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ABSTRACT

Knowledge of fuel limits and safety margins in normal and off-normal transients
in nuclear power plants remains a constant preoccupation for electricity
producers and fuel manufacturers. Accurate determination of such limits,
through fuel irradiation testing in the OSIRIS reactor at Saclay is closely linked to
the reliability of appropriate instrumentation techniques. Two paths are
currently followed to obtain short experimental rods : segmented fuel coming
directly from power plants, or re-fabrication of rods in hot cells with our FABRICE
process. It can be associated with instrumentation such as fuel centerline
thermocouple in annular pellets, pressure transducer or fission gas release
measurement by gamma-spectrometry using helium sweeping, in analytic
experiments. Our present development, to be implemented in 1993, is the
centerline instrumentation of a fuel column with solid pellets. Inserting the
thermocouple requires a cold drilling machine, using CO2 freezing of broken UO2
(with liquid nitrogen). During the fuel rod irradiation itself, we try to lower the
uncertainties associated to power determination, using thermal balance or
neutronic calibration, or even gamma spectrometry. A description of the new test
train designed for the ISABELLE water loop in OSIRIS is given, with special
emphasis on instrumentation : a LVDT for measuring fuel rod elongation and
eventual clad failure, and increased number and better localization of
thermocouples and SPND. The third part is devoted to the measurements by optical
microdensitometry of neutron radiographs of the fuel pellet dish modification
after irradiation. Dishes are generally disappearing through thermal and
mechanical deformation of the pellet, and this can eventually be modelized to
better understand pellet-cladding mechanical interaction.

1. INTRODUCTION

Knowledge of fuel limits and safety margins in normal and off-normal
transients in nuclear power plants remains a constant preoccupation for
electricity producers and fuel manufacturers. Accurate determination of such
limits, during fuel irradiation testing of small re-fabricated rods, in the OSIRIS
reactor at Saclay, is closely linked to the reliability and precision of appropriate
instrumentation techniques.

2. RE-FABRICATION OF FUEL RODS

Two paths are currently followed to obtain short experimental rods :
segmented fuel coming directly from power plants, or re-fabrication of rods in
hot cells with our FABRICE process.

2.1. Segmented rods

The adaptation of segmented rods in hot cells, for later re-irradiation in the
Osiris reactor, does not present many difficulties. We designed a special saw for
cutting each segment from the 4 m long fuel rod (figure 1). After cutting in
vertical position, a prehensile end provided with a thread is welded on both
extremities of the segment. Although no tightness is required from this welding, it
is controlled by radiography. Non-destructive examinations can be performed
either on the complete rod, or on the segments. Puncturing is done on companion
segments.



2.2. Fabrice process

This technique has already been described several times [1, 2]. We first
select and characterize the concerned fuel rod by non destructive testing and
puncturing for analysis of fission gases. After cutting out the desired rod length,
and removal of UO2 from both ends, we put new spring and weld new end-plugs.
The rod is finally filled with helium and sealed, before final controls, such as
radiographs of weldings.

This process can be associated with instrumentation, like fuel centerline
thermocouple in annular pellets, pressure transducer or fission gas release
measurement by helium sweeping, in analytic experiments.

2.3. Cold drilling technique

Inserting a fuel centerline thermocouple inside a pre-irradiated fuel rod
has been already achieved, for instance in the HBC (High Burn-up Chemistry)
international program. But the fuel column was composed of annular pellets.

Our present development is the centerline instrumentation of a fuel column
with solid pellets. It was derived from the technique used in the Ris0 National
Laboratory [3].

In this case, we need to keep the fragmented fuel in position during and
after drilling the center hole. This is achieved by filling the fuel length with
liquid CO2- Then, we froze the rod by liquid nitrogen. The hole is drilled to about 40
mm. For the moment, the outer diameter of the hole is 2.5 mm. A refractory tube is
inserted to keep the column in place, before going back to room temperature, and
fixing the W5%Re/W26%Re thermocouple. The hollow diamond drill also enables
to throw N2 during drilling to evacuate the UO2 powder.

The cold drilling machine (figure 2) is now nearly ready. The overall
length of its bench was reduced to accommodate the Ris0 design to our hot cells. It
will be implemented in the .hot laboratory in 1993.

3. NEW INSTRUMENTED TEST TRAIN

An important part of the re-fabricated rods are re-irradiated in the
ISABELLE 1-rod loop of the OSIRIS reactor. This pressurized water installation
started operation in 1977. Eight experiments including MOX or UO2 fuel rods, with
or without instrumentation were conducted up to 1986.

At that time, the stainless steel pressure tube was replaced by a Zircaloy one,
in order to increase the maximum available nuclear power in the tested rod. 20
irradiation tests were performed up to November 1991.

Then, a new test train was designed, with better instrumentation.

3.1. Peculiarities of the new test train

3.1.1. Rod fixation

A particular attention has been paid to the centering of the rod. This was
achieved :

- in the upper part of the rod, by some Zircaloy 4 ribs, welded to the upper
prolongation,



- in the fissile part, by two Zircaloy 4 springs, to limit the flux absorption,
- in the lower part of the rod, by two Inconel 718 springs welded to the lower

prolongation.

We also engraved a mark on the lower prolongation, to give the rod
orientation in the nuclear flux, the Isabelle loop being in the periphery of the
core.

3.1.2. Clad rupture detection

In order to instantaneously know the time of clad rupture, two systems were
added, besides the usual differed neutron detection.

A LVDT, composed of a cobalt core centered inside an electromagnetic coil, is
used for measuring fuel rod elongation (figure 3). This device was calibrated in
the Delphes loop in Cadarache, at the same pressure and temperature conditions as
in the Isabelle loop.

The second system is based on the thermal noise perturbation inside the rod
cooling water flow. Three thermocouples fixed on the same generatrix at regular
and known intervals give signals that can be correlated (figure 4). A similar
technique was employed with success in some nuclear safety experiments in
Cadarache.

3.1.3. Supplementary instrumentation

Power determination improvements is searched through a reinforced
instrumentation with thermocouples (8 in the inlet flow and 6 in the outlet) and
11 SPND (instead of 8) in the vicinity of the tested rodlet. The thermocouples
participating to the thermal balance are also fixed closer to the extremities of the
fuel rod.

The 11 SPND are composed of :
- 4 Ag SPND in the maximum flux area to follow the rod power in steady

conditions,
- 2 Co SPND in the same area for fast power transients,
- 2 Ag SPND, on the same generatrix, on both sides of the mid-flux plane, for

axial power profile,
- 3 supplementary Ag SPND in the maximum flux area, in case of other detector

failures.

A special care has been taken to fix the thermocouples in a well situated
position for the thermal balance measurement.

3.2. Calibration experiments

They have begun at the end of 1991, using several methods of measurement:
- neutronic calculations, based on an earlier dosimetry,
- thermal balance,
- gamma spectrometry in two different laboratories,
- and determination of burn-up through mass spectrometry (23^U depletion and

14^Nd measurements).

These measurements, performed once and for the whole irradiation
program with this test train, aimed to definitively reinforce the power
determination, given by the thermal balance, the experiment being driven by the
SPNDs.



4. STUDY OF DISH FILLING

To have an estimation of the coherency of results in irradiation tests at
high linear power, we have tried a method based on the post-test examination,
which is the study of dish filling.

4.1. Method

At elevated linear nuclear power, and at high burn-up, the temperature in
the center of the fuel pellet is sufficient to activate the thermal creep. A
consequence is the displacement of fuel material towards the dishes.

Filling up the dishes depends on the fuel burn-up, on the linear power and
on the time spent at elevated power. For a given burn-up and a given duration at
elevated power, it is then possible, through the measurement of the remaining
space between pellets to have an idea of the fuel creep during the experiment, and
of its influence on fuel rod behaviour during the irradiation. This measurement
can be performed either directly on neutron radiographs, or on macrographs of
longitudinal cross-sections.

4.2. Neutron radiograph data

Neutron radiography is a non-destructive examination method, which
provides an image of the examined object on a film. With a microdensitometer, we
measure the optical density of the film, which gives the following spectrum :

Spectrum obtained
with the optical
microdensitometer

Film of neutron
yj v/ . \ radiography

h : remaining dish height between two neighbouring pellets

The remaining height of the dishes corresponds to the peak thickness at
mid-height.

For a Westinghouse-type fuel pellet, the initial value of h lays between 0.58
and 0.60 mm. Filling up the dishes results in a decrease or even in a cancellation
of h value.

To check the coherency of dish filling results in several test reactors and
different irradiation devices, we select a batch of re-fabricated and re-irradiated
fuel rods, with approximately the same burn-up, around 30 GWd/tU, and a
sufficiently long duration at elevated linear power, typically from 12 to 24 h.
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We have reported on the following figure the evolution of the dish filling
for each fuel rod. The analysis should be undertaken only in the maximum flux
area. At the ends, differences are difficult to quantify, because the reactors have
different axial power profiles, and because the different methods for neutron
radiograph shooting can induce aberrations at the extremities. Measurement
error is estimated to be 0.05 mm.
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4.3. Macrograph data

We also select another batch of re-fabricated and re-irradiated fuel rods,
with the same conditions of burn-up : around 30 GWd/tU, and duration at elevated
linear power : 12 to 24 h.

Measured values are given as a function of the rod local linear power. They
also contribute to draw the curve showing the evolution of dish filling with the
linear power. The mean difference between two h measures is about 0.05 mm. This
enables to define upper and lower limits for h values.

4.4. Results

Some results from both methods are reported in the following curve. The
agreement between macrograph and neutron radiography is sufficiently good, as
shown for fuel rod D, to allow for the comparison on all fuel rods whatever the
technique used.
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4.5. Computer .modelization
Linear power (W/cm)

Computer modelization can eventually be performed to gain a better
understanding of pellet-cladding mechanical interaction. The computer code
2D/3D TOUTATIS enables to foresee the filling of dishes. We can see the evolution
due to creep phenomenon, considering time, temperature (and therefore power)
and strain (figure 5). It is a finite element code, which uses CASTEM 2000 to deal
with the thermomechanical part.

This code can also predict the perturbation caused by a thermocouple fixed
inside the zircaloy clad, and then deduce the theoretical value of temperature by
correction of the real measurement.

5. CONCLUSION

This overview of the state of the art in fuel rod irradiations at Saclay clearly
shows the necessity of appropriate, accurate and reliable measurement
techniques in irradiation tests, and thus improving the operational margins
during nuclear plant transients.
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Figure I : Device for cutting in hot cell the irradiated segmented
fuel rods in vertical position.
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Figure 3 : LVDT for instantaneous rod failure detection.
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4 : General drawing of the new Isabelle test train, lower
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Figure 5 : Modelization of the filling of the dishes by 2DI3D
TOUTATIS code.
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