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Abstract

Three MOX-fuel tests have been successfully performed within the framework of the CABRI REP-Na
test program. From the experimental findings which are presently available, no evidence for thermal
effects resulting from the heterogeneous nature of the fuel can be given. There are very clear hints
however that fission gas effects are enhanced with regard to the behaviour of UO2. The clad rupture
observed in REP-Na 7 is of different nature than the failures observed in Cabri tests with UO2 fuel.
Failures of UO2 fuel rods only occurred when the clad mechanical properties were severely affected
by the presence of hydride blisters, while in REP-Na 7 a clear indication is made that the loading
potential of the MOX fuel pellets was high enough to break a sound cladding. Concerning the
transient fuel behaviour after reaching the critical heat-flux under reactor typical conditions (pressure,
temperature and flow), no data base could be provided by the tests in the present sodium test loop
(as for the UO2 fuel behaviour). The IPSN project to implement into the Cabri reactor a pressurised
water loop which will allow to simulate the complete RIA accident sequence under PWR reactor
typical conditions, aims at providing this missing data base.

1 - INTRODUCTION

Rapid power excursions, which may result from reactivity transients or Reactivity-Initiated Accidents
(RIAs), may represent an unacceptable threat to the safety of nuclear power reactors. The ejection of
a control rod assembly, under the effect of the reactor system pressure following the rupture of the
housing of a control rod drive, has been chosen as a design-basis accident for Pressurized Water
Reactors (PWRs) in most countries.

Based on experimental programs that were performed in the USA up to the end of the 1970s RIA
safety criteria were defined and are still valid in several countries, including France (for high burnup
fuel these criteria are presently considered as inadequate). The data base for justification of the
validity of these criteria was originally limited to burnup up to 33GWd/t in mean assembly and for UO2

fuel and no additional safety experiments were performed when licensing extensions were approved
by the regulatory authorities.

The continuing search for economic competitiveness and also for the optimized use of nuclear fuel
are the driving forces for changes in fuel management modes and in particular the trend to still higher
burnup. In addition, in several countries the use of plutonium as fissile material (MOX fuel) has been
introduced. High bumup phenomena, like cladding corrosion, fission product accumulation, and
structural changes of the fuel as well as heterogeneous nature and low reactivity decrease of the
MOX fuel, are liable to reduce the safety margins which were known to be large at the time of the
definition of the criteria.
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An important research program was initiated in France by'lPSN in collaboration with EDF at the end
of the 1980s, essentially the REP-Na tests in Cabri including three MOX-fuel tests at different burnup
levels. Furthermore, a set of support tests for key properties and phenomena, and the development
of the specific RIA fuel behaviour code, SCANAIR are part of this program. More recently, the
research effort has been extended to neutronic calculations with use of coupled thermal-hydraulic and
3D neutronic kinetic computer codes, with the aim to improve the evaluation of the safety margins by
comparison with test results. The entire research activity is characterized by a significant
international cooperation [6,10].

In the present paper are presented the specific aspects of the three MOX-fuel tests of the CABRI
REP-Na program, the test objectives, the choice of the test parameters, the major results and the
present state of understanding.

2 - TEST OBJECTIVES

The fuel test program CABRI REP-Na has been started in 1993 with the aim to extend the data base
of Light Water Reactor fuel behaviour under the conditions of the reactivity initiated accident (RIA) of
PWRs, i.e the ejection of a control-rod bundle under hot zero-power conditions.

The main objective of this program was the investigation of potential high burn-up effects and the
verification of the RIA safety criteria for classical UO2 fuel, corresponding to the request of the french
safety authority DSIN, in view of the intention of Electricite de France (EDF) to increase the burnup
limit from 47 to 52 GWd/t (mean assembly).

In addition and beyond the UO2 objectives, the investigation of MOX fuel behaviour under RIA
conditions was included in the definition of the REP-Na test matrix, in anticipation of future licensing
requests concerning the behaviour of high burnup MOX fuel under RIA conditions [1].

The most commonly used MOX fuel is elaborated through the MIMAS fabrication process which is
characterised by the mechanical mixing of natural or depleted UO2 with a masterblend powder of
(UPu)O2- This process produces a slightly heterogeneous final product with mixed oxide
agglomerates (or clusters), imbedded in the UO2 matrix. The as fabricated plutonium concentration in
the clusters is the one of the masterblend, approximately 30%.

The mean size of these agglomerates is rather small, - 20 microns, however the fabrication
specifications allow that a small but non-negligeable number of the clusters reaches the size of
several hundreds of microns.

The heterogeneity of the MOX represents the most significant difference with regard to UO2 fuel. Its
potential effect under the conditions of the fast transient heating under the RIA has been considered
and investigated since long time [2,3,4]. The result of these investigations is taken into account in
the MOX fuel fabrication specifications.

The early concern however was related only to the aspect of the thermal behaviour of the plutonium-
rich clusters and only fresh fuel experiments were performed. More recent results, from CABRI UO2

and from NSRR tests, give rise for arguments which lead to postulate a specific high burnup MOX
behaviour, resulting from fission gas effects.

The three MOX tests in CABRI were therefore defined in such a way that possible effects, both
thermal and high burnup clad - loading effects could be investigated:

• In the test REP-Na 9 with a 2 cycle rod, the mean burnup is low (28 GWd/t). In the clusters the
plutonium content is still high and the cluster burnup is already significant and, accordingly a quite
important fission product inventory has build up. At this level, the combined thermal and fission
gas effect might be maximised.

• In the 3 cycle test rod REP-Na 6 (47 GWd/t) the transient overheating of the clusters has
decreased and transient loading resulting from fission gas becomes predominating.

• In REP-Na 7 finally, the mean fuel burn-up reaches 55 GWd/t and, at this level, a large fraction of
the fissions under nominal operation and in the transient is to be attributed to the newly formed
plutonium, i.e. in the bulk of the UO2 matrix. The transient energy deposition becomes more
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homogeneous but still, the original clusters contain high amounts of fission gas in the intergranular
bubbles and inside the neighbouring porosity.

The expected contributions from thermal effects firstly and from structural and gas effects secondly
are therefore changing in a characteristic manner from REP-Na 9 to REP-Na 7. At the time of the
definition of the tests it was expected that the global and detailed test results would allow to evaluate,
at least qualitatively, whether the thermal or the fission gas effect resulting from the fuel heterogeneity
would be predominant. It appears at present that this goal has been reached, as will be seen from
this paper.

Table 1: The MOX-fuel tests of the Cabri REP-Na test matrix:

Test

('date))

IUa-6

(3/96)

l?la-7

(2/97)

lUa-9

(4/97)

Tested rod

EDF MOX,
3c

span 5

47GWd/t

EDF MOX,

4c

span 5

55GWd/t

EDF MOX

2 c

span 5

28GWj/t

Pulse

(ms)

40

40

34

Energy at
pulse end

(cal/g)

165

(at 1.2 s)

(690 J/g)

175

(at 1.2 s)

{732 J/g)

241

(at 1.2 s)

(953 J/g)

Clad

Corrosion

frZrOt)

35

50

<20

Results and remarks

No rupture

Hmax = 148 cal/g

Ato/t?: 2.65 % (mean max)

FGR=21,6%

Rupture at 120 cal/g

Hmax = 140 catfg

Pressure peaks

Fuel dispersal

Examination currently carried
out

No rupture

Hmax = 210 cal/g

A<(»/<t> a 7.3 % mean max

FGR = 35% (to be confirmed)

Examination currently carriedl
out

Note : the burn-up indicated in the table is the maximum burn-up of the test rod/et: the father rod has
a burn-up 10 to 72% lower.

In table 1 are presented the major test parameters and a few significant experimental results.

All test rods are refabricated from sections of industrial MOX-fuel rods, irradiated in commercial
Nuclear Power Plants. The refabrication procedure in all cases was the FABRICE routine [7] as in all
the REP-Na tests. In all cases also, the father rod was sectionned at the level of span 5, the
penultimate intergrid span at the upper end of the fuel rod. At this level, the burnup is rather constant
and the outer clad corrosion is close to rod maximum. The refabricated rodlets were filled with He at
0.3 MPa pressure, equivalent to the sodium pressure in the coolant channel. Last but not least, all
MOX tests were performed with a power-pulse-width close to 40 ms, a value which is a better
approach of reactor pulse when loaded with MOX fuel.
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3 • MAIN RESULTS OF THE CABRI-REP-Na MOX FUEL TESTS

Three tests have been realized in the CABRI-REP Na programme, using MOX fuel rods with various
burn-up levels (28, 47 and 55 GWd/t) and standard Zircaloy-4 cladding.

The main characteristics and results are given in table 1.

3-1.REP-Na9TEST

The REP-Na 9 test used a 2-cycle MOX fuel rod irradiated in St Laurent B1 EDF power plant. The
test rod was reconditioned from the 5th span of an industrial rod with 28 GWd/t burn-up and a low clad
corrosion (=10u.mZrO2).

The power transient of 34 ms half width did not lead to rod failure although the high energy injection
(241 cal/g at 1.2 s) resulted in a maximum mean fuel enthalpy of 210 cal/g. An evaluation of the
maximum fuel temperature with the SCANAIR code [5] with homogeneous description indicates that
it probably reached in the periphery 2400°C in the first ms and 2700°C later on, in the central part.
This high mean maximum temperature may have produced local melting of a fractional of the higher
enriched MOX clusters.

The maximum fuel and clad elongations are 8 mm and the residual clad elongation amounts to 5 mm.

The transient evolution of the inlet and outlet sodium flow rates showed rapid variations (« TOP
effect ») which is known to result from the transient radial deformation of the rod, the thermal
expansion of the sodium and the heating of the outer channel wall.

The profilometry of the rod after test showed a very high mean plastic circumferential strain (the
maximum value ever obtained in the CABRI REP-Na tests) with maximum strain near pellet ends. At
the peak power level, the hoop strain reached 8% at the pellet edge and 6% in the pellet middle
height, showing an hourglass type pellet deformation with increase of the primary local strains up to
100 urn in diameter (fig1 ).
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(hourglass type pellet deformation)
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Fig. 1 : REP-Na 9 profilometry : rod diameters versus axial position
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Fig. 2 : REP-Na 9 profilometry : polar representation of rod diameters versus azimuth

Based on the profilometries on 8 diameters, no significant ovalization (< 30 um) has been evidenced
(fig.2).

The non destructive examinations (gamma scanning and x-ray radiography) do not show any filling of
the dishings (as observed in REP-Na 2 [5]) by the fuel, but this has to be confirmed by the
destructive examinations.

A preliminary information from the rod piercing indicates a high level of gas release with probably a
significant contribution of Helium release. Rough estimation leads to a fission gas release of around
35%, to be confirmed after the analysis of the released gas.

The REP-Na 9 test with MOX fuel can be compared to the REP-Na 2 test performed with an UO2 rod
and a similar energy deposit: BR3 rod at 33 GWd/t, low corrosion thickness (4 u.m), power pulse of
9.5 ms half width with 211 cal/g total energy injected and a maximum mean fuel enthalpy evaluated to
be 210 cal/g.

Concerning the clad hoop strain, the REP-Na 2 test also resulted in an hourglass shape with a mean
value of 3.5% at maximum power level (4.1% at pellet edge and 2.9% at mid-pellet) without any
ovalization.

Such high level of cladding deformation in both tests is explained by the combined effect of the fuel
thermal expansion and by fission gas induced swelling.

This last phenomenon is linked to vacancy diffusion induced by fission gas bubble pressure increase
and is activated when the fuel temperature remains higher than 2100 K during a sufficient time which
is the case in the center part of the pellets in both tests with high energy injection.

The hourglass shape of the clad straining as shown by profilometry is a clear confirmation of the fuel
loading under parabolic radial temperature profile as obtained in the late phase of the transient (fuel
cooling down phase).

In spite of the similar energy injection, the higher deformation obtained in REP-Na 9 compared to
REP-Na 2 [5] can be explained by the different mechanical properties of the cladding material:
indeed, in the temperature range covered by the tests (maximum inner and outer clad temperatures
respectively around 900°C and 500°C), the yield stress of the standard zircaloy-4 of REP-Na 9
cladding is strongly reduced in opposition to BR3 rod cladding (by a factor = 2).
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Another topic for comparison is the fuel behaviour through the filling of the dishings : complete in
REP-Na 2 and attributed to fuel visco-plasticity at temperature close to melting, not clearly evidenced
in REP-Na 9. If such result is confirmed by the REP Na 9 destructive examinations, it seems to be in
opposition to what is observed in slow power ramps where the MOX fuel shows an enhanced creep
behaviour compared to UO2.

Lastly, the fission gas release rate (FGR) is found much higher with the MOX fuel rod than with the
UO2 rod : however, it is important to notice the EPMA results of a 2 cycles MOX fuel rod which tend
to indicate an amount of around 25 % of fission gases in intergranular and porosity bubbles (not seen
by EPMA) at the end of irradiation (high gas retention inside the porosity in UPuO2 agglomerates).
This high quantity is thus available to be released during the power transient in correlation with the
grain boundary separation occurrence as already deduced from the analysis of high burn-up UO2 fuel
submitted to a RIA [5|. The total FGR result after the power transient, if confirmed, is thus consistent
with the assumption of the contribution of initial porosity and intergranular bubbles associated to grain
boundary separation and is increased by intragranular bubbles migration at such high temperature
levels as in REP-Na 2 and REP-Na 9.

3 - 2. REP Na 6 TEST

The REP-Na 6 test has been performed with a 3 cycles MOX fuel rod irradiated in the St Laurent B2
EDF power plant. The test rod reconditioned from the 5th span of a reactor rod was characterized by
a burn-up level of 47 GWd/t and a maximum clad corrosion thickness of 35 urn.

The CABRI power transient of 40 ms half width injected 165 cal/g at the peak power level (at 1.2s)
resulting in a maximum mean fuel enthalpy of 148 cal/g (SCANAIR evaluation).

The rod did not fail but a significant residual clad straining (fig. 3) has been obtained (2.65% mean
value at peak power node, PPN) together with a strong ovalization (100 u.m in diameter at PPN, fig.
4).
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Fig. 3 : REP-Na 6 profilometry : rod diameters versus axial position
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Fig. 4 : REP-na 6 profilometry : polar representation of rod diameters versus azimuth

The origin of such ovalization is not yet understood and studies are underway in order to identify
whether this can be due to fuel or clad heterogeneity {microstructure, gas retention, corrosion), or to
asymetrical energy deposit in the CABRI reactor (neutron absorption due to instrumentation devices).
The fact that both tests with higher energy deposit and lower burn-up such as REP Na 2 and REP Na
9 do not lead to straining with ovalization is also to be considered (deformation with contribution of
the fuel center part, more homogeneous).

The measurement of the zirconia thickness after test showed some transient spalling close to peak
power node (PPN) and to the top of fissile length : this phenomenon already observed in some REP-
Na UO2 tests (REP-Na 3 - Na 4) is linked to the transient clad straining and is favoured by the
presence of a thick initial oxide layer as in REP Na 4 (80 urn initial thickness, very large spalling due
to CABRI test, [5]).

The fission gas release due to the transient amounts to 21.6 % of the retained gases: this high
release is consistently understood if we take into account the results of EPMA examinations before
the test indicating that a large quantity of gases is present in intergranular and porosity bubbles
already at the end of irradiation.

In addition, the metallographic examinations performed on radial cuts (see fig.5) clearly show that the
power transient resulted in a high degree of grain boundary separation in the UO2 matrix, particularly
at the pellet periphery as previously seen in the other REP-Na tests.

Such effect is linked to the radial power distribution leading to maximum temperature in the outer
zone of the pellet in case of rapid power transients. The grain boundary fragmentation together with
clad straining allow gas to escape through paths and contributes to the high level of transient fission
gas release.

Another point issued from post test examinations, is the evidence in the central part of the pellet, of
inter and intragranular gas precipitation with presence of channels at grain boundaries which
confirms the contribution of the center fuel part to the fission gas release.

Finally, the examinations did not highlight any specific thermal behaviour of the Pu aggregates which
did not undergo local melting (even when located at the pellet periphery), nor significant morphology
modification as compared to pre-irradiation state.
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Fig. 5 : REP-Na 6 radial cut at peak power location

3-3.REP~Na7-TEST

The REP-Na7 test has been performed using a 4-cycie MOX fuel rod {55 GWd/t) reconditioned from
the 5th span of a PWR rod irradiated in Gravelines 4 power plant and with a clad corrosion thickness
of 50 urn.

The neutron-radiography before test did not exhibit any hydride accumulation (so called « blister »)
nor spading of the oxide layer.

The power transient of 40 ms half width led to rod failure (at 452 ms) for an injected energy of 109
ca!/g at peak power node (PPH),

According to calculations with the SCANAIR code [5] the rod failed at the time when a mean fuel
enthalpy of 120 cai/g at PPN was reached.

The failure was immediately followed by a strong sodium flow ejection and high pressure peaks in the
channel (200 b at inlet, 110 b at oulet) and by the voiding of the coolant channel (fig.6).

From the microphones and flowmeter signal analysts, the failure has been located around PPN (26
cm from bottom of fissile length). However, the hodoscope did not give any evidence of fuei motion at
that time due to its iow sensitivity with low enriched PWR fuel.

A second event, in the lower part of the test rod, occurred 18 ms later (seen by hodoscope,
flowmeter, pressure transducers), clearly indicating fuel motion in the lower part of the channel; at
this time, which coukj be considered as the latest one for the onset of fuel ejection, the maximum fuel
enthalpy is evaluated to be 130 cai/g.

The large amount of fuel motion is confirmed by the low residua! sodium flow (5% of its initial value)
indicating an almost complete channel blockage. This point is corroborated by the non-destructive
examinations showing loss of fuei in the lower part of the fissile column and fuei relocation in the
filters.
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Fig 6 : Flow rate ejections in the test consecutive to rod failure in Rep-Na 7

At the present time no additional information from post-test examinations is available due to the delay
of hot cell work.

The main striking point is the rod failure which occurred in spite of a limited corrosion level and
absence of spalling of the cladding in opposition to the UO2 fuel REP-Na failed rods characterized by
a high burn-up level (60 GWd/t) and a thick corrosion layer (80 - 130 \im) with initial spalling leading
to the presence of « blisters » (hydride accumulation).

First of all, in REP-Na 7, the axial location of the first failure at peak power level tends to eliminate
any effect of fuel heterogeneity due to UPuO2 agglomerates which is stochastic and could trigger the
failure at any axial level. Moreover, the comparison of REP-Na 7 and REP-Na 6 with a similar power
pulse leading to a maximum fuel enthalpy of 145 cat/g without failure, suggests an important influence
of burn-up on the clad loading.

On the other hand, an evaluation with the SCANAIR code assuming an homogeneous behaviour of
the MOX fuel leads to an equivalent plastic strain of 2 % at the time of failure.

Taking into account the results of the mechanical tensile tests realized in the PROMETRA program
[5] on similar cladding as REP-Na 7 rod which show values of 1% and 30% for uniform and total
elongations respectively, we can deduce that the clad failure in REP-Na 7 results from the
contribution of fission gas pressure loading. Indeed, in the MOX fuel, the high concentration of fission
gases in the UPuO2 agglomerates over the whole section can be compared to the local rim zone of
high burn-up UO2 fuel and may be responsible for gas overpressure (the agglomerates represent
roughly 20% of the fuel mass compared to 5% for the rim zone of a 5-cycles UO2 rod).

The high level of confinement and concentration of gases could also explain the violent flow ejection
at failure time.

However, the precise description of the MOX fuel behaviour by the SCANAIR code is not validated.
Additional information from future post-test examinations is needed for better understanding.
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3 - 4. MAIN OUTCOMES COMPARED TO U02 FUEL BERAVIOUR

From the preliminary analysis of these three CABRI REP Na tests with MOX fuel, the following points
can be deduced.

- There is no evidence of a direct impact of the UPuO2 agglomerates with regard to local thermal
effect for rod failure in spite of the high energy deposit (REP Na 9) and as it could be expected from
the fuel heterogeneity.

- The occurrence of the transient clad spalling due to clad straining is confirmed as it already
occurred with UO2 fuel rods in REP-Na 3 and REP-Na 4. Consequences on the clad-coolant heat
transfer in reactor situation might be expected from this behaviour (enhancement of the risk of boiling
crisis followed by clad heat-up)

- Similarly to what has been observed with UO2 fuel CABRI tests, the contribution of intragranular
gases to fission gas induced fuel swelling is confirmed at high temperature level (mainly in REP-Na 2
and REP-Na 9) leading to significant clad straining.

- A significant increase of fission gas release is found with the MOX fuel compared to UO2 fuel at
similar burn-up ; this effect is linked to the presence of a higher quantity of gases in intergranular and
porosity bubbles associated to the UPuO2 agglomerates behaviour under irradiation and is much
increased at high burn-up. As a consequence of a rapid power transient with fuel heat-up and gas
overpressure leading to grain boundary separation, a larger amount of gases can be released and be
available for clad loading under gas pressure.

- The failure of the REP-Na 7 test rod with a sound cladding and a low corrosion level may be
explained by the contribution of gas pressure on clad loading and suggests a high burn-up effect with
MOX fuel.

5 - CONCLUSION AND FURTHER NEEDS

The three MOX-fuel tests of the CABRI REP-Na test program have allowed to investigate the
consequences of the combined thermal and fission gas effects on a MOX fuel rod submitted to a RIA.

From the experimental findings which are presently available, no evidence for thermal effects
resulting from the heterogeneous nature of the fuel can be given.

On the other hand, there are very clear hints that fission gas effects are enhanced with regard to the
behaviour of UO2.

These increased fission gas effects are to be explained by the significant difference of the gas
retention in MOX fuel during nominal operation. The heterogeneous nature of the MOX and also the
slightly higher fuel temperature during nominal operation produce, for a given gas release fraction, a
higher gas retention fraction in intergranular bubbles and in porosities. These gas retention sites
produce undelayed pressure effects during rapid transient heating which lead to fuel fragmention and
associated clad loading.

The failure of REP-Na 7 is to be considered with particular attention because it is of a fundamentally
different type than the failures of UO2 fuel rods which only occurred when the clad mechanical
properties were severely affected by the presence of hydride blisters. Such cladding behaviour has
largeiy deviated the attention from the contribution of the high burnup pellets effect on the origin of
the clad loading.

In REP-Na 7, the loading potential of the fuel pellets was high enough to break a sound cladding.

One of the frequently asked questions concerning the Cabri tests is related to the test conditions and
the representativity of the test fuel [8]. It has been demonstrated earlier [e.g.9] that the loading
conditions during the PCMI phase are representative and any failure occurring during this phase is
directly transposable to the reactor case if the critical heat flux is not reached before the failure event.
The rapid increase of the clad temperature after the boiling crisis might restaure the ductility of the
corroded and hydrided brittle clad material. However the mechanical resistance is decreasing rapidly
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and the internal rod pressure increases due to the high t ransient fission gas release. For this field of
questions, no data base is presently available because no experimental facility exists in the world,
allowing to expose irradiated fuel to reactor typical power excursions under the boundary conditions
of the PWR (pressure, temperature and flow).

The IPSN project to implement into the Cabri reactor the pressurized water loop aims at providing
this missing test facility for such a complete investigation.
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