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The production and release of fission products in fuel rods and the primary coolant have been simulated by the kinetic model during the normal operation of a pressurized water reactor. The typical ratio of I-131/I-133 in the primary coolant has been theoretically estimated at the equilibrium conditions for intact fuels and fuel failure with small or large defects, respectively. The radiochemical data in the primary loops have been gathered and compiled from thirty-six cycles in the operating CPR1000 PWR units. The statistical results show that the predictions made by the model and the statistical results in the operating CPR1000 PWR units are qualitatively in agreement for both intact fuel and fuel failure. It also indicates that the conventional threshold I-131/I-133 ≥ 0.1 for fuel failure may cause misjudgment due to the overlap of distributions, and I-131/I-133 ≥ 0.15 can distinguish 98% operation date for intact fuel rods and 94% operation data for fuel failure.
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INTRODUCTION
Very stringent requirements are set on the nuclear fuel design to ensure the fuel rods’ mechanical integrity during normal operation of a nuclear power plant. However, it is not possible to avoid the failure of a small number of fuel rods loaded in the core during the entire lifetime of a nuclear power plant. Once fuel rods fail, the noble gases and the volatile fission products accumulated in the fuel gap between pellets and cladding can be released to the primary coolant, resulting in an increase of the radiation dose and radioactive waste. The actinides disseminated in the fuel rods can also be released to the primary loops when secondary hydriding occurs. When the fission products’ activity level in the coolant reaches a given value, the plant should be placed into a safe shutdown within a few hours to notably prevent further deterioration of the fuel rods, which could notably lead to radiological protection and radioactive waste-related difficulties/issues.
During the operation of the nuclear power plant, the primary coolant is regularly sampled from the primary circuit to conduct radiochemical analysis and assess the activity concentration of radionuclides such as noble gases and radioiodines. This information is notably used to assess the integrity of the fuel loaded in the core. The half-life of I-131 and I-133 is 8.02 days and 20.8 h, respectively. The ratio of the activity concentration of these two radioiodines, 131/I-133, is one of the most commonly used indicators to preliminarily determine the status of fuel rods in NPPs (Alvarez et al., 2010). According to the experience in European and American PWRs, the typical values of I-131/I-133 are 0.1, 1.0, and 0.6 in the case of intact fuels, small failure, and large failure, respectively. Based on operating radiochemical data of a French pressurized water reactors, A. Tigeras et al. (2009) proposed that I-131/I-133>0.08 should be used as a fuel failure criterion. It is suggested to determine the size of fuel failure in PWR by a tight defect with I-131/I-133>1.0 and a large defect with I-131/I-133 < 0.4 (Cheng et al., 2003). Westinghouse suggested the following criteria: possibly no defect with I-131/I-133≤0.1, a large crack with 0.1≤I-131/I-133≤0.3, a small hole with 0.3≤I-131/I-133≤0.5, and a tight crack with I-131/I-133≥0.5 (Eicheldinger, 1975; Lin, 2013). I-131/I-133<0.1 is used as the criterion of no leaking fuel rods in VVER in Finland (L. Kekkonen, 2015). I-131/I-133<0.6 and I-131<15 MBq/t are used to determine no fuel failure in VVER in the Krško reactor in Slovenian (M Chambers et al., 2013). These thresholds to judge fuel failure are highly dependent on the specific operating parameters of the PWRs. Thus, it is necessary to determine the thresholds for fuel failure in Chinese PWRs.
In this study, the range of I-131/I-133 values was theoretically derived for typical fuel status based on the kinetic model of the generation and migration of I-131 and I-133 in the primary coolant of pressurized water reactors. The analytical results have also been verified by comparing them with measured radiochemical data in the operating 1000MWe CPR1000 PWRs of China General Nuclear Power Group (CGN).
KINETIC MODEL OF IODINE RELEASE
Calculation of I-131/I-133 for Intact Fuel
The heavy nuclei of uranium, plutonium, and other heavy atoms in the fuel pellets undergo fission reactions under neutron irradiation to produce fission fragments (or fission products) with different mass numbers. These fission fragments accumulate in the fuel pellet and can be released through recoil and knockout into the fuel gap between the pellet and the cladding. The surface of the fuel pellet and the inner surface of the cladding have a certain adsorption effect on iodine isotopes. Some iodine isotopes are deposited on the outer surface of the pellet or the inner surface of the cladding, while the others are free in the air gap (Olander, 1985; Lewis, 1987; Lewis, 1988).
During fuel manufacture, a small quantity of uranium particles can adhere to the outer surface of the cladding called tramp uranium. When the fuel rod made with zirconium alloy is intact, the fission products inside the cladding cannot penetrate into the primary coolant, but the fission products generated from any tramp uranium on the external cladding surface will be released into the primary circuit. In addition, small amount of fuel particles can be present into the coolant from previous cycles if a large fuel failure occurred in these previous cycles. This part of the actinide nuclides may affect the radioactivity level of the fuel surface and the primary circuit in the considered cycle. Taking account of similar physical and chemical behaviors, tramp uranium and the disseminated actinides are classified into one category, tramp uranium, in this study. Figure 1 illustrates the release and migration of fission products in the primary loops from a failed fuel rod.
[image: Figure 1]FIGURE 1 | Schematic diagram of fission product migration in the primary loops from the failed fuel rod.
The general relation between the fission product activity and the atom inventory can be represented by Eq. 1, as follows:
[image: image]
where
[image: image] = activity of fission product [image: image],
[image: image] = decay constant of fission product [image: image] and
[image: image] = total atom inventory of fission product [image: image].
To facilitate the following analysis the tramp uranium and the disseminated actinide are collectively referred to as uranium contamination in this study. With respect to release through recoil, 50% of the fission products generated by neutron irradiation of uranium contamination are released into the primary coolant (Genin et al., 2018). It can be described by the following kinetic equation (Chun et al., 1998; Kim, 2012):
[image: image]
where
[image: image] = atom inventory generated by the uranium contamination,
[image: image] = mass of the uranium contamination,
[image: image] = fission rate,
[image: image] = accumulative yield of fission product [image: image],
[image: image] = decay constant of fission product [image: image],
[image: image] = purification coefficient of the primary loop,
[image: image] = ratio of primary coolant residence time in the core to total primary circulation,
[image: image] = cross section of neutron capture reaction,;
[image: image] = neutron flux at the outer surface of the fuel rods,
[image: image] = leakage rate of the primary loop, and
[image: image] = total water mass in the primary loop system.
For most of the iodine isotopes, the term [image: image] is much larger than [image: image], which is negligible. When the release of fission products reaches equilibrium, the following formula can be used:
[image: image]
Therefore, the specific activity of fission product release can be calculated using the following formula:
[image: image]
The fission yields of I-131 and I-133 depend on the uranium and plutonium composition in the fuel pellet. Although there are several fissionable actinides in the fuel pellet, U-235 and Pu-239 contribute to almost all nuclear power according to core physics calculation. The equivalent cumulative yields of fission products can be estimated from the respective fission yields of U-235 and Pu-239 by weighting their fission fraction (Chun et al., 1998),as follows:
[image: image]
where
[image: image] = the equivalent cumulative yields of iodine [image: image],
[image: image] = fraction of U-235 fission,
[image: image] = cumulative yields of iodine [image: image] from U-235, and
[image: image] = cumulative yields of iodine [image: image] from Pu-239.
Based on the core isotopic depletion analysis, U-235 fission fraction in the fuel rods will gradually decrease, but the Pu-239 fission fraction in the fuel will correspondingly increase by transmutation of U-238 (Dan Gabriel, 2010). According to fuel management design of 18 months refueling cycles in CPR1000 reactors, almost all core power is due to U-235 and Pu-239 fission. The initial U-235 enrichment in fuel assemblies is 4.45 wt% in equilibrium cycles in these cycles. Table 1 lists the equivalent cumulative yields for I-131, I-133, and I-134 at the beginning of a cycle (BOC), the median of a cycle (MOC), and the end of a cycle (EOC).
TABLE 1 | Equivalent cumulative yields of iodine at different periods.
[image: Table 1]According to the operating parameters of the CPR1000 reactor, it can be concluded that I-131/I-133 in one fuel cycle without fuel failure is in the range of 0.06–0.08.
[image: image]
In order to explicitly recognize the origin of high iodine activity in primary loops in cycles without fuel failure, I-134 has also been introduced in the study because it is one indicator of the uranium contamination outside the fuel rods and is proportional to the contaminated actinides in the primary (Zeh et al., 2008). The relations of I-131, I-133, and I-134 are derived and summarized in Table 2. If the relative relationship among the volume activities of these radioiodine isotopes measured in the primary coolant deviates significantly, indicating that there may be defective fuel rods in the core.
TABLE 2 | Relation of specific activity of radioiodine for different contaminations.
[image: Table 2]Calculation of I-131/I-133 for Failed Fuel
When the fuel rods fail, some of the primary coolant enters the fuel gap through the failure due to the pressure difference between the fuel gap and the primary loops and vaporizes rapidly, and the radioiodines are released to the primary circuit by the steam. The measured iodine activity [image: image] in the primary loop consists of two parts: one part from defective fuel [image: image] and one part from the uranium contamination [image: image]. This study assumes that the former is significantly larger than the latter in order to simplify the kinetic equations.
The following kinetic equations are used to describe the release of fission products from the fuel pellet to the primary circuit:
[image: image]
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[image: image]
where
[image: image] = atoms inventory generated in fuel pellet,
[image: image] = atoms inventory in the pellet-cladding gap,
[image: image] = atoms inventory in the primary loop,
[image: image] = fission rate in the fuel pellet,
[image: image] = escape rate coefficient of fission products from the fuel pellet to the gap, and
[image: image] = escape rate coefficient of fission products from the gap to the primary loop.
When the equilibrium is reached, the atoms inventory in the primary loop can be calculated as follows:
[image: image]
For the large failure in a fuel rod, [image: image] and [image: image]; For the small failure in a fuel rod [image: image] and [image: image]. Therefore, the activity for typical fuel failure can be obtained as follows:
[image: image]
[image: image]
For the same nuclide, it can be considered that the escape rate for isotopes with similar half-life is not remarkably different. Allison and Robertson (1961) proposed that the escape rate coefficient of fission products released from the fuel to the primary circuit is proportional to the square root of the decay constant.
The ratio of I-131/I-133 for large failure and small failure can be calculated as follows:
[image: image]
[image: image]
In the operating CPR1000 PWR units, the activities of I-131 and I-133 have been recognized by the respective characteristic gamma rays. The uncertainties of the measured activities of I-131 and I-133 are considered uncorrelated in the study. So the uncertainty of the I-131/I-133 ratio can be obtained as follows.
[image: image]
where
[image: image] = the uncertainty of the measured activities of I-131 and
[image: image] = the uncertainty of the measured activities of I-133.
VERIFICATION BY RADIOCHEMICAL DATA
Collection of Operating Data
In order to verify the aforementioned model, the measured radiochemical data in the primary coolant and operation conditions in thirty-six fuel cycles of fourteen operating pressurized water reactors were collected. These reactors are CPR1000 types with an electrical power of about 1089 MWe, and the cores are loaded with 157 AFA 3G AA fuel assemblies with an active height of 3656 mm (cold). Each fuel assembly is arranged in a 17 × 17 square array and contains 264 fuel rods. The nominal letdown rate is 13.6 t/h if fuel failure does not happen, and the maximum letdown rate is 27.2 t/h if there are defective fuel rods in the core. These reactors are identical or similar in the core design, fuel design, fuel management, purification capabilities, and operating modes. According to the sipping inspection results after shutdown, the radiochemical data are divided into two types: data with intact fuel and data with fuel failure; the distribution of I-131/I-133 in the two data sets is analyzed.
The activity concentration of iodine isotopes in the primary coolant may fluctuate to a certain extent due to the extent of fuel damage, the power level, etc. When the specific activities of iodine isotopes are so low and close to the lower detection limit, the relative error is too large that it is not suitable to evaluate the fuel reliability by the I-131/I-133 ratio. In this case, the ratio of radioactive noble gas may be more suitable as an indicator for judging fuel failure because noble gas can migrates more easily than iodine.
Verification for Cycles With Intact Fuel
The raw data for I-131 and I-133 in the primary coolant for the fuel cycles with intact fuel are provided in Figure 2A. It shows the proportionality between the activity concentration of I-131 and I-133. The relationship between the I-131/I-133 ratio and I-131 has been analyzed, which is illustrated in Figure 2B. I-131 activity concentrations are distributed within a wide range, 1 MB/t to 800 MB/t, while the I-131/I-133 ratios are distributed in a narrower range of 0.06–0.15. It shows that the I-131/I-133 ratio is a more reliable indicator to assess the fuel integrity than the absolute activity concentration values of iodine isotopes in the primary loops. This is mainly because the high iodine activity concentration in the primary loops may result from the disseminated actinides from previous cycles with fuel failures due to secondary hydriding.
[image: Figure 2]FIGURE 2 | Distribution of I-131, I-133, and I-131/I-133 in primary loops in cycles with intact fuel: (A) Distribution between I-131 and I-133, and (B) Distribution between I-131/I-133 and I-133.
As shown in Figure 3, the statistic shows two frequency peaks of I-131, I-133, and I-134 activity concentration for all the cycles with intact fuel rods. The frequency at the first peak is high, but the corresponding activity is low, showing that the level of contamination on the fuel surface of AFA 3G fuel is low and most of the cycles are not contaminated. The frequency at the second peak is relatively low, but the corresponding activity concentration is very high, indicating that these cycles were significantly affected by disseminated actinides and this happens less often. As shown in Figure 3, I-131/I-133 ratios are 0.11 and 0.09 for the first and second peak, respectively. The I-131/I-134 ratios are 0.04 and 0.03 for the first and second peak, respectively. The measured I-131/I-133 ratios are in good agreement with the theoretical values in Table 2.
[image: Figure 3]FIGURE 3 | Frequency distribution of iodine in primary loops without fuel failure.
Verification for Cycles With Fuel Failure
The raw data for I-131 and I-133 in the primary coolant for fuel cycles with fuel failures are provided in Figure 4A. The distribution of the I-131/I-133 ratio and I-131 is presented in Figure 4B. Both figures show that I-131 activity concentrations, I-133 activity concentrations, and I-131/I-133 ratios are distributed within a wide range. Most of the I-131/I-133 ratio values are distributed within the range of 0.06–3.0. The measured I-131/I-133 ratio values range covers the typical I-131/I-133 ratio values with small failures and large failures. A proportion of I-131/I-133 ratios in cycles G and K overlaps with the values for cycles without fuel failure in Figure 2B. Although fuel failure has happened at beginning of the two cycles, a further analysis shows that the reasons are different: the low release rate of iodine to the coolant for small failure that make the activity concentration increase difficult to observe in the primary loops in cycle G (failed fuel rods with this behavior have been identified as “weak leakers”), and a large amount of disseminated actinides due to significant secondary hydridring that generates more I-131 activity than I-131 activity in cycle K.
[image: Figure 4]FIGURE 4 | Distribution of I-131, I-133, and I-131/I-133 in primary loops in cycles with fuel failure: (A) Distribution between I-131 and I-133, and (B) Distribution between I-131/I-133 and I-133.
Figure 5 shows the distribution of I-131/I-133 ratio values in the CPR1000 cycles in which there is only one failed fuel rod. It shows two obvious distribution peaks: the lower peak is located at around 1.7 when the reactor operated from 40 to 70 days and the higher peak is near 0.72 when the reactor operated from 80 days to shutdown. According to the results in section 1.3, the former peak corresponds to a small fuel failure, and the latter corresponds to a larger fuel failure. This variation indicates the qualitative evolution of the fuel failure size from the middle of cycle to the end of the cycle during the operation.
[image: Figure 5]FIGURE 5 | Frequency distribution of I-131/I-133 in the specified cycle with fuel failure.
DISCUSSION OF THRESHOLD OF FUEL FAILURE
The cumulative frequency distributions of I-131/I-133 ratio values of 24 cycles without fuel failure and 10 cycles with fuel failure (not including cycles G and K) in CPR1000 PWRs are shown in Figure 6. The continuous cumulative frequency distribution curves for intact fuel and for fuel failure overlap for ratios of around 0.10. It shows that using 0.1 as the I-131/I-133 ratio threshold for fuel failure identification may cause misjudgments. If the I-131/I-133 ratio threshold is increased to 0.15, 98% of the measured data in cycles without fuel failure and 94% measured data in cycles with fuel failure can be distinguished readily. It will help identify the fuel failure more effectively even though the measurement uncertainty has been considered. For one specific gamma spectroscopy, the uncertainty of the measured radioactivity is related to the detection time. According to operation experience in CPR1000 units, both relative uncertainties of measured activities of I-131 and I-133 are less than 10%. According to formula (14), the uncertainty of the I-131/I-133 ratio is less than 0.1414 times of I-131/I-133 and is slight in the overlap region.
[image: Figure 6]FIGURE 6 | Cumulative frequency distribution of I-131/I-133 for intact fuel and for fuel failure.
SUMMARY
Based on the generation and migration mechanisms of radioiodines in the coolant during the operation of a pressurized water reactor, a kinetic model of the radioiodine volume activity and the I-131/I-133 ratio for intact fuel rods and defective fuel rods is established theoretically. The results of the theoretical model are in good alignment with the statistical results of measured radiochemical data from cycles with intact fuel qualitatively and that from cycles with fuel failure quantitatively, for CPR1000 reactors. It is however noted based on analysis of measured data that the release of radioiodine isotopes from the defective fuel rods is complex notably due to the dynamical evolution of the failure size in one cycle and may be so slow especially when the size of fuel failure is very small that it becomes not easy to interpret. Therefore, it is suggested to consider a value of 0.15 as the I-131/I-133 ratio threshold for fuel failure in order to identify the fuel failure more effectively in CPR1000 units.
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