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Abstract

Two types of mixed uranium-plutonium fuel are considered for BN-1200 reactor within the framework of “Proryv” project: conventional, well-mastered MOX-fuel and advanced mixed uranium-plutonium nitride (MNUP) fuel having higher density. 

The main design mode of reactor operation is operation in the equilibrium mode with scattered batch refuelings. As compared with equilibrium state, the start-up core is formed of fresh FSAs completely. Taking this fact into account, in the course of forming of the start-up core consisting of FSAs with fuel enrichment by plutonium corresponding to the equilibrium mode with retention of total quantity of FSAs in the core, it will have an excess reactivity margin. The reactivity margin of the start-up core shall be predicted considering its possible deviation caused by fuel manufacturing tolerance and by uncertainties of core critical parameters estimation. For this reason, in the start-up core design, even increased fuel enrichment may be considered, and, in any case, measures to compensate possible excess reactivity margin due to development of an appropriate core arrangement shall be provided. 

Basic criteria to select the start-up core arrangement are to meet regulatory requirements on reactivity balance and to provide the possibility of reactor operation at nominal power without exceeding design parameters of FSAs operation.

The paper considers possible methods to compensate excess reactivity margin of the start-up core, presents basic approaches to form the start-up core, and describes its arrangement in the case of MOX-fuel and MNUP fuel application.

1. INTRODUCTION
Comprehensive studies and developments are performed for the BN-1200 reactor within the framework of “Proryv” project to provide optimal core characteristics beginning from the start-up core. Therewith, two possible fuel types are considered:

- mixed nitride uranium-plutonium (MNUP) fuel - advanced option, high-density fuel providing low reactivity margin of the reactor;

- mixed oxide uranium-plutonium (MOX) fuel- backup option, well-mastered fuel providing high burnup.

This paper presents the approaches to form the start-up core for the pilot BN-1200 power unit developed as a result of performed studies of characteristics of cores with fresh MNUP and MOX- fuel.

2. CORE DESIGN FEATURES
The problem of expediency of operation of the first BN-1200 reactors in the initial period for this or that type of fuel will be solved taking into account the results of fuel pins tests with nitride fuel that are carried out in BOR-60 and BN-600 reactors. In this connection it was adopted to focus on the maximum unification of core component parts, which enables using both types of fuel with implementation of their advantages. 

The core variant with single fuel enrichment by plutonium and the unified size of a fuel cladding was adopted both for MOX and nitride fuels. 

The core designs with the considered fuel types adopt the configurations which are the same in the plan view (Figure 1) and non-fuel assemblies completely unified in the design.

The core is surrounded by the radial shielding consisting of two rows of subassemblies (SAs). A radial fertile blanket is considered as an option. A steel shielding option was taken for the initial operation stage of the pilot power unit.
	Designation
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	FSA
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	CPS assemblies
	31
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	Radial steel shielding SA
	174
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	Steel shielding SA
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	Boron shielding SA
	527
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	In-vessel storage cell
	198
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Fig. 1 The core layout 

For the both types of fuel, optimal neutron-physical characteristics of the core are provided with the use of heterogeneous configuration with the axial breeding interlayer. This variant is characterized by a less rate of damage dose accumulation as compared with the homogeneous core configuration; it allows ensuring increased FSA lifetime with using such a limiting factor as a permissible damage dose value ((120 dpa for fuel pin claddings of austenitic steel [1]). Besides, the heterogeneous core has an advantage of achievement of a higher internal breeding ratio (core breeding ratio) and a lower burnup reactivity loss [2, 3].
At the initial stage of core operation with MNUP- fuel, the fuel lifetime is restricted by the limitation of maximum fuel burnup ~ 8.5 % h.a. (with account of possible obtaining of supporting experimental data in proper time [4]). At this burnup, the peak damage dose for fuel pin cladding is ( 100 dpa. Thus, the conventional homogeneous configuration was selected for the start-up core with MNUP-fuel; it is explained by a less volume of fuel fabrication and reprocessing with account of restriction by burnup but not by damage dose.
In connection with essential difference in MNUP and MOX-fuel density in the core option with nitride fuel, the full plutonium breeding (BR≈ 1.0) is provided without fertile blankets, whereas for MOX- fuel the use of lower axial blanket is provided.

 A sodium plenum is arranged above the fuel part in the both variants.

Significant flattening of the core (h/D=0.2÷0.25) and adopt of an upper sodium plenum provide an acceptable sodium void reactivity effect value (at a level of βэфф) for the both core options.

3. DISTINCTIVE FEATURES OF THE CORE WITH start-up LOADING 
The main design mode of reactor operation is operation in the steady-state (equilibrium) mode with scattered batch refuelings. This mode of operation is characterized by the same average composition of fuel in the core for operating cycles, and, thus, by the same reactivity margin. 

 Parameters of the steady-state mode of reactor refuelings and a required reactivity margin for fuel burnup for operating cycle are given in Table 1.

Table 1   Parameters of the steady-state mode of reactor refuelings

	Parameter
	Fuel type

	
	MNUP
	MOX

	Operation cycle length, efpd
	230
	315

	Refueling butch number
	4*
	4*

	Reactivity margin for fuel burnup (for operation cycle), %(k/k
	0.7
	0.9


*For the main array of FSAs. The lifetime of the peripheral FAs is by 1-2 operation cycles longer.

During operation in the steady-state mode equal fractions of FSAs with different run time are in the core.

The start-up core is formed completely of fresh FSAs, in which there are no fission products. Thus, the start-up core with the plutonium enrichment of the fuel, corresponding to the equilibrium cycle will have an excess reactivity margin. The excess reactivity margin implies the surplus of reactivity margin as compared with that required for operation cycle. The difference of compositions of the fresh fuel and depleted fuel at the beginning of the equilibrium cycle with the accepted refueling scheme determines the excess reactivity margin of the start-up core, which is  ~ 1.5 times higher than required burnup reactivity margin (for the start core with  the same fuel enrichment as for equilibrium mode of operation). 

The transition period from the start-up core to the equilibrium core continues five operation cycles. FSAs reloadings with replacement of irradiated FSAs by fresh FSAs are performed after each operation cycle, beginning from the first one. To increase the average burnup of the unloaded FSAs, the FSAs unloaded to the in-vessel storage are partially returned to the core for further irradiation. In the core, during the transition period, fission products are accumulated and the reactivity margin decreases.

Table 2 shows variations of the average operating time of the FSAs in the core in the quantity of operation cycles and the average fuel burnup.

Table 2   Changes in core condition in the transition period (beginning / end of the operation cycle)

	Parameter
	Operation cycle

	
	1
	2
	3
	4
	5
	6

	Averaged FSAs operating time, operation cycles
	
[image: image8.wmf]0

1


	
[image: image9.wmf]0.8

1.8


	
[image: image10.wmf]1.4

2.4


	
[image: image11.wmf]1.7

2.7


	
[image: image12.wmf]1.7

2.7


	
[image: image13.wmf]1.8

2.8



	Relative average fuel burnup*
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* The average fuel burnup at the end of equilibrium cycle was accepted as 1.0.

Reactivity margin variations of the reactor at the nominal power operation by operation cycles are shown in Figure 2. It is assumed that the minimum reactivity margin shall be not less than the reactivity margin ((0.2 % (К/К), required for reactor control.
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Fig. 2 Reactor reactivity margin variations at the transient from the start-up core (432 FSAs) to the equilibrium with using fuel with nominal plutonium enrichment

4. UNCERTAINTY OF CRITICAL PARAMETER ANALYSIS
An actual reactivity margin of the start-up core can differ from the calculated one because of errors of critical parameter analysis. Methodological and technological components of the error could be identified.

The methodological error is caused by assumptions accepted for the analytical model of the core, used neutronics analysis methods and neutronic data.

The technological error of critical parameter determination is caused by technological tolerances for manufactured fuel (allowable deviations of fuel mass and a plutonium mass fraction in uranium-plutonium mixture).

To develop an approach to start-up core forming, the total uncertainty of the reactor reactivity margin was accepted equal to the sum of methodological and technological errors and estimated as ~ 1.5% Δk/k. It is assumed that this value could be applied only in the case of the core with fresh fuel. As major of errors are systematic, after  obtaining experimental data for the start-up core the total uncertainty value of critical parameters can be decreased.

 The deviation of the analytical reactivity margin from the actual one can take any value in the range from ‑1.5 to +1.5 % Δk/k. In the course of development of the start-up core configuration and the transition period pattern it is necessary to ensure reactor criticality and compliance with nuclear safety rules for reactivity balances considering maximum possible uncertainties of reactivity margin.

The following scenarios of error realization were considered:

· Scenario No.1 (nominal) - no error of analysis of critical parameters, analytical and actual values of the reactivity margin coincide;

· Scenario No. 2 - the actual value of the reactivity margin is less than the analytical one by 1.5 % ∆k/k;

· Scenario No. 3 - the actual value of the reactivity margin is more than the analytical one by 1.5 % ∆k/k.

Scenarios No. 2 and No. 3 are boundary ones of the possible variety of variants of error realization.

In the case of scenario No.2 realization, when fuel with nominal enrichment by plutonium is used for the start-up  core and further refuelings, the safety margin can be insufficient to provide reactor criticality for the entire transition period.

In the case of scenario No.3 realization, reactor criticality is provided with a large margin, nevertheless, regulatory requirements to provide reactor subcriticality level at refueling ((2 % ∆k/k ) and after safety rod withdrawal  at the reactor startup ((1 %∆k/k ) will not be met without additional technical measures. 

5. TECHNICAL MEASURES FOR ERROR COMPENSATION
5.1. Reactor criticality provision

To ensure critical parameters in the case of realization of methodological and technological parameters associated with kэфф decrease (scenario No. 2), an additional excess reactivity equal to the total error of the reactivity margin analysis or higher shall be provided. The excess reactivity margin in the start-up core is caused by absence of fission products in the fresh fuel and, if required, can be changed additionally by selection of plutonium enrichment in fuel.

In the case of reactivity margin error realization to the negative side (scenario No. 2), reactor criticality shall be provided by previously selected fuel plutonium enrichment for the start-up core. Based on the first criticality results of the reactor, enrichment of the fuel to be loaded can be corrected later, and fuel with optimal enrichment will be used in the steady-state mode of refuelings.

While selecting fuel enrichments for the start-up core and further refuelings, it was considered that, because of accepted scattered batch refuelings of FSAs, the fuel enrichment accepted  for the start-up core and for each further refueling influences the reactivity margin in the further five refueling intervals of reactor operation;

The analyses show that for the core with MOX-fuel, the fuel with nominal enrichment by plutonium corresponding to the steady-state mode could be used for the start-up core. The excess reactivity margin in the first refueling interval is sufficient enough to compensate possible ealization of critical parameter error to the direction of kэфф decrease (Fig. 2). To achieve the required reactivity margin during the transition period and in the steady-state mode, enrichment of fuel may be corrected by the first criticality results.

In case of the use of MNUP- fuel, increased enrichment (as compared with steady state) will be required for the start-up core and the first refueling. Enrichment of loaded FSAs batches is also determined by the first criticality results. 

5.2. Compensation of excess reactivity

The maximum allowable reactivity margin of the reactor is estimated based on provision of nuclear safety requirements for reactivity balances. For the start-up core to comply with regulatory requirements, additional measures are required to compensate the excess reactivity margin of the reactor, because only a part of this margin (~ 1 %Δk/k) can be compensated by the control rod system.

An optimal way to decrease reactivity margin to an acceptable value is to replace a part of FSAs with permanent reactivity compensation (PRC) subassemblies.  PRC SAs similar in design to steel shielding SAs are considered firstly for the BN-1200 reactor.

The method to compensate excess reactivity margin of the reactor by replacement of a part of FSAs with non-fuel assemblies was used for БН-600 and БН-800 start-up cores [5]. This method permits to vary flexibly the core configuration by selection of PRC SAs quantity and reactor cells for installation. The excess reactivity margin can be compensated in a wide range of values by varying the number of PRCs. Nevertheless, when PRC SAs are installed into the core, core power density increases, the power distribution deforms, and control rod efficiency is possible to decrease. The specified negative effects could be minimized by optimization of PRC SAs arrangement in the core.

6. Description of start-UP core configurations 
As it is described in Section 5.1, in the case of scenario 2 realization, core configurations without PRC SAs shall be used.

In the case of nominal scenario 1 realization, the excess reactivity margin in the core with MOX-fuel will be 1.5 %∆k/k. To compensate the excess reactivity, 12 steel PRC SAs will be required to install. The optimal arrangement of these PRC SAs in the core by the conditions of the effect on power distribution is given in Figure 3. The excess reactivity margin in the core with MNUP-fuel will be ~ 2 %∆k/k and will require installing 18 PRC SAs (see Figure 3). 

In the case of scenario 3 realization, a quantity of PRC SAs shall be enlarged or more effective PRC SAs shall be used.
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	FSA
	432
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	Control rod assemblies
	31
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	PRC SA (in MOX/MNUP core)
	12/18


Fig. 3 PRC SA arrangement in the core with MOX and MNUP-fuel
7. CONCLUSION
Uncertainties associated with methodological errors of physics analysis and technological tolerances for fuel manufacture shall be considered in the course of determination of BN-1200 reactor characteristics.

Consideration of these uncertainties results in necessity to ensure the possibility to form the start-up core as different configurations of the core, which can require different quantities of permanent reactivity compensation SAs. In this case, for the MOX- fuel core it is necessary to focus on application of nominal fuel enrichment corresponding to the steady state operation mode. For the MNUP-fuel core to ensure critical parameters of the start‑up core it is recommended to use fuel of increased enrichment by plutonium.
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