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Abstract. Upgrading the power of a research reactor is not only to increase the power and the coolant flow rate in order to fulfill the design criteria. Sometimes, a new safety approach and criteria must be achieved, new requirements appear and some design constrains must be considered. This is the case of the reactor upgrade analyzed in this paper.

This thermal-hydraulic analysis was performed in order to determine the maximum power that could be removed for an existing reactor, based on a new fuel assembly and on the requirement of Molybdenum production. Due to the new reactor power and maximum heat flux a new layout of the Primary Cooling System was defined based on two branches with a pump each and a common heat exchanger, keeping in mind that the flow rate was limited by the embedded pipes that could not be replaced.

Additional engineering safety features, such as inertia fly-wheels and redundant flap valves, were included in the design in order to cope with the safety analysis requirements.

A summary of the results achieved is presented.
1. Introduction

Upgrading an existing reactor represents a completely different challenge than the design of a reactor from the very beginning. 
When upgrading a reactor, different issues must be taken into account, whether the core has a fixed or a variable amount of fuel elements (FFEE), if the fuel geometry can or cannot be changed, the maximum allowable coolant flow (established by the embedded piping that cannot be changed) and new reactor purposes, among others.
Parametric studies, varying the number of FFEE and reactor power, were done using different hydraulic and thermal-hydraulic proprietary codes, such as CAUDVAP v.3.60 [1] and TERMIC v.4.3 [2], to find an optimal upgrading point. The considered variables were:
· Minimum coolant velocity between fuel plates

· Minimum pump flow rate
· Core pressure drop

2. Reactor description
The reactor proposed for the upgrade has the following features:

· 1 MW thermal power

· Open pool
· Light water moderator and coolant

· 220 m3/h primary circuit pump flow rate

· MTR fuel type
· Downward forced circulation
· A 10 x 8 positions grid
· Graphite reflectors
3. Design Criteria

The design criteria guarantee adequate margins between the safety limits and the nominal operation conditions, so that any deviation in the reactors parameters can be absorbed avoiding any damage to the core components. 

The analyzed reactor, being made in the 80’s, was designed based on design criteria such as a maximum clad surface temperature below 90 °C and a maximum heat flux lower than the one leading to nucleate boiling.
Currently, the knowledge on nuclear technology has allowed updating the design criteria. It states that the maximum heat flux (q"max) on the fuel plates must never reach the Departure from Nucleate Boiling heat flux (q"DNB), and that the reactor power (P) must never reach the Redistribution Power (PRD).
Additionally, the Onset of Nucleated Boiling (ONB) is considered as the first warning, and, actually, it is taken as a limit in steady state conditions although it does not corresponds to any critical event.
The design criteria are enforced through ratios, Table I presents the adopted ratios or design limits for the steady state operation.
Table I: Adopted design limits 

	Parameter
	Design limits

	 DNBR = q"DNB / q"max
	≥ 2.0

	 RDR = PRD / P
	≥ 2.0

	 ONBR = q”ONB / q”max
	≥ 1.3


4. Design Requirements

These requirements ensure the structural design of the fuel elements and, although they are not thermal-hydraulic criteria, they affect the thermal-hydraulic design. They are:

· Wall temperature of the cladding: to avoid changes in the thermo-mechanical properties in Aluminum structures such as the FFEE cladding, the maximum wall temperature must not exceed 150 °C
· Hydraulic instabilities: an array of parallel plates defining coolant channels may become unstable, leading to plate deformation, if the coolant reaches the critical velocity (Vcrit). The maximum velocity in the coolant channel must be lower than 2/3 of Vcrit
· Thickness of the oxide layer: to prevent the “spallation” of the oxide layer developed on the surface of the fuel plates, a thickness of 50 microns or a maximum temperature difference of 120 °C, across the film, was defined as limiting values 
5. General Description and Conditions

As an existing facility some parameters and operational conditions are fixed while others must be defined according to the upgrade requirements. Table II resumes the general reactor description and present conditions and the parameters to be varied, as well.

Table II: General descriptions and conditions 

	 Core power [MW]
	2 – 3 – 3.5 – 4
	Variable parameter

	 PPF
	3
	Assumed

	 Coolant inlet temperature [°C]
	40
	Fixed condition

	 Coolant and moderator
	Light water
	Fixed condition

	 Coolant circulation type
	Forced
	Fixed condition

	 Coolant circulating direction through the core
	Downward
	Fixed condition

	 Water column above the core [cm]
	750
	Fixed condition

	 Number of standard FFEE
	4 to 23
	Variable parameter

	 Number of control FFEE
	5
	Fixed condition

	 Maximum primary coolant flow rate [m3/h]
	500
	Fixed condition

	 Maximum core pressure drop [kPa]
	70
	Fixed condition


It is worth to mention that the assessment is based on a new fuel element but its characteristics are not relevant for the present analysis.
6. Calculus Description
Calculations begin with the estimation of the minimum coolant velocity needed to cool the hottest channel, for the core power values defined in Table II, while fulfilling the design criteria. The minimum coolant velocity is obtained using the TERMIC code. 

TERMIC is a steady-state thermal-hydraulic code developed to perform core design using plate type fuel assemblies. This code calculates maximum allowable powers and heat fluxes using selectable limiting criteria as a function of the coolant velocity.
The hottest channel is that with the maximum heat flux, calculated like follows:
q"max = P x PPF / HS

Where:

q"max: 
Maximum heat flux
P: 
Reactor total power (2, 3, 3.5 or 4 MW)

PPF: 
Power Peaking Factor (this is the ratio between the average and the maximum heat flux, a conservative value of 3 is considered)

HS: 
Heated Surface (dependent on the number of FFEE)

Once the minimum velocity has been established, the core flow rate can be calculated to obtain the pump flow rate. Due to the core configuration, a certain by-pass flow rate must be considered, this is, flow passing between graphite reflectors, gaps between the grid and the suction plenum and small holes on the grid, among others.
To obtain the hydraulic parameters the code CAUDVAP is used. This code, given a certain geometry and total flow through the core, calculates the total pressure drop across the core and the way the total flow is distributed through the different channels, in an isothermal condition.
7. Results
As stated before, in order to obtain the different parameters of analysis, the maximum heat flux must be determined first.
FIG.1. shows the maximum heat flux for each power and number of FFEE analyzed. As expected, as the number of FFEE decreases or the power increases, the heat flux increases.
FIG.2. shows the calculated minimum coolant velocity for each case and it is important to emphasize that in every case the limiting criterion was flow redistribution (RDR).

FIG.3. shows the pressure drop against the number of fuel elements
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FIG.1. Maximum heat flux vs. number of fuel elements
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FIG.2. Minimum coolant velocity vs. number of fuel elements.
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FIG.3. Pressure drop vs. number of fuel elements.
Having calculated the minimum coolant velocity and the pressure drop for such a variable as the number of FFEE, it can be seen that any of the proposed power upgrades is possible.
At this point the different restrictions and goals, imposed by other design groups within a nuclear project, will define the final core configuration and power. In the following section a “sample case” will be presented.

8. Sample case

For a reactor aiming at Molybdenum production, and from the neutronic point of view, specific levels of power density are required. So, a maximum power of 3.5 MW and a 17 FFEE configuration is deemed optimal.
Regarding the primary flow rate, it’s limited to 500 m3/h by the coolant velocity in the embedded piping. A 450 m3/h flow rate was calculated for the optimal configuration but a request for two 50% primary coolant system pumps arises.
The core pressure drop is below 10 kPa which is far from the allowable 70 kPa.

Table III presents a summary of the main results. 

Table III: Summary of results

	 Power [MW]
	3.5

	 Primary flow rate [m3/h]
	450

	 Core pressure drop [kPa]
	7.7

	 Minimum coolant velocity [m/s]
	0.16

	 RDR
	2.1

	 DNBR
	3.2

	 ONBR
	1.32

	 Vcrit [m/s]
	15.5

	 Maximum wall temperature [°C]
	105.0

	 Maximum coolant temperature [°C]
	69.0

	 Thickness of the oxide layer [microns]
	24.2


Finally, and to cope with a Loss of Flow Accident, an inertia fly-wheel for each of the primary coolant pumps was calculated to avoid the early flow reversal and provide a smooth transition to natural circulation through the core. Additionally, and to decrease the probability of core damage, one more flap valve was specified.

9. Final Remarks - Conclusions 

The main goal of the present analysis is to show that when the upgrade of an existing reactor is proposed there are fixed conditions and constrains that represent a challenge. Not always is an easy task the interaction of the design groups with different objectives.

However, from the thermal-hydraulic results it is concluded that the power can be upgraded and a large variety of configurations is allowed, depending on the purpose of the facility.

A sample case for Molybdenum production was presented fulfilling not only the thermal-hydraulic design criteria but the requirements and particular design constrains.
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