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CONSIDERATION OF EXPERIMENTAL DATA FROM AN INSTRUMENTED FUEL ELEMENT IN THE EVALUATION OF THE SAFETY OF IRIS EXPERIMENTS IN THE OSIRIS REACTOR

Irradiation conditions on the experimental fuel plates in the IRIS facility in the OSIRIS reactor were examined by IRSN on behalf of the French Nuclear Safety Authority to qualify new types of fuel for the research reactors. Following a presentation of the IRIS facility, this paper addresses the measures and studies carried out by the OSIRIS reactor operator in response to the questions raised by IRSN and summarises the conclusions of this expert assessment. These questions cover in particular qualification of the computer codes used to check compliance of the safety thermal hydraulic criteria, the head losses in the facility, the axial distribution of the neutron flux and risks from the swelling of the experimental fuel plates.

Presentation of the IRIS facility

The IRIS device is used to qualify fuel plates for research reactors. It comprises an in-pile section, including an irradiation unit for the experimental fuel plates in aluminium alloy, and a bench for measuring plate thickness.

The irradiation unit is made up of a solid block extended by two grooved side plates lying face to face. Four experimental fuel plates may be placed in these grooves, alternating with four inert plates in aluminium alloy. The nominal width of the cooling channel between a removable plate and an inert plate is 3.6 mm. As the fuel plates and inert plates alternate, the cooling channels are only heated on one side. The mid-height plane of the plates corresponds to the mid-height plane of the core. The experimental fuel plates may be removed whereas the inert plates are sealed in the unit.

The exterior of the irradiation unit foot is identical to that of a standard element in the OSIRIS reactor, which means that it can be loaded into one of the experimental cells in the reactor core. Figure 1 shows a horizontal cross-section of the unit loaded with four experimental fuel plates.

The bench is used to measure the thickness of the experimental fuel plates after each irradiation cycle. As the unit has no instrumentation, it is monitored in identical fashion as the fuel elements in the OSIRIS reactor core for cladding rupture detection, tensile tests and vibration measurements.

The IRIS facility is used to qualify new types of fuel, like the UMo fuel enriched to 50% in 235 U, which could be used for the TUM FRM-II reactor or the future JHR fuel (with different enrichment). 

Irradiation-related issues in the IRIS facility

The reactor operator has to submit a safety file to the safety authority (Direction Générale de la Sûreté Nucléaire et de la Radioprotection -DGSNR) for approval to irradiate a new type of fuel in the OSIRIS reactor. These documents are analysed by the IRSN (Institut de Radioprotection et de Sûreté Nucléaire). The expert assessment involves a technical instruction with the operator and concludes with IRSN writing a document equivalent to an expert opinion. DGSNR then takes a decision on this basis.

For irradiations in the IRIS facility, the operator wishes to irradiate various fuels with different surface power densities and in different core cells. To achieve this, his safety analysis is based on an envelope "operating range" for which approval is sought and on related safety criteria, particularly in terms of plate geometric characteristics, combustion rate, surface power density at the mid-height plane of the experimental fuel plates, the reactivity of the IRIS unit loaded with the fuel plates, the fuel temperature in the core and the axial distribution of the neutron flux.

The operator had requested DGSNR authorisation in 1999 and subsequently in 2002 to proceed with irradiations in the IRIS facility at maximum surface power densities at the hot point of 277 W/cm², then 275 W/cm². Based on the IRSN expert assessment, DGSNR had nevertheless requested the operator to restrict the irradiation surface power density to 231 W/cm², which is the maximum value authorised for standard fuel elements in the OSIRIS reactor. This restriction was especially motivated by the fact that the thermal hydraulic computer codes used had not been validated sufficiently to demonstrate the lack of harmful thermal hydraulic phenomena in the experimental fuel plates, particularly during incident and accident transients. In addition, IRSN had expressed reservations on changes in the axial shape factor of the neutron flux during irradiation, particularly when influenced by movements in the control rods, as well as uncertainties over the calculation of the neutron flux radial layer. The operator proceeded to irradiate instrumented fuel plates in the IRIS facility to obtain additional validation elements.

Based on these experimental results, the operator updated his safety study, with a view to obtaining authorisation to irradiate experimental fuel plates at a maximum surface power density of 300 W/cm², even 314 W/cm² in some conditions.

Details are given below of the expert assessment performed by IRSN and the results of the irradiation of an instrumented plate.

IRIS experiments safety analysis

The safety file presented by the operator included in particular a study of the following risks:

-thermal hydraulic risks relating to a lack of cooling in the experimental fuel plates used to determine the permitted surface power density at the hot point, -risks relating to the control of reactivity, especially in the event of lift-off of the IRIS facility (as circulation of the reactor coolant in the OSIRIS reactor core flows upwards, there is a potential risk of lift-off from the hydrodynamic thrust),

-risks relating to mechanical resistance of the experimental fuel plates and of the unit, -risks relating to storage conditions of new and irradiated experimental fuel plates, particularly sub-criticality control, -radiological risks relating to the use of the facility in normal, incident and accident conditions, -risks relating to the behaviour of the fuel under irradiation, as well as the test and inspection programme planned by the operator.

For the majority of risks, the operator applied the same safety requirements to the experimental fuel plates as those applied to the core fuel elements. IRSN considered the analysis presented by the operator as acceptable, except consideration of the thermal hydraulic risks. This analysis has already been presented [START_REF] Abou Yehia | Safety assesments of IRIS irradiation tests performed in Siloe and Osiris reactors for the qualification of new fuels for research reactors[END_REF] and is not repeated in this paper.

Compliance with the thermal hydraulic safety criteria adopted for the OSIRIS reactor is discussed in the following section.

Compliance with thermal hydraulic safety criteria

These criteria aim to prevent all deterioration in the cladding of the experimental fuel plates which could be caused by corrosion or local or general drying out of the experimental fuel plate cooling channel.

The criteria adopted for the standard fuel elements in the OSIRIS reactor, as for the experimental fuel plates, are as follows:

-no nucleate boiling under normal operating conditions, with all the thermal hydraulic parameters (power, flow rate, temperatures, pressures) taken at alarm thresholds, in permanent conditions of forced and natural convection with all uncertainties accumulated at the hot point,

-no redistribution of flow rate or departure from nucleate boiling in the channels with all the thermal hydraulic parameters taken at the reactor protection thresholds, assuming also that the reactor would be operated in these conditions, with all uncertainties accumulated at the hot point,

-no redistribution of flow rate or departure from nucleate boiling in the channels during flow rate transients (reactor coolant pumps shut down with allowance for the inertia of their flywheel, loss of three reactor coolant pumps with wheel blocked on one pump and taking into account the flywheel inertia and of the other two, guillotine break in the reactor coolant system piping), with all uncertainties accumulated at the hot point. These situations cause automatic reactor shutdown and move into natural convection conditions in the core by the two check valves opening automatically.

The approach adopted by the operator is as follows:

-the limit values of the surface power densities corresponding to reaching the thermal hydraulic phenomena anticipated in steady-state conditions are determined;

-the limit values of the surface power densities corresponding to reaching the thermal hydraulic phenomena anticipated in flow rate transient conditions are determined by incrementing this value before the transient, until a harmful thermal hydraulic phenomenon occurs during the transient;

-the lowest of the surface power density limit values thus determined is adopted as being the maximum surface power density permitted;

-uncertainties are deducted from this power value to obtain the maximum surface power density acceptable, taking all uncertainties together; -a best estimate neutronic calculation is made to check that the actual surface power density of the experimental fuel plates at the hot point is lower than the maximum value adopted.

The FLICA and SIRENE calculation codes developed by CEA are used for the thermal hydraulic calculations and APOLLO 1 and DAIXY for the neutronic calculations.

IRSN expressed reservations over this method, as detailed below.

Qualification of thermal hydraulic calculation codes

These codes had been validated for the OSIRIS reactor core, but the coolant channels of the IRIS unit (3.6 mm) are wider than for the standard and control elements in the OSIRIS reactor (2.46 and 2.79 mm respectively) and are heated unilaterally.

Following a suggestion from IRSN, the operator therefore irradiated an IRIS device containing experimental fuel plates instrumented using thermocouples. He performed measurements in steadystate conditions and during two shutdowns of the reactor coolant pumps with allowance for the inertia of their flywheel. The temperature measurements clearly showed compatibility between calculations and measurements in steady-state conditions; on the other hand, during the transient, a time gap between calculations and measurements and an under-estimation of the calculated maximum temperature appeared. The operator identified that these discrepancies were caused by a model on the law of decrease in flow rate of the reactor coolant pumps after shutdown showing room for improvement. He therefore "realigned" this model from measurements taken during tests. On this basis, he performed new tests which showed improved compatibility between calculations and measurements, as shown in Figure 2, and which would probably lead to improved modelling of the opening kinetics of the natural convection check valves during flow rate transient conditions. To check the validity of the unit's flow rate/head loss analytical law, the operator performed tests on a hydraulic bench representing the OSIRS reactor primary coolant system. IRSN had noted that these tests did not include measurements of the low flow rate values, representative of those encountered during transient conditions. The operator therefore performed such measurements and replaced the flow rate/head loss analytical relationship in his thermal hydraulic calculation diagram by the relationship measured on the bench.

Verification of axial power distribution

The calculation diagram used by the operator is as follows. The average core power is calculated. It is corrected by a radial shape factor, also calculated, to determine the power of a given plate. To obtain the power at the hot point, this power is then multiplied by an axial shape factor. The operator used a 2D calculation diagram and therefore could not calculate this axial shape factor. For the safety calculations, a neutron flux shape factor of 1.3 was considered. Prior to irradiation, measurements were taken in the ISIS reactor, the neutron model of the OSIRIS reactor, to check that the actual shape factor was indeed lower than 1.3.

Nevertheless, IRSN requested the operator to demonstrate that the influence of the movement of the control rods or of the experiments was unlikely to trigger an increase in this flux axial shape factor during irradiation beyond the adopted value of 1.3. To achieve this, the operator took measurements using a device called MEREVER (switchhook fitted with five self-powered neutron detectors distributed axially and inserted in the water cooling channels in the OSIRIS reactor core). These measurements demonstrated the potentially low rise in the neutron flux during irradiation.

Risks relating to the swelling of the experimental fuel plates During the IRIS 2 experiment, very significant localised swelling was noted in the UMo type fuel. IRSN therefore wondered whether the risk from such swelling could raise doubts over effective cooling of the plates through excessive shrinking of the channels. However, given that:

-the shrinking of the cooling channels from the plates swelling spread into the two adjacent channels and that the fuel plates were opposite the inert plates (which cannot swell),

-the swelling noted on IRIS 2 was localised over a small surface area and did not therefore trigger general shrinking of the channel, but simply caused an additional specific head loss, -swelling was triggered by tearing in the middle of the fuel core and that there was no decohesion of the fuel core or cladding, IRSN considered that the risk run by this swelling was basically a risk of cladding rupture which would be detected by the reactor protection system.

Calculation hypotheses in transient conditions

The analysis method adopted initially for accident transient conditions by the operator assumed that prior to the transient (reactor coolant pump shutdown or break in rector coolant system), all the thermal hydraulic parameters (power, pressure, temperature) were equal to the reactor protection threshold values. Reactor operation beyond the alarm thresholds is prohibited by the reference safety standards. This method reverted to accumulating an abnormal reactor operation and an accident occurring. As this was a widely conservative hypothesis, IRSN considered it acceptable to take the thermal hydraulic parameters as equal to the reactor alarm threshold values, which are the maximum values permitted by the reference safety standards for nominal reactor operation.

Conclusion

Taking all these elements together, IRSN considered it acceptable for the operator to irradiate experimental fuel plates generically in the IRIS facility at a surface power density of 300 W/cm². For the specific irradiation of plates based on UMo 50% enriched with 235 U in the TUM FRM-II reactor, the operator demonstrated that he could irradiate these plates at 314 W/cm² by lowering the reactor protection thresholds by 5%. Thus, based on solutions resulting from discussions between the operator and IRSN, the operator presented a demonstration that not only validated the calculations made, but also justified a higher maximum irradiation power, particularly by using a flow rate/head loss law of the unit produced by the measurements.
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 2 Fig. 2 Temperature calculation/measurement comparison on the instrumented fuel plate before and after realignment