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Abstract

The effect of the cladding on the neutron balance in the Breed-and-Burn fast reactor was investigated. Neutron transport Monte Carlo calculations and burnup calculations were performed. As a result of the analysis, it was found that the cladding has a significant influence on the neutron balance of the Breed-and-Burn fast reactor. In particular, it is found that the neutron balance is greatly improved by decreasing the density or the thickness of the cladding. The same effect was observed in the core with nitride fuel and metal fuel using sodium coolant, lead coolant, and lead-bismuth coolant.
1. INTRODUCTION
[bookmark: _Hlk93426068]Breed-and-burn fast reactors (B&Bs) are once-through fast reactors that produce plutonium from natural uranium or depleted uranium and burn it in the reactor without reprocessing process. There have been various studies of B&Bs [1,2,3]. One of the newer B&B concepts is the Rotational Fuel-shuffling Breed-and-Burn fast reactor (RFBB) [4]. The basic core structure of the RFBB is the same as that of conventional fast reactors. In RFBB, natural uranium or depleted uranium is used as the fresh fuel. The fuel assembly of the fresh fuel is loaded at the periphery of the core. After a certain period of operation of the reactor, the fuel assembly is shuffled. During the fuel shuffling, the fuel assembly is always moved to the position of the adjacent assembly. The fuel assemblies first move around the core periphery. Then, they gradually move to the center of the core. After that, they gradually move to the periphery. The fuel assembly is then discharged. When the shuffling pattern and the shuffling interval are appropriate, a burnup equilibrium state can be achieved. In this equilibrium state, the neutron flux and power distribution in the core become almost steady-state. This is advantageous for heat removal by coolant from the core.
In previous studies [5,6], analyses were performed using a lead-bismuth eutectic as the coolant, metal fuel, and ODS cladding with a density of material of 1/10. This was done to reduce the neutron absorption in the cladding in order to clarify the feasibility of the concept. Therefore, it is expected that the neutron economy will be worse if the real ODS is used for the fuel cladding. There is also HT-9 as a candidate for fast reactor fuel cladding, and the neutron economy may be different if HT-9 is used for the cladding. Also, the thickness of the cladding may affect the neutronic balance of B&B. Clarification of these issues will be important in B&B research.
The purpose of study is to clarify the effect of fuel cladding material, density and thickness on neutron balance in B&B.
2. ANALYSIS
Neutron balance (NB) in B&B can be discussed by the following defining equation [3].

. ,		 (1)

where  is the average number of neutrons emitted per one fission reaction,  is the maximum burnup value in a core,  is the neutron loss fraction from the system (which is considered zero for an infinite system), and  is the infinite neutron multiplication factor. 
[bookmark: _GoBack]	In this study, we investigate the variation of NB for different materials, densities and thicknesses of fuel cladding. The geometry was assumed to be an infinite system of hexagonal cells. The design of the reference case was as follows. The radius of the fuel pins of the cell was set to 0.45 cm, the thickness of the fuel cladding was set to 0.06 cm, and the fuel pin pitch was set to 0.60 cm. The fuel was U-10Zr metal fuel. The cladding tube was made of ODS. Uranium in the initial fuel was natural uranium. The Monte Carlo code Serpent 2.0 was used for the analysis. The nuclear data were obtained from ENDF/B-VII. In general, the NB changes with burnup as shown in Fig. 1. In the present study, the change of NB is represented by the following three indices. First Neutron Balance Point (FNBP) is the burnup at which the NB becomes zero from negative, Maximum Neutron Balance Point (MNBP) is the burnup at which the NB becomes maximum, and Second Neutron Balance Point (SNBP) is the burnup at which the NB becomes zero from positive. A small FNBP means that the neutron balance can be achieved with a small burnup, and large MNBP and SNBP means that a large number of neutrons can be supplied to other fuel assemblies for long period. In these situations, the neutron economy is superior in B&B. In the analysis, the NB changes with 1/10 cladding thickness, 1/10 cladding density, and HT-9 cladding material were investigated for the reference design. The case of 1/10 density of cladding is the analysis condition in the previous study [5,6]. This cladding is specifically referred to as ideal cladding.
	
3. RESULTS AND DISCUSSION
TABLE 1 shows the FNBP, MNBP, and SNBP in each case. Especially focusing on FNBP and SNBP, it can be seen the following. Initially, when the cladding was changed from ODS to NT-9, there was no significant difference in the NB results because the difference in the composition of each cladding was small, and therefore, there was no significant difference in the absorption of neutrons. Therefore, the results of the discussion using ODS as the cladding material can be applied to the case using HT-9.
From the results of the reference cladding and the ideal cladding, it can be seen that the ideal cladding has a significant improvement in NB. This indicates that the influence of the cladding on the NB is very large. It is important to reduce the neutron absorption by the cladding in order to make B&B feasible.
Next, the differences between the ideal cladding and the cladding with 1/10th of the thickness are discussed. The analysis results show that the NBs are significantly improved over the reference design for all fuels and coolants. This indicates that the reduction of cladding thickness contributes to the improvement of NB.
However, when compared to the ideal cladding, the results show that the NB of the ideal cladding is better than that of the 1/10th thickness cladding. This is because the inner radius was increased while the outer radius remained unchanged when the thickness of the cladding was reduced. As a result, the amount of material in the cladding is smaller in the ideal cladding. This is thought to be because the amount of neutron absorption by the cladding is reduced. This indicates that when the thickness of the cladding is reduced to improve the NB, it is effective to reduce the outer diameter of the cladding at the same time.
In the previous study by Kuwagaki et al. [5,6], the feasibility of RFBB was clarified using metal fuel, lead-bismuth coolant, and ideal cladding of ODS. Adjustment of the fuel assembly shuffling interval or shuffling pattern shall be necessary for the RFBB. It has been shown that RFBB can be achieved with metal fuel and sodium coolant [7]. In this analysis, normal HT-9 is used for the cladding. It means it is possible to have a core in which RFBB is valid.
CONCLUSIONS
The effect of the material, density and thickness of the fuel cladding of B&B on the NB was investigated by analysis. As a result, it was found that the cladding material from ODS to HT-9 had little effect on the NBs. It was also found that the effect of neutron absorption by the cladding on the NBs was large and the NBs could be significantly improved if the density or thickness of the cladding could be reduced. If the cladding thickness is reduced, it is expected to be more effective if the cladding outer diameter is also reduced. These findings do not change even if the fuel or coolant is changed; the RFBB concept with the ideal cladding of ODS requires changes in the shuffling interval and core design when ordinary ODS is used.
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FIG. 1. Indices for Neutron Balance Feature




TABLE 1. Impact of cladding on neutron balance

	Coolant
	Cladding
	
	FNBP (MWd/kg)
	MNBP
(MWd/kg)
	SNBP
(MWd/kg)

	LBE
	ODS
	Reference
	128
	370
	554

	
	
	1/10 thickness
	101
	400
	612

	
	
	Ideal
	94
	405
	628

	Lead
	ODS
	Reference
	131
	366
	548

	
	
	1/10 thickness
	103
	400
	608

	
	
	Ideal
	96
	404
	624

	Sodium
	ODS
	Reference
	134
	375
	546

	
	
	1/10 thickness
	104
	400
	608

	
	
	Ideal
	89
	405
	628

	LBE
	HT9
	Reference
	130
	370
	551

	
	
	1/10 thickness
	101
	400
	611

	
	
	Ideal
	94
	410
	626
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