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INTRODUCTION

In irradiated UO2, fission gases accumulate in the fuel and form different reservoirs. The size and location of these reservoirs depend on many parameters, such as burn-up and power history. During an annealing experiment of an irradiated fuel sample, these reservoirs change, interconnect, and under the effect of the thermal load can give rise to a release outside the sample. This corresponding fission gas release (FGR) occurs in successive bursts at different temperature levels. Although the mechanisms to explain this release are not completely identified, the literature suggests that the grain boundaries decohesion is the preferred mechanism. [START_REF] Rest | Fission gas release from UO2 nuclear fuel: A review[END_REF] More specifically, annealing test results on irradiated UO2 sample from work by Noirot et al. [START_REF] Noirot | Fission gas release behaviour of a 103GWd/tHM fuel disc during a 1200°C annealing test[END_REF] and Marcet et al. [START_REF] Marcet | High Burn up Structure Contribution to the Fission Gas Release under Transient Conditions[END_REF] indicates that the release around 1100°C comes preferentially from the HBS zone of the fuel. This temperature level coincides with the last burst of release (Burst around 1200°C in figure 2) highlighted in slow ramp annealing performed in the MERARG furnace on high burn up irradiated fuel samples. [START_REF] Pontillon | Experimental and theoretical investigation of fission gas release from UO2 up to 70 GWd/t under simulated LOCA type conditions: the GASPARD program[END_REF] We aim to determine whether the release kinetics observed at these temperature levels are consistent with a gas reservoir located in the intergranular bubbles of the HBS zone. In this paper, we propose a simplified model of the gas flows of the third burst in order to determine the physical characteristics of the exit channels followed by the fission gas.

Modelling fission gas emptying kintetics

The release of the gas contained in the HBS bubbles takes place through their interconnection to a free surface, as can be seen in the SEM image in Figure 1. We have developed a gas flow model in the fuel during the annealing. It postulates that the gas release during an isothermal plateau at 1200°C corresponds to the equilibrium between overpressure gases reservoirs located in the fuel sample connected to the free surface at atmospheric pressure. We will simplify the gas reservoir corresponding to the intergranular gas bubbles interconnection of the HBS zone as a single reservoir connected by a single channel outside of the fuel as shown in Figure 2. The annexes contain the details of the calculation to obtain this equation.

Experimental data:

We tested our model on an annealing test on a highly irradiated UO2 sample with a temperature ramp of 0.2°C/s from 300 to 1200°C as shown in Figure 3. At 1200°C we maintained an isothermal plateau until the end of the gas release was observed. During the ramp the release describes different bursts that we can interpret as resulting from the successive opening of the release channels due to the increase of the pressure of the associated gas reservoirs. From the 100th minute, we observe the third burst, which we hypothesised to be correlated with the HBS zone of the sample. From the beginning of the 1200°C isothermal plateau, we observe the change of the gas release regime, and its decrease. We will focus on the characteristic decay of the gas release curve from the 125th minute, as highlighted in the insert to Figure 3, when the gas release regime is established, which we will fit with the above-mentioned model. 

Dataset fitting

From equation ( 1), the fit involves the following three parameters: λ, τ and c These three parameters are highly dependent, which gives fitting results that are very sensitive to small variations. To overcome this sensitivity and improve the robustness of the fit, we will use the logarithmic derivative method.

The main advantage of using the logarithmic derivative in our fit is to simplify the number of parameters to be fit by simplifying the scale factor λ, which does not interest us here. Thus, the fit will concern the parameters: τ and c

The second benefit of the logarithmic derivative is that it allows us to identify the beginning of the emptying phase, i.e. the inflection point of the emptying curve where we will place 𝒕 𝟎 .

Therefore:

RESULTS

We have applied the simplified gas flow model defined above to the example of emptying kinetics shown in Figure 3. It fits the experimental data accurately as shown in figure 4. The model is well suited to annealing where an isothermal stage at 1200°C is maintained long enough to observe the emptying kinetics. The question now arises as to how to interpret the model. As we do not know how many paths are created during discharge, we reason here on the scale of an equivalent channel, i.e. if the emptying had only taken place in a single path. Our calculations allow us to determine the equivalent permeability (K) of the channel from 𝜏 as follows:

𝐾 = C- µ • L • 𝑉 H 𝑃 3 • 8 𝜋 𝜏 (3) 
µ, 𝑃 3 𝑒𝑡 𝜏 are known. 𝑉 H the volume of the reservoir associated with the emptying third burst can be measured experimentally. We know that the gas released by this burst is mainly from the HBS zone, so we will assume that the length of the emptying path will be of the same order of magnitude as the width of the HBS of the sample, i.e. 50 µm. Thus, for the example studied, we determined the equivalent permeability as being equal to 1,28 • 10 78T m². Given our hypotheses, we can interpret this equivalent permeability value as a maximum value. Indeed, the higher the number of emptying channels, the lower the value of the permeability of these channels will be.

To conclude, without going further in terms of interpretation, it is interesting to note that the order of magnitude of equivalent permeability obtained is close to the permeability of porous rocks such as sandstone or granite, studied in geology. [START_REF] Géraud | Perméabilité des roches et loi de Darcy » ULP, centre de géochimie de la surface[END_REF] This encouraging outcome encourages us to improve the model in order to refine the results. 
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 1 Fig. 1. Post annealing SEM image of the HBS area of an irradiated UO2 fuel sample

Fig. 2 .

 2 Fig. 2. Schematic of the interconnection between the sample's actual (a) and simulated (b) fission gas reservoirs to the free surface.Thus defined, and from the mass balance, Darcy and perfect gas equations, the release kinetics of krypton 85 during the isothermal stage should take the form of equation[START_REF] Rest | Fission gas release from UO2 nuclear fuel: A review[END_REF].

Fig. 3 .

 3 Fig. 3. Example of emptying kinetics observed at the 125th minute on the release curve of krypton 85 during annealing.
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 4 Fig. 4. Logarithmic derivative fitting (top) and residuals (bottom) applied to the release kinetics shown in Figure 1.

ANNEXES Model of the fission gas emptying into the fuel

This description consists of a mass balance, Darcy's law and the law of perfect gases: Expression of the density, as a function of the perfect gas constant R=8.31 J.mol-1 .K-1, M [kg/mol] the molar mass of the gas, and T [K] the temperature.

Injecting ( 5) and ( 6) into (4) we obtain:

Isothermal flow:

For isothermal flow, the constant temperature can be simplified on either side of the above expression. Applied to our example it will take this form: In MERARG we measure a quantity of 85Kr atoms relative to the mass of the sample, not a total flux. To simplify and adapt equation 10 to our release data, we will use the following equation to model the release of 85Kr fission gas: