. Indeed, a high neutron flux or fluence at the electromagnet level is likely to lead to an evolution of its magnetic characteristics. Among them, the decrease in the saturation field would eventually result in a loss of the rod holding function, while the increase in the coercive excitation would potentially result in a persistent magnetic field, i.e. in the inability to release the rod. Such events are obviously unacceptable.
 If B4C enriched to 90% in 10B was an obvious choice as neutron absorber in the upper zone, other parameters such as B4C dimensions, gas plenum volume, and the height of the steel lower part needed to be set. These parameters are strongly interconnected. The use of B4C in the lower zone of UNS is prohibited due to the huge volume of helium produced under irradiation that would lead to an excessive pressurization in the gas plenum – or, inversely, to an unacceptable plenum height – which justifies a lower part made of massive steel. The steel height at the bottom consequently settles the altitude of B4C in the UNS. The interface position between steel and B4C has been defined thanks to neutronic studies for helium production input data, and mechanical studies on B4C-leaktight-compartment structures that permitted to set a 85 bar pressure criterion and a 50 mm gas plenum height compatible with the 4.20 m S/A length target. Neutronic investigations done in parallel confirmed at last the compliance of this configuration regarding our prime requirements on sodium activity in IHX and flux on the diversified absorber rods electromagnet.
At the bottom of UNS, the 20-cm-long steel part is advantageously used to host the connection with the hexagonal wrapper tube. This innovative-patented connection made by clips [16] – which has been designed in the perspective of ASTRID – is an interesting alternative to welding. It makes assembly and control operations easier by avoiding touchy heterogeneous welding process between EM10 and AISI 316 steels. The steel lower part of UNS is provided with a hexagonal section and six flexible blades comprising extra thickness at their end. On the other hand, the wrapper tube is provided with a rectangular aperture on each face. The connection is done by the insertion of the UNS’s lower part inside the wrapper tube up to clipping, after what flexible blades are secured to avoid disconnection. This simple operation is automatable in order to be done in a radioactive environment. Finite-elements calculations showed compatibility with mechanical loadings during irradiation and fuel handling operations. Preliminary mechanical tests on scale-one-mockup (Fig. 9) demonstrated the expected elastic behaviour of flexible blades during the assembly phase.
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FIG. 9. Clip-on connection between UNS and wrapper tube (ASTRID mockup with only one blade). On the left, parts are not mounted. On the right, the UNS is inserted inside the wrapper tube, then the connection is made by simple clipping.
CFD simulations
UNS thermal-hydraulic studies have been performed with CFD SolidWorks Flow Simulation code. The objective was to optimize the UNS design to reduce the sodium stream velocity at the S/A outlet to a value close to ASTRID one, in order to prevent vibration risks on the S/A monitoring system and on the lower plate of the above core structures located in the hot pool.
For this purpose, a 7-degrees-angle conical diffuser (divergent) has been provided at the output of the inner cylindrical channel. Calculations show that velocity and temperature fields of such a modified UNS are much more homogeneous by eliminating sodium recirculation. Fig. 10 shows a more symmetrical and flat response in sodium velocity at the S/A outlet. The same is observed for the temperature field with a gradient lower than 1°C between the center and the periphery of the stream. The maximum sodium velocity at the S/A outlet is reduced by about 30%. The total pressure drop in the UNS is also reduced by about 0.1 bar.
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FIG. 10. CFD computation of sodium velocity field at S/A outlet. Primary UNS design (left) and second design with diffuser at UNS outlet (right). Improvement in homogeneity is observed.
8. SPIKE
All core S/As are supported vertically with the spike inserted in the shroud tubes provided in the diagrid. The bearing surface is spherical on the spike and conical on the diagrid. The spike is fed by cold sodium from the diagrid through oblong entry slots (Fig. 11).
Two helicoid labyrinths are provided on spike’s outer surface. Thanks to a reduced gap with the shroud tube, the top labyrinth controls the cold sodium leakage that flows into the hot pool in the interspace between S/As. The bottom labyrinth calibrates the sodium flow required for main vessel cooling and also prevents S/A from hydraulic lifting, which may occur due to high coolant drag pressure, by generating a hold-down force owing to the pressure drop developed here.

[image: ]
FIG. 11. General view of the spike.

Fuel S/As are equipped with a compact pressure drop device located inside the spike to adjust the required sodium cooling flow rate in each of the 5 zones in the core. This compact device consists of multiple aligned or crossed honeycomb-orifice plates – depending on the pressure drop to create – within a stack length lower than 15 cm. This design has successfully been experimented with some S/As in Phénix and SuperPhénix. First hydraulic tests in water were also initiated on a spike with an ASTRID design (Fig. 12).
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FIG. 12. Compact pressure drop device (ASTRID mockup).

During refueling, specific self-orientation devices on the spike help S/A introduction in the core by correcting angular mis-orientation with respect to other S/As. Renewal of ASTRID’s self-orientation devices located at the spike’s end was not possible because of its smaller diameter. Instead, the spike is provided with six orientation cams located at the top, as for Phénix S/As.
Additional protection against handling errors during refueling is provided thanks to discriminatory features located at the spike’s end. Those discriminators have a specific design for each flow zone in the core. They prevent a fuel S/A from being completely lowered into the wrong position in the core, i.e. in a position where the S/A would be under-cooled, or in an absorber rod position that would lead to a reactivity increase. Discriminators involve a combination of inner and outer diameters at spike’s end that are reproduced on a lock located inside the shroud tubes of the diagrid.
9. CONCLUSION
In 2018 and 2019, during the last two years of the ASTRID project, a simulation program on SFRs has been prepared by the CEA and its industrial partners – EDF and Framatome – featuring sketch studies of a 150 MW(e) SFR. The design of core and fuel S/As is evolutive over the reactor lifetime to minimize investment costs and qualification needs, and to demonstrate the feasibility of plutonium multi-recycling.
Skills developed on ASTRID since 2010 have efficiently been employed to produce, in less than 2 years, a very well acceptable sketch design for this 150 MW(e) SFR.
Regarding fuel S/As design, the hexagonal wrapper tube can host a 169-SPX-type-pins bundle at the beginning or a 127-ASTRID-type-pins bundle at the end of the reactor lifetime. The thermomechanical behaviour of the fuel bundle under irradiation has been calculated with the DOMAJEUR code. The lower gas plenum of the fuel pins has been reduced thanks to simulations with GERMINAL fuel performance code. The upper neutron shielding is made of steel at the bottom, and B4C rings housed in a leaktight compartment at the top, which permit to stay compatible with the washing process, while limiting the secondary sodium activation and the irradiation level of diversified absorber rods electromagnet. The overall S/A length is 4200 mm, lowered by 300 mm compared to ASTRID in the perspective of costs reduction.
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NOMENCLATURE
AST/ASTRID	ASTRID 600 MW(e) SFR
CFD			Computational Fluid Dynamics
CFV			Low sodium void worth (French acronym)
dpa			displacement per atom (dpa_NRT)
EFPD			Equivalent Full Power Day
IHX			Intermediate Heat Exchanger
MOX			Mixed OXide fuel, (U,Pu)O2
MW(e)		Electrical power
MW(th)		Thermal power
ODS			Oxide Dispersion Strengthened
PWR			Pressurized Water Reactor
S/A(s)			Sub-Assembly(ies)
SFR			Sodium Fast Reactor
SPX			SuperPhénix SFR
UNS			Upper Neutron Shielding
UOX			Uranium OXide fuel
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