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The purpose of the OSCAR code, developed by the CEA in cooperation with EDF and AREVA NP, is to predict the contamination of the PWR primary system. The OSCAR code allows researchers to analyze corrosion products and fission products behavior and to calculate the activity in the fluid and the surface activity in the primary system. Nowadays, the OSCAR code is considered to be not only a tool for numerical simulations and predictions but also one that might combine and organize all new knowledge useful to progress on contamination caused by Activated Corrosion Products (ACPs). The OSCAR V1.2 code is used for ACPs simulation studies of DOEL-4 reactor. The 22 first cycles have been simulated and compared with measurements [1] of surface activities on the loops. Since, this simulation is the reference of DOEL-4 parametrical studies done with OSCAR V1.2. The effect on contamination by ACPs of a 4-month operation at 50% power during a cycle will be introduced. The results will be focused on volume and surface activities during the cycle and the following shutdown. Then several studies on mid-cycle shutdowns of a given length of time or with startup criteria on 58 Co volume activity will be presented. Last, results of parametrical studies performed on early oxygenation during cold shutdown will be given.

Introduction

The purpose of the OSCAR code, developed by the CEA in cooperation with EDF and AREVA NP, is to predict the contamination of the PWR primary system. The OSCAR code allows researchers to analyze corrosion products and fission products behavior and to calculate the activity in the fluid and the surface activity in the primary system. Nowadays, the OSCAR code is considered to be not only a tool for numerical simulations and predictions but also one that might combine and organize all new knowledge useful to progress on contamination caused by Activated Corrosion Products (ACPs). This article presents the results of the simulations of ACPs transfers using the OSCAR code V1.2 [START_REF] Dacquait | Simulations of corrosion product transfer with the OSCAR V1.2 code[END_REF]. The goals of these simulations are to demonstrate the ability of the OSCAR code to reproduce the ACPs contamination transfer of a given reactor (DOEL-4) by using precise operation data. Parametrical studies simulations are of particular interest because of the huge difficulty to carry out them during the operation. We will present here a selection of parametrical studies simulations, first the effect on contamination by ACPs of a 4-month operation at 50% power during a cycle will be introduced. The results will be focused on volume and surface activities during the cycle and the following shutdown. Then several studies on mid-cycle shutdowns of a given length of time or with startup criteria on 58 Co volume activity will be presented. Last, results of parametrical studies performed on early oxygenation during cold shutdown will be given.

Contamination simulation of the 22 first cycles of the DOEL-4 reactor

DOEL-4 is a 3-loops PWR equipped with alloy 690 tubed steam generators since the steam generator replacement at cycle 11. The structure of the DOEL-4 primary circuit has been modeled by control volumes using the design data of the reactor (wetted surfaces, hydraulic diameters, material compositions, nominal temperatures …). The operation data (water chemistry, reactor power, refueling, steam generator replacement…) of the 22 first cycles have been averaged to obtain a one day step simulation. As a matter of comparison, we have used surface activities measurements coming from EMECC campaigns [START_REF] Eimecke | Ensemble de Mesure et d'Etude de la Contamination des Circuits[END_REF] carried out during some shutdowns and volume activities measured during the operation. A good agreement between simulation and measurements of the deposited activities of 58 Co and 60 Co can be observed in Figure 1. Nevertheless, the 58 Co contamination during the first cycle seems to be overestimated. It comes from an excessive release of corrosion products during the first cycle. This modelled release could have been reduced, but we decided not to do so because of the lack of measurement for the first cycle and the weak influence of the first cycle release on the contamination simulation at the cycle that can be compared with measurements. Moreover, note that the orders of magnitude being sought, we did not try to optimize the results by an advanced calibration. 

Contamination simulation during a typical cold shutdown of the DOEL-4 reactor

The modelling of the cold shutdown with the OSCAR code [START_REF] Dacquait | Simulations of corrosion product transfer with the OSCAR V1.2 code[END_REF] allowed reproducing the 58 Co volume activity peak observed in the primary circuit. This peak is explained by a fast dissolution of nickel simple phases deposited on the fuel cladding leading to the dissolution of 58 Co formed by activation of 58 Ni.

The dissolution of the 58 Co is modelled through a driving mechanism linked to the nickel phase it is trapped into. So the amount of 58 Co released during the cold shutdown is rigorously determined by the amount of nickel simple phases deposited on the fuel cladding before the shutdown.

The operation data of a typical cold shutdown are drawing in Figure 2. Note that the concentrations of oxygen and hydrogen are fixed to the given values. The variation of the 58 Co volume activity is presented in Figure 3. The peak value, 170 GBq/t, is overestimated (several tens of GBq/t measured) and is explained by a too large simulated mass of metal nickel deposited on the fuel cladding at the beginning of the shutdown (2 kg).

The composition of the Ni on the cladding is based on equilibrium calculation and doesn't take into account the kinetics of the phase changes; it might be that phase changes, which give metal Ni, are simulated though they actually never occur because of their low kinetic. Otherwise, no increase of APCs surface activities is observed on the primary loops, this agrees with the feedback. Despite the overestimation of the 58 Co volume activity peak, this modelling was used as a reference for parametrical studies that will be further presented.

Impact of a 50%-power operation

We have studied the impact of a 4-month operation at 50% power during a cycle. The operation data of the cycle have been replaced by typical ones (constant power, constant hydrogen concentration and smooth decrease of boron and lithium concentrations), this modelling is the reference for this study. The 50% power operation is simulated by a neutron activation divided by 2, a decrease of the temperature of the "hot" regions (the average temperature evolves from 302 °C to 293.7 °C; for the hot legs: from 321 °C to 304 °C; while for the cold legs it is stable at 283 °C). The concentrations of boron and lithium are increased during the drop of power; their concentrations are given in Figure 4. The 50% power operation period starts around 2 months after the beginning and ends 9 months before the end of the cycle. This study combines the effects of two phenomena:  the drop of power decreases the temperature (and also the equilibrium concentration) and the source term of the APCs contamination (neutron activation divided by 2),  the change of the chemical conditions influence the pHT which decreases slightly from 7.1 to 7.06 at the beginning of the 50% power period).

All the simulated volume and surface activities decrease during the 50% operation period; then they increase when power returns to its nominal value. At the end of the cycle, their values are close to the reference ones (see Figures 5 &6). According to the OSCAR simulation, a 50% power operation during 4 months has a slight influence during this period and few months after. Then 6 months after, the contamination levels are equivalent to those obtained with a nominal power operation. As consequence, if the extended period at 50% occurred less than 6 months prior to refueling outage, an influence on the shutdown release would be noticed.

Mid-cycle shutdown 5.1 14-day shutdown

The goal of this study is to determine the influence of mid-cycle shutdowns on the contamination levels according to the moment of the shutdown during the cycle. The shutdown was simulated at three moments of the cycle: 9, 6 and 3 months before the end of cycle. The shutdown modelling uses the same operation data than the typical cold shutdown. The restart was roughly modelled: the operation data linearly evolving from the shutdown values to the nominal ones in one day (see Figure 7). For the other regions of the loops (steam generators, crossover legs…) the variations of the surface activities are similar to the hot legs ones. A strong influence on the 58 Co contamination and a weak one for 60 Co are observed. This comes from the strong impact of the mid-cycle shutdown on the amount of nickel on the fuel cladding which strongly decreased. No increase in surface activities on the loops is observed during the mid-cycle shutdown. The cobalt peaks of the mid-cycle shutdowns are the highest when the shutdown is the closer to the end of the cycle. The end of cycle cold shutdown cobalt peaks decrease when the mid-cycle is close to the end of cycle. This is illustrated in Table 1 with the ratio of the 58 Co peaks for the mid-cycle shutdowns and the end of cycle cold shutdown divided by the value of the 58 Co reference peak at the end of cycle cold shutdown (without mid-cycle shutdown).

Table 1. Ratio of the 58 Co peaks compared with the reference cold shutdown peak.

The influence of the mid-cycle shutdown disappears at the beginning of the following cycle for the volume activities and during this cycle for the surface activities (see Figures 7 &8). 9 months 6 months 3 months Mid-cycle shutdown 29% 60% 85% Cold shutdown 68% 47% 20%

This behavior is similar to the one highlighted for unexpected shutdown with oxygenation during a cycle [START_REF] Dacquait | Corrosion product transfer in French PWRs during shutdown[END_REF] that showed an even more low 58 Co peak since the shutdown is close to the end of cycle. 

Early restarts for mid-cycle shutdown

The influence of an early restart of the mid-cycle shutdown has been studied with two restart criteria: a 58 Co volume activity in the primary circuit of respectively 7 GBq/t and 50 GBq/t.

The reference case is the mid-cycle shutdown 6 months before the end of cycle for which the 58 Co volume activity at the restart is 0.5 MBq/t. For both cases, an increase of the 58 Co surface activities on the legs of the loops is observed (see Table2); while the contamination on the steam generator tubing surface is stable. There is also an increase of the 60 

Early oxygenation during the cold shutdown

The influence of an early oxygenation during the cold shutdown has been modelled. The OSCAR code doesn't calculate the oxygen consumption, so the modelling of this consumption was made by a return to a reducing condition between the parasitical oxygenation and the main one.

The modelled oxygenation starts at a temperature of 180 °C, the primary circuit stays in an oxidant condition during one hour and then returns in the reducing condition of the reference case. For this study, the only changes compared to the reference are the concentrations in oxygen and hydrogen during the one-hour oxygenation.

A double peak of volume activities is observed for the 58 Co (see Figure 10); the first peak value is 54% of the peak without oxygenation and the second is 57%. The simulation of the deposited activities presents a huge increase for the 58 Co on the cold side of the SGs (+210%) at the end of the early oxygenation, whereas it stays stable on the hot side (+1%) and increases slightly on the legs (+5%). This increase is explained by the huge decrease of cobalt equilibrium concentrations at the return in a reducing condition. The cold side of the SGs is the loops region with the lowest cobalt equilibrium concentration, which explains the local massive precipitation; moreover, no release is observed from the SGs, thus the amount of 58 Co deposited activities on the SGs stays stable during the main oxygenation. Those results confirm that early oxygenations have to be avoided. 

Conclusion

This present article demonstrates the ability of the OSCAR code V1.2 to reproduce the ACPs contamination transfer of the DOEL-4 reactor during 22 cycles. Then parametrical studies that are of particular interest for operators were presented. The simulation of a 50% power operation during 4 months reveals a slight influence on the contamination which disappears 6 months after the return to the nominal power. Thus a 50% power operation during the 6 last months of a cycle will have effects on the shutdown. Mid-cycle shutdown simulations show a strong impact during the rest of the cycle, it decreases the 58 Co contamination (volume and surface activities and peak of the end-ofcycle shutdown); the effects slowly vanish during the next cycle. Those beneficial effects can be wiped out when the restart for the mid-cycle shutdowns happens too early; it leads to an increase of the 58 Co surface activities on the loops. Finally, the simulation of an early oxygenation during the cold shutdown produces double cobalt peaks and induces a local precipitation on the cold side of the SGs at the end of the early oxygenation. It confirms the risk of ACPs precipitation when early oxygenations occur.
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 1 Figure 1. Simulation of the 58 Co and 60 Co surface activities on the hot legs, crossover legs and the hot and cold sides of the SGs compared with EMECC measurements This simulation has proved the ability of the OSCAR code to simulate the contamination transfer of a reactor during a large number of cycles given the modelling with control volumes and the use of close to reality operation data.
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 2 Figure 2. Operation data during a typical cold shutdown.
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 3 Figure 3. Simulated 58 Co volume activity in the primary circuit during the cold shutdown.
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 4 Figure 4. Boron and lithium concentrations for the reference (green) and for the cycle with a 50% power operation (blue)

Figure 5 .Figure 6 .

 56 Figure 5. Volume activities of 58 Co and 60 Co for the reference (green) and for the cycle with a 50% power operation (blue)

Figure 7 .

 7 Figure 7. Operation data during the 14-day shutdown. The simulation of the 58 Co and 60 Co volume and surface (for the hot legs) activities are presented in Figures 8 & 9 for the cycle with the mid-cycle shutdown and the following cycle.For the other regions of the loops (steam generators, crossover legs…) the variations of the surface activities are similar to the hot legs ones. A strong influence on the 58 Co contamination and a weak one for 60 Co are observed. This comes from the strong impact of the mid-cycle shutdown on the amount of nickel on the fuel cladding which strongly decreased. No increase in surface activities on the loops is observed during the mid-cycle shutdown. The cobalt peaks of the mid-cycle shutdowns are the highest when the shutdown is the closer to the end of the cycle. The end of cycle cold shutdown cobalt peaks decrease when the mid-cycle is close to the end of cycle. This is illustrated in Table1with the ratio of the

Figure 8 .

 8 Figure 8. 58 Co and 60 Co volume activities during 2 cycles, without shutdown (green) and with 14-day shutdown 9 months (blue), 6 months (pink) and 3 months (turquoise) before the end of the cycle.

Figure 9 .

 9 Figure 9. 58 Co and 60 Co surface activities on the hot legs during 2 cycles, without shutdown (green) and with 14-day shutdown 9 months (blue), 6 months (pink) and 3 months (turquoise) before the end of the cycle.

Figure 10 .

 10 Figure 10. Simulated 58 Co volume activity in the primary circuit during the cold shutdown for the early oxygenation case (in blue) and for the reference case (blue).

Table 2 . Increase in the 58 Co surface activities during the early restart mid-cycle shutdowns.

 2 Co surface activities, but it is almost negligible, the difference with the 58 Co is explained with the far lower amount of 60 Co released in the primary water during the shutdown.

			50 GBq/t		7 GBq/t
		Hot legs	Crossover legs	Hot legs	Crossover legs
	58 Co	+154%	+106%	+29%	+20%
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