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Abstract. Computational fluid dynamics (CFD), one of the most sophisticated modelling tools available nowadays, has been playing an increasingly important role in engineering design in the last few years. CFD techniques not only provide the ability to analyze the feasibility of new concepts but also the information provided can be used to critically improve the design on early stages of the project. 
Nuclear engineering has not been immune to the use of CFD. In the RA-10 research reactor, CFD techniques have been found to be both useful and supportive for the design of the Radio Isotope (RI) facilities. 

Among the most challenging RI facilities engineers have to deal with, we can mention the Molybdenum production facility for medical purposes because of the high heat fluxes involved and the "in line" manipulation. This work addresses the study and performance evaluation of the RI facilities using CFD and it is mainly focused in the most relevant thermal-hydraulics aspects of the design (maximum temperature reached and head loss).

Notwithstanding the advantages provided by CFD modelling, it is equally important to understand the inherent limitations of the computational simulations. In this work, to deal with these limitations and still produce dependable results, we use simplified models coupled with a conservative approach to ensure that the adequate safety margins are guaranteed. Using the results obtained with CFD, the head loss coefficients needed to run the cases for each facility using the one-dimensional code CAUDVAP are obtained. Finally and taking advantage of CAUDVAP, the study of the flow distribution through the facilities in normal operation is presented.   

1. Introduction

Within the Argentinean Nuclear Programme [1] leaded by the National Commission of Atomic Energy (CNEA), a new multipurpose research reactor is being designed and developed. The RA10 is without any doubt one of the most challenging and exciting projects that CNEA has been engaged in the last couple years. This new reactor is expected to replace the RA-3 reactor (1967) with greater capabilities for radioisotope (RI) production to meet the domestic and overseas demand, increasing the production of Molybdenum-99 (no less than 2500 Ci/week) as well as the Lutetium-177 and Iridium-192 production.

The RA-10 reactor will also foster the Argentinean capabilities of carrying on applied research in different fields (such as Material Science, Medicine, Biology, etc) based on the use of neutron techniques through thermal and cold neutron beams that are a key core of the reactor design. CNEA is also very interested in becoming a strong player within the nuclear fuel industry and is in this endeavor that the RA10 reactor will provide the structure needed to develop and  test new fuel elements including mini-plates, MTR and NPP fuel assemblies. 

The RA-10 reactor is then conceived as a multipurpose facility suitable for RI production, materials and fuel irradiation, neutron techniques applications and silicon doping. The core consists of a rectangular array of MTR type fuel and the produced thermal power is 30 MW. The thermal power is removed by the cooling system via an ascendant light water flow through the core. The core is surrounded by a watertight tank containing heavy water acting as a neutron reflector. The tank is fully made of Zr-4 and several tubes of different diameters go across it to hold the irradiation facilities present at normal operation. An independent cooling system, flowing downwards, removes the heat generated and deposited in the irradiation facilities and the associated structures. 

Within the design problems and because there is an increasing trend toward use of computational tools early in the project development cycle by engineers, in this work we present the applications of Computational Fluid Dynamics (CFD) in a nuclear reactor design. Despite that the value of using numerical simulations has been highlighted by many, one of the greatest advantages of using CFD techniques rely on the fact that there is no need to build a physical model to obtain detailed results that could be difficult to measure even from a 1:1 scale model. This main advantage has led in the RA-10 design stage to a large number of simulations resulting in a detailed picture of each irradiation facility performance under different, and sometimes extreme, operating conditions. Notwithstanding how attractive the use of CFD can be, the use of such a tool without reference to a model testing should be a red flag to pay attention to since there is no guarantee that the predicted results are a true representation of the physical phenomena involved. 
       
2. Molybdenum rig. Modeling and Results.

In this section a general description of each irradiation facility to be studied is presented as well as the assumptions and simplifications made in order to carry out the CFD simulations. As stated before the RA10 reactor has a watertight tank containing heavy water that acts as a neutron reflector. Several tubes go across the tank providing the physical structure to house the irradiation facilities. The distribution and location of the facilities [2] are shown in FIG. 1.    
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FIG. 1. General distribution of the RI facilities in the reflector tank.

The criteria used in locating the facilities around the core are the result of a balance between neutronic and thermal requirements together with the goal of minimizing the tank's diameter needed to house the facilities. 

To obtain the required results a commercial CFD code (FLUENT v.14.5) was used for all numerical simulations. FLUENT v.14.5 comes in four sections. The first corresponds to a Computer-Aided Design (CAD) package and allows detailed geometries to be created to produce a true representation of the model. The second corresponds to a mesh generation package and it represents one of the most critical aspects of engineering simulation. Too many cells may result in longer solver runs and too few may lead to inaccurate results. The third section is FLUENT itself. In this section all the physical constants are entered and the correct models activated. This is the main section and where the simulations are carried out. Lastly, there is a solution visualization tool which allows us to clearly see the results in a fancy colored way. In what follows some of the irradiation facilities are described and the results obtained with FLUENT v14.5 are presented.

To further analyze and critically compare the accuracy of the results provided by FLUENT a one-dimensional code, CAUDVAP (developed by the Argentinean company INVAP S.E.) was used. The code can calculate the flow distribution in a isothermal steady state regime through different channels connected in a parallel array between commons inlet and outlet plenums. The problem is restricted to water in liquid phase flowing through the channels. CAUDVAP calculates the flow through the channels using an iterative scheme searching for the flow values that result in a unique pressure drop for the channels. The program can solve two different situations depending on whether the total fluid flow is specified or the total pressure drop in given.  

2.1. Molybdenum description.

The RA-10 reactor will continue the important function of RA-3 in producing radioisotopes for medical applications. Molibdenum-99, the progenitor of Technetium-99, is made by irradiating a plate target of uranium, causing fission, and separating the Mo-99 from other fission products in specially designed hot cells. Mo-99 decays to Tc-99 which is the most widely used isotope in nuclear medicine. The targets are 20% enriched Al-U. There are 10 irradiation positions for Mo-99 production with a load of 8 plate targets each. The device and its configuration can be seen in the FIG. 2.  
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FIG. 2. Irradiation facility scheme for Mo-99 production.

The thermal-hydraulic design of the Mo-99 facility is one of the most challenging tasks that need to be performed to guarantee safety and design requirements. On the one hand the total head loss due to the coolant flow through the facility must not exceed 70 kPa at any operating condition. The reason underlying this requirement is to avoid sub-atmospheric pressure due to the downward flow. On the other hand, in the case of the Mo-99 RI nuclear fissions are taking place during irradiation and the heat flux involved is considerably higher (126 w/cm2) than the rest of the RI facilities. In this case the refrigeration of the plate targets need to be assured in such a way that the maximum temperature reached on the plates is lower than the saturation temperature of the coolant to avoid the appearance of bubbles. 

2.2. Head Loss 

To first calculate the head loss in the Mo-99 facility two cases were considered: the first one corresponds to the situation in which the Mo-99 device is removed during the "in-line" manipulation maneuver. This operation consists in removing the rigs with the targets after a five days irradiation period and replacing them with fresh new plates to be irradiated. The operation is carried out with the reactor operating at full power and is crucial to avoid an excessive by-pass flow through the empty irradiation tube of the reflector tank. Having this ni mind a flow restrictor was designed to prevent such by-pass flow. In addition he total head loss with the Mo-99 device removed was calculated using a 2-D model (see FIG. 3.). The problem to study corresponds to a 2D, steady state, incompressible and turbulent flow (light water). 
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FIG. 3. Mo-99 irradiation tube.

To run the simulation adequate boundary conditions were used (mass flow inlet and pressure outlet along with an axis symmetry condition). Two different turbulent models were tried: The k-ε model and the k-ω model. The computational grid was a uniform grid and the circular shape upstream inlet was chosen to allow the flow to enter in a radial fashion way. The results were checked by doubling the cells size and similar results were obtained. In this case due to the simplicity of the model and because a global result, such a head loss, is aimed to be obtained, we plotted the head loss vs. the device length. The results are shown in FIG. 4.      
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  FIG. 4.Head loss along the Mo-99 device.

As it can be seen in the figure above, there is not a noticeable difference between the results provided by FLUENT and CAUDVAP when compared. This is a consequence of the specific local coefficients used in order to write the CAUDVAP input file. The underlying reason behind this is to generate an accurate one dimensional model capable to represent the total head loss in the Mo-99 (as well as the other irradiation facilities) and to use it later on to calculate the flow distribution through all the irradiation facilities. CAUDVAP is a more suitable tool for doing this in terms of computational muscle required (much less that FLUENT) still providing comparable results.  

The second case corresponds to the Mo-99 [3] facility itself. In this case a 3D full geometry was created and taking advantage of the device's symmetry, a smaller but still accurate 3D model was used. The flow under investigation again is a 3D, steady state, incompressible and turbulent flow (light water). To set up the simulation appropriate boundary conditions were chosen. A mass flow inlet condition was used and the large upstream volume created on top of the entrance was designed to allow the flow to settle before the opening (FIG. 5.)  
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  FIG. 5. 3D CAD model generated and 1/8 model used for the simulation.

Since the most important parameter to investigate is the total pressure drop a pressure outlet condition ( P=0 k Pa) was used. The reason for doing that relies on the fact that once the mass flow is set the pressure at the entrance will be the one needed to overcome the pressure drop originated in the device and maintain the provided flow rate. In other words that will represent the total head loss. A 1/8 model was use to run the calculation and the k-ε realizable turbulence model was used and the Standard wall functions option was enabled for the turbulence treatment close to the wall. All the equations (mass and momentum) were solved using a second order upwind scheme. Once the solution was converged, a mesh refinement due to pressure gradient was done. A wide variation between the lower and upper limits values for the mass flow inlet was done and many points were use to obtain the head loss pattern as a function of the mass flow. The results are shown in FIG. 6.     
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          FIG. 6. (Left) Plots of pressure drop vs. flow rate and (Right) pressure drop along the Mo-99 device for a given flow rate.  

To better understand how the Mo-99 device's design affects the flow patterns, the fluid velocity path lines obtained in some critical areas are shown in the FIG. 7.       
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          FIG. 7. Fluid path lines at the entrance (left), before the aluminum bodies (center) and at the targets zone (right) 

2.3. Temperature distribution

For the reason stated before (neutron fissions are occurring while being irradiated) the Mo-99 device represents the most critical facility in terms of thermal margins due to the high heat flux involved. To fully capture the temperature profiles occurring on the foil target cladding (aluminum) a more detailed model and a more refined mesh is needed. Because modeling the full Mo-99 geometry with such a detail would consume a lot of computational effort and convergence problems may arise a reduced portion of the Mo-99 facility was modeled. The targets are cooled down via a descendant flow through the channels formed between the plates and the aluminum body's wall. This can be seen in the FIG. 8. 
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FIG. 8. (Left) Reduced symmetry used to solve the temperature profiles.(Right) Boundary conditions applied to the problem. 

To run the simulation the momentum, mass and energy equation were solved using a second order upwind scheme and to reduce the computational running time even further a 1/4 of the reduced model was used. For the turbulence treatment, the k-ɛ realizable model was enabled and the residuals for the energy equation set to 1E-06. The numerical model includes the aluminum cladding (the meat is not included) and the coolant fluid. For the heat flux boundary condition a constant distribution was used. The last assumption could be questionable since the neutronic profile in the axial direction is not uniform; moreover, it has a maximum somewhere along the core. Having this in mind and using the peak power factor, the constant heat flux value used corresponds to the maximum value reported and using the peak factor an even higher value was finally set. After maximizing the heat flux and applying certain engineering criteria such as increasing the heat flux a 10% the simulation was performed. The results presented in the FIG. 9 correspond to a mass flow variation from the lowest to the highest coolant flow values. There is no need to point out that the most compromised situation, in terms of wall temperature, would be the one in which the reactor is operating at full power (in consequence maximum heat flux in the Mo-99) and the mass flow through the Mo-9 facility is at its minimum rate.   
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FIG. 9. Temperature profiles established at the targets wall. 

2.4. Maximum Temperature: An analytical approach.

To complete the thermal analysis and not to only rely on the results provided by FLUENT the analytical computation of the maximum temperature reached in the targets was performed. From mass and heat transfer theory and using the Gnielinsky's correlation to obtain the Nusselt number along with the Petukhov's correlation for the friction factor (in order to calculate the heat transfer coefficient h) the maximum temperatures were calculated. The comparison between the results obtained with both methods is shown in Table I.





TABLE I: Comparison between Fluent and Analytical results for temperature.   
 
	Flow rate
[m3/hr]
	FLUENT Temperature [C]
	ANALYTICAL Temperature [C]
	Difference
[%]

	9.0
	105.1
	106
	0.9

	9.4
	103.1
	103.6
	0.4

	10.3
	98.7
	98.6
	-0.1

	11.3
	94.8
	94.4
	-0.4

	13.5
	87.8
	86.6
	-1.4



As it can be clearly seen, there is not a noticeable difference between both the results obtained with the two different methods. 

3. CAUDVAP integration 

Following the same methodology showed above we found the maximum head loss and the temperature profile distribution for each facility and the coefficients for the CAUDVAP input file were adjusted. It is of our interest to investigate the mass flow distribution through the facilities and, as stated at the beginning, CAUDVAP results in the most appropriate tool for achieving this goal. To perform this calculation all the irradiation facilities are considered to be connected in parallel and in a steady state condition. The obtained required flows and its comparison with those obtained analytically are presented in Table II. 

TABLE II: Flow distribution through the IR facilities.   

	IR
	# of devices
	Flow rate for a single device [m3/hr] (analytical)
	Flow rate for a single device [m3/hr] (CAUDVAP)
	Difference
%

	Mo-99
	10
	9
	10.78
	+21

	ORI
	3
	1.4
	1.66
	+18

	Med-Ir
	4
	2.3
	2.85
	+24

	Ind-Ir
	1
	0.5
	0.7
	+40


   
It can be concluded that the devices' design are good enough to secure flows above the required minimum values.

To study the case when one Mo-99 device is unload and to make sure there is not an excessive by pass flow through the rest of the irradiation positions we calculated the flow distribution again, in this case with nine Mo-99 devices and an empty Mo-99 irradiation tube. The results are presented in Table III.









TABLE III: Flow distribution through the IR facilities with an Mo-99 pulled out.   

	IR
	# of devices
	Flow rate for a single device [m3/hr] (CAUDVAP)
	Total flow rate [m3/hr] (CAUDVAP)

	Mo-99
	9
	10.2
	90.2

	Mo-99 Tube
	1
	18.3
	18.3

	ORI
	3
	1.56
	4.7

	Med-Ir
	4
	2.7
	10.8

	Ind-Ir
	1
	0.6
	0.6



From previous design requirements the by-pass flow through the core must not exceed 20 m3/hr and as it can be seen this condition is fully accomplished.   

4. Conclusions

This work shows the applications of CFD in the design process and highlights the resulting advantages. Using the Mo-99 facility we described the procedure used to run the simulations along with the simplifications and assumptions made in order to lower the computational time required and still produce reliable results. For some of the obtained results, (temperature profiles), a comparison against analytical values was made. Finally and using FLUENT we were able to write an input file for the one-dimensional code CAUDVAP to later on calculate the flow distribution. 
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