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Abstract. 

UMo fuels have been developed since the late ‘90s to achieve the conversion of high performance reactors to LEU. During the ongoing qualification process of these compounds several problems have been encountered that led to the consideration of a monolithic design. The present work aims to employ these fuel elements in the design the core of a nuclear reactor. The design was based on the OPAL reactor, which was designed and constructed by INVAP S.E. This reactor was commissioned during the second half of 2006 and has a nominal fission power of 20MW. The goal of the design was to achieve better performance while maintaining the thermohydraulic and neutronic safety margins that are usually considered relevant for the commission of these kinds of facilities. Parametric calculations involving relevant design variables, such as cladding material and meat, cladding and coolant channel thicknesses , were made in order to improve the discharge burn-up of the fuel elements and the equilibrium cycle duration. The new designs allow the increases in thermal power, which was evaluated in order to increase the thermal fluxes in irradiation positions and extraction beams situated in the reflector of the reactor. First-estimation calculations were carried out to evaluate changes in the volume of the core as well as the including of an in-core thermal irradiation facility. 

1. Introduction

Since the late '70s non-proliferation has been one of the major concerns in the international nuclear community and its developments. Thus a major effort has been dedicated to reduce the enrichment of fuels for civilian facilities. In this line of work several compounds with increasingly higher uranium densities have been developed.


With the increase in uranium density of aluminum compounds and the latter qualification of uranium oxides and silicides an important amount of such facilities could be converted to LEU fuels. However there are still a number of reactors that, due to their high performances and special geometries, are still not in condition to achieve conversion. To meet that goal uranium molybdenum development has been carried out since the late '90s [1].


In this qualification process several problems regarding mainly the aluminum-UMo interdiffusion had to be addressed. This led to the development of new fabrication techniques and to the consideration of a monolithic meat fuel design as well as to the proposal made by CNEA of using zircaloy as cladding material instead of aluminum [2].


In this paper, an evaluation of the performance of a UMo fueled nuclear reactor based in OPALs design was carried out. Thermal hydraulic and neutronic margins were evaluated in each configuration to verify the not degradation in the safety aspects of the facility.


OPAL is a nuclear reactor designed and constructed by INVAP S.E. for ANSTO. It's an open pool type reactor of 20MW of thermal power that first reached criticality in 2006. It employs heavy water as reflector, light water as coolant and uranium silicide as meat compound. The core consists of 16 fuel elements in a square cross section array [3]. The cladding and frames of the fuel elements (FE) are made of aluminum 6061. 
2. Design considerations
2.1. Design Tools

The Calculation tools used for the numerical analysis are the CONDOR[4] and CITVAP[5] codes, both available in the INVAP Calculation line.[6]

CONDOR code model uses the HRM calculation option in 2D geometry and it's used for cell calculation of all the core components (SFA, Reflector, Control absorber, etc).


The HXS [6] utility is used to save the XS in a Macroscopic cross section Library, which can be very easily used in the CITVAP code.


The CITVAP reactor calculation code is a new version of the CITATION-II code[7], developed by INVAP's Nuclear Engineering Department. The code was developed to improve CITATION-II performance. The code solves 1, 2 or 3-dimensional multi-group diffusion equations in rectangular or cylindrical geometry. Spatial discretization can also be achieved with triangular or hexagonal meshes. Nuclear data can be provided as microscopic or macroscopic cross section libraries.


The CITVAP model is a 3D XYZ model in a 3 group�s diffusion calculation. The upper energy limits of each group are: 10MeV, 0.821 MeV, and 0.625 eV.
2.2. Design Margins

The design margins that were taken in consideration are presented in the table 1.

	Mechanichal 

	Coolant channel thickness
	> 2mm

	Coolant velocity
	< 15 m/s

	Cladding thickness 
	> 0.3 mm

	Nominal coolant velocity / Plate collapse velocity*
	< 2/3

	Thermal hidraulical

	Departure from nucleated boiling heat flux/Maximum heat flux
	> 2

	Flow redistribution heat flux/Maximum heat flux
	> 2

	Onset of nucleated boiling heat flux/Maximum heat flux
	> 1.3

	Neutronic 

	Shutdown margin
	> 3000 pcm

	Shutdown margin with single failure
	> 1000 pcm

	Power reactivity coefficients
	< 0 pcm/W

	EOC excess reactivity
	 ~ 1200 pcm

	Power peaking factor
	< 3

	* The correlation proposed by Miller  was used [8].

	TABLE 1 Design margins used in the present work.


2.3. Other considerations

· The cladding materials employed were Al 6061 or Zircaloy-4.

· The diffusion barriers were not included in the models for having a negligible effect both in the neutronic and thermal hydraulic aspects.

· The frames of the fuel elements were always made of Al 6061, even when zircaloy claddings were used.

· The meat temperature was not modified for the different configurations analyzed, due to the bad conductivity of UMo compounds this will produce a difference in reactivity, but for this work it was considered negligible.

· The meat thickness was varied between 0.1 and 0.31 mm, the lower limit is due to fabrication restrains and the upper one was chosen because thicker meats were analyzed in a previous work [9]. 

3. Analysis and results
3.1. Different models employed

Two cell models in XY geometry were used, depending on the computational cost and geometrical considerations.
· A quarter of fuel element (figure 1.a): It was used for every case without burnable poisons and for the cases with burnable poisons that for non-symmetry considerations weren't suitable for less complex models.
· Average fuel plate (figure 1.b): The average dimensions were estimated by conserving the mass relations in the fuel element between the different materials. It was used for the calculations that involved burnable poisons in each plate. 
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	FIGURE 1. (a) Cell model of a quarter of FE. (b) Cell model of an average fuel plate



Two core models in XYZ geometry were used, depending on the computational cost involved.


Simplified nucleus model: It didn't include any irradiation facility nor extraction beam on the reflector. It was used for the parametric calculations due to its low computational cost. The over- estimation in reactivity was characterized to be ~ 3800 pcm and it remains approximately constant with burn up.


As that the importance of the irradiation facilities in the reflector varied when using the UMo compounds and maintaining the external dimensions of the core, the final results had to be recalculated with the more complex model. However, for a given meat thickness the weight in reactivity of these facilities remained essentially constant so the parametric analysis was valid and the positions of the maximums didn't vary when using this simplified model.


Model with irradiation facilities and extraction beams in the reflector: In first instance, It was used to estimate the reactivity excess that the simplified model predicts. The reactivity margins, peak factors, reactivity coefficients and parametric calculations with the size of the core were also runned with this model. At latter instances, it was also used for the evaluation of the in-core irradiation facilities.

3.2 Parametric calculations at nominal power

The cycle length and discharge burn-up for the equilibrium core was evaluated as a function of the number of fuel plates per fuel element. The calculations were made at nominal power (20MW) and for different values of meat thickness.


The coolant nominal velocity was kept at  8.6 m/s, this was made as a first estimation and the safety thermal hydraulic margins were latter verified. 


In order to make easy calculations and comparisons between performances of the different configurations, the fuel assemblies exchange strategy was in every case the same. It was a simple one, without sub-cycles, and if further calculations are to be carried out it's one of the main characteristics to modify, because almost every result obtained depends on it. The strategy consisted of 3 batches, which led to the fuel elements of one of them to remain one cycle longer in the core.


The search of the equilibrium core was made in a non-critical configuration, with the control rods in its totally extracted position. This led to a different axial distribution of the local burn-up in the FE from the one that will actually occur in an operating reactor. In this way the extraction burn-up is overestimated and consequently also the cycle length.


For each meat thickness evaluated, a maximum for both the burn-up and the cycle length was observed. This is due to the fact that for a low number of plates the uranium load of the core is quite low, thus reducing the reactivity excess. On the other hand, for a high number the FE became extremely submoderated and the cladding absorptions are increased as the cladding thickness must be increased to avoid the collapse of the assembly.


In figure 2 the results of the parametric analysis is showed for one of the cases. 
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	FIGURE 2. Typical result of the parametric analisis for a given meat thickness.



Similar results were obtained for each meat thickness evaluated, with a displacement of the maximums to a higher number of fuel plates as the meat thickness was reduced. This was attributed to the fact that to conserve the uranium load, the number of plates should be increased as the meat thickness was reduced. As the refrigeration velocity was maintained constant, the reactivity of the thinner meats was penalized in a stronger way due to the cladding absorptions.


When zircaloy cladding were used, the maximums were also displaced to higher number of plates compared to the same cases with aluminum. This was associated to two effects: for one side, the better  mechanical properties of zircaloy permitted thinner plates and thus thicker coolant channels and less submoderation; on the other side, the absorptions one the cladding were less important both due to the thinner claddings and the lower cross sections. For each optimal configuration, the thermal margins were corroborated with the TERMIC code.


 The results are showed in figure 3.
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	FIGURE  3. Results of parametrical analisis for both cladding materials in consideration.


3.3. Power increases to 22MW, 25 MW and 30 MW

In the precedent analysis a maximum in discharge burn-up in function of the meat thickness wasn't found. Instead there was a monotonous growing towards thicker meats, which indicates that in the range of thickness studied the sub-moderation doesn't play such an important role in penalizing reactivity.  For this reason the thicker of the meats evaluated (0.31mm) was the one chosen to continue with further analysis. 


Increases in thermal power of 10%, 25% and 50% were considered, while maintaining the core external dimensions. In each case the minimum coolant velocity that met the imposed margins was searched. To achieve that, both the coolant velocity and the number of plates were varied until the configuration was in agreement with such margins.


The mechanical consequences of these increases in coolant velocity weren't evaluated, with the exception of plate collapse velocity and maximum velocity to avoid excessive hydraulic erosion. It's possible that the drag forces induced in the plates and the whole assembly could lead to the need of a re-design of the plates, the supporting grid or the nozzle.


As the coolant velocity was increased the maximum of power that the assembly is able to handle is encountered for a lower number of plates. This is due to the growing relative importance of the flow redistribution in meeting the safety margins. However, as a minimum coolant velocity of 8.6 m/s was used, this behavior wasn't observed in the configurations reported.


The neutronic performances of these assemblies y showed in table 2.

	Cladding material
	Thermal power [MW]
	Average discharge burn-up [MWd/TonU]
	Maximum discharge burn-up [MWd/TonU]
	Reactivity at EOC [pcm]
	Cycle length [days]

	OPAL
	20
	90000
	 116000
	1400
	33

	Al
	20
	113000
	143000
	1300
	64

	
	22
	112000
	143000
	1300
	58

	
	25
	105000
	134000
	1300
	50

	
	30
	95000
	122000
	1200
	36

	Zry-4
	20
	119000
	151000
	1200
	71

	
	22
	116000
	148000
	1400
	66

	
	25
	113000
	145000
	1300
	59

	
	30
	108000
	139000
	1300
	43

	TABLE 2. Neutronic performance of the increased power core for meat thickness of 0.31 mm 



Specially when using aluminum cladding, the increase in cladding thickness that is required to withstand the higher velocities strongly penalizes the reactivity of the system. This leads to a significant reduction in the discharge burn-up of the FE. 

3.4. Burnable poisons utilization 

When evaluating the peak factor and reactivity margins it became evident that the addition of burnable poisons was necessary. In many cases the peak factor increased well above 3 at BOC as the control rods had to be inserted in a major degree to compensate the reactivity excess and in some of them the single failure shutdown margin wasn't higher than 1000 pcm considering the uncertainties of the model. 


It was also observed that the total weight of the control rod bank was reduced between  10% and 20% in the different configurations. The relations of thermal/fast and epithermal/fast fluxes were evaluated in the positions where the rods are inserted and a diminution between 10% and 20% was also noted. As the control rods are made of hafnium and it's both a thermal and epithermal absorber, part of this reduction in weight is considered to be provoked by this.


In recent irradiation experiences boron compounds have been tested as burnable poisons for UMo fuels, but this is because these fuels are being considered for high performance reactors, which work with longer cycles and only one batch. For a reactor of the characteristics of OPAL, it has been showed  that cadmium, thanks to its faster burn-up, offers a better loss of reactivity at BOC for the same penalization at EOC [10].


With OPAL's cycle burn-up it isn't possible to add more than a pair of cadmium wires  every two fuel plates and they can only be in half of the active length. On the other hand, with UMo compounds it was possible to add a pair of wires per plate and increase their length. To determine their length the penalization caused by them at EOC was fixed to be less than 100 pcm. This led to wire lengths between 65% and 80% of the active length in the different cases. The peak factors and reactivity margins obtained at BOC with cold reactor (homogeneous temperature of 25ºC) and without Xenon are showed in table 3.
	Cladding material
	Thermal power [MW]
	Peak factor
	Shutdown margin [pcm]
	Single failure shutdown margin [pcm]

	OPAL
	2.44
	-11400
	-6300

	Al
	20
	2.53
	-7800
	-3700

	
	22
	2.53
	-7800
	-3600

	
	25
	2.59
	-8400
	-4300

	
	30
	2.58
	-9700
	-5500

	Zry-4
	20
	2.58
	-7000
	-2900

	
	22
	2.6
	-7000
	-3000

	
	25
	2.62
	-7400
	-3300

	
	30
	2.56
	-8100
	-3900

	TABLE 3. Peak factors and shutdown margins for the diferent cases with burnable poisons. 



Both the peak factor and the shutdown margins are worse in many cases than the ones from OPAL, but even considering uncertainties in a conservative way, these are far from the imposed margins. 


For this configurations the power reactivity coefficients where calculated and they remained negative for the entire duration of the equilibrium cycle.
3.5. Thermal Flux level

The thermal flux in positions P1,P2, P3 and cold source (see figure 4) was evaluated for each configuration. The values are reported on table 4.
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	FIGURE 4. Positions of interest for evaulating thermal fluxes: P1, P2, P3 and Cold Source.

	Cladding material
	Core thermal power [MW]
	EOC thermal fluxes [10¹⁴ n/cm²s]

	
	
	P1
	P2
	P3
	Cold source

	OPAL
	1.7
	1.6
	2.1
	1,6

	Al
	20
	1.52
	1.46
	1.88
	1.39

	
	22
	1.67
	1.61
	2.07
	1.53

	
	25
	1.93
	1.87
	2.38
	1.77

	
	30
	2.39
	2.33
	2.93
	2.2

	Zry-4
	20
	1.48
	1.41
	1.84
	1.35

	
	22
	1.53
	1.47
	1.89
	1.39

	
	25
	1.86
	1.78
	2.3
	1.71

	
	30
	2.27
	2.19
	2.81
	2.08

	TABLE 4. Thermal flux levels in relevant positions for meat thicknesses of 0.31mm.



The thermal fluxes are relatively lower for the UMo  compounds, especially with the thicker meats. This, in addition to the observed reactivity weight reduction of the beams and irradiation facilities in the reflector, indicates that a considerably bigger portion of the neutrons generated by the system are absorbed in the fuel without reaching the reflector.


The flux level relative losses are more important in the cases with Zircaloy claddings. This is due to the bigger amount of plates per FE that the assembly has as a consequence of the better mechanical properties of zircaloy, which allow the use of thinner fuel plates.


To improve the flux levels, the effect of changing the sub-moderation and the meat thickness was analyzed. However, this only led to changes of less than 5%.
3.6. Change in core size

The possibility of changing the core size was evaluated in order to increase thermal flux levels in the reflector. As the beams and irradiation positions are optimized for OPAL's spectrum and geometry, comparing the thermal peaks with the simplified core model was considered. However, as the intention is to increase the core losses, this would have introduced a major uncertainty source because the reactivity weight of the beams and irradiation facilities is different in each case. For this reason the more complex core model was used, although this leads to an underestimation of the flux levels that can be obtained as the positions of the elements in the reflector aren't optimized.


The active length and number of plates per FE remained constant, and the transversal geometry was kept square. Calculations were made only for a 20 MW thermal power, with both cladding materials. Results are shown in figure 5.
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	FIGURE 5. Results of  discharge burn-up and thermal fluxes in relevant positions for changes in the size core. With aluminum cladding (left) and zircaloy cladding (right).



Different relative flux increases are observed, which is due to the fact that the importance function isn't isotropic, so not being in the optimal position affects in a different way to the different positions. 


For the zircaloy case, a 10% reduction in the side length, which represents a ~20% volume reduction, leads to an increase in thermal fluxes of 20% and a reduction of discharge burn-up of the same amount.


It's important to emphasize that this is a first estimation of the fluxes which can be generated, a more detailed calculation would require re optimizing the irradiation positions and beams but this is beyond the scope of this paper.

3.9 In-core irradiation position

Another evaluated alternative for obtaining higher thermal fluxes was the addition of an in-core irradiation position. 


This was made as a first-estimation calculation and there are many problems associated that weren't addressed. An example of such problems are: the strongly non-symmetric flux that will result, which will have an important influence in the burn-up distribution and will require a re-design of the refuelling strategy; This non-symmetry will also alter the weight of the different control rods, leading to a modification in the strategy for reaching the critic state, specially considering that inserting the rods near the in-core irradiation facility will strongly penalize the flux that can be obtained there; Lastly, this effects will also provoke an increase in the peak factor which should be evaluated and coped with.


To create the irradiation position one FE of the batch that remains the longest in the core was removed. In this way the 3 batches stay the same amount of cycles before discharge. Three different positions were considered, with different reactivity importance, so as to evaluate different relations between discharge burn-up and thermal fluxes obtained. These positions are showed in figure 6.

The fluxes were evaluated with all the control rods in their fully extracted positions and without burnable poisons. The latter doesn't imply important differences as the evaluation of the fluxes was made at EOC. Regarding core power, it was kept at 20MW. Results are shown in table 5.
	Cladding material
	Average discharge burn-up [MWd/TonU]
	Cycle length [days]
	Location of the in-core facility
	Flujos [10¹⁴ n/cm²s]

	
	
	
	
	Pi
	Out-of-core positions

	
	
	
	
	
	P1
	P2
	P3
	Cold source

	Zry-4
	119000
	71
	Without position
	-
	1.48
	1.41
	1.83
	1.4

	
	118000
	66
	Position 1
	2.55
	1.58
	1.51
	1.56
	1.23

	
	116000
	65
	Position 2
	2.97
	1.32
	1.29
	1.73
	1.37

	
	111000
	62
	Position 3
	3.63
	1.41
	1.33
	1.74
	1.35

	Al
	113000
	64
	Without position
	-
	1.52
	1.46
	1.87
	1.4

	
	113000
	60
	Position 1
	2.64
	1.63
	1.57
	1.6
	1.29

	
	109000
	58
	Position 2
	3.01
	1.35
	1.32
	1.77
	1.41

	
	103000
	55
	Position 3
	3.68
	1.44
	1.38
	1.77
	1.39

	TABLE 5. Thermal flux in relevant positions. For a meat thickness of 0.31mm.



In the position nearest to the center fluxes that double the ones obtained in the reflector positions can be obtained. In addition, this is the one that produces a lesser perturbation to the fluxes in the rest of the positions evaluated, keeping it lower than 10% and the penalization in discharge burn-up is also less than 10%. However, this position is next to three (out of 5) control rods, so the fluxes in this position won't be as high as estimated, or, if the rest of the rods are used to compensate the reactivity of the system, the peak factor will increase over the imposed margins.
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	FIGURE 6. In-core irradation positions evaluated.



In the most peripheric position, which is less affected by the control rods, the increase in thermal flux was only of about 60% and the perturbations in the reflector irradiation facilities were higher.


As a first estimation, it seems viable to increase the thermal fluxes obtained by including an in-core irradiation facility. However, there are several problems that should be addressed to determine which changes in the core design have to be carried out.


Another possibility would be to include a fast in-core irradiation facility, as it won't either disturb the fluxes in other positions nor be perturbed by the control rods as much as a thermal one.
4. Conclusions 

Increase in discharge burn-up of 20% can be reached with UMo  fuels without any redesign beyond the fuel plates. This allows, together with the higher uranium load, to double the cycle length of the reactor if a 20MW thermal power is maintained.


The configurations with zircaloy cladding allowed in every case both higher burn-ups and cycle lengths, especially when the thermal power increases where evaluated. This was due to both the lower cross section of zircaloy and its better mechanical properties, which led to much lower cladding absorptions. Besides, this allowed to introduce a higher number of fuel plates per FE while maintaining the coolant channel thickness, thus increasing the uranium load


In the range of coolant and meat thicknesses studied, the sub-moderation didn't play a fundamental part in penalizing the thicker meats. What was observed was a monotonous increase of the discharge burn-up with the meat thickness.


The power coefficients remained clearly negative and the thermohydraulic margins were met in all the configurations analyzed, so, from these aspects, the conversion doesn't have negative implications over the safety of the facility.


A diminution between 10% and 20% of the weight of the control rods bank was observed, which was partially attributed to a spectrum hardening in the positions where these are inserted. In such positions the thermal/fast and epithermal/fast flux relations where diminished between 10% and 20%.


The higher cycle burn-up allowed the addition of a higher amount of burnable poisons  compared to OPAL. A pair of cadmium wires per fuel plate occupying between 65% and 80% of the active length where used. This led to an increase in the peak factor of less than 10% in every case when compensating the reactivity excess at BOC.


As a consequence of a reduction in core losses, the thermal fluxes on the irradiation facilities and the reactivity weight of these and the beam where reduced compared to OPAL. These effect was more important in the configurations with zircaloy cladding, as its better mechanical properties allowed for thinner plates which led to a higher uranium load while maintaining the sub-moderation.


The thermal power increases where linearly reflected in the thermal fluxes in the relevant positions, when comparing with the same meat thickness and compound at 20MW.


Regarding the reduction of the core size, an increase between 10% and 20% in the thermal fluxes of the different positions was achieved when reducing the volume in 20%, which also led to a reduction in discharge burn-up of 20%. This variation in the increase of thermal fluxes is attributed to the fact that the position of the irradiation facilities was kept constant, which will lead to underestimations of the achievable fluxes that will depend on how much this non optimization affects each position.


For the in-core irradiation positions evaluated, thermal fluxes between 60% and 100% higher than the one in the reflector facilities where reached. This also caused a reduction in discharge burn-up of less than 10%. This are first estimations and require further calculation, as several problems as the increase in peak factor and change in control rods weight where not addressed.
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