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T '' HE FUEL RESEARCH department gathers ex-
pertise in different reactor-physics fields,

among which neutronics calculations, reactor
dosimetry, reactor operation, reactor control,
and nondestructive analysis on reactor fuel.
This expertise is applied to own research pro-
grammes, using the VENUS critical facility for
MOX fuel-core physics or the BRI reactor for
ex-core neutron transport and shielding prob-
lems for qualification and validation within an
international partnership. It is also used in
programmes of other departments, such as
pressure-vessel steel, BR2 dosimetry, irradia-
tion experiments preparation and interpreta-
tion in BR2, and BR3 dismantling. The follow-
ing sections report on the activities in four do-
mains:
• core physics;
« ex-core neutron transport;
• experiments in MTRs;
• international benchmarks.

Core physics: the VIPEX programme The

VIP (VENUS International Programme), executed
from 1990 to 1992, aimed at determining ba-
sic parameters of PWR and BWR MOX core con-
figurations for licensing purposes. Though it
successfully reached its aims, some issues re-
mained unsolved, particularly in the field of re-
actor operation. The delayed neutron fraction
and related reactivity effects are little known,
but of great interest for reactor operation and,
to a lesser extent, for safety. The VIPEX (VIP
Extension) programme will determine some of
the most interesting parameters for operating
PWR MOX reactor cores.

Objective

• to determine experimentally parameters of
primary importance for reactor operation
and to provide experimental data from rep-
resentative "clean" experiments for the de-
velopment, improvement, and validation of
calculation methods for reactor operation.

Programme VIPEX foresees two phases.
Phase 1, started in 1996, determined the ameri-
cium effect, the control rod worth, and the
delayed neutron fraction. Phase 2, executed
in 1997, measured the flux tilt, the reactivity
effect of water density, and the detector re-
sponse and fission rate distribution in the core.

Achievements The VIPEX configuration con-
sists of a central 17x17 MOX fuel as sembly sur-
rounded by four 17x17 UO2 fuel assemblies
in a cross configuration. At its periphery, three
rows of 4% enriched UO2 rods make it critical
at a water level of about 40 cm.

The thermal neutron flux in the centre of a UO2
assembly is about twice the flux in the centre
of a MOX assembly, resulting in a large flux gra-
dient (or flux tilt) at the boundary between UO2
and MOX assemblies. The largest fhrx tilt, found
in a corner rod of the MOX assembly, causes
a large difference in power distribution inside
the rod. This is of importance for operation
and safety, because the highest rod power is a
limit for the power of a whole assembly and, in
the same way, the highest power in a rod can be
a limit for the maximum allowable rod power.

The flux tilt has been measured by the very fine
gamma scanning of an irradiated pellet from
the above-mentioned corner rod. It was ver-
ified by a measure of fission products origi-
nating from the outer border of the pellet, as
caught by an aluminium foil surrounding it.

The original VIPEX configuration simulates the
water density in a PWR at full power by alu-
minium rods placed between the fuel rods. We
measured the reactivity effect of the water den-
sity, which is a measure of the difference in re-
activity between the so-called "hot" and "cold"
conditions of a power reactor, by unloading in
several steps the aluminium density-reduction
rods. After each step, we measured the criti-
cal level and reactivity effect of the water level
variation, to determine the reactivity change.

The power of a fuel assembly in a power reactor
is monitored by a fission chamber, placed in its
centre. The response of the chamber in a MOX
assembly is different from that in a UO2 assem-
bly, because of the different neutron flux and
spectrum. Because the response measured in
VIP showed a discrepancy between calculated
and experimental values, a new measurement
was suggested, together with additional irradi-
ation of manganese and gold activation foils
to determine the relative contributions of the
thermal and epithermal neutron fluxes. An
additional power run determined the relative
power of the MOX and UO2 assemblies.
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Perspectives for 1998 We will issue a final
report on the second phase of VIPEX in the first
half of 1998. We also proposed several VIPEX
BWR programmes, similar to the old VIP BWR
one, except for more advanced configurations.

Core physics: the VENUS NBN programme
The VIP BWR programme aimed at determining
basic parameters of BWR configurations with
8 x 8 fuel elements. It investigated UO2, MOX,
and Island-MOX configurations. As a prolon-
gation, the VENUS NBN programme investigates
the same basic parameters for UO2 and MOX
configurations of 9 x 9 fuel elements: the criti-
cal water level, the reactivity effect of the water
level, and the axial and horizontal fission-rate
distribution using gamma scanning.

Objective

m to provide a series of benchmarks for val-
idating nuclear reactor codes, especially
with respect to criticality calculations and
fission-rate distributions in BWR MOX core
configurations with 9 x 9 fuel assemblies.

Programme We investigated two configura-
tions, somewhat different from our previously
published descriptions. Both consist of 16 fuel
assemblies in a 4 x 4 array, with the twelve
outer assemblies consisting mainly of 3.3% en-
riched UO2 fuel with an outer row of 4% en-
riched UO2 fuel. The configurations differ in
the four inner assemblies, which have a 3 x 3
water hole in the centre. The VENUS NBN UO2

configuration has two inner UO2 assemblies
with gadolinium rods and two without gadolin-
ium, positioned diagonally with respect to each
other. The VENUS NBN MOX configuration re-
places the UO2 assemblies with gadolinium by
MOX fuel assemblies, containing medium (10%)
enriched MOX (M-MOX), low (5%) enriched MOX
(L-MOX), gadolinium fuel, and a few UO2 rods.

Achievements We determined the critical wa-
ter level, the reactivity effect of the water level,
and the axial and horizontal fission rate dis-
tribution using gamma scanning, for both the
UO2 and the MOX configurations. During the
determination of the UO2 horizontal fission-
rate distribution, some results appeared out-
side the expected uncertainty range, so we per-
formed an additional measurement campaign.

Perspectives for 1998 We will issue a final
report on the measurements of both configu-
rations in the first half of 1998.

Core physics: OVERMOX Since the de-
cision to recycle the plutonium produced by
LWR power plants, a little more than 20% of
the assemblies loaded in the Belgian reactors
of Tihange 2 and Doel 3 contain MOX fuel
rods. For safety reasons, the loading of a
full MOX core was not considered, because the
present nuclear power reactors were not de-
signed for them, but rather for full UO2 load-
ing. The OVERMOX (OVERmoderated Mixed OX-
ides) project, initiated in January 1997, aims to
study the use of full MOX cores in LWRs.

The VENUS critical facility is the right tool to
perform this study. Nevertheless, it required
some adaptations. To keep the power at a con-
stant level, comparable to that of a full UO2
loading, one must increase the pitch of the
full MOX loading. This overmoderation also al-
lows to maintain the efficiency of the control
through the absorber rods.

Programme The OVERMOX project is divided
in two major steps. First, a feasibility study
must estimate the necessary adaptations to
VENUS (number of MOX rods necessary to make
the reactor critical given the maximum pluto-
nium weight that may legally be loaded, grid
pitch, cost of new grids, downloading of the
grids to flood more than 50 cm of fuel length
and related adaptation of the control rods, wa-
ter level switches, etc.) Then, once the VENUS fa-
cility has been adapted, the measurements can
take place: critical level, reactivity, i?eff> void
coefficient, boron reactivity effect, etc.

Achievements At the moment, though the
feasibility study is still ongoing, the measure-
ments have been initiated: potential partners
have shown interest for the beff and void co-
efficient measurements. The OVERMOX project
thus follows the path of the VIPEX and WO pro-
grammes. With the present MOX fuel inven-
tory available at VENUS, we can achieve a crit-
ical loading using only high (14%) and medium
(9.6%) enriched MOX; we are also considering
configurations with boric acid.
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Ex-core neutron transport As part of the
Reactor Physics programme, we conduct both
experimental and theoretical activities, mainly
to maintain and improve through experimen-
tal validation the calculational tools (codes and
cross-section libraries) used for ex-core neu-
tron transport, particularly those used for the
assessment of the pressure-vessel fluence.

The WINES (Water Inelastic Neutron scattering
Experimental Study) experiment, conducted in
the BRI reactor in 1995-1996, delivered ex-
perimental data for validating the ability of
the calculational tools to treat the fast-neutron
transport through large thicknesses of water.
From the relative experimental data obtained
by means of miniature fission chambers (238U,
235U, 237Np, and 232Th), we showed a large
underestimation of the calculated fast flux and
an overestimation of the thermal flux when
the penetration in the water became important.
Therefore, an extension of the WINES experi-
ment, conducted in 1997, measured absolute
fission rates using the same fission chambers
and completed a full gamma tomography of
the fission source (a 93% 235U plate). These
complementary measurements revealed a fast
neutron contribution in the water container
( l m x l m x l m ) coming directly from the BRI
core. Supplementary measurements of the in-
cident thermal flux on the fissile plate were also
completed. These experimental data will allow
a full modelling of the experimental device, in-
cluding part or all of the BRI reactor, to take
into account the reactor contribution.

In the field of pressure-vessel fluence assess-
ment, two analyses were carried out simulta-
neously during 1997: the in- and ex-vessel do-
simetry of Saint-Laurent des Eaux, a French
900 MWe PWR. The analysis, conducted us-
ing the LEPRICON code system, showed that the
present version of the code appropriately as-
sesses the pressure-vessel fast fluence (uncer-
tainty around 20%) and can adjust these flu-
ences and reduce their uncertainty by a fac-
tor 4 (to less than 5%) when using in the adjust-
ment module results coming from an in-vessel
(surveillance capsule) position. This version is
however less trustworthy for the adjustment of
the pressure-vessel fluence based on ex-vessel
dosimetry; the sensitivity matrices should be
revisited and supplementary biases, such as

the concrete backscattering, should be consid-
ered for the ex-vessel dosimetry.

Beside using LEPRICON, we worked in 1997 on
improving the benchmark database, containing
reference experimental data, and on adding to
LEPRICON the experimental data of the VENUS-l
benchmark experiment. Before starting this
work, we showed the validity of the linearity
assumption used in the adjustment module.

Experiment preparation in MTR The
preparation of experiments to be conducted or
performed in the BR2 MTR aims at characteriz-
ing the neutron and gamma fields around the
experimental devices.

To determine the nuclear characteristics of a
series of new irradiation devices, projected for,
or actually irradiated in, BR2, the computa-
tional team of the Fuel Research department
performed neutron and gamma calculations.
Because these irradiation devices will mainly be
introduced into strongly excentric channels of
the BR2 core (for example, at the fuel-reflector
interface or in the peripheral large H chan-
nels) or even outside the reactor, most calcu-
lations were performed in two-dimensional ge-
ometry with the DORT 3.1 multigroup neutron
and gamma particle transport (SN) code. The
main devices thus studied were

• the CALLISTO loop, in which rine water-
cooled fuel rods (in a square lattice) are ir-
radiated in PWR conditions;

• the PRF irradiation device, with highly en-
riched uranium parallel-plate targets, for
the production of molybdenum;

• the projected CEPHEID loop, possibly to be
irradiated in the peripheral large H5 chan-
nel, in which large modules of gas-cooled
lithium compounds, flanked on two sides by
beryllium pebble beds, could be irradiated;

• the MERLIN pool-side facility, possibly to
be built just outside the reactor vessel at
the reactor mid-plane level, to allow large
amounts of steel samples to be irradiated
in the framework of reactor vessel embrit-
tlement research programmes.
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Other studies refined the methods applied to
determine the fuel rod fission power, in par-
ticular by calculating the fission density in a
fuel rod from the fast or thermal flux measured
by a dosemeter in a position close to the fuel
rod. Here, the calculations were performed
with the one-dimensional multigroup neutron
transport (SN) code DTF rv.

International benchmarks To maintain
the expertise of and train the staff involved in
reactor physics, SCK>CEN is either taking part
in international benchmark exercises or orga-
nizing such events on both theoretical and ex-
perimental aspects. In 1997, we participated
in two theoretical benchmarks organized by
the Nuclear Science Committee of NEA. The
first one concerns the power-distribution cal-
culation within UO2 and MOX assemblies and
the second one is dealing with ex-core neutron
dosimetry and is organized by the NSC Task
Force on Computing Dose and Modelling of Nu-
clear Radiation-Induced Degradation of Reac-
tor Components (TFRDD).

The Nuclear Energy Agency/Nuclear Science
Committee benchmark on Power Distribution
Within Assemblies (PDWA) was proposed in the
framework of the working party on Plutonium
Recycling organized by the OECD/NEA Nuclear
Science Committee. It aims to determine the
pin-by-pin power distribution in a reactor core
containing both UO2 and MOX fuel assemblies.
A first stage (1991) was devoted to whole-
core calculations, starting from provided sets
of two-group cell-homogenized data—a task
made difficult by three factors: the required
neutron spectrum is highly space-dependent,
especially near the boundary between MOX and
UO2 assemblies; the definition of cell-by-cell
diffusion coefficients (radial and axial) is not
always well-founded; and the procedure to de-
rive homogeneous equivalent cell parameters
as well as the transport cross-sections can be-
come a major source of errors. Generally,
one first calculates the assemblies involved in
the reactor core (cell calculations) using trans-
port codes (to solve an integral or integrod-
ifferential transport equation) with a hetero-
geneous description of the cells and a fine
treatment of the energy variable. To this end,
one must consider a neutronic computational

scheme as a whole. For instance, the two-
group coarse-mesh codes designed for core cal-
culations use "equivalence procedures" (or dis-
continuity factors) to modify the cell and as-
sembly parameters in such a way as to com-
pensate for possible errors due to homoge-
nization, mesh effects, group collapsing, etc.
The data upon which cross-section libraries are
based need to be validated for MOX/UO2 assem-
blies.

For all the above reasons, the second phase
of the PDWA benchmark proposed to compare
the results obtained by different contributors,
starting from the beginning of their computa-
tional scheme, that is, from detailed geometri-
cal and physical data of the reactor core con-
figuration.

Fourteen contributions, testing more than fif-
teen computational schemes, have been sub-
mitted from ten countries. The methods dif-
fer in the nuclear reactor design: they build on
collision probabilities, SN transport finite dif-
ferences, diffusion finite differences, nodal
diffusion, or power reconstruction. All but
SCK«CEN contributors have used cross-section
libraries based on up-to-date nuclear data eval-
uations SUCh as JENDL-3.2, JEF-2.2, or ENDF/B-VL
The SCK* CEN home library, by contrast, is based
on old evaluations, namely the ABBN and the
KEDAK libraries. For core calculations, the
first contributor from SCK'CEN has used the
well-known DORT two-dimensional SN trans-
port code, while the second tested a home-
developed nodal diffusion code.

The analysis of this second phase of the PDWA
benchmark indicates that our 40-group library
is still good for transport calculations relevant
to UO2 cells and UO2-dominated core loading,
but not for MOX lattices, for which the cell pa-
rameters depart significantly from the average
(and best) trend.

In the framework of the NSC TFRDD, SCK'CEN
provided the data of two benchmarks, VENUS-1
and VENUS-3, to allow participants to check
the validity of their calculational tools to as-
sess the neutron fluence at critical positions,
such as the pressure vessel of a reactor. Using
the LEPRICON code system, SCK«CEN also con-
tributed its results for the VENUS-1 benchmark.
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Scientific partners Belgonucleaire (BN) —

Korean Atomic Energy Research Institute (KAERI) —

British Nuclear Fuels Ltd (BNFL) — Mitsubishi Heavy

Industries Ltd (MHI) — Central Research Institute

of Electric Power Industry (CRIEPI) — Nuclear Fuel

Industries Ltd (NFI) — Electricite de France (EdF)
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