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ABSTRACT

The important amount of plutonium recovered from the reprocessing of spent fuel on the one
hand, the national and international experience of the use of mixed oxide UO2-PUO2 fuel in
power reactors on the other hand, have led the Belgian utilities to decide the introduction of
MOX fuel in Doel unit 3 and Tihange unit 2 cores.
The "MOX" project has shown that it was possible without reducing safety or requiring
modifications of the plant equipment.
It has been approved by the Belgian "Nuclear Safety Commission".

INTRODUCTION.

Up to now, the cores of the Belgian nuclear power plants have been fueled with U2 3 5 enriched
uranium oxide.
The important amount of plutonium recovered from the reprocessing of spent fuel on the one
hand, the national and international experience of the use of mixed oxide UO2-PuO2 fuel in
power reactors on the other hand, have led the Belgian utilities to decide the introduction of
MOX fuel in the Doel Unit 3 and Tihange Unit 2 cores.
To this end, the ELECTRABEL Company and its Architect Engineer TRACTEBEL have started
the "MOX" project in order to investigate all the safety aspects related to the MOX (Mixed
OXide) utilization.
Most studies have been performed by FRAMATOME.
The Belgian Authorized Nuclear Agency "AVN" has assessed the contents of the safety studies
supplied and their completeness, and has presented its conclusions and recommendations to the
Belgian "Nuclear Safety Commission", which endorsed them.
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INDUSTRIAL USE OF MOX.

Several countries have decided the industrial use of MOX and their nuclear power plants are now
burning MOX fuel. The present quantity of MOX introduced is generally limited by the
fabrication capabilities. The present situation in Europe is summarized in Table 1 hereafter.
At the same time many experimental programs were started in order to provide data bases to
validate the calculation methods and codes. These programs concern as much critical
experiments such as:

. Saxton, Hanford and Batelle in the USA

. MINERVE and EPICURE in France

. JAERI in Japan

.FRF and VIP in Belgium
as power reactors:

. BR3 in Belgium

. SENA and CAP in France

. Obrigheim in Germany

. Beznau in Switzerland

. Mikama in Japan
in which the behaviour of MOX fuel under irradiation, and more particularly, the
thermomechanical performances are investigated. More, an important measurement program is
actually in progress in Fiance: the PROMOX program which comprises experiments on MOX
fuels irradiated as well in research as in power reactors.

Beginning of the
industrial Pu
recycling
Number of delivered
licences
Maximum number of
MOX fuel authorized
in the core (%)
Power plant
containing MOX fuel
Sollicited licences
{1992 status)

France
1987

16PWR

30%

6PWR

Germany
1973

10 PWR

variable
(-> 50%)

6 PWR

3 PWR
5BWR

Switzerland
1978

2 PWR

40%

2 PWR

2BWR

TABLE 1: Present Industrial Use of MOX Fuel

OBJECTIVES AND DESCRIPTION OF THE PROJECT.

With the reprocessing of 530 tons of spent fuel at La Hague, Belgium will recover about 300 kg.
of fissile plutonium per year, during the next ten years.
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The objective of the project is to use this plutonium in the form of mixed oxide UO2-Pu()2 in the
cores of Doel 3 and Tihange 2 which are units similar to those in which EdF in France recycles
its plutonium.
The design basis of the MOX fuel has been defined in such a manner thai the plant equipment,
the operating conditions and the operational safety level remain unchanged as compared to U(>2
cores.

The first part of the project has consisted of the nuclear, mechanical and thermal-hydraulic
designs of the fuel assembly and of the verification of rod integrity under normal and transient
operational conditions.
Next, safety evaluation studies have been performed, considering a recycle rate of 23% (23%
MOX assemblies in the core) and two types of in-core fuel management: reloading by quarter of
core, annual cycles; reloading by third of core, extended cycles.
Finally, the radiological consequences and the impact of the MOX fuel on the plant systems and
equipment have been evaluated.

DESIGN OF THE MOX FUEL ASSEMBLY.

Design basis

The introduction in the core of MOX fuel may neither disturb the reactor operating mode nor
induce system or equipment modifications.
Following this principle, the MOX fuel assembly has to be equivalent in all respects to an
"Advanced FRAGEMA LJO2 Assembly" enriched to 3.8% in U235, and the number of elements
which may be present in the core at the same time is limited.

Mechanical and thermal-hydraulic designs

The mechanical structure and the skeleton are identical to those of the AFA assemblies; the
evolutions of phenomena affected by irradiation such as spring relaxation and growth are more
important, the fast fluence being higher. All the design criteria remain nevertheless satisfied for
average burnup rates up to 45,000 MWd/t.

The thermal-hydraulic design of the assembly is not affected by the presence of plutonium.

Nuclear design

The nuclear design criteria of the MOX assembly comparatively to the UO2 assembly arc as
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follows: lo provide during its stay in reactor the same energy, lo ensure the same cycle length and
to have similar local form factor.
Considering conservatively a rather "degraded" plutonium (rich in high isotopes), the VuUA

average content (blended wilh depleted uranium) of the assembly is 11(7<.
The neutron absorption of the MOX fuel being higher than that of UO2 fuel, thermal flux
gradients and power peaks appear at the interfaces between MOX and UOj assemblies; to flatten
the power distribution in the MOX assemblies, these last comprise three regions of different
contents in plutonium (Fig. 1).

For the feasibility studies, the nuclear design has been performed by FRAGEMA using the same
codes as those used for the UO2 reload calculations, nevertheless adapted for MOX calculations
and validated by means of the experimental data bases previously mentionned.
BELGONUCLEAIRE has confirmed the nuclear design of the MOX assembly, using its own
methodology validated on different experimental data bases.
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follows: to provide during its stay in reactor the same energy, to ensure the same cycle length and
to have similar local form factor.
Considering conservatively a rather "degraded" plutonium (rich in high isotopes), the Put0(

average content (blended with depleted uranium) of the assembly is 1.1%.
The neutron absoiption of the MOX fuel being higher than that of (JO? fuel, thermal flux
gradients and power peaks appear at the interfaces between MOX and UO2 assemblies; to flatten
the power distribution in the MOX assemblies, these last comprise three regions of different
contents in plutonium (Fig. 1).

For the feasibility studies, the nuclear design has been performed by FRAGEMA using the same
codes as those used for the UO2 reload calculations, nevertheless adapted for MOX calculations
and validated by means of the experimental data bases previously mentionned.
BELGONUCLEAJRE has confirmed the nuclear design of the MOX assembly, using its own
methodology validated on different experimental data bases.
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Figure 1 : MOX Assembly Regions
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Rod thermomechanical behaviour.

The characteristics of the MOX fuel rod are the same as these of the UO2 fuel rod; only the pellet
material is different.
The same design criteria have been taken into account; they concern mainly the pellet center
temperature, the clad temperature, the internal pressure, the stress level, the strain variation
during a transient and the clad damage.
All the criteria have been verified for the most penalizing power histories; the mechanical rod
integrity is ensured for normal operating conditions as for class 2 incidental conditions. These
verifications have been performed with the COCCINEL code and confirmed by COMETHE
calculations carried out by BELGONUCLEA1RE.
COCCINEL has also been developped for UO2 fuel and later adapted for MOX fuel, introducing
some fuel material specific characteristics and pellet behaviour models.
Again the validation is founded on an important experimental data base which continuously
grows with the experience feedback of power reactor operation.
Soon, four annual cycles and discharging burnups of 5O,(KK) MWd/t will be covered.
The most penalizing criterion for such burnups is the rod internal pressure one.

SAFETY EVALUATION STUDIES.

Reload management

Two types of reload management have been considered in the feasibility studies:
* reload by quatcr of core, annual cycle of 11 ,(KM) MWd/l, 8 MOX assemblies, nominal

operating conditions, UO2 assemblies enriched to 3.8%
* reload by third of core, extended cycles of 15,000 MWd/l, 12 MOX assemblies, uprated
power operating conditions (+ 4%), UO2 assemblies enriched to 4.5%
The transition cycles from a UO2 core to a mixed core at equilibrium were also analysed.
Sensitivity studies with respect to power level, Fu isotopic composition, uranium enrichment and
number of MOX assemblies have also been performed to confirm the MOX feasibility studies
and to define their application range.

The loading patterns have been chosen respecting the following principles:
- bounded hot spot factors
- important shutdown margins
- higher burnup of the MOX elements during their first cycles and a peripheral position during
the last cycle. This reloading scheme reduces the vessel fast flux and ensures a belter
thermomcchanical behavior of the fuel rods.
- respect of the main key parameters limiting values

The effects of the harder neutron spectrum of the mixed cores are:
- slightly higher critical boron concentrations
- more negative temperature moderator coefficient
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- higher axial stability (lower xenon effect)
The delayed neutron fraction and the prompt neutron lifetime decrease slightly with the
increasing quantity of plutonium in the core.

The safety studies have been performed with the FRAGEMA codes; these codes, used in France,
have also been validated on the basis of critical experiments, cycle follow-ups and spent fuel
analysis feedbacks. Penalties of 3% and 1% arc respectively applied on the hot spot factor when
it is located in a MOX assembly and on the axial factor.

The required shutdown margin is respected without changing the control rods system.

Power capability

The ncutronic and thermal-hydraulic studies of power capability have been performed and have
demonstrated that both the operating diagram and the protection design (AT overlempcrature and
AT overpower) remain unchanged.
In these studies, the penally of 3% on the hot spot factor located in a MOX assembly is
maintained, the technological factor is raised from 1.03 to 1.04 to take into account the tolerance
in the isotopic composition of the plulonium.

Accident studies

The introduction of MOX elements in the core has required a new analysis of four accidents,
namely: loss of primary coolant, steam line break, rod ejection, rods misalignment and rod drop.
The conclusions of these evaluations are as follows:

* loss of coolant accident: this accident consists in a double-ended guillotine rupture in the cold
leg; it leads to core uncovery with risk of excessive heat up of the fuel rod cladding.
All the USNRC safety criteria are satisfied; additional margins are released; the residual
power is not significantly affected by the introduction of MOX fuel; the residual power of a
MOX assembly is even lower than that of a UO2 during the ten hours following a reactor
shutdown.

* steam line break accident: the return to power is higher than for a IK>> core (32% instead of
30%) and the DNBR (Departure from Nucleate Boiling Ratio) is lower (1.6 instead of 1.84)
but nevertheless remains above the limiting value of 1.45.

* rod ejection accident: the results of the .study have led to raise the insertion limits of the
regulation groups, excluding the insertion of the B-group at hoi zero power.

* rod misalignment and rod drop: the F x v factors and the radial redistribution factors arc more
severe in the case of a mixed core but a confortable margin subsists wilh regard to the
crilerium.
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RADIOLOGICAL CONSEQUENCES.

The finish MOX assembly emits neutrons (spontaneous fissions and reactions (a,n) on O1X). a
particles (decay of plulonium isotopes except Pu241 and of Am241), |i and 7 radiations.
The neutron dose rale is lightly higher than the lamina dose rate.
The total dose rate is estimated to a maximum of 0.22 mSv/h. at one meter.The fresh MOX fuel
assemblies will be stored in the storage pool to reduce the personnel doses.

The activity due to the fission products of the spent MOX fuel is similar to that of the U(>2 fuel;
the main differences are listed hereafter:
- increase of the H3 production
- increase of the Xe135, Cs1 3 4 and Cs137 activity
- decrease of the Kr and Sr activity and of the Xe ' 3 8 activity

The activity of the aclinides series is much higher in the MOX fuel.

The activity of the primary coolant is slightly affected by the MOX assemblies:
- the activity of activation products, essentially Co60, is reduced
- the tritium production by activation in the moderator and by diffusion through the

cladding is higher
- the production of C1 4 is slightly increased
- the fission gas release in ease of loss of cladding tightness is lower except the Xe'3-^

activity)
- fuel particles in case of the cladding rupture have a higher a activity

For these two last cases, it is important to know that up to now, no cladding rupture has been
observed for MOX fuel rods irradiated in the French power reactors.

All these values have been calculated by TRACTEBEL with the ORIGEN-2 code associated
with a special MOX cross section library representative of the fuel considered.
The impact of the MOX fuel has been evaluated; the following cases have been covered: fresh
fuel handling, releases in normal operation, release in accidental situations. No limit has been
exceeded.

The study of the loss of coolant accident for Tihange 2 has shown an increase of the whole body
dose (20% to 24%) and of the inhalation thyroid dose (4%) with as consequence the necessity to
reduce the containment total leakage rate by a factor 1.24.
The Technical Specifications have to be modified.

The impact of MOX on systems and equipments has also been verified.
As the residual power of a MOX assembly is even lower than that of a U(>2 during the ten hours
following a reactor shutdown, the capability of the Residual Heat Removal System is not
affected.
For cooling periods longer than 1 year, the presence of MOX fuel in the spent fuel storage pool
leads to a residual power higher by 5%.
The capability of the pool cooling system is sufficient.
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The Fu fission spectrum is harder than the U one.
The part of the reactor vessel in front of a MOX assembly is consequently subjected to a higher
fast neutron flux which increases the embrittlemenl.
The recommended positionning strategy for the MOX assemblies in the core put them toward the
center during their first two irradiation cycles and in periphery for the las! one which minimizes
the problem.

CONCLUSION.

The "MOX" project has shown that it is possible to introduce mixed oxide fuel elements into the
cores of the Belgian units, Docl 3 and Tihange 2, without reducing safely or requiring
modifications of the plant equipment. It has been presented to the Belgian "Nuclear Safely
Commission" which has approved it.
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