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ABSTRACT

The standard BR2 fuel element contains 400 g 235U under the form of UA1X with
burnable absorbers homogeneously mixed into the fuel meat. The uranium is highly
enriched with a density of ~1.30 g U/cm3.
This fuel element was developed in the early seventies to satisfy the irradiation
conditions required by many experimental programmes: large reactivity available,
cycle length, hard neutron spectrum, limited motion of the control rods during the
cycle thereby stabilizing the irradiation conditions. Another benefit is the reduction of
the fuel consumption by increasing the burn-up at discharge.
BR2 has recently been restarted after the completion of an important refurbishment
programme. Future utilization will again be concentrated on engineering R&D in the
field of nuclear fuels, materials and safety, and on radio-isotope production. Therefore
the required irradiation conditions and the corresponding fuel characteristics remain
essentially the same as in the past.

1. Introduction

The BR2 core is composed of an assembly of beryllium prisms, each of them presenting a cylindrical
bore. Due to this specific design, all BR2 fuel elements are assemblies of concentric cylindrical tubes.
They have a 762 + 12.5 mm active fuel length, derived from the length of the beryllium matrix. The
diameters of the available bores in the beryllium matrix determine the outer diameters of the fuel
elements: either 84 or 200 mm.

The standard 84 mm channel fuel element (type VIn) is made from 6 different fuel plate formats,
corresponding to six concentric tubes. Each cylindrical fuel tube is an assembly of 3 equal incurved
fuel plates. These fuel plates are mechanically fixed by the roll swaging technique into three grooved
solid radial webs. The fuel plates are fabricated by the picture frame technique. The nominal meat
thickness is 0.51 mm, with two aluminum alloy cladding layers of 0.38 mm each. The water gap
between the plates is 3.0 ± 0.3 mm.
The inner fuel tube of each fuel element encloses a free volume available for irradiation purposes.
This volume can be increased by removing one or more inner fuel tubes. An inner unfuelled guide
tube can be added to allow axial movement of an experimental rig. An absorber screen can be added
to harden the neutron spectrum.

Standard fuel plate formats are also used for the 200 mm channels:
- fuel elements with three concentric fuel tubes and a 57 mm outside diameter can be used in six
peripheral holes of a 200 mm diameter aluminum plug.
- a 200 mm diameter fuel element is composed of 8 equal sectors, each comprising a maximum of 13
concentric incurved fuel plates (similar to the fuel elements used in the ATR reactor). These elements
are used as driver fuel for special loop experiments.



2. Development of Optimal 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.

Initially the fuel core material was made of UAI4 alloy, the uranium being 90-93% enriched. The
volumetric composition was: 24 % UAI4, 70 % aluminum and ~ 6 % void. A standard channel fuel
element with 6 tubes contained 244 + 5 g 235U. jfe correponding uranium density was ~ 0.8 g U/cm3

(type VInA, table 1).

By the end of the sixties it became increasingly difficult to satisfy the irradiation conditions required
by many experimental programmes:
- availability of higher reactivity: as the BR2 core configuration is variable, the alloy elements were
adequate as long as the core size could be increased with a corresponding reactivity gain. However
the benefit of adding still more elements to the periphery decreases while the cost continues to
increase proportionally.
- increased cycle length: this also requires a higher reactivity.
- harder neutron spectrum and higher specific powers: the neutron spectrum in the rig irradiation
positions inside the alloy fuel elements is quite hard. It is softer in the reflector irradiation positions,
but the use of Cd screens can greatly decrease the flux depression associated with a largely thermal
incident flux. However spectrum hardening is best achieved by increasing the fissile material density.
The resulting decrease of the thermal flux can be compensated by an adaptation of the configuration.
- reduction of the motion range of the control rods during the cycle thereby stabilizing the irradiation
conditions.

Increased reactivity and spectrum hardening called for an increase of the uranium density in the fuel
meat. However to limit the initial reactivity and the control rod motion range, burnable absorbers had
to be added to the fuel element. All dimensions of the fuel element, in particular the meat and
cladding thickness, were to be maintained in order to preserve the known thermo-hydraulic
conditions: this allowed a fairly easy extrapolation of the heat flux at the hot spot.
From the economical viewpoint, an important benefit expected from a higher performance fuel was
the reduction of the fuel consumption by increasing the burn-up at discharge.

Technological difficulties with respect to casting and rolling did not allow the fuel manufacturers to
raise the uranium content above 26 wt% in alloy cores. A substantial increase of the 235U content in
the fuel plates could only be obtained by using powder metallurgy techniques. Moreover this
technology allowed an easy addition of burnable poisons with a homogeneous distribution in the fuel
meat. Therefore it was decided to use cermet fuel material, obtained by blending UA1X powder with
Al powder. The compound UA1X has a density of 69 + 3 wt% U and contains about 6% UA12, 63%
UAI3 and 31% UA14. The uranium remained 90-93% enriched in 235u.

The uranium loading and the appropriate amounts of burnable absorbers were determined by reactor
physics calculations on basis of a 21 days operating cycle. The new standard channel fuel element
with 6 tubes contained 330 ± 5 g 235U. The corresponding uranium density was ~ 1.05 g U/cm3 (type
VInC, table 1).

The burnable absorber content in each fuel element was 2.8 g natural boron as B4C and 1.3 g natural

samarium as Sm2O3. 149Sm is used to reduce the control rod motion at start-up until 135Xe and 149Sm

have reached equilibrium concentrations. 10B reduces the overall control-rod travel during the cycle
by increasing the absorber material at the beginning and depleting a major portion of it before the end
of the cycle, thereby compensating the fissile material consumption.



However it soon became clear that the 330 g cermet elements could not cope with the reactivity
demands of the experimental rigs. The fissile material content and hence the boron content had both
to be increased. Calculations indicated that more than 30 g 235U per element would be necessary. It
was decided to directly increase the uranium content up to the metallurgical limit of that time. Thus
the standard channel fuel element with 6 tubes of this new type contains 400 ± 6 g 235U: 28 vol%
UA1X with 90-93% enriched uranium, 66 vol% aluminum and 6 vol% void. The uranium content per

unit area of a fuel plate is 0.060 g 235U/cm2 or 1.27 g U/cm3 (type VInG, table 1).
The burnable poison content is increased to 3.8 g boron and 1.4 g samarium.

Routine operation with these new elements began in 1972 and continues up to the present day.

Some advantages of the VInG dispersion fuels over the alloy fuels are well illustrated in fig. 1.
Besides the increased cycle length and the reduced motion range of the control rods, the irradiation
conditions for experiments are much more stable. This is clearly demonstrated by comparing the
variation of nuclear heating at two points in a typical channel during an operating cycle. Similarly the
dose rates to the experiments become much more uniform.

NUCLEAR HEATING

W/g Al

IN B120
( + 280 mm)

f x—

VARIATION OF NUCLEAR HEATING AND CONTROL ROD

POSITION DURING THE RUNNING PERIOD.

• WITH ALLOY FUEL ELEMENT.

WITH CERMET FUEL ELEMENT

CONIKOL ROD
POSITION mm

- 9 0 0

gays

-.800

-300

20 TIME AFTER START-UP

Fig. 1. Variation of control rod height and nuclear heating with operating time

The mean thermal flux in the reactor is somewhat decreased for the same power level because the
increase of the uranium loading increases the under-moderation (the ratio [1H]/[235Uj in a standard
fuel cell passes from 300 to 183 when replacing the VInA alloy fuel by the VInG dispersion fuel).

The cermet elements are less reactive due to the presence of the burnable absorbers but they allow a
better economical use of the available uranium. The burn-up at discharge and the maximum fission
density are considerably increased (table 1).
Another major benefit of the use of burnable absorbers is the constitution of a large inventory of fuel
elements with various partial burn-ups. This allows to adapt the local irradiation conditions not only
by modifications of the configuration but also by adaptations of the burn-up of the driver fuel.

Further improvements have been envisaged (type "VTnH, table 1) but they were not realized.
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fuel material

fuel mass 235TJ [g]
enrichment
Utot[g]

absorber B (B4C) [g]
Sm (Sm2O3) [g]

fuel density g 235U/cm2

g U tot/cm3

burn-up at discharge (235u+239pu)
max. fission density [1021 fis/cm3]
number of fuel el./1000 MWd

cycle length [days]
number of batches

VInA

UA14

244
93%
263
0
0
0.037

0.78

30%
0.625
13

14
2

Tested
VInC

UA1X

330
93%
355
2.8
1.3
0.050

1.05

42%
1.15
9

21
3

V I n G

UA1X

400
93%
430
3.8
1.4
0.060
1.27

50%
1.60
6.2

21-28
4

V I n E

UA1X

330
72%
458
1.8
1.3
0.050
1.35

42%
1.15
9

14-21
3

Theoretical
V I n H

UA1X

520
90%
578
3.8
1.4
0.078

1.71

VInL

(U3Si2)

480
19.9%
2412
(3.0)
(1.4)
0.072
7.15

Table 1. Major characteristics of various BR2 fuel elements

3. Reduced Enrichment

Since 1984 SCK-CEN has actively participated in the RERTR programme. Fuel cycle calculations
have been performed to determine the LEU fuel element design parameters required to approximate
the standard HEU fuel characteristics.

In order to compensate the neutron absorption by 238U and to preserve the reactivity characteristics in
function of the burn-up, the 235U content in the LEU fuel must be increased by -20% to 480 g 235U.
If the meat thickness and the characteristics of the burnable absorbers are maintained, the required
density is at least 7.1 g U/cm3 (type VInL, table 1). However to preserve the reactivity worth of the
control rods and hence the present cycle length, the nature, amount and localization of the burnable
absorbers must be optimized (for example: Cd-wires in the radial webs instead of diluted boron).
The higher amounts of 235U and 238U lead to increased neutron absorption and increased hot spot
factors. To preserve the present power level and the available fast flux, one can try to minimize the
motion range of the control rods by adapting the characteristics of the burnable absorbers.
To limit the unavoidable reduction in thermal flux, the core management must be optimized by
making the best use of the partially burnt LEU fuel elements.

If an increase of the meat thickness is considered, one possibility is the suppression of one fuel tube to
maintain the cooling characteristics. This would lead to a ~20% reduction of the total fuel plate area.
The heat flux must therefore be increased of the same amount to keep the total fission power
unchanged.
Another possibility is the reduction of the water gap (from 3.0 + 0.3 mm to a nominal value of 2.7
mm). This requires detailed thermo-hydraulic calculations and tests. Discussions with the fuel
manufacturers concerning fabrication tolerances and associated costs are also required.

With regard to the technically proven LEU fuel element based on 4.8 g/cm3 U3Si2, the result is:

- when the standard geometry is conserved, the fuel consumption would almost double and the
neutronic characteristics of that fuel would be similar to those of the earlier VInA alloy element.
- when the fuel meat thickness is increased thereby reducing the thickness of the water gap, the major
drawbacks would be a reduction of the available thermal fluxes (mainly within the fuel elements and
also, to a lesser extend, in the adjacent reflector channels) and a reduction of the admissible heat flux
(leading to a reduction of the overall power and the fast flux).
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The conclusion of these investigations was that the conversion, although technically feasible, could
not maintain the BR2 characteristics with the available LEU fuels.

CEN-SCK has offered to irradiate prototype LEU fuel elements and has also agreed to start the
conversion process when an acceptable LEU fuel element becomes available. Acceptable means:
without significantly degrading the performance and economically affordable (conversion cost + fuel
cycle cost).

4. Recent Test Results

The presence of burnable poisons in the fuel cores requires special fabrication campaigns and makes
it difficult to recover the uranium from scrap material. Therefore the fuel manufacturers proposed to
avoid the introduction of absorbers in the fuel core material and to concentrate an equivalent quantity
of poisons in the radial webs of the fuel element. Four prototype fuel elements with borated radial
webs were manufactured in the late 80's and have been irradiated in BR2 up to their discharge burn-
up. The conclusion was that the hot spot and reactivity characteristics of these fuel elements at low
burn-up are not better than the characteristics of standard VInG fuel elements with their absorbers
dispersed in the fuel meat. It was decided maintain the standard VInG elements.

Around 1994 the shortage of on-site storage capacity for spent fuel led to an urgent relieve
reprocessing campaign. This opportunity was taken to test the feasibility of closing the BR2 fuel
cycle by recycling the uranium recovered from reprocessing. Six test fuel elements containing 330 g
235U, 72% enriched, have been successfully fabricated (type VInE, table 1). They have been
irradiated in the BR2 reactor up to 43-48% burn-up without failure. Analysis of their reactivity
characteristics led to the following conclusions:
- a mixed core strategy using standard VInG elements and 'recycled' VInE elements allows to
maintain the irradiation characteristics and gives a well-balanced inventory of partially burnt fuel
elements, without increasing significantly the fresh fuel consumption.
- exclusive utilization of the 'recycled' VInE elements would result in serious penalties: a cycle
length mostly shorter than 21 days, a reduction of the mean burn-up at discharge from 52% to 42%,
an increase of the fresh fuel consumption by almost 50%, and an unbalanced inventory of partially
burnt fuel due to the decrease in reactivity. The last effect results in a further decrease of the burn-up
at discharge.

5. Present Status and Future Needs

BR2 has been restarted in 1997 after the completion of an important refurbishment programme. The
objective of the refurbishment was essentially a plant life extension: the characteristics of the
installation remain the same and utilization remains dedicated to engineering R&D (nuclear fuels,
materials and safety) and to the production of radio-isotopes with high specific activities. Thus the
required irradiation conditions and the corresponding fuel characteristics remain essentially the same
as in the past.

However the budgetary constraints are more restrictive and the operating costs, including those of the
fuel cycle, must be strictly kept under control. The recent option chosen for the back-end of the fuel
cycle (reprocessing and dilution of the recovered uranium) requires that all fuel elements to be used in
the future must comply with this option.

Concerning the front-end there is no short-term fresh material shortage. In the mid-term there will be
a need for new supply. Although the development of advanced LEU fuels is resumed, the actual
availability of these new fuels is not to be expected within the next five years.
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