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ABSTRACT 
The BR2 operation still relies on the use of 90..93% enriched HEU aluminide fuel.  The 
availability of a limited batch of 73% enriched HEU from reprocessed BR2 uranium in 
Dounreay justified 10 years ago the qualification and use of this material. After some 
preliminary test irradiations, various batches of fuel elements were fabricated by the UKAEA-
Dounreay and successfully irradiated. Due to their lower 235U content (0.050 g 235U/cm²), 
these elements were always irradiated together with standard 90...93% HEU fuel elements. A 
mixed-core strategy was developed at this occasion for an optimal utilization, and was 
reported during the 4th RRFM conference (March 19-21, 2000, Colmar, France). 
The availability of a new batch of fresh 73% HEU material was the occasion, a few years ago, 
to initiate the development, fabrication and qualification of a new high density fuel element. 
An order was placed with CERCA to assess the optimal fabrication methods and tooling 
required to meet as far as possible the existing BR2 standard specifications and 235U content 
(0.060 g 235U/cm²).  This development phase has been already reported during the 7th RRFM 
conference (March 9-12, 2003, Aix-en-Provence, France). Afterwards, six lead test fuel 
elements were ordered for qualification by irradiation. The neutronic properties of the fuel 
elements were adjusted and optimized. 
After a short summary of the main results of the development program, this paper describes 
the nuclear characteristics of the high density fuel elements and comments on the nuclear 
follow-up of the lead test fuel elements during their irradiation for five cycles in the BR2 
reactor and the return of experience for CERCA.  

 
 

1. Introduction [1] 
 
At the request of the SCK●CEN’s BR2 reactor, CERCA developed in 2002 a fuel element using high 
density plates with a 73% U235 enriched aluminide alloy instead of the standard 93% U235 enriched.  
The purpose of this development was mainly to maintain the U235 content per unit area at its 60 
mg/cm2 nominal value while keeping the same technical specifications for fabrication. 
 
Due to the tolerances on enrichment, U content per plate, core thickness and others, the U content had 
to be increased from ~ 64,5 mg/cm2 to a maximum of 86 mg/cm2 (+ 33 %). 
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The CERCA specific development work, based on a Taguchi type test plan, demonstrated that, with 
some fabrication processes arrangement, it was possible to comply with the main constraints: 
 

 Maintaining the quality of the meat distribution into the plate fissile area 
 Maintaining the required cladding thickness, even in the so-called dog-bone area 

 
In order to verify the general status of the plates, various inspection tests on non design-basis 
parameters were also performed. The absence of abnormal BT, UT or RT indications demonstrated 
that CERCA could guarantee the quality of the future products. 
 
Designing the fuel plate is obviously essential in the qualification process of a new fuel element but it 
is only the first step. Indeed, the final issue is to verify that the fuel element can be normally utilized in 
the reactor without any detrimental effect. Therefore, six full scale lead test elements were 
manufactured and delivered to the BR2 in 2003, in order to check the perfect compliance of the new 
fuel elements in representative irradiation conditions. 
 
As well, CERCA could validate whole of its fabrication methods. Among others, bending the plate 
was a process that had to be entirely reworked, because increasing the core load has direct 
consequences on the plate behavior during bending operation and then, on the element assembling 
conditions. 
  
2. Nuclear characteristics of the high density fuel elements 
 
The objective of the BR2 operation is to satisfy the irradiation conditions requested by the 
experimental load, and to do this by guarantying safe operation and by making optimal economical use 
of the available fuel elements. 
 
Figure 1   BR2 fuel element, type 6n  

    
The main nuclear characteristics of the BR2 
reactor (a high flux MTR-type reactor) are the fast 
neutron flux available for experiments loaded in 
the axial position of a standard fuel element and 
the thermal neutron flux in the adjacent reflector 
channels. Those characteristics are limited by the 
maximum allowed heat flux at the hot spot. The 
safety criteria impose to keep a specified 
minimum negative reactivity worth available from 
shim rods at all times during a cycle (that may require a modification in the BR2 core arrangement). 
 
BR2 standard fuel elements type 6n contain 6 concentric Aluminium fuel plates 0.127 cm thick 97 cm 
long; the side plates are 0.59 cm wide; fuel meat is a dispersion in Al powder 0.051 cm thick and 76.2 
cm long; the inner available space has a diameter of 2.6 cm and the Be channel has a diameter 10.82 
cm. The water gap is 0.30 + 0.03 cm (see fig. 1).      
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       Figure 2. Configuration 20G 
The BR2 core configuration (fig. 2) 
reflects that all criteria are satisfied, e.g. 
the configuration 20G  contains 34 fuel 
elements, 6 shim rods, 3 PWR loops, a 
flux trap in the central channel H1 and 
reflectors channels used for the 
regulating rod and for the production of 
radio-isotopes, most of them committed 
for the production of 99Mo. 
 
The economical use of the fuel cycle is 
determined by the energy produced by 
a fuel element till it reaches the burn-up 
value at elimination. The residual fuel 
mass has been observed to be about 200 
g 235U in an external channel during the 
last operation cycle. Routinely high 
reactive fuel at the 2nd batch are loaded 
in the central ring (channels A and B) 
and 6 to 8 fresh fuel are located in the 
second ring (channels C and D) in such 
a way the energy produced reaches at 
least 1200 MWd/cycle. 
 
Repeating the reactivity calculation in an unitary cell as in previous communications [2,3,4], the 
adjoint of thermal neutron flux is the general shape of a configuration when the BR2 core contains an 
homogeneous fuel loading. The perturbation theory applied on the system:  Φ=Φ FB .. λ  gives the 
variation of the eigenvalue �  and the perturbed solution:  Φ+Φ=Φ δ'  ; the variation of the 
eigenvalue is obtained with the bilinear product by weighting the neutron importance: 
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The comparison of the new fuel type "F" with the standard fuel type "G" and with other fuel 
compositions makes the main answer for the reactivity performance: reactivity when fresh, maximum 
reactivity and burn-up at elimination.  
 
At the figure 3, the reactivity versus the equivalent burn-up for energy produced (taking into account 
the Pu production) shows the fuel element type "F" containing 400 g 235U enriched at 72.5% has the 
same reactivity curve as the standard BR2 fuel element type "G" containing 400 g 235U enriched at 
72.5% meanwhile a modification in the content of burnable poisons. The number of fuel elements to 
produce 1000 MWd remains 6.2 elements permitting to maintain the routine schedule of BR2 
operations. At a burn-up at elimination: 50%, the reactivity loss is calculated negligible: 0.006 $ x 34 
el. = 0.20 $ for a whole configuration at the end of a cycle. 
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Table 1. Fuel Composition of BR2 Fuel Elements 

 
 

Figure 3. Calculated reactivity variation in unitary BR2 cell for various type of fuel elements 
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3. Experience gained with the irradiation of the lead test fuel elements [5] 
 
The six test fuel elements were irradiated in the same circumstances that standard BR2 fuel elements 
are used. They were loaded firstly in the 2nd ring (channel C) when fresh and then in the central ring 
(channels A and B) and finally they were pushed at high burn-up rate successfully.  
 

type 6 n G  A C  E F W unit 
        

HEU 0.9 0.93 0.9 0.725 0.725 0.725 [-] 
        

U-235 400.0 244.0 330.0 330.0 400.0 400.0 [g] 
U-236 0 0 0 54.5 0 0 [g] 
U-238 40.0 17.1 33.0 36.3 110.0 110.0 [g] 
Sm2O3 1.4 - 1.3 1.3 1.4 - [g Sm.nat] 

B4C 3.8 - 2.8 1.8 3.2 - [g B.nat] 
Cd diameter - - - -  0.06 36*cm 

        
density 0.060 0.037 0.050 0.050 0.060 0.060 g-235U/cm2 

 1.310 0.774 1.081 1.342 1.627 1.627 g-U/cm3 
        

�.mean 0.50 0.24 0.39 0.39 0.50 0.50 [-] 
� .max 0.62 0.32 0.50 0.50 0.62 0.62 [-] 

max fission density 1.60 0.50 1.07 1.07 1.60 1.60 1e+21/cm3 
number of batch 4 2 3 3 4 4 [-] 

utilization 6.2 21.2 9.5 9.5 6.2 6.2 element/GWd
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Table 2.  Irradiation programme 
cycle channel burn-up EOC days.eff 

    
2003-01 C 0.13 21 
2003-02 examination 0.13  
2003-03 A 0.32 28 
2003-04 B 0.42 20 
2004-05 D 0.50 21 
2005-01 F 0.56 21 

 
The reactivity effects of fuel elements type 6n "G" and 6n "F" loaded in the central ring (channels A or 
B, where the statistical weight is 2) have been measured – as a function of their mean burn-up – before 
the start-up of each cycle. Figure 4 shows that the measured reactivity curves are very similar and that 
there is no impact to expect on the fuel cycle. 
 

Figure 4 Measured reactivity curves as a function of the mean burn-up of the fuel elements. 
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4. Experience feedback with the fabrication of the lead test fuel elements 
 
After the successful irradiation of these 6 lead test elements, BR2 and CERCA joined together in order 
to define and agree on the final technical specifications for a large scale fabrication. The technical 
description was maintained at the highest level and CERCA integrated its R&D know-how in its 
fabrication process. New tools have been supplied in order to fit with the improved core compact 
design, rolling parameters have been fully rethought, bending tools and related processes have been 
adapted and assembling operation has been rechecked. 
 
A fabrication order of 30 fuel elements is actually on-going in CERCA's plant in Romans. Plates are 
manufactured and inspected according to the above mentioned procedures and specifications. The fuel 
elements will be delivered in BR2 by August 2005 according to the agreed schedule. 
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The first industrial inspection results are conforming to the expectation. As an example the obtained 
cladding thickness (fig. 5) and U distribution (fig. 6) are as below: 
 

 
 Fig. 5a   Core center area Fig. 5b    Dog bone area 
 
  

 
                                                       Fig. 6.  Plate U distribution 
  
 
5. Conclusions 
 
 CERCA proposed to develop, manufacture and deliver to the BR2 reactor a new design of fuel 
element based on a 73%

235

U
 

enriched aluminide alloy as an alternative to the standard HEU element 
(93% 

235

U
 

enriched). The development challenge was to maintain the fuel element performances as 
high as possible while keeping the present acceptance criteria for the fabrication process. The results 
of the development program demonstrated it was possible to switch to the lower enriched alloy while 
maintaining the total amount of 

235

U into the core. 
 
Consequently, six full scale lead test elements were manufactured, delivered to the BR2, and irradiated 
for five cycles, reaching a final burn-up of more than 55%. The nuclear characteristics were chosen by 
design to meet those of standard HEU elements (93% 

235

U
 

enriched). The follow-up of these elements 
during their irradiation demonstrated that they completely met the requested performances and nuclear 
characteristics. 
 
Final technical specifications were agreed between CERCA and SCK•CEN for a large scale 
fabrication taking account of the experience gained with the fabrication and irradiation of the six lead 
test fuel elements. A first batch of 30 elements is now under fabrication and should be delivered to the 
reactor site during the summer 2005. A second similar batch is foreseen for delivery in 2006. 
 
The experience learned that the allocation of the necessary resources of a fabricator (CERCA) and an 
operator (BR2) was necessary to conduct successfully a development project in a timely manner.    
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