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Abstract. During 2013, within the framework of the RA-10 project, the Nuclear Safety Department at Bariloche Atomic Center has developed a plant model of the primary cooling circuit of the RA-10 reactor to conduct the safety analysis. Deterministic simulations of sequences derived from initiating events were performed and also were included in the Preliminary Safety Report. In particular, derived sequences of Design Basis Events (DBE) and Anticipated Operational Events were analysed. These last events are expected to occur during the reactor lifetime, due to their occurrence frequency. This paper describes the behaviour of the reactor upon a "loss of offsite power" event, which is considered as an Anticipated Operational Event. It is considered that this loss can be triggered by a failure at the offsite power supply lines or onsite power supply (transformer station or distribution system). The analysis was performed using the thermal-hydraulic code RELAP5 3.3gl, which was used to develop a model of the reactor. The model includes the representation of the reactor core, the PCS, its primary pipes, pumps and the Reactor Pool (RP). The Secondary Cooling System (SCS) was modelled as a boundary condition. In the analysed sequence, actuation of the First Shutdown System (FSS) with single failure (insertion of control plates with the failure of the heaviest reactivity worth control plate) was assumed, and the success actuation of flap valves allowing the establishment of natural circulation. Regarding the reactor core, as conservative hypotheses, the fuel temperature and coolant density reactivity feedback coefficients were not included in the analysis. The loss of off-site power event results in the full insertion of the control plates by the FSS and the shutdown of the primary and secondary cooling system pumps. The transient analysis results show the right dimensioning of the pump flywheel and a flap valve opening time that allows a proper transition from forced circulation to natural circulation. It can be concluded that the design meets safety acceptance criteria (Redistribution Ratio (RDR), Burnout Ratio (BOR) and the Departure from Nucleate Boiling Ratio (DNBR)), demonstrating that the reactor is properly extinguished and cooled by forced convection.


1. Introduction

The RA-10 Project goal is to design, construct and obtain the operating license of the RA-10 Multipurpose Research Reactor [1]. The reactor will be a multipurpose production station, with high neutron flux to ensure its simultaneous use in a wide range of medical, industrial and scientific research applications. 

Within the safety analysis required for the licensing process of RA-10 Reactor, deterministic safety analyses of DBE were performed. With this objective, a thermo-hydraulic reactor model was performed and developed based on the RELAP5 plant code. This model includes the nodalization of the most important components: the reactor core, RP, PCS (chimney, decay tank, pumps, heat exchangers and piping sections), and the modelling of the first and second safety shutdown systems were included. 

In this paper the behaviour of the reactor against a "Loss of Offsite Power" event is described. 


2. Identification of causes and event description

[bookmark: _Toc366250012]We consider that a loss of offsite power is driven from off-site failures (failures of reactor’s off-site lines) or on-site failure (failures in the transformer substation). Also are considered as contributing to the event, transients of the electric network as frequency or voltage excursions. 
This DBE belongs to Loss Flow Cooling family [2]. 

The aim of this analysis is to demonstrate that the reactor is properly extinguished and properly cooled by natural circulation, transferring core’s heat to the RP. This will be done by checking the respective acceptance criterion. 

3. Modelling assumptions

Below the modelling assumptions are presented which were applied to carry on this deterministic analysis.

It is postulated that the loss of offsite power starts at time t = 0 s. 
It is postulated that the primary and secondary cooling pumps are trip at time t = 0 s. 
Simulation time of 1000 s. 
It is postulated the failure of the diesel generators. 
It is postulated that the FSS is driven as result of the loss of power in the control rods electromagnets. This system operates at time t = 0 s. 
It is postulated that the criterion of success for natural circulation flap valves system is the success of only one flap valve. 
After the performance of the fly-wheel and after the refrigerant flow through the pumps becomes zero, it is assumed that the coolant flow in all the pipes of the PCS outside the RP also made and remains zero. This assumption is conservative because the pressure drop for the natural circulation circuit established in the core increases. 


[bookmark: _Toc366250013]4. Results

The simulation results for this BDE are presented in this section. For more simplicity, the analysis was divided in time phases marked by the most relevant phenomena in this transient.

4.1 Phases identification
 
From the phenomenological point of view, the event of loss of offsite power, with actuation of the FSS can be divided into 4 phases: 

Phase 1, it is observed a decrease of core temperatures due to an instant shutdown of the reactor (0 s - 0.9 s): comprising the period from the start of the event until the negative reactivity insertion is finished by the FSS. It is characterized by a rapid decrease in fuel temperature and the refrigerant flow through the core. 

Phase 2, it is observed an increase of core temperatures by a decrease in the flow rate (0.9 s – 87 s): includes the period from the end of the actuation of FSS, until the opening of PCS flap valve. It is characterized by an increase in fuel and coolant temperature due to reduction in PCS pumps flow rate. 

Phase 3, it is observed an increase of core temperatures by the opening of the PCS flap valve (87 s – 125 s): includes the period after the opening of the PCS flap valve, where a core flow bypass occurs through the flap valve to the RP. This generates a rapid decrease in the coolant flow. It is characterized by a marked increase in the fuel and core coolant temperatures. This effect is due to the decrease in flow rate product of the deviation of core coolant through the PCS flap valve. 

Phase 4, natural circulation establishment (125 s – 1000 s): includes the time period in which the flow direction is inverted through flap valve, now from the rector pool to the cold branch of the PCS, to the establishment of natural circulation which continues until the end of the transient. It is characterized by a decrease in fuel temperature and the refrigerant flowing through the core. This effect is due to increased flow through the core caused by an increase of the buoyant force and a consequent establishment of natural circulation. 

4.2 Phases description

Phase 1 (0 s – 0.9 s): FIG. 1 and FIG. 2 show the evolution of the mass flow at various PCS positions of interest, and FIG. 3 shows the average velocity at the core hot channels. In this first phase, as a result of power failure is observed a decrease in the mass flow through PCS pumps, and consequently a decrease in the mass flow and velocity in the core. 

FIG. 4 and FIG. 5 show the core power. It is noted that it begins to decrease at time t = 0 s, as a result of the instantaneous operation of the FSS that is driven by the loss of power at the control rods electromagnets. The failure of the pneumatic system of the control rod shutdown mechanism is considered, so that the system completes its actuation in the following 900 ms. At the end of this phase (t = 0.9 s), the power decreases to a value of 5 MW, for further decreasing in the following phases. 

FIG. 6 shows the evolution of the temperature of the fuel cladding plates on the hottest fuel channel at different heated volumes (TCHC). FIG. 7 shows the evolution of the temperature on the average core fuel channel at different axial heated volumes (TCAC). In FIG. 8, the inlet and outlet temperatures of the reactor core channels are shown. As seen in the mentioned figures, at times corresponding to Phase 1, an abrupt decrease in temperature is observed. This decrease is due to the rapid reduction of power produced by the instant actuation of the FSS, and the slow decline of the flow of coolant through the core channels. 

FIG. 9 shows the evolution of the refrigerant temperature at the inlet and outlet of the primary side of the heat PCS exchangers. As noted, due to the power failure and the stop of the SCS exchangers pumps, the power of heat removal is lost, so that the inlet and outlet temperatures tend to equalize in short term. 



[bookmark: _Ref402357872]FIG. 1.  Coolant mass flow thought different positions of PCS. 



[bookmark: _Ref402357895]FIG. 2. Coolant mass flow through different positions of PCS, zoom. 

[bookmark: _Ref364784238]
[bookmark: _Ref402357903]FIG. 3.  Coolant velocity through core channels. 


[bookmark: _Ref359317804]
[bookmark: _Ref402357920]FIG. 4. Core power. 


[bookmark: _Ref359317813]
[bookmark: _Ref402357937]FIG. 5. Core power, zoom.



[bookmark: _Ref402357947]FIG. 6. Cladding temperature in different hot channel positions. Being volume 06 positioned at the entrance of the core, and volume 02 positioned at the exit of the core.


[bookmark: _Ref359317829]
[bookmark: _Ref402357970]FIG. 7. Cladding temperature in different average channel positions. Being volume 06 positioned at the entrance of the core, and volume 02 positioned at the exit of the core.


[bookmark: _Ref364777915]
[bookmark: _Ref402357961]FIG. 8. Coolant temperature at inlet and outlet of the core. 



[bookmark: _Ref364784453]
[bookmark: _Ref402358004]FIG. 9. Coolant temperature at inlet and outlet of the PCS heat exchanger. 

FIG. 10 shows the safety margins of the hot fuel channel. As is seen in the same figure, the RDR and DNBR margins tend to increase rapidly. This effect is due to the rapid decline of the power produced by the FSS. The DNBR throughout the transient is greater than the condition DNBR Steady State prior to the event start. 

[bookmark: _Ref364851313]
[bookmark: _Ref402358020]FIG. 10. Safety margins. 

Phase 2 (0.9 s - 87 s): As it was mentioned at time 0.9 s finishes the actuation of the FSS, but as can be seen in FIG. 5, the power continues decreasing due to the decay of the delayed neutrons. The power reaches a value of 1.38 MW at the end of this phase (87 s). In these times, the core power is almost equal to the power of decay. 

In this phase, the reduction of power stops being so fast compared to Stage 1 (see FIG. 5), and the velocities in the core fuel channels reach low values (see FIG. 3). This effect causes an increase of the core temperatures as it is shown in FIG. 6, 7 and 8. 

Due to the increase of core temperatures, the RDR decreases again to a value of 2.75 at the end of this phase (86.5 s). For later times the RDR is not considered valid because the flap valve opens and the coolant channels velocities are no longer governed by the PCS pumps. In this phase the minimum BOR is reached, with a value of 2.04 at time 80.5 s. These margins are above the safety limits imposed by the acceptance criteria. 

Phase 3 (87 s – 125 s): This phase begins with the opening of the PCS flap valve, and extends to the period of time where the flow through the flap valve is negative (toward the RP) as it is shown in FIG. 2. Because the decrease of coolant flow through the core the core pressure drop decreases, and the pressure inside of the cold branches where the PCS flap valve is placed decreases too. After 87 s, the pressure reaches a value that makes the flap valve open. In this event is considered as a condition for success for the flap valves system, the opening of only one flap valve to allow natural circulation, and core refrigeration. 

As is seen in FIG. 2, at times corresponding to this phase the flow rate through the PCS flap valve is negative. This is understandable since at time of the flap valve opening, the cold leg pressure remains greater than the static pressure of the RP, which allows to the valve derivate a portion of the refrigerant flow to the RP. The same figure shows a decrease of the core flow and increasing the total flow prior to the flap valves, both phenomena due to the drop of the pressure drop in the circuit caused by PCS flap valve opening. 

At this phase, with the sharp decline in the core flow, the maximum temperatures of refrigerant and cladding are reached in the core. FIG. 6 and FIG. 7 show that the peak cladding temperatures reached are TCHC = 117.3 °C in the hot channel and TCAC = 77.3 °C in average channels, both values happen at time 101 s. FIG. 8 shows that the maximum refrigerant temperatures reached are 83.0°C at the hot channel exit and 59.0 °C at the average channel exit. 

Phase 4 (124 s – 1000 s): At time 124 s the mass flow through the flap valve reverses its direction as it is shown in FIG. 2. From this point, the natural circulation cooling establishes through the flap valve. At about time 390 s, the PCS pumps completely stop and all the flow that cools the core passes through the PCS flap valve. Hot coolant from the core rises through the chimney and out to the RP. At the same time cool water with pool temperature enters through the flap valve, goes downwards through the PCS cold leg and enters to the core. 

The condition of natural circulation cooling continues until the end of the transient. 

Finally, as is shown in Table I, due to BOR, DNBR and RDR values are higher than the safety limits; the acceptance criteria adopted for the deterministic safety analysis were satisfied.

TABLE I: Acceptance criteria and cladding temperature.

	Parameters
	Safety limits
	Simulation results

	DNBR
	> 1.5
	2.44

	RDR
	> 1.3
	2.75

	BOR
	> 1.3
	2.04

	Cladding maximum temperature, hot channel
	-
	117.3 ºC

	Cladding maximum temperature, average channel
	-
	77.3 ºC




5. Conclusions

Facing the loss of offsite power event, the shutdown of the reactor was studied with the instant action of FSS (applying the single failure criteria). The reactivity feedback coefficients for fuel temperature and coolant density changes were not considered. 
The criterion of success for the natural circulation flap valves system was the success of only one flap valve. 

Proper cooling of the core and transition from normal operation mode (with forced circulation cooling) to natural circulation cooling was studied. 

It was observed from the simulation that the reactivity inserted by the FSS, was sufficient to extinguish the reactor in the short term and keep it in this state all the analysed period. 
[bookmark: _GoBack]
Finally, the acceptance criteria adopted for the deterministic safety analysis for this DBE are satisfied.
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