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Abstract

Paper presents the results of investigation of highly irradiated PWR fuel behaviour under
fast power transients conducted in a sodium loop of CABRI reactor, as well as the results
on development and validation of computer code SCANAIR.

I. INTRODUCTION

The CABRI experimental programme has been designed in the frame of the safety studies
related to the Reactivity Initiated Accidents and in view of the future bum-up increase in the
French PWRs [1]; [2]. It is performed under the collaboration between Nuclear Safety and
Protection Institute (IPSN) and Electricite de France (EDF).

The aim of this programme is to investigate the behaviour of highly irradiated fuel under fast
power transients and to provide knowledge on the physical phenomena for the development
and validation of the computer code SCANAIR elaborated at IPSN [3].

Up to the years 90 s, the available data base (SPERT, PBF experiments) has been limited to
fresh or low irradiated fuel (up to 30 GWd/t) and has served as a basis for the establishment of
the safety criteria which are presently independent of burn-up level.

However, several aspects of the high irradiation level may affect the fuel rod behaviour under
RIA transient such as :

- the important clad oxidation with possible spallation of the zirconia layer leading to clad
embrittlement and reduction of the mechanical strength,

- the high fission gas retention which induces transient fuel swelling and thus strong pellet-
clad mechanical interaction (PCMI),

- the presence of the "rim" zone with high porosity, high local burn-up and plutonium
content, and small grains structure.

As a consequence, early rod failure followed by dispersion of finely fragmented fuel with fuel
coolant interaction (FCI) might be expected.

A first analysis of the recent NSRR tests with irradiated fuel [4] clearly showed that due to
PCMI, early rod failure occurs with cold clad : such mechanism appears different from the
case of fresh fuel rods in which clad failure occurs lately after DNB at quenching.

The low influence of the clad-coolant heat transfer during the initial phase of the fast power
transient allowed in a first step, to define experiments in the CABRI sodium loop with the
objective of determination of the fuel enthalpy threshold for rod failure and onset of fuel
ejection.
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Table 1 : RIA TESTS MATRIX IN CABRI SODIUM LOOP

Name (date)

REPNal
(11/93)

REPNa2
(06/94)

REPNa3
(10/94)

REPNa4
(07/95)

REPNa5
(05/95)

REPNa6
(95)

R£PNa7
(96)

REPNa8
(96)

R£PNa9
(96)

Fuel Rod

EDF, 63GwdA (4.5%)
grid levels 5/6

Fabrice rod : 569 mm

BR3, 33 Gwd/t (6.85 %)
no rod conditioning

(1 m length)

EDF, 52 Gwd/t (4.5%)
grid levels 5/6

segmented rod (440 mm)

EDF, 63 Gwd/t (4.5%)
grid levels 5/6

Fabrice rod : 571 mm

EDF, 63 Gwd/t (4.5%)
grid levels 2/3

Fabrice rod : 571 mn

Mox 3 cycles
Fabrice rod

Mox 4 cycles
Fabrice rod

EDF, > 58 Gwd/t (4.5 %)
grid level 4/5

Mox 2 cycles
Fabrice rod

Maximum
mean fuel

enthalpy (cal/g)

115

200

125

~ 100

~ 115

-140

-125

~ 125

~ 180

Remarks

failure

fast pulse

no failure

fast pulse

no failure

fast pulse

no failure

reactor type
ramp

no failure

fast pulse

ramp to be defined

ramp to be defined

ramp to be defined

ramp to be defined

This experimental programme, still underway, consists- of six tests with UO2 rods and three
tests using MOX fuel to be realised up to end of 96 (see matrix, table 1) with as main
parameter the bum-up level from 30 to 65 GWd/t.

In this paper, we will concentrate on the analysis of the three first UO2 tests REP Nal,
REP Na2, REP Na3 with some elements on REP Na4 and REP Na5.

The interpretation of these tests is based on the experimental results including non-destructive
and destructive examinations as discussed in [5] and [6] and on the quantitative analysis
performed with the SCANAIR code [3].

Evaluation of open issues and future tasks will be discussed.
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TABLE 2 : MAIN CHARACTERISTICS OF THE TESTS

Test fuel rod
fissile length (mm)

Cladding

Pint-Pchanne! (b)

Enrichment (%)

Bum-up (Gwd/t) (max. rod)

Corrosion thickness (p.)

Gap gas composition

Test energy deposition (cal/g) at
0.4 s

Power pulse width (ms)

Diametral maximum clad strain
(mean value, %)

Rod failure

Maximal clad elongation (mm)

Maximal fuel elongation (mm)

Transient FGR(%)

REPNal

EDF/Fabrice
569

standard

0.

• 4.5

63.8

80

83.3% He +
16.7% Xe

110

9.5

-

yes

-

REPNa2

BIG rod
1000

standard

0.

6.85

33.

4

He

211

9.5

3.5

no

10

4

5.5

REPNa3

EDF/segmented
440

improved

2.

4.5

52.8

40

He

120

9.5

2.1

no

6

not available

13.4

RJEPNa4

EDF/Fabrice
571

standard

2.

4.5

62.3

SO

He

95
(at 1.2 s)

#60.

not yet
available

no

not yet
available

not yet
available

not yet
available

R£PNa5

EDF/Fabrice
571

standard

2.

4.5

64.3

20

He

105

9.

not yet
available

no

not yet
available

not yet
available

not yet
available

II. DESCRIPTION OF THE CABRI REP Na TESTS

1) Tests conditions

The REP Na tests are performed in the sodium loop located in the centre of the CABRI
reactor. The experimental procedure and the instrumentation for test diagnostic are discussed
in [5].

The coolant channel conditions are the following :

- sodium inlet temperature : 280°C,

- sodium velocity : 4 m/s,

- coolant outlet pressure : 2 b

Except the pressure level, these thermal-hydraulic conditions simulate the PWR reactor hot-
stand-by state.

The power transient is initiated from initial zero power and has a 9.5 ms half width : such
rapid power pulse is consistent with the existing RIA data base (SPERT, NSRR tests). The
energy deposition corresponds to the maximum power of the CABRI driver core.
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FIG. 1. Oxide thickness on the part of the PWR rod QO2 for CABRI Rep Na 1 test.

120

100

80

1 60
u

40

20

0

Plin max = 21 6 kW/cm

half-width 9.5 ms

Hmax = 112.9 cal/g

Einj = 110 cal/g at 0.4s

250

- 200

150

- 100

- 50

— 0
0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12

time {s)

FIG. 2. Lineic power, injected energy and fuel enthalpy at Peak Power Node Rep Na 1.
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In the future tests, power pulses with larger half width (25 to 60 ms), will be realised in order
to better simulate reactor transients.

The axial power profile along the test rod is of cosine shape following the CABRI flux and
the radial power profile depends on the self-shielding varying with the rod burn-up (maximum
power in the periphery of the rod).

The main characteristics of the tests REP Nal to 5 are summarised in table 2.

Special features of the rods may be noticed :

- the presence of the rim zone in REP Nal, 4, 5 (200 um thickness) and REP Na3 (100 um
thickness) due to the high burn-up level of the rods,

- the important clad corrosion in REP Nal (standard cladding) with hydrogen content up
to 700 ppm, spallation and scaling off of the zirconia layer (fig. 1).

2) Main features of the quantitative analysis with the SCANAIR code

The SCANAIR code [3] describes the fuel and clad thermo-mechanical behaviour during fast
power transients starting from the initial state of the fuel rods given by the irradiation codes
such as TOSURA-REP (IPSN) or METEOR (CEA/DRN).

The fuel swelling induced by fission gases is taken into account.based on intra-granular and
inter-granular gas behaviour.

The deformation induced by the presence of cracks is described- and the plastic strains are
given by the Prandtl-Reuss laws.

The fuel creep mechanism is only simulated by a softening temperature but the clad creep is
not described (no clad ballooning description in the present version).

The main points to be compared to the experimental results are the clad and fuel elongations,
the clad plastic deformation if any, and the fission gas release from fuel due to the transient.

III. THE REP Nal TEST

The main result of this test is the occurrence of an early rod failure when only 11.7 cal/g [5]
has been injected at peak power node (PPN). At the location of the first failure, 8.75 cm above
bottom of fissile length, the energy deposition is 8.9 cal/g due to the axial power profile.
Taking into account the initial fuel enthalpy of 17.1 cal/g the rod failure occurred with a
maximum fuel enthalpy of 29 cal/g at PPN (see fig. 2) and 26 cal/g at failure level.

The rod failure led to fuel ejection into liquid sodium with sodium flow ejection and pressure
peaks of 9-10 b.

The evolution of the channel voiding zone and of the temperature given by the thermocouples
are understood as due to the passage of hot gases from the fuel.

A partial blockage of the test channel has been observed (reduced residual flow).
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1) Analysis of the failure scenario

At the time of failure no significant fuel and clad heat-up nor clad deformation are expected as
confirmed by the SCAN AIR code which indicates a maximum fuel temperature in the
periphery of the pellet of 600°C at PPN (fig. 3) and no clad plastic deformation.

The detailed examinations of the clad showed multiple failure sites with cracks of brittle type
and axial propagation [6]. They also evidenced the presence of a multitude of hydride
accumulations with crack initiation in the external part.

Such features are similar to the pre-test observations made on twin samples and indicate that
those hydrides were present in the clad before the CABRI test as a result of the scaling-off of
the zirconia layer.

Indeed, in case of high bum-up fuel rods similar to REPNal, the disappearance of the
zirconia layer at some places has also been observed in association with hydride
accumulation, so called "sun burst" : this can be explained by precipitation of the hydrides due
to creation of a cold point in the clad after contact with coolant (no more thermal insulation by
the ZrO2 layer).

On the other hand, measurement of H2 content in the REP Nal clad after test, indicated no
modification of the mean hydrogen concentration which is a confirmation of the absence of
hydriding during the test.

Concerning the fuel, the main outcomes from the post test examinations are the following :

- large fuel swelling (5 to 10 %) occurred along the test pin, after clad failure,

- loss of cohesion at the grain boundary is observed and may result from over
pressurisation of the grain boundary gases during the fast power pulse,

- the total amount of fuel loss is evaluated to 6 g (hodoscope) but is not only due to the
rim particles entrainment; fuel fragments ( 0 > 40 um) from the inner fuel part have
also been ejected out of the rod,

- total scaling off of the zirconia layer,

- no release of intragranular gases has been observed (EPMA) indicating that the
driving force for fuel pressurisation resulted from inter-granular and porosity gases.

So, as a summary, the rod failure in REP Nal can be understood as the result of:

- the action of the rim zone in which the rapid temperature transient above the
irradiation conditions creates gas pressurisation and fuel fragmentation, loading the
clad ; indeed at such enthalpy level (« 30 cal/g), the classical fuel swelling resulting
from diffusion process cannot be activitated and cannot take part in the clad loading.

- the low mechanical resistance of the clad due to high corrosion level with spalling
zirconia which favours hydride concentration and thus embrittlement.

Such a mechanism is confirmed by the absence of failure in REP Na3 and REP Na5 with high
burn-up fuel rods (52.8 and 64.3 GWd/t respectively) and thus presence of rim zone but with
lower oxidation level (40 um and 20 um respectively) and without spallation.
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In the recent test REP Na4 with similar burn-up and oxide thickness as in REPNal, two
parameters have been changed simultaneously : the power transient half-width of 60 ms and
the state of the zirconia layer without any spallation. The absence of failure in this test seems,
to be rather related to the uniform oxidation layer.

Another important outcome from REPNal test is that after failure the fuel dispersion
occurred with solid fragmented fuel.

2) Description with SCANAIR

In the SCANAIR code (version 2.2), the simulation of the rim behaviour is made with the
following assumptions :

- the grain boundary fragmentation is due to overpressurisation of the gas bubbles
compared to equilibrium state,

- after fragmentation and due to high porosity of the rim zone, the fuel behaves as a
mixture of gas and particles (hydrostatic behaviour) with direct loading on the clad .

The application to REP Nal (fig. 4) shows that at the time of experimental failure, the fuel
fragmentation in the rim leads to a sharp increase of the contact pressure (up to 270 b) and
thus to a high clad strain rate, with no plastic clad deformation.

Uncertainty on the contact pressure may be related to the knowledge of the initial state of the
fuel rod (gas quantity in the rim zone, threshold for fragmentation).

However such contact pressrre may lead to clad failure when applied on initially brittle clad
at temperature of 280°C and especially with high strain rate of more than 1/s.

At the present time, the clad mechanical behaviour in such conditions is not known and this
underlines the need to perform mechanical testing in the transverse direction [7] with clad
samples from similar rods as the test rod (local hydriding).

IV. THE REP Na 2 AND REP Na 3 TESTS

IV. 1. Analysis of the experimental results

In the REP Na2 test using a BR3 Rod irradiated to 33 GWd/t with very low oxidation
level, the fast power pulse injected 211 cal/g at 0.4 s while in REP Na3, using an EDF
segmented rod of 52.8 GWd't burn-up with 40 urn of oxide layer, the energy injection has
been 120 cal/g at 0.4 s.

In both tests, the rod did not fail but significant clad plastic deformation has been
obtained.

In REPNa2, there is evidence of a pronounced "bamboo effect" with maximum
deformation at the edges of the pellets reaching 4.2 % at PPN while the mean value is
3.5 % (fig. 5). Such feature is the classical result of a plastic deformation due to pellet-
clad mechanical interaction with parabolic temperature profile inside the fuel (as in
operating conditions).
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In REP Na3, the clad deformation shows maximum values at the mid-height of the
pellets, the mean value being 2.1 % at PPN (fig. 6). This shape may be explained by a
clad loading with maximum fuel temperature in the peripheral part as it occurs in the first
phase of fast power transients due to the radial power profile with maximum power in
periphery (Pperiphery/Pcenter : 2.56 in REP Na3,1.9 in REP Na2).

Nevertheless, in both tests, the axial profile of the mean deformation follows the axial
power profile (cosine shape).

The occurrence of significant clad deformation is consistent with :

- the transient volume change as shown by the sodium flow expulsion [5] which is
more pronounced in REPNa2 than in REPNa3 according to the different
amplitudes of clad deformation,

- the measurement of the fuel and clad elongations as given in Table 2.

On the other hand, the destructive examinations of the REP Na2 rod showed :

- a total filling of the pellet dishings which traduces a highly plastic fuel behaviour
due to high temperature level in the test,

1 mm

REP Na 2 CR1 519.5 mm/bcf

FIG. 7 Radial cut at 519.5 mm from bottom of fissile column.
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- inside the fuel, the formation of a radial zone in the periphery of the pellets, with
high porosity and loss of grain cohesion (fig. 7) ; this results from fuel
fragmentation due to [jrain boundary separation in the region where maximum
fuel temperature is reached.

At the present time, the destructive examinations of REP Na3 are not completed but no
evidence of filling of the pellet dishings is found.

The fission gas release measurements indicated a release of 5.5 % in REP Na2 (21.7 cm3

NTP) and 13.4 % (45 cm3 NTP) in REPNa3. Taking into account the difference of the
rods bum-up and the associated gas retention, these results show that the fission gas
release is highly correlated to the irradiation level.

IV.2. SCANAIR results

Both tests have been calculated with the Scanair code (version 2.2) on the basis of the
initial state of the rods given by the TOSURA-REP results and taking into account the
presence of the clad oxide layer (thermal effect).

IV.2.1. REPNa2

Due to the high energy injection, the calculated maximum fuel enthalpy (radially
averaged) is 206 cal/g (at 95 ms) and the maximum fuel temperature reaches only very
temporarily 2815°C (at PPN) which is close to melting temperature.

The fig. 8 shows the radial profile of the fuel temperature at different times in the
transient. We can note that after 250 ms, the radial profile becomes of parabolic shape
and that high temperature level is maintained in the centre of the fuel (above 2000°C up
to 3.5 s) : this contributes to activate fuel swelling and explains the clad deformation
shape ("bamboo")-

The calculated maximum plastic clad deformation reaches 6.5 % (fig. 5) which is over-
estimated compared to the mean experimental value of 3.5 % (no description of the
bi-dimensional effect in SCANAIR). A sensitivity study has shown that this result cannot
be explained by the uncertainty on the clad mechanical properties.

However, such over-estimation is consistent with the absence of description in SCANAIR
of the filling of dishings volume due to creep mechanism at high temperature level and
with the assumption that the fuel porosity is maintained even under significant fuel
swelling (not justified at high temperature level).

Substracting those volume contributions from the fuel swelling would lead to a clad
deformation of 4.8 % still higher than the experimental value. On the other hand, the clad
deformation which would result of the only contribution of the fuel dilatation (without
swelling) would reach 2.2 % : this confirms the role of the fuel swelling in the REP Na2
clad loading, with however over-estimation at high temperature by the present SCANAIR
modelling.
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Such over-prediction is also reflected by the calculated maximum fuel and clad
elongations.

Fuel fragmentation due to the rapd temperature increase is found in the pellet periphery
consistently with the evidence of the porous zone seen on the radial cuts.

The calculated fission gas release amounts to 17 cm3 NTP in reasonable agreement with
the measurement (21.7 cm3 NTP).

IV.2.2. REPNa3

The best-estimate description of REP Na3 with SCANAIR has been obtained with the
upper limit of energy injection within the uncertainty margin (125 cal/g at 0.4 s) and led
to a maximum fuel enthalpy of 131 cal/g.

The figure 9 shows the radial temperature profile at different times with a maximum
temperature of about 2410°C reached in the pellet periphery at 90 ms.

The main difference compared to the REP Na 2 test is the fact that the temperature in the
fuel centre stays below 1650°C (higher than 2000°C in REPNa2) which reduces the
fission gases induced swelling for clad loading.

In REP Na3, the clad deformation occurred in the first phase of the transient and reached
1.8 % (fig. 6) slightly below the experimental value of 2.1 %. In REP Na2, such kind of
deformation has been erased by the continuous loading due to the high temperature level
under cosine radial profile.

The calculated maximum clad elongation (7.7 mm) and the residual fuel elongation
(1.2 mm) are in reasonable agreement with the experimental values (respectively 6 mm
and 3 mm ± 2 mm).

The calculated fission gas release due to migration of intra-granular gases to porosities
(free volume) amounts to 20 cm3 to be compared to 45 cm3 measured. At high burn-up
this might be explained by additional gas release from gases retained inside the porosities
at end of irradiation and will be taken into account in the future development of the
SCANAIR code.

V. DISCUSSION OF THE RESULTS AND OPEN ISSUES

The interpretation of the first CABRI REP Na tests has shown that with irradiated PWR rods,
significant clad deformation and even rod failure may be obtained under RIA transients.

These results may be related to the fast power transient (9.5 ms half width compared to 30 -
80 ms in reactor situation).

Indeed a sensitivity study performed with SCANAIR with different pulse half-widths (9, 20,
60 ms) has shown that with similar total energy injection, a fast power pulse (hw = 9 ms)
leads to higher fuel temperature and clad deformation than a slower transient (hw = 20.60 ms).
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From the analysis of the tests, we can postulate different phases of the clad loading scenario
with rod failure potential during a RIA transient as illustrated by the following scheme :
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In a very early phase (some ms), rod failure may occur due to gas pressurisation and fuel
fragmentation with brittle cladding (rim behaviour, REP Nal).

In a second phase (up to hundred ms), strong pellet-clad mechanical interaction may occur
due to thermal fuel dilatation and swelling and is increased with energy deposition and
burn-up level (REP Na2, REP Na3, NSRR tests [4]).

In the reactor situation with pressurised water environment, .a third and fourth phases may
appear due to departure from nucleate boiling (DNB) occurrence.

In this case, due to the lower clad-coolant heat transfer, the fuel temperature will be
maintained at high temperature level during.a longer time leading, in spite of clad dilatation,
to continuous clad loading if sufficient energy is injected.

Indeed, the REP Na2 rod would have certainly encountered DNB in pressurised water
conditions due to less efficient cooling with water compared to sodium and this would have
most likely led to rod failure. This might also be true for REP Na3 and REP Na5.

Finally, in a fourth phase, clad ballooning might occur after sufficient gas release and clad
heating (long term event) and lead to failure under quenching.

The two last situations are not addressed presently neither by the CABRJ REP Na tests nor by
other available tests.

In fact, a pressurised water loop associated to an in-pile power transient facility does not exist
world-wide.
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In fact, a pressurised water loop associated to an in-pile power transient facility does not exist
world-wide.

At the present time, the only investigation in realistic thermal hydraulic conditions concern
the determination of clad-coolant heat transfer correlation under fast power transients (out of
pile experiments underway in CEA).

A project study to implement a pressurized water loop in the CABRI reactor has been initiated
[8] based on the need of representativity for fission gas behaviour, DNB occurrence and
post-DNB phenomenology.

Without availability of a fully representative test facility, two major points must be studied by
analytical testing for a better description in SCANAIR of the thermo-mechanical rod
behaviour:

- the fission gases behaviour from initial state during the whole transient with gas
pressurisation in the rim zone, fuel fragmentation, fuel swelling, gas release ; analytical tests
have been proposed in NSRR facility but their feasibility is not reached,

- the clad mechanical properties, in particular for highly corroded clad as in REP Nal [7].

VI. CONCLUSION.

The first CABRI REP Na tests have shown that highly irradiated fuel (up to 63 Gwd/t)
submitted to a RIA transient may experience early rod failure with solid fuel ejection into the
coolant. Such behaviour has been understood as the result of gas pressurisation inside the rim
zone and clad embrittlement due to the spallation of the oxide layer and related hydride
accumulation.

In case of less oxidised clad (REP Na3, REP Na5) and/or lower bum-up (REP Na2), the
experiments have demonstrated a satisfying rod behaviour with nevertheless significant clad
deformation due to fuel thermal dilatation and fuel swelling, function of the energy injection.

The fuel ejection in REP Nal and the evidence of fuel fragmentation in the hot fuel zone in
the other tests, underlined the fact that in case of rod failure, fragmented solid fuel (down to
0.1 urn) with associated fission gases is already available for fuel-coolant interaction with a
potential high energy conversion rate.

It must be stated that such tests in the CABRI sodium loop are not fully representative of the
whole sequence of a RIA due to the impossibility to study the long-term phenomena
(occurrence of DNB, post-DNB events).

However, the first analysis with the SCANAIR code has succeeded to explain the mechanism
for clad loading but additional knowledge is needed for better quantification of the results in
the field of gases behaviour (initial state, transient behaviour) and clad mechanical properties.
The analytical experiments which are underway should improve the quantification of the
results.

Future REP Na tests will concern the effect of wider power transients and the study of the
MOX fuel behaviour at different irradiation levels.
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