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[bookmark: _GoBack]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 associated with initiating events. Deterministic simulations of sequences derived from initiating events were performed and also were included in the Preliminary Safety Report (PSAR). This paper describes the behaviour of the reactor upon an "inadvertent heaviest reactivity worth control plate withdrawal at nominal velocity during normal operation" event, which is classified as a Design Basis Event (DBE). It is assumed that the control plate withdrawal can be triggered by a failure at the signal generator that controls its mechanisms. This failure results in a continuous signal that removes the control plate at nominal velocity. 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 Primary Cooling System (PCS), its primary pipes, pumps and the reactor pool. The secondary cooling circuit was modelled as a boundary condition. In the analysed sequence, it was postulated the success of the First Shutdown System (FSS) with single failure (insertion of control plates with the failure of the heaviest reactivity worth control plate). Regarding the reactor core, fuel temperature and coolant density reactivity coefficients feedback have been modelled. Because of the control plate withdrawal, positive reactivity is introduced in the core, which increases the power, fuel and cooling temperature. The FSS is triggered by high neutron flux signal and produces the control plates drop. It can be concluded that the design meets safety acceptance criteria (margin to redistribution of the flow and the departure from nucleate boiling), demonstrating that the reactor is properly extinguished and cooled by forced convection.


1. Introduction

The RA-10 Project has the purpose of design, construction and license a Research and Multipurpose Production Nuclear Reactor [1], with a high enough neutron flux to guarantee its simultaneous utilization in a wide range of medical, industrial and scientific research applications.

Within the safety analysis required for the RA-10 reactor licensing process, deterministic safety analysis for DBE were performed. To achieve this objective, a primary reactor thermal-hydraulic model has done, based on the RELAP5 plant code. This model includes the nodalization of the most important components: reactor pool, reactor core, primary system (chimney, decay tank, pumps, heat exchangers, and piping); and the modelling of the First and Second Shutdown Systems (FSS/SSS) were included.

This paper describes the reactor behaviour against an inadvertent heaviest control plate withdrawal event, at nominal velocity during normal operation.






[bookmark: _Toc366250011]2. Identification of causes and event description

It is considered that the control plate withdrawal may occur due to the signal generator failure which controls the control rods mechanisms engine, or the reactivity control system failure. This results in a continuous signal making the inadvertent control plate withdrawal at nominal velocity. This DBE belongs to the reactivity transient family [2].

The objective of this analysis is to demonstrate that the reactor is properly extinguished and cooled through the PCS. This will be done by checking the respective acceptance criteria.
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Below the modelling assumptions are presented which were applied to carry on this deterministic analysis.

Inadvertent heaviest control plate withdrawal is postulated.
Control plate withdrawal at nominal velocity (3 mm/s).
Reactor initially operating at full power (30 MW), cooled by forced convection at nominal mass flow.
Control plate withdrawal starts at 0 s.
Simulation time of 1000 s.
Beta effective of 726 pcm for this transient, corresponds to the beginning of cycle and normal operation value.
Reactivity insertion:
· starts from the most unfavourable position (40% plate withdrawal). This position is not the planned one in the plate movements for the reactivity control, but it allows a conservative analysis.
· the withdrawal finalizes when the FSS is demanded.  When the control rods were deenergized, it is assumed the detention of the heaviest control plate withdrawal. The complete insertion of the remaining 5 plates is assumed (single failure criteria).
· corresponds to a total plate worth of 2606 pcm (3.59 $), considering a penalization of +10% over the total reactivity worth.
· Table I shows the reactivity insertion as a function of the axial position, referring to its initial position with critical reactor.
A penalization of -15% over the reactivity feedback coefficients (fuel temperature and coolant density), values at reactor normal operation.

TABLE I: Most weight control plate reactivity insertion as a function of its position.

	Withdrawal (%)
	Time (s)
	Reactivity worth ($)

	40
	0.0
	0.00

	50
	20.5
	0.51

	60
	41.0
	1.01

	70
	61.5
	1.48

	80
	82.0
	1.89

	90
	102.5
	2.20

	100
	123.0
	2.37



[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 inadvertent heaviest control plate withdrawal, at normal operation, with the FSS actuation, can be divided into 3 phases:

Phase 1, core temperatures rising due to core power increment through positive reactivity insertion (0 s – 3.8 s): comprising the period from the start of the control plate withdrawal until the insertion of negative reactivity is finished by the FSS. It is characterized by an increase in power generated in the core, with a consequent increase in the fuel and coolant temperatures.

Phase 2, reactor extinction (3.8 s – 80 s): time period after the FSS actuation. It is characterized by a fast decrease of the power generated in the core, and the fuel and core outlet coolant temperatures.

Phase 3, temperatures front propagation (80 s – 1000 s): time period until the end of the transient. It is characterized by the presence of temperature fronts in the PCS, as a consequence of phases 1 and 2 phenomena, which initially produce a core inlet temperature increment and hereafter a monotone decrease of itself.

4.2 Phases description

Phase 1 (0 – 3.8 s): FIG.1 and FIG.2 (zoom) show the evolution of both total power generated in the core and the decay power. Due to the positive reactivity insertion, an increment of core power is obtained due to the control plate withdrawal. The core power overcomes 33 MW at 3.55 s (see FIG.2), threshold value for both ionization and CAMPBELL fission chambers groups for neutron flux measurement from the FSS. The failure of one cameras group is assumed, so that the other group demands the FSS actuation with a delay of 0.26 s due to the electronic and measurement instrumentation. The reactor extinction starts at 3.8 s. The maximum core power achieved is 33.3 MW.

FIG.3 and FIG.4 (zoom) show the control plate withdrawal reactivity insertion, fuel temperature and coolant density reactivity feedback, and the FSS reactivity insertion to integrate all in the total reactivity feedback. When the FSS is activated (3.8 s), the control plate has withdrawal 41.9%, inserting 0.095 $. In this phase the fuel temperature and coolant density reactivity feedback has a negative contribution for the total feedback, due to the core temperatures increment.

FIG.5 and FIG.6 (zoom) show the temperature evolution of the fuel cladding plates –external face- on the hottest channel at different axial heated volumes (TCHC). FIG.7 shows the temperature evolution of the fuel cladding plates –external face- on the average channel at different axial heated volumes (TCAC). At the end of this phase the maximum cladding temperatures are achieved: TCHC = 393 K y TCAC = 346 K.
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FIG.1: Nuclear power evolution.

[bookmark: _Ref359317798][image: ]FIG.2: Nuclear power evolution, short term detail.
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FIG.3: Reactivity feedback evolution.

[image: ] FIG.4: Reactivity feedback evolution, short term detail.

[bookmark: _Ref359317819][image: ]FIG.5: Cladding temperatures at different hot channel volumes. Being volume number 02/06 positioned at the core inlet/outlet coolant stream.
[image: ] FIG.6: Cladding temperatures at different hot channel volumes, short term detail. Being volume number 02/06 positioned at the core inlet/outlet coolant stream.

[image: ] FIG.7: Cladding temperatures at different average channel volumes. Being volume number 02/06 positioned at the core inlet/outlet coolant stream.

The inlet and outlet coolant temperature evolution of hot and average core channel are shown in FIG.8. In this first phase the inlet coolant temperature remains constant at 311.1 K, and outlet temperatures achieve a maximum of 337.7 K in the hot cannel and 321.3 K in the average channel, due to the core power increment and the subsequent FSS actuation.

FIG.9 shows the safety margins evolution of the hot fuel channel. As is seen the Departure of Nucleate Boiling Ratio (DNBR) and the Redistribution Ratio (RDR) decrease due to the fuel heating, achieving its maximum values for all the transient of DNBR = 2.16 and RDR = 3.14. 

Phase 2: The actuation of the FSS is 3.8 s after the event was initiated. This leads to a rapid decrease of the core power, passing across 5 MW at 5 s, and continues decreasing to decay power values until the simulation end. So the reactor is successfully extinguished by the FSS (with single failure).

Due to the power decreasing by the reactor extinction, the fuel temperature (see FIG.5 and FIG.7) and outlet coolant temperature (see FIG.8) decrease, while the inlet core temperature remains unchanged. As it is seen in FIG.4, the decreased of the average core temperature induces a positive reactivity insertion due to the fuel and coolant temperatures feedback. This contribution is negligible compared to the FSS negative reactivity insertion (see FIG.3).


[bookmark: _Ref360463722][image: ]FIG.8: Evolution of inlet/outlet coolant temperature of hot and average channel.
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FIG.9: Safety margins.

Phase 3: As is seen in FIG.8 a colder temperature coolant front reenters in the core 80 s after the event was initiated. This front is produced by the reactor shutdown and the consequent core outlet temperature decreased (phase 2). Given that in this event the PCS and Secondary Cooling System (SCS) pumps do not shutdown, i.e. the coolant conditions has not altered, the inlet core coolant temperature decrease below 311.3 K –nominal operation value- to achieve temperature values comparable to that of the SCS. Due to this effect and to the decrease of the decay power, the core temperatures continue decreasing until the end of the transient.

Finally, as is shown in Table I, due to DNBR and RDR values are higher than the limits proposed, the acceptance criteria adopted for the deterministic safety analysis for DBE are satisfied. Maximum cladding temperatures achieved in hot and average channel for all the transient are also shown in Table I.

[bookmark: _Ref371417922]TABLE I: Acceptance criteria and cladding temperatures.

	Parameter
	Safety limit
	Simulation result

	DNBR
	> 1.5
	2.16

	RDR
	> 1.3
	3.14

	Cladding  maximum temperature, hot channel
	-
	393 K

	Cladding maximum temperature, average channel
	-
	346 K




[bookmark: _Toc366250014]5. Conclusions

Facing the inadvertent heaviest control plate withdrawal, at nominal velocity and with reactor in normal operation, the extinction of the reactor by means of the FSS actuation (by second valid trip set point), assuming single failure criteria, was studied. Margins error was assumed on FSS reactivity insertion (-10% in the bank worth), on fuel temperature and coolant density reactivity coefficient (-15%), and on the control plate reactivity worth (+10%).

It was observed from the simulation that the reactivity inserted by the FSS –with single failure criteria- was sufficient to extinguish the reactor in short term and keep it in this state during all the analyzed period.

Finally, the acceptance criteria adopted for the deterministic safety analysis for this DBE are satisfied.
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