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Abstract

This paper presents the core optimization of the 1000 MW (electric) French commercial Sodium Fast Reactor. The Generation-IV reactor core design process must conciliate multiple goals (e.g. highest reactor safety levels in any situation, easy exploitability, affordable cost), which are sometimes opposed. The optimization of the core design is usually performed on the basis of expert advices and local parametric studies. 
To ensure the selection of the most reliable designs, EDF has developed a method for global multi-objective optimization of SFR cores: the SHADOC-based Design Development System (SDDS). The SDDS methodology relies on a multi-physics tool, including neutronics, thermal-mechanics and thermal-hydraulics modelling. It ensures an exhaustive scan of the available design options within a given range of variation of the main reactor parameters (e.g. pin/cladding size, height and volume of the core, fertile plate height and position, etc.) by exploiting surrogate models built on a reduced number of multi-physics evaluations. 
With the objective of reducing the reactor cost of the future French commercial Sodium Fast Reactor (SFR), a CEA/FRAMATOME/EDF Working Group was commissioned to work on the first specifications to be retained for a 1000 MW (electrical) commercial SFR. Reduction of the vessel and the core diameters were identified among the possible options to improve the competitiveness of SFRs. Thus, in the last two years, several studies have been carried out by EDF, leading to the definition of optimized cores by means of the SDDS multi-objective optimization tool.
Amongst all the core designs exhibiting a favorable behavior in both UCRW (Unprotected Control Rod Withdrawal Accident) and ULOSSP (Unprotected Loss of Station Service Power) transients, two compact low-Sodium Void Reactivity Effect cores were selected for their reduced fissile core diameters, with 12 and 13-fuel subassembly rows design. 

1. INTRODUCTION
The sodium cooled fast reactors (SFR) are currently not competitive with light water reactors, and this can prevent or delay the decision to build such systems. For pool-type reactors, part of the cost is due to the vessel, since the chosen system is an integrated one. Thus, a study was performed to evaluate the possibility to limit the diameter of the fissile core, with the assumption it can impact the size of the vessel and the cost of the reactor.   
Anticipating a too important overnight cost of the 1000 MWe SFR, a solution has been prepared: increase the power density of the core above 275 W/cm3 without changing the geometry, especially the vessel diameter. The goal of this study is to define a reactor system at 1000 MWe with an improved natural behavior in case of UCRW (Unprotected Control Rod Withdrawal) and ULOSSP (Unprotected Loss Of Station Service Power), with also a vessel diameter between 19 to 20m. The study focuses on the improvement of the fissile core. The financial aspects are to be studied separately, as the complete system must be taken into account.   

To do so, a study of design optimization was led with the SHADOC-based Design Development System (SDDS). It covers a large variety of cores, with both homogeneous and heterogeneous designs, and with power densities between 250 and 320 W/cm3. 

First of all, the calculation method is described, with the hypotheses applied during the study. Then, the results are shown and analyzed, leading to the selection of two cores fulfilling our criteria.

2. DESCRIPTION OF THE CALCULATION SCHEME
SDDS tool

The SDDS methodology [1] is described on FIG. 1. About 10000 cores are considered (cores regularly scattered on the domain of variation of parameters, see Section 2.2.2) and their performances are calculated using ERANOS [2] (for neutronics, in 3D), GERMINAL [3] (for thermomechanics) and MAT5DYN [4] (for simplified thermos-hydraulics) code. Then, surrogate models are generated based on kriging method and a grid of about 1 million cores is created. The latter can be analyzed, using plots and filters.

[image: ]
FIG. 1. General overview of the SDDS tool [1]


Parameters of the study
SDDS calculations require long computation times. Thus, their number must be limited, as detailed in this section.  

General design
The study deals with heterogeneous cores, such as the CFV core [5], as shown on FIG. 2, as well as homogeneous ones (obtained by reducing the thickness of the fertile plate to zero). The parameters describing the core are parameterized in SDDS to describe a large amount of cores. The figure shows 4 of them: inner/outer core gap, outer core height and fertile plate thickness and position.

[image: ]
FIG. 2. General design of a CFV core

[bookmark: _Ref97562267]Domain of variation of the parameters 
To fully describe a heterogeneous core, 8 degrees of freedom are considered, see TABLE 1. Their domain of variation is also given in TABLE 1. The latter have been determined thanks to previous studies. The parameters will be optimized within their domain of variation to give the best core performances. 

[bookmark: _Ref67057863]TABLE 1.      VARIATION DOMAIN OF THE SDDS PARAMETERS
	Parameter
	Domain of variation 

	Pellet outer radius (cm)
	[0.3 ; 0.5]

	Cladding inner radius (cm)
	[0.35 ; 0.5]

	+ reject criterion in case Ri,clad < Re,pellet when the design of experiments is created

	External core height (cm)
	[90 ; 110]

	Inner/outer core gap (cm)
	[0 ; 20]

	Position of the fertile plate (% of the inner core height)
	[0 ; 50]

	Fertile plate height (cm)
	[0 ; 20]

	Number of pins within one sub-assembly
	217 or 271

	Number of rings of sub-assemblies 
	11, 12 or 13



There are other SDDS parameters, which are fixed and important for the results. They are given in TABLE 2.

[bookmark: _Ref67060880]TABLE 2.      ADDITIONAL SDDS PARAMETERS
	Parameter
	Value

	Power of the reactor
	2400 MWth / 1000MWe

	Power density (W/ cm3)
	250 < Pvol < 325

	Cladding material
	ODS

	Maximum burn-up (GWd/t)
	100

	Radius of the central hole of the fissile pellet 
	

	Radius of the central hole of the fertile pellet
	0

	Cladding width (cm)
	0.05

	Wire spacer diameter (cm)
	0.1

	Hexcan width (cm)
	0.36

	Inter-assembly gap (cm)
	0.3



Radial description of the cores
To perform 3D calculations with ERANOS, as well as the evaluation of the behavior of cores with MAT5DYN, a radial description of cores is necessary. It has been defined so that there are enough control rods in the core (the proportion is similar to the CFV core [5]), with at least a distance of two SAs between them, in order to leave enough place for CR mechanism. The core maps are given in FIG. 3 for the cores with 12 and 13 rings. In the figures, the number and position of the control rods are also specified. Moreover, using these core maps, a reloading scheme has been defined and used in the calculations.

[image: ]     [image: ]
[bookmark: _Ref67061258]FIG. 3. Radial description of the cores with 12 (left) and 13 SA rings (right).

3. ANALYSIS OF THE RESULTS
3.1. Quality of the surrogate model
Before analysing the results, it is important to check the accuracy of the model created with the kriging method. TABLE 3 gives the error for the main performances of the cores i.e.:
· Margin to fuel pellet fusion in nominal state, 
· Average loss of reactivity during the cycle, 
· Margin to fuel pellet fusion in case of UCRW (Unprotected Control Rod Withdrawal), 
· Asymptotic sodium temperature in case of ULOSSP (Unprotected Loss Of Service Station Power),
The errors are acceptable and the metamodel is reliable enough to be used in the study. 

[bookmark: _Ref67061370]TABLE 3.      STANDARD DEVIATION IN THE SURROGATE MODEL 
	Number of rings of SAs
	11
	12
	13

	Margin to melt in nominal state (°C) – Average value
	2188
	913
	934

	· Standard deviation
	between 30 and 45 °C

	Average loss of reactivity during the cycle (pcm) – Average value
	173
	346
	1800

	· Standard deviation
	between 10 and 80 pcm

	Margin to melt in case of UCRW (W/cm) – Average value
	81
	119
	68

	· Standard deviation
	between 5 and 25 W/cm

	Asymptotic sodium temperature in case of ULOSSP (°C) – Average value
	56
	14
	18

	· Standard deviation
	between 2 and 12 °C



Analysis of the results
We evaluate the core designs using their performances in terms of natural behaviour to accidental transients, such as:
· the margin to melt in UCRW: the safety margin related to the UCRW is evaluated as the difference between the linear power to fuel melting and the maximum linear heat rate at the end of the UCRW. Uncertainties are considered to ensure the fuel does not melt with a 95% confidence interval.
· the asymptotic sodium temperature at the outlet of the core during a ULOSSP transient, referred to TULOSSP hereafter
The cores of interest must have the lowest achievable TULOSSP (and if possible, less than the sodium boiling temperature, i.e. 880 °C) and the greatest achievable margin to melt in case of UCRW: this is given by the Pareto front. The goal is to find the best compromise between these two performances, which are used as indications for the good behaviour of the core in case of severe accidents.
 
Thus, all the results are given in (Margin to melt in UCRW, TULOSSP) graphs. The colours correspond to an average value of the results of all the cores located on the “pixel” (this is why entire numbers such as the number of core rings can result in fraction numbers). They are not continuous but discretized values for each pixel.

Parameters linked to the radius of the cores and their volume power
FIG. 4 shows the variation of three parameters linked to the radius of the cores. Indeed, FIG. 4 a) indicates that the cores on the Pareto front[footnoteRef:2] all have 13 rings of subassemblies (SAs). Those with 11 subassembly rings are the farthest from the Pareto front. Cores with 11 and 13 rings can be easily identified on the graph. Cores with 13 rings also have the greatest fissile core radius and smallest power density, as expected and shown in FIG. 4 b) and c). Consequently, to meet all the criteria of the core (TULOSSP, margin to melt in case of UCRW and low fissile radius), a compromise must be found. [2:  In this case, the Pareto front is the line that has the lowest TULOSSP per variation of margin to melting during UCRW.] 



[image: ]
[bookmark: _Ref516065831]                                    a)                        			     b)                                                                             c)
[bookmark: _Ref67344370]FIG. 4. Variation of the number of SA rings (a), circumscribed radius of the cores (b), power density (c) in the (Margin to melt in UCRW, TULOSSP) graph 


Parameters for pin description
When looking at the characteristics of the SAs of the cores with 13 rings, the cores with 271 pins per SA can be easily distinguished from those with 217 pins (see FIG. 5):
· There are 271 pins per SA for the cores on the Pareto front: they lead to SAs with a bigger hexcan width and therefore to more important core radii. Hence, the ratio height/diameter of the core is decreased, which leads to smaller TULOSSP values. 
· SAs with 217 pins lead to smaller fissile core radii, and thus to more important TULOSSP values.

No conclusion can be drawn for cores with 11 or 12 SA rings with respect to the number of pins per SA as they cannot be separated. However, we could expect similar results.. 
For each type of core (11, 12 and 13 SA rings), the Pareto front has:
· the maximum pin radius for the biggest margins to melt in case of UCRW,
· small pin radius for the smallest margins to melt in case of UCRW,
· a larger gap for the smallest margins to melt in case of UCRW.

 



     
[bookmark: _Ref68210156]                            a)                         					b)                                                                  c)                        			FIG. 5. Characteristics of the pin in the (Margin to melt in UCRW, TULOSSP) graph: number of pins per SA (a), inner radius of the cladding (b), radial gap between the pellet and the cladding (c)

Parameters for fertile plate description
FIG. 6 gives the variations of the fertile plate characteristics: its height and position. For each core type (11, 12 or 13 SA rings), the margins to melt in case of UCRW are greater for the plates located at the axial center of the inner core. 
For the core with 13 SA rings, on the Pareto front, the fertile plate has:
· a maximum thickness (20 cm) and is located at the bottom of the inner core for margins to melt in case of UCRW of less than 150 W/cm.
· a small thickness (or even no fertile plate at all) above this value.

For cores with 11 and 12 SA rings, the Pareto front has 10cm-thick fertile plates, located at 30 to 40 % of the inner core height. There is no specific evolution linked to the margin to melt in case of UCRW.
Concerning the 12 and 13 SA rings designs, the fertile plate is thicker and lower on the Pareto front for margins to melt less than 150 W/cm. The fertile plate disappears when the margin to melt in case of UCRW increases (decreasing the TULOSSP).




a)                         					b)
[bookmark: _Ref67403943]FIG. 6. Characteristics of the fertile plate in the (Margin to melt in UCRW, TULOSSP) graph: thickness of the fertile plate (cm) (a), position of the fertile plate (% of the inner core height) (b)


Parameters for axial core description
FIG. 7 shows the axial characteristics of the core: external core height and outer/inner cores height gap. For margins to melt greater than 50-100 W/cm, the heights of the outer core are maximum on the Pareto front. Indeed, the leakage is minimized thus enhancing the behavior in UCRW. For smaller margins to melt, outer cores have small heights and gaps of about 0-10 cm. It enables to reach small TULOSSP values, thanks to a great axial leakage.




a)                         					b)
[bookmark: _Ref67490312]FIG. 7. Characteristics of the core heights in the (Margin to fusion in UCRW, TULOSSP) graph: outer/inner height gap (cm) (a), outer core height (cm) (b)

Conclusions
Thus, it is difficult to identify the main characteristics of an optimum core design because they mostly depend on the number of SA rings of the cores and on the levels of margin to melt in UCRW. To obtain minimum TULOSSP, the following characteristics can be used:
· Large pin,
· Thickness of the fertile plate between 10 to 20 cm,
· Average fissile height with an inner/outer height gap of about 10 cm.

Choice of an optimized core
Based on the previous analyses, an optimized core has been chosen for each type of cores (11, 12 and 13 SA rings). They will be referred to as cores 11, 12 and 13.
They respect the following criteria:
· Margin to melt of fuel greater than 300°C in nominal state: this criteria guarantees a probability of melt of fuel less than 10-4. It comes from an uncertainty propagation calculation performed with the GERMINAL code for the PHENIX core. It depends from burnup, maximum and fusion linear powers.
· Margin to melt of fuel greater than 20°C in case of UCRW (value arbitrarily chosen),
· Minimum sodium asymptotic temperature at the outlet of the core in case of ULOSSP,
· Minimum circumscribed radius of the fissile core.
Once these criteria are applied to the database, the final cores are chosen using qualitative judgment, to best fit other criteria, such as regeneration gain and margin to fusion in case of UCRW.

FIG. 8 shows the location of the selected cores in the (Margin to melt in UCRW, TULOSSP) graph. The optimal cores with 11, 12 and 13 SA rings are located on the Pareto front of their type of cores. If they have more or less the same margin to fuel melting during a UCRW, they have very different asymptotical sodium temperature in case of a ULOSSP.  
 
[image: ]
[bookmark: _Ref67562432]FIG. 8. Comparison of the radii of the selected cores 11, 12 and 13 in the (Margin to fusion in UCRW, TULOSSP) graph

TABLE 4 gives the main characteristics and performances of the 3 selected cores. The latter were directly calculated with ERANOS, MAT5DYN and GERMINAL, so there is no error linked to the surrogate model.
Cores 11 and 12 have very close circumscribed radii of the fissile core[footnoteRef:3], but the performances of core 12 are much more interesting: a gain of 72°C on the TULOSSP and of 40 W/cm on the margin to melt in case of UCRW. Core 12 is thus more interesting than core 11: we will therefore focus only on cores 12 and 13. [3:  Beware that TABLE 4 gives the circumscribed fissile diameter of the core, while FIG.8 gives the real fissile radius of the core.] 

Core 12 has a fertile plate located at 35% of its inner core height but has no inner/outer core height gap. Its outer core is high, and of about 106 cm. Its pellet is large, with a 0.23 cm-diameter. Its power density (285 W/cm3) is higher compared to that of a CFV core (~220 W/cm3 [5]). The breeding gain is negative, -3%. Its TULOSSP value (981°C) is above the sodium boiling point but the system could be improved in case of transients of loss of flow by the addition of passive systems such as hydraulic rods. This must be further studied with a code such as CATHARE [6].

Core 13 is interesting too because it has a very low TULOSSP value compared to the other cores:  886°C, i.e. a gain of 95°C compared to core 12. Its TULOSSP value is very close to the sodium boiling point and the boiling could be easily avoided by the addition of passive systems. However, the counterpart is that the circumscribed diameter to the fissile core reaches 4.06 m. The core is flatter, hence increasing the radial leakage and decreasing the TULOSSP. The margin to melt in case of UCRW is low, 28 W/cm. The breeding gain is negative with a value of -3%. It has a 20cm-thick fertile plate located at the bottom of the inner core. The outer core height is 94 cm with a small inner/outer height gap of 5 cm. The fuel pellet is also large.


[bookmark: _Ref67563298]TABLE 4.      MAIN CHARACTERISTICS AND PERFORMANCES OF THE SELECTED CORES 

	
	11
	12
	13

	Number of pins per SA
	271
	271
	271

	Fuel pellet diameter (mm)
	7.88
	6.85
	6.92

	Outer core height (cm)
	110
	106
	94

	Inner/outer core height gap (cm)
	20
	0
	5

	Thickness of the fertile plate (cm)
	4
	20
	20

	Position of the fertile plate (% inner core height)
	25
	35
	5

	Total number of SAs 
	294
	348
	417

	Circumscribed core diameter (m)
	3.79
	3.73
	4.06

	Volume power (W/cm3)
	287
	285
	276

	TULOSSP (°C)
	1053
	981
	886

	Margin to fusion in case of UCRW (W/cm)
	14
	54
	28

	Regeneration gain
	0.03
	-0.03
	-0.05

	Voiding effect of the fissile zone and the plenum ($)
	2.3
	3.0
	1.1



To conclude, the cores 12 and 13 have interesting performances with regards to the cost/safety compromise (cost represented by the core diameter and safety by the TULOSSP value):
· Core 12: minimum circumscribed diameter to the fissile core of 3.73 m, leading to a TULOSSP value of 981°C,
· Core 13: low TULOSSP value (equal to the sodium boiling temperature) but with an increase of 32 cm of the core diameter. 

NB: An important assumption is that all the results only rely on the values of circumscribed diameter to the fissile core. The dimensioning of the reflectors and neutron radial shielding is not taken into account. The diameter of the core can also be improved by these other means. This is the subject of [7].
CONCLUSIONS AND PROSPECTS
In order to select a design of core at 1000 MWe, with a high power density, an SDDS study was performed. It consisted in creating a design of experiments of 10000 cores from 3 different core maps: 11, 12 and 13 SA rings. The different designs have power densities between 250 and 320 W/cm3. These designs were evaluated with an in-house simulation procedure and a surrogate model was generated on these, using kriging method. A grid of studies of several million points was then analyzed and a few characteristics of cores on the Pareto front (Margin to fusion in case of UCRW, TULOSSP) were determined:
· large pins,
· fertile plate between 10 to 20 cm,
· average core height with an inner/outer core gap of about 10 cm.

Two cores with interesting performances with regard to our optimization criteria were selected based on this study:
· A first core with a circumscribed diameter to the core lower than 4 m was selected, but its TULOSSP value is above the sodium boiling temperature. It is thus important to foresee, in this case, passive safety systems to limit the probability of severe accident (such as hydraulic control rods).
· A second design with an additional ring of SAs, leading to a 30cm-increase of core diameter, was hence selected. It improves the TULOSSP value of 100 °C and thus the natural behavior of the core in accidental transient. Moreover, the increase of core diameter could be compensated by an optimization of the neutronic radial shielding. This is studied in [7].

It has to be mentioned that the studies described in this paper were performed with simplified thermo-hydraulics models. It would be very interesting to evaluate the selected cores with more refined codes, such as CATHARE code, to have a precise evaluation of their behavior in case of a loss of flow accident.   

Finally, it would also be interesting to evaluate if the power of the selected cores could be increased, up to 1100 MWe for instance. This would make the cores more flexible and improve their competitiveness. This is the purpose of paper [8].
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