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Abstract

This paper presents three examples of power ramp tests performed in the OSIRIS experimental reactor,
located at Saclay (France). The rods tested during these experiments stem from the same segmented « mother »
rod, pre-irradiated for two cycles in a French PWR. They underwent very similar power transient conditions,
except for the hold time at Ramp Terminal Level (RTL) - respectively 41.5 kW/m (J12/2), 40.7 kW/m (J12/4)
and 39.5 kW/m (J12/5) for RTL, but zero (J12/2), 16 minutes (J12/4) and 12 hours (J12/5) for the hold time at
RTL. No failure was detected for any of the three experiments despite the relatively high mechanical stress
applied to the cladding in the case of J12/2. Moreover, although no hold time was maintained at RTL, a
permanent deformation clearly appeared on the clad during the power transient. An analysis of the cladding
deformation has also been undertaken concerning the J12/2, J12/4 and J12/5 experiments. This study was
realized by carrying out post-calculations of the three experiments with a 2D fuel modelling code using the finite
element method. The computations satisfactorily reproduce the influence of hold time on the cladding
deformation during the power transients, especially for the J12/2 and J12/4 experiments with hold times
enclosing the failure times experimentally observed for power ramp tests. For the hold time of 12 hours, the
micrographie observations of the fuel, compared to the case of the 16 minutes hold time, support the hypothesis
of weak but noticeable gaseous swelling.

1. INTRODUCTION

Pellet-Cladding Mechanical Interaction (PCMI) and related phenomena such as Stress
Corrosion Cracking have been identified as a major cause of potential cladding damage in normal and
incidental transient conditions. Thus, in co-operation with EDF and Framatome, an extensive
programme of power ramp tests is being conducted by the CEA in order to study the effect of PCMI
on the PWR fuel rod behaviour.

The three power ramp tests presented in this paper concern three segments of the same
« mother » rod (J12). The experiments are described and the results of the examinations performed on
the rods before and after the power transients are presented and discussed, more with respect to the
cladding deformation.

A detailed analysis of cladding deformation has also been achieved by carrying out post-
calculations of the three experiments with a 2D fuel modelling code using the finite element method.
The comparison between those results and the measurements is discussed too.

2. EXPERIMENTS

2.1. Fuel rods characterization and refabrication

The PWR «mother» rod from which stem the J12/2, J12/4 and J12/5 fuel segments was
designed by FRAMATOME. It contained UO2 pellets, initially enriched up to 4.5% in 235U, and was
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irradiated during two cycles in an EDF French 900MW(e) PWR to finally reach a mean burnup of
23.8 GW-d/t U. The average rod linear density power experienced during its last PWR cycle was
22.3 kW/m.

Moreover this « mother » rod is segmented, which means that it is composed of a stacked
assembly of sub-rods, independent from one another. The fuel rods presented here correspond to three
segments extracted respectively in the second, fourth and fifth floors — from the lower end — of the
UO2 fuel « mother» rod described above. Their mean burnup was respectively 26.0, 25.4 and
25.8 GW-d/t U.

Owing to the particular nature of the « mother » rod, refabrications of the three segments were
very simplified compared to the standard operating way: indeed, once the PWR rod reduced in
elemental sub-rods, those were simply controlled and completed with the addition of lower and upper
end plugs, without any modification affecting the fuel column and its environment (e.g. no re-
pressurization was required).

2.2. Ramp tests conditions

2.2.1. Experimental device

The three rods were irradiated in the ISABELLE1 loop of the experimental reactor OSIRIS at
CEA Saclay. This device [1] is designed for experimental irradiation of PWR or BWR fuel under
thermo-hydraulic and chemical conditions representative of prototype or commercial power reactors.
Its design allows it to be inserted and removed while the OSIRIS reactor is operating. The power
variations result from the movement of the ISABELLE1 loop with respect to the reactor core.

The advantage of this procedure is that the thermal neutron flux evolution during power
variation is quite representative of what happens during a transient in a commercial reactor.
Moreover, the axial power profile in the fuel stack may be considered as constant all along the
experiment and can be precisely determined by the y-spectrometry measurements performed at the end
of the test.

The mean heat rate of the rod is determined during irradiation using two independent
methods :

a thermo-hydraulic analysis from temperature measurements upstream and downstream of the
fuel;

a neutron analysis from current measurements taken by self-powered neutron detectors
located on the periphery of the loop, in the median plane.

Thermo-hydraulic and neutron modelling of the ISABELLE1 loop substantiated the various
small corrections applied to the heat balance and a program of inter-comparison with three methods of
fission power measurements achieved to qualify the thermal measurements procedure. The
combination of the rod mean power and of the axial power profile, both measured for each test,
provide an accurate determination of the local power in the fuel stack, with an uncertainty of ± 5.8%
(2a).

Rod failure is instantaneously detected during the test through an elongation sensor fixed to
the rod and also by delayed neutron and gamma ray measurements in the coolant.

Each experiment is conducted according to strict quality assurance specifications.

2.2.2. Power ramping specifications

The power histories of the ramps presented here are composed of three steps. First, a pre-
heating holding time of about 12 hours at the mean power level of the last PWR cycle underwent by
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the rod, in order to re-establish the mechanical state of the rod. Then a power increase at the
scheduled ramp rate of 10 kW/m/min. And finally a hold time at maximum power for a specific
duration. The characteristics of J12/2, J12/4 and J12/5 tests are gathered in Table I.

TABLE I. J12/2, J12/4 AND J12/5 POWER:

J12/2 J12/4 J12/5

16hllmin 13h35min 12h42min

19.9 kW/m 20.0 kW/m 21.0 kW/m

Pre-heating phase:

- holding time

- max. power level

Power increase:

- duration 118s 120s 123s

- max. Ramp Terminal Power (RTL) 41.5 kW/m 40.7 kW/m 39.5 kW/m

Holding time at RTL 0s 16min26s 12h 19min

The three rods underwent very similar power transient conditions, except for their holding
times at Ramp Terminal Level (RTL) which range from zero (J12/2) to 12 hours (J12/5), through
about 16 minutes (J12/4). So, they provide complementary data to study the influence of the hold
period on cladding deformation during a power transient.

2.3. Results

Non-destructive examinations were performed on the three rods before and after ramping
(visual examination, neutron radiography, eddy current testing, diameter measurement along eight
lines and axial y-scanning). Destructive examinations were only performed on the J12/4 and J12/5
rods (SEM examination of the cladding, fission gas release analysis, fuel density measurements, radial
and axial metallographies). Indeed, the J12/2 rod was preserved to undergo a second power ramp
sequence in a future experiment.

2.3.1. Rod integrity

No failure was detected during the three power ramp tests. This result was confirmed by the
visual examination and the eddy current testing performed on the three rods after the tests, which
show them to be in a good condition with no abnormal features.

2.3.2. Radial and axial metallographies

Radial micrographic examinations revealed that fission gas bubbles precipitation occurred in
the fuel central area. Although this phenomenon depends on many parameters such as burnup,
temperature and hold time, precipitation extent appeared to be close within the J12/4 and J12/5 rods.
Still, the gas bubbles precipitation boundary is more distinct for J12/4.

Axial micrographic examinations showed partial filling of dishes at maximum power level in
the J12/4 and J12/5 rods. Hold time seems to matter as dish reduction reached respectively 17% and
33% during these two power ramp tests. It is generally assumed that dish filling materialized fuel
creep. Yet fuel swelling could also participate, particularly for long hold time. As no elongation of
fuel column was observed through y-scanning before and after ramp experiments, swelling
contribution is hard to quantify. Nevertheless, radial metallographies of the J12/4 rod show no
evolution in the porosity structure during the ramp test whereas, on the J12/5 rod, slight porosity
migration was observed towards grain boundaries, which indicates gaseous swelling early beginning.
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It is also to notice that, on J12/5 fuel, fragmentation perpendicularly to the pellet axis has
been observed facing secondary ridges.

2.3.3. Cladding diametral deformation and axial power profile

During power transients, fuel thermal expansion triggered a global increase of cladding
diameter and hard pellet to cladding contact caused interface ridges to grow. Secondary ridges also
increased with transient duration, sometimes as much as interface ridges when hold time at RTL and
local power were sufficient.

Diameter changes during transients are gathered in Table II. Figures 1 to 3 plot the axial
profile of cladding deformation during the J12/2, J12/4 and J12/5 power ramp tests along with the
axial power profiles determined by y-scanning.

TABLE II. CLADDING DEFORMATION DURING POWER RAMP TESTS ON A THREE
PELLETS AREA CORRESPONDING TO THE MAXIMUM POWER LEVEL.

Variations induced by the power transient (jam) on : J12/2 rod J12/4 rod J12/5 rod

- cladding outer diameter off ridges 4 11.3 23

- cladding outer diameter on interface ridges 5 15.5 28.5

- cladding outer diameter on secondary ridges 4.5 14.7 30.3

- interface ridges diametral height 1 4.2 5.5

- secondary ridges diametral height 0.5 3.4 7.3

2.4. Discussion

Figures 1 to 3 demonstrate that the axial profile of diameter changes perfectly coincides with
the axial power profile all along the plastically deformed area of the three rods. This shows, in these
cases, that the cladding deformation can be expressed as an affine function of the local power reached
at RTL.

It also clearly appears that deformation increases with hold time at RTL (cf. Table II, Fig. 4
and 1 to 3). This statement is proved correct on off ridges cladding outer diameter as well as on
interface and secondary ridges heights. Nevertheless, the dependency of ridges height towards hold
time seems to be much more important as far as secondary ridges are concerned. Indeed, when hold
time varies from 0s (J12/2) to 16min (J12/4) then 12h (J12/5) interface ridges height at maximum
power level increases respectively of 0%, 40% and 40% during transient whereas secondary ridges
height raises by over 50%, 150% and 350%. Some of the mechanisms proposed to explain secondary
ridges build-up involve fuel swelling, which in our case seems coherent with the metallographic
observation trends

3. POST-CALCULATIONS OF THE EXPERIMENTS: ANALYSIS OF
CLADDING DEFORMATION

3.1. Presentation of the modelling code: TOUTATIS

Post-calculations of the experiments have been carried out with the 2D version of TOUTATIS
computer code [2], developed by the CEA to calculate the local thermo-mechanical behaviour of
PWR fuel rods during normal and incidental conditions. This code consists of a specific module of the
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FIG. 1. Cladding diameter change of the J12/2 rod due to power ramping along with the
axial power profile determined by /-scanning.
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FIG. 2. Cladding diameter change of the J12/4 rod due to power ramping along with the
axial power profile determined by /-scanning.

general purpose CASTEM 2000 code, using the finite element method. It is developed in the
framework of the CEA research and development project METEOR, as well as the ID 1/2 thermo-
mechanical code METEOR/TU [3] which is used to describe the global behaviour of a fuel rod.

Considering symmetry conditions and in order to reduce computation time, the fuel rod axial
modelling is limited to a half pellet and the associated cladding portion. The boundary conditions and
mechanical loads applied are synthesized on Fig. 5.

The main phenomena taken into account within TOUTATIS code 2D version are:

in base irradiation conditions : in-pile densification and swelling of the fuel, creep of the
cladding under the effect of coolant / rod differential pressure, evolution of the fuel-cladding gap
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FIG. 4. Cladding deformation during J12/2, J12/4 and J12/5 power ramp tests at edges of
interface ridges against local RTL.

thermal conduction, formation of ridges on the cladding at the pellet interfaces due to Pellet-Cladding
Mechanical Interaction (PCMI);

in transient conditions : intensification of the PCMI due to the fuel temperature increase,
creep of the fuel and viscoplasticity of the cladding under high stresses.

Up to now, the TOUTATIS code has been oriented towards the modelling of the PCMI failure risk of
relatively low irradiated fuels, which thus contain little gaseous fission products. Moreover, for what
concerns the cladding failure in stress corrosion conditions, only the few minutes preceding failure are
of interest - which means the first minutes at RTL. In such conditions, gaseous swelling
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FIG. 5. Boundary conditions and mechanical loads applied on the half pellet and the associated
cladding portion modelled by TOUTATIS code.

influence has been considered as negligible. This is the reason why creation and behaviour of fission
gas within the fuel pellet are not yet taken into account within TOUTATIS code.

3.2. Simulations of PWR pre-irradiation

Post-calculations of the J12/2, J12/4 and J12/5 experiments required the preliminary
computation of the « mother» rod irradiation up to two cycles in a French PWR. Indeed, the
acquaintance of thermal history and cladding strains undergone by the «mother» rod up to the
experiment is necessary to obtain a realistic representation of the refabricated rods at the beginning of
the power ramp tests.

Moreover, the 2D version of TOUTATIS code does not consider any fragmentation within the
fuel, which leads calculations to more or less underestimate fuel expansion and thus cladding
deformation, especially at the end of PWR pre-irradiation. An adjustment method was adopted to
ensure

3.2. Simulations of PWR pre-irradiation

Post-calculations of the J12/2, J12/4 and J12/5 experiments required the preliminary
computation of the « mother» rod irradiation up to two cycles in a French PWR. Indeed, the
acquaintance of thermal history and cladding strains undergone by the «mother» rod up to the
experiment is necessary to obtain a realistic representation of the refabricated rods at the beginning of
the power ramp tests.
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Moreover, the 2D version of TOUTATIS code does not consider any fragmentation within the
fuel, which leads calculations to more or less underestimate fuel expansion and thus cladding
deformation, especially at the end of PWR pre-irradiation. An adjustment method was adopted to
ensure

the consistency of calculated and measured off ridges cladding outer diameters after PWR
irradiation. For each rod, two calculations of base irradiation were performed. The first one allowed to
quantify the difference between measurements and rough computations. The rod geometry used in the
second calculations was then adjusted to compensate this difference ; fuel radius were reduced of 3-
5|am for the J12/2, J12/4 and J12/5 rods. The final stresses and strain fields at the end of this last
computation were introduced as initial state for the power ramp calculation.

As shown in Table III, the results provided by the adjusted computation of the PWR pre-
irradiation showed reasonably good agreement compared with most of the «mother» rod
measurements. Nevertheless, calculation overestimates the interface ridges height. Indeed, during
PWR irradiation, creep of the oxide contributes to straighten up fuel fragments which lowers PCMI at
pellets interface levels. When fuel fragmentation is not taken into account, this phenomenon is
weakened and oxide thrust on the cladding is undervalued at pellets interface levels.

TABLE III. COMPARISON BETWEEN MEASUREMENTS AND TOUTATIS 2D
CALCULATIONS AT THE END OF THE PWR PRE-IRRADIATION OF THE
« MOTHER » ROD.

Post-irradiation Examinations Calculation results

Outer cladding diameter off ridges : corrected from zircon thickness with diameter adjustment

on floor 2 9407 Jim 9408 urn

on floor 4 9402 jam 9402 jam

on floor 5 9406 jam 9404 pm

Interface ridges diametral height 5 to 6 jam 9 um

Pellet-clad gap at zero power 15 jam 16 jam

3.3. Calculations of the J12/2, J12/4 and J12/S power ramp tests : results and discussion

The TOUTATIS code calculates the local thermo-mechanical behaviour of a fuel rod segment
along which the linear power density is constant. Thus, in order to reproduce the axial profile of
cladding deformation, calculations were achieved for each tested rod on four different axial levels,
including of course the maximum power level.

During the power ramp calculations, clad external temperature was imposed. Its value had
been calculated as a function of linear power density from temperature measurements in the coolant
during the experiment, considering a clad-coolant exchange coefficient responding to the Colburn
relation [4-5].

For what concerns calculation results, the analysis focuses more especially on deformation off
ridges and on pellets interface level. The calculation results are reported and confronted to the
experimental data on Figures 6 to 8.
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Computations properly reproduce the influence of axial power profile on cladding variations
during the three power transients. They also satisfactorily simulate the influence of hold time; an
especially good agreement is obtained for the J12/2 and J12/4 experiments, with hold times enclosing
the failure times experimentally observed for power ramp tests, which stand in the order of a few
minutes.
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The J12/2 experiment does not allow to discriminate between Zircaloy time dependent
relaxation and instantaneous plasticity to explain the irreversible deformation created during
transient but, according to calculation, both mechanisms participate in an equivalent way when the
inner cladding circumferential stress calculated at RTL, on the pellets interface level, reached 490
MPa. For information, the corresponding values are respectively 475 and 450 MPa for J12/4 and
J12/5 cases.

In the case of the J12/5 test, cladding deformation is perceptibly underestimated although the
axial profile is correctly simulated. Indeed, this experiment presents a long hold time at RTL
compared to the others (12h against 0s and 16 min), which could have allowed fuel gaseous swelling
to occur. As this phenomenon is not taken yet into account within TOUTATIS code, its missing
contribution leads to underestimate the cladding deformation of this rod. The fact that experimental
data differ from calculation results in a very regular manner together with micrographic examinations
(which indicates a weak but noticeable gaseous swelling) supports this assumption.

4. CONCLUSION

The J12/2, J12/4 and J12/5 ramp tests were achieved with the respective hold times of zero at
41.5 kW/m, 16 min 26s at 40.7 kW/m and 12h 19min at 39.5 kW/m; no rod failure occurred during or
after these experiments.

For all cases, a good correlation was observed between the local power during experimental
irradiation and the cladding deformation measured after the ramp tests. Inter-comparison of post-
irradiation measurements performed on the three rods also clearly demonstrates that the cladding
deformation increases with the hold time at RTL. This parameter influences more particularly the
evolution of secondary ridges.

An analysis of the cladding deformation has been achieved concerning the J12/2, J12/4 and
J12/5 rods by carrying out post-calculations of the three experiments with the 2D fuel modelling code
TOUTATIS. Diameter changes calculated during the tests satisfactorily reproduce measurements,
especially for the J12/2 and J12/4 experiments with hold time at RTL enclosing the failure times
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experimentally observed for power ramp tests. But a noticeable effect of gaseous swelling appears for
the longer hold time, in accordance with the metallographic examinations.
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