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Abstract
The authors are carrying out conceptual design studies for a pool-type sodium-cooled fast reactor (SFR) to broaden not only options for reactor types in Japan but also the range and the depth of international cooperation. In this study, there are main challenges such as measures against severe earthquake in Japan, thermal hydraulic in a reactor vessel (RV), a decay heat removal system design. When the JP-pool SFR (JP-pool SFR) of 1,500 MWt (650 MWe) is installed in Japan, it shall be designed against the severe seismic conditions. The JP-pool SFR adopts enhanced design on structures of the RV such as an enhanced RV support structure, a thickened knuckle part of the RV, and a flat plenum separator with ribs under the floor response with a horizontal seismic isolation system. Additionally, a newly three-dimensional seismic isolation system is under development. From the viewpoint of thermal hydraulic in the RV, its intactness against creep fatigue was confirmed based on a three-dimensional steady-state and transient thermal hydraulic analyses using computational fluid dynamics (CFD) code. Several design measures were adopted to improve thermal hydraulic phenomena in the RV such as flow holes on the ribs attached on the flat plenum separator. Measures to reduce gas entrainment from the interface between cover gas and sodium are also discussed. Moreover, in order to enhance the safety of the JP-pool SFR, a decay heat removal system (DHRS) consisting of one immersed direct auxiliary cooling system (DRACS), four intermediate reactor auxiliary cooling systems (IRACS) and one penetrated DRACS have been adopted. It is important to demonstrate coolability driven by the DHRS with the natural circulation under both normal operating conditions and severe accident conditions. The apparatus of the PLANDTL-2 is operating in JAEA in order to establish the appropriate model of the numerical simulation to establish the natural circulation model.
1. INTRODUCTION
From 1999 to 2006, the Feasibility Study on commercialized fast reactor cycle systems (FS) in Japan was carried out to develop innovative fast reactor design concepts that would meet design targets as future sustainable commercial reactors by exploring a wide variety of combinations of reactor types (loop/pool type), coolants (liquid metal, gas and water), and fuels (oxide, metal and nitride) [1]. In the FS, although a SFR design concept of a pool-type was also studied as other feasible concept, a loop-type oxide fuel SFR named Japan Sodium-cooled Fast Reactor (JSFR) was selected as the most promising design concept mainly from the viewpoint of construction cost reduction, in fact possibility to reduce the plant commodities and advantage against severe earthquake. Following the FS, the Fast Reactor Cycle Technology Development (FaCT) project made progress on conceptual design and research and development (R&D) of the innovative technologies adopted in the JSFR to enhance technical maturity level for commercialization [2]. Although the FaCT project was suspended in 2011 after the Fukushima Daiichi nuclear power plants accident, improvement of the JSFR design was kept in terms of safety, maintainability and repairability [3, 4]. In such situation, it was important for Japan to promote the development by international cooperation. The France-Japan collaborative works for the ASTRID were conducted since 2014 as mutually beneficial partnership for future development in the areas of plant design and three R&D areas (severe accident, reactor technology and fuel) in which a base reactor system is a pool-type SFR [5, 6]. In this collaborative works, the two countries performed a common work to examine ways to develop a feasible common plant design concept based on the ASTRID and proposals from Japan [7]. The authors are currently carrying out design studies for the JP-pool SFR to fit the possible siting conditions in Japan and R&Ds which can be a common base for fast reactor development including development of the three-dimensional seismic isolation system. This paper introduces the progress in the design and evaluation of its feasibility and related R&D activities.

2. Conceptual design of the pool-type reactor in Japan
According to “Strategic Roadmap” decided at the Japanese ministerial meeting in December 2018 which had specified the development work of a fast reactor [7], the government has been promoting development of broader range of innovative design concepts by private sector. The government will narrow down of technologies of the fast reactor which shall be developed from 2024. Responding to this schedule, the authors are carrying out design studies of the JP-pool SFR mainly in order to raise its technical and design maturity level up to the JSFR and also to seek a possibility of international cooperation for development. Then, the authors are investigating a wide variety of technical options such as core concept, axial heterogeneous core or homogeneous core, ex-vessel storage tank or in-vessel storage, and horizontal seismic isolation system or three-dimensional one. Figure 1 and Table 1 show main specifications and the bird’s view of the JP-pool SFR.

	TABLE 1. Main specifications of the JP-pool SFR
	Item
	Value or System

	Electric output
	650 MWe

	Core concept
Core inlet/outlet coolant temperature
	MOX fuel, homogeneous core (FAIDUS concept [8]) or axial heterogeneous core
550/400 deg. C

	Reactor design
	Pool-type architecture with applicability of a high frequency design (chapter 2.2) for the reactor structure

	Reactor shutdown systems
	2 active shutdown systems with self-actuated shutdown system (SASS)

	Safety design in the reactor vessel
	Mitigation features of core damage

	Primary pumps
	3 mechanical pumps

	Intermediate heat exchangers (IHXs)
	4 IHXs (Straight tube containing secondary coolant inside)

	Secondary pumps
	4 mechanical pumps

	Power conversion
	4 steam generators with helical coil tubes, 1 water-steam turbine

	Decay heat removal systems (DHRSs)
	1 immersed direct reactor auxiliary cooling system (DRACS)*1
4 Intermediate reactor auxiliary cooling system (IRACS)
1 penetrated-DRACS*2

	Spent fuel storage
	Ex-vessel storage tank (EVST), studying an impact of In-vessel storage (IVS) concept in parallel

	Seismic isolation system
	Horizontal seismic isolation system on the building base, studying an impact of three-dimensional (3D) seismic isolation system in parallel

	Building structure
	Steel Concrete reinforced structure (SC structure) for the reactor building and also the containment vessel


*1 It is installed in a hot plenum (HP) of the RV and removes decay heat via sodium in the HP.
*2 It is installed that it penetrates the inner vessel. In the case of decay heat removal in a design extension condition (DEC), a shutter on an inlet in the HP is opened to make flow path to an outlet in a cold plenum (CP).
Core design
The JSFR adopted the innovative design concept which is intended to secure early discharge of molten fuel from the core region in a core disruptive accident preventing severe re-criticality in case of core damage, called fuel subassembly with an inner duct structure; FAIDUS (FIG. 2) [8]. This innovative design is intended to secure early discharge of mobilized fuel from the core region preventing its coherent movement within the core. There are two possible options in terms of discharge direction; the upward discharge concept (modified FAIDUS) is adopted as the reference in the present design since it has an advantage in limiting the requirement for additional development efforts. Based on collaborative works in the France-Japan collaborative works for ASTRID, the authors are also studying an axial heterogeneous core with upper sodium plenum zone that leads to a low total sodium void reactivity effect [9]. Currently, neutronic and thermal design feasibility studies are carried out to increase breeding ratio keeping its high burnup. Figure 2 also shows an example of the FAIDUS core arrangement. Around 1.1 of breeding ratio which is required in SFR deployment scenario of Japan will be achievable with 150 GWd/t of discharged driver fuel average burnup. The authors are also investigating differences of both core concepts in behaviour from initiating phase to post-accident heat removal phase. Eventually, including this safety scenario and evaluations, the concept will be decided.

[image: ] FIG. 1. Bird’s view of the pool-type SFR studied in Japan
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FIG. 2. FAIDUS concept [8] and example of core its arrangement
Reactor structure design
Figure 3 shows the design concept of the reactor structure with enhanced points for anti-seismic capability. Earthquake levels and regulations lead us to adopt a certain seismic isolation system and to reinforce a high frequency design (HFD) for the reactor block, i.e., the hard stiffness structure which has the natural frequency being higher than the peak frequency of vertical acceleration on the floor response spectrum, in order to prevent buckling distortion at the thin vessel wall. Especially, the flat-shaped plate plenum separator, which was reinforced by attaching ribs radially on the under-surface, was introduced as opposed to the conical-shaped separator having the same shape as the ASTRID [10]. This flat-shaped plate was adopted from the viewpoint of anti-seismic capability and also fabricability and heat resistance of material.
The reactor building had the horizontal seismic isolation on the building base basically, and the system consisted of laminated rubber bearings and oil dampers. In addition, the 3D seismic isolation system is under development which is a combination of conventional technologies consisting of laminated rubber bearings, disc springs and oil dampers for reduction of vessel thickness of larger size reactors [11, 12]. Necessary vessel thicknesses for several reactors of different power scale were reported in the previous report including potential to reduce thickness by adopting the 3D seismic isolation system [13].
The reactor structure design is under improvement at this phase concerning countermeasures against mechanical energy release in case of FBR core disruptive accident (CDA) and recent trend in safety review for light water reactors in Japan, in fact seismic design conditions could be more severe than conditions before. For SFR conceptual design studies, the authors prepared the hypothetical ground motion of earthquake which could excite higher acceleration on the ground over a wide range frequency. Figure 4 shows the horizontal and vertical floor response spectra at the reactor vessel support which were analysed for the damping coefficient 1% based on the Japanese technical code for seismic design of a nuclear power plant. The spectra marked as the severe seismic condition indicate analysis results using latest severe condition, and others are previous studies. In the results of the latest seismic design studies on the RV based on severe seismic conditions, vessel thicknesses were required in Table 2 which shows;
Thickness is expected to be reduced by adopting the 3D seismic isolation system.
The 3D seismic isolation system is effective to enhance margins for buckling criteria.
(a) There is a possibility to eliminate the complicated dashpot structure adopted at the connection tube between the bottom of a core component and the core support to suppress vertical motion of it by dashpot effect. 
(b) In terms of structural intactness against mechanical energy release in the CDA, it is considered that 50 mm is necessary based on past design experiences.
These knowledges of thickness are the basis for future studies such as structural intactness against thermal loads and mechanical energy release in case of the CDA, countermeasures against sodium sloshing phenomena.
Main cooling system configuration
Table 3 shows comparison of cooling system configuration in various reactors. The table does not include experimental reactors. In each country, electric output per one equipment (MWe/Unit) is designed to be increased as the reactor scale increases. For example, the primary pump of MONJU and the JP-pool SFR are about 93 MWe/Unit and 217 MWe/Unit, then the increment factor is 2.3. Table 3 shows the maximum scale-up factor of unit capacity from previous reactor. Concerning similarity of flow condition in the RV, feasibility and fabricability of equipment when it increases in size, the authors decided the factor shall be below three referring to Japanese manufacturer’s experiences and world’s experiences in Table 3. The JP-pool SFR adopted a main cooling system configuration of three primary pump, four IHX, four secondary pump and 4 steam generators (SG). Since it just tentative decision to start feasibility design study to raise design maturity level up to that of the loop-type SFR in Japan, there is a possibility to change it based on design evaluations in future.
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FIG. 3. The reactor structure concept
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FIG. 4. The floor response spectra at the RV support


TABLE 2. Thickness of the RV (severe seismic condition)
	
	3D isolation system
	Horizontal isolation system
(with dashpot)

	
	with dashpot*1
	without dashpot*1
	

	Cylinder parts
(margin against buckling criteria)
	35 mm
(1.82)
	50 mm
(2.60)
	50 mm
(1.23)

	Knuckle parts
	85 mm
	120 mm
	120 mm


*1 Structure adopted at the connection tube between the bottom of a core component and the core support to suppress vertical motion of it by dashpot effect.
Decay heat removal system
Objective of the DHRS is to practically eliminate complete loss of the DHR function with robust demonstration referring to requirements in the safety design criteria (SDC) and safety design guidelines (SDG) for SFRs [14, 15] which requires the following for DHRSs.
· The DHRS to deal with anticipated operational occurrences (AOOs) and design basis accidents (DBAs) should have redundancy and/or diversity in consideration of loss of off-site power and single failure criterion.
· As measures to cope with design extension conditions (DECs), the capability of the DHRS should be extended, or alternative cooling measures should be provided.
· Natural circulation capability should be incorporated while taking advantage of the characteristics of SFR.
· The situations of complete loss of heat removal function that could lead to core damage and failure of the reactor coolant boundary should be practically eliminated.

TABLE 3. Comparison of cooling system configuration
	Russia
	BN-600
	BN-800
	BN-1200
	
	Maximum increment factor of unit capacity

	Electric output (MWe)
	600
	800
	1200
	
	

	Primary pump (Unit)
	3
	3
	4
	
	1.3

	IHX (Unit)
	6
	6
	4
	
	2.3

	Secondary pump (Unit)
	3
	3
	4
	
	1.3

	SG (Unit)
	24
	30
	4
	
	11.3

	India
	PFBR
	Demo. SFR
	
	
	Maximum increment factor of unit capacity

	Electric output (MWe)
	500
	600
	
	
	

	Primary pump (Unit)
	2
	3
	
	
	0.8

	IHX (Unit)
	4
	4
	
	
	1.2

	Secondary pump (Unit)
	2
	2
	
	
	1.2

	SG (Unit)
	8
	6
	
	
	1.6

	France
	PHX
	SPX
	SPX2
	EFR
	Maximum increment factor of unit capacity

	Electric output (MWe)
	250
	1240
	1520
	1580
	

	Primary pump (Unit)
	3
	4
	4
	3
	2.1*1

	IHX (Unit)
	6
	8
	8
	6
	2.1*1

	Secondary pump (Unit)
	3
	4
	4
	6
	2.1*1

	SG (Unit)
	8
	6
	4
	6
	2.1*1

	Japan
	MONJU
	JP-Pool
	
	
	Maximum increment factor of unit capacity

	Electric output (MWe)
	280
	650
	
	
	

	Primary pump (Unit)
	3
	3
	
	
	2.3

	IHX (Unit)
	3
	4
	
	
	1.7

	Secondary pump (Unit)
	3
	4
	
	
	1.7

	SG (Unit)
	3
	4
	
	
	1.7


*1 scale-up factor from SPX2 to EFR

To satisfy above requirements, diversity, independency and redundancy of the DHRS are important in design. The Figure 5 shows the DHRS of the JP-pool SFR. As also shown in Table 1, the DHRS consists of one immersed direct reactor auxiliary cooling system (DRACS) with 100% coolability for decay heat right after shutdown, four Intermediate reactor auxiliary cooling systems (IRACS) cooled via the secondary system with 50% coolability each and one penetrated-DRACS with 100% coolability. Figure 6 shows image of the penetrated type DRACS with a gas shutter system. The penetrated type DRACS has a shutter enabling to open it in case of DEC of DHR situation to be able to remove decay heat by connecting the HP and CP. Since the mechanical shutter would have the bypass flow between the HP and the CP in normal operation which reduces the plant energy conversion efficiency, the gas shutter type is the first candidate currently.

[image: ]        [image: ]
[bookmark: _Hlk73087585]FIG. 5. The DHRS of the JP-pool SFR                 FIG. 6. The gas shutter at the penetrated DRACS

Fuel handling system (FHS)
An ex-vessel storage tank (EVST) has been adopted so far in Japan basically since it is expected to be effective to shorten time to evacuate whole core from the RV in case of certain accident, to remove oxygen on a new fuel subassembly surface before insertion into the main sodium cooling system, and to remove and storage a failed fuel from the core. Adoption of the EVST is one of requirement of Japanese utilities in which it is also required that whole core evacuation shall be finished within a month.
When an in-vessel storage (IVS) system is adopted to reduce the plant construction cost, a spent fuel shall be transported from a position the in the IVS to a water pool at one timing. Since a cleaning process, washing and inactivation of sodium for the spent fuel, is a dominant process in refuelling time based on experiences in MONJU, and the IVS system requires to transport it directly to the water pool after the cleaning process, it’s necessary to improve the system configuration of the FHS to shorten time of the cleaning process. Figure 7 shows the fuel cleaning equipment with a rotating transfer mechanism to achieve shortening time of washing the spent fuel and securing a path of the new fuel subassembly to the RV without water contact. This system is designed referring to the system adopted in JOYO. By introducing the equipment, it would be possible to achieve whole core evacuation within 212 days. The main FHS concept will be decided based on these design and design evaluations.
[image: ][image: ]
FIG. 7. The cleaning equipment                                FIG. 8. Quadrant RV model
(Vaper inactivation and water rinse)
3. Design evaluations
3.1. Evaluation of thermal hydraulic and structural integrity of the reactor structure
In previous report [13], flow condition in the RV and effectiveness of the thermal insulation plate in normal plant operation condition were confirmed. This study introduces thermal transient analyses for manual trip and loss of off-site power and structural integrity evaluation at that moment. Figure 8 shows a computational model of three-dimensional fluid analysis, including the core, the IHX, the DRACS and the pump. The thermal insulation plates and gaps were simulated in detail because they are considered to have impacts on the upper surface temperature. The ribs were also modelled because they would affect the lower surface temperature. The number of meshes in the computation was approximately 3.7 million. Using the commercial CFD code STAR-CCM+ Ver.11, realizable k- turbulent model and a second-order up-wind differencing scheme for advection term in space were applied. Boundary conditions were heat power generated in the core, heat removal rate in the IHX, and a primary flowrate. As shown in Fig. 8, core coolant flow conditions after reactor trip are set mainly refereeing to tentative ASTRID condition [16] and following conditions from experiences in Japan are included;
a) Manual trip: flow rate changes from 100% to 10% of primary flow after the trip
b) Loss off-site power: flow rate decreases to 25 % flow rate according to the flow coast down condition and remains at 25% constantly (halving time 15 seconds).
In the case of manual trip from 100% primary flow, figure 9 shows temperature contour map and axial temperature distribution of the inner cylinder of the plenum separator. Low temperature coolant from core part collides on the inner cylinder of the plenum separator, then inner and outer temperature reverse (200 sec.). Axial thermal gradient is large around temperature stratification surface. Structural intactness evaluation was carried out based on the MONJU standard concerning thermal transient, number of occurrence and range of stress strength. In the case of 10% flow after manual trip and external power loss, structural intactness of the plenum separator can be maintained as shown in Fig. 10. At this phase, the first round of design evaluation is on-going, then design improvement based on the evaluations will be carried out after.
3.2. Evaluation of gas entrainment
[bookmark: _Hlk73003127]In the SFR, gas entrainment from the interface between cover gas and sodium, for instance, from the free surface of the HP, should be prevented because gas inflow into the core may cause power fluctuation depending its amount. Since RV diameter of the JP-pool SFR is larger than that of the loop-type one, it is difficult to cover all free surface by a plate named dipped-plate to prevent gas entrainment which idea is adopted in the JSFR. As shown in Fig. 11(a), the ring shaped baffle plate like a partial structure of the dipped-plate on the vessel wall is considered to be adopted as a countermeasure at present. Effectiveness of the countermeasure is confirmed by the CFD analysis and gas entrainment evaluation tool named StreamViewer which is developed in JAEA to evaluate degree of gas entrainment [17]. Figure 11(b) shows transient of the gas core length which is the length from the surface to the bottom edge of concaved shape eddy with time in normal plant operation. The baffle plate could suppress the gas core length to approximately 4 m. However, 4 m is still longer than the distance from the surface to the IHX window and possibility of bubble entrainment to the IHX is not eliminated completely. In future, design improvement to eliminate gas entrainment, improve the evaluation method, impact evaluation of entrained gas and the gas volume criterion which may affect the core performance are investigated.
RELATED R&D
Activities of R&D directly relating to the design with a valuable support of MFBR/MHI and France-Japan SFR R&D collaboration [7, 18]. We are carrying out R&Ds for a core seismic evaluation method, a sloshing evaluation method, the 3D seismic isolation system, a passive reactor shutdown system, a high-temperature neutron instrument, an under-sodium viewer, high temperature structural material properties, a hydrogen detector, supportive R&Ds for safety scenario and so on. For implementation of R&D planed in Japan, international collaboration approach for common technologies would be important for future.
4.1. R&D for severe seismic condition in Japan
[bookmark: _Hlk72522025]The 3D seismic isolation system is under development which is a combination of conventional technologies consisting of laminated rubber bearings, disc springs and oil dampers in order to reduce the horizontal and vertical seismic load. As the horizontal damping device in the system, the authors have succeeded to develop the oil damper with high speed and large damping force capability of 1000kN class. Figure 12 shows the oil damper demonstrated. It demonstrates the allowable velocity of 2.7m/s, which is more than doubles the ability of commercially products. By utilizing the seismic isolation system with this oil damper for horizontal damping of the SFR’s reactor building design, the design range will be expanded, then improved earthquake resistance would be expected in SFR design.
[bookmark: _Hlk72506849]n addition, the sloshing evaluation method is under development which can evaluate the sloshing impact load acting on the roof of the RV with taking into accounts of nonlinear behaviour of sodium coolant’s sloshing wave excited by earthquake by using the apparatus shown in Fig. 13. The seismic response analysis code in 3D for the core elements is also under development, which can calculate complicated behaviour caused by interaction such as collision and friction between hexagonal core elements as shown in Fig. 14. These three R&D would be expected to apply on both of the loop-type and the pool-type SFR.
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FIG. 9. Thermal transient in the case of manual trip       Fig. 10. Intactness evaluation of the plenum separator
(keeping 100% primary flow)
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(a) Configuration of baffle plate            (b) Gas core length evaluated by StreamViewer
 FIG. 11. Gas entrainment evaluation
4.2. Thermal hydraulic experiment
Recently, JAEA has started experiments by using the PLANDTL 2 facility in order to establish the appropriate model of the numerical simulation to reproduce the natural circulation in the SFR, which has 30 heated channels with electric heaters and 25 no-heated channels as the simulated core as shown in Fig. 15. Steady-state sodium experiments under the operating conditions of the DHRS were carried out as part of the safety enhancement of SFRs. The downward flow, i.e., the reverse flow from the top outlet toward the bottom inlet, was observed in the outside heating channel. Figure 16 shows axial temperature distribution of cores with different horizontal opposition [22]. Temperature distributions of A and B position are directly corresponding to the heater distribution, temperatures increased between the bottom and the heating end, then decreased between the heating end and the channel outlet due to the mixing inside the channels and the cooling from the inter wrapper gap. On the other hand, the temperature in channel C decreased between the heating centre and the heating end, not only between the heating end and the channel outlet. Then, the temperature in channel C decreased again between the heating centre and the bottom. This tendency can be explained by the existence of the downward flow in channel C, i.e., the reverse flow from the top outlet toward the bottom inlet. These experimental data is useful and supportive for validating the method for evaluating the capability of dipped heat exchangers when used in actual reactors.

FIG. 13. Sloshing test for non-liner behaviour [20]
FIG. 12. The oil damper for the 3D seismic isolation system [19]
FIG. 14. The 1/2.5 mock-up for seismic behaviour of cores [21]

[image: ]
FIG. 15. Test section of the PLANDTL-2 ([22])

[image: ]
FIG. 16. Comparison of vertical temperature distribution inside heated channels ([22])


4. conclusion
The authors are carrying out conceptual design studies for the JP-pool SFR to broaden not only options for reactor types in Japan but also the range and depth of international cooperation. At this stage, the specifications are below;
· Improvement of breeding ratio consisted with burnup is ongoing for the axial heterogeneous core and also for the homogeneous core.
· The RV design adopts the high frequency design and its specification is decided concerning the mechanical energy in case of the CDA.
· Four IHXs, three primary pumps, four secondary pumps and four SGs is adopted tentatively concerning scale up factors of equipment in Japanese manufacturing experiences.
· The dipped type DRACS and one system of penetrated through the inner vessel type DRACS and four systems of IRACS are adopted for the DHRS.
· Regarding fuel storage, technical and economical merit and demerit to adopt the IVS system is under investigation.
In parallel, related R&Ds are conducted such as the 3D seismic isolation system and so on. Design and R&D works will be carried out up to year 2023 in order to improve the design concept, clarify its feasibility. Performances such as safety and economic efficiency will be evaluated based on these results in 2023.
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