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To ensure that fuel rods operate in nuclear reactors safely and reliably, UO2 pellets with different enrichment levels of 235U in the same production line are manufactured in batches and divisionally managed to avoid confusion or the potential misloading of UO2 pellets with different enrichment levels. At the same time, nondestructive tests for their enrichment levels and loading uniformity and all UO2 pellets must be nondestructively tested during production. By studying the enrichment detection mechanism of the UO2 pellets of 235U, the design of an integral standard rod was carried out, and a single integral standard rod was used to achieve the calibration of the enrichment measurement curve, as well as the detection and calibration of abnormal pellets. This study undertook a comparison test of 235U enrichment between the neutron activation method and the array multi-probe passive method. The test results showed that the array multi-probe passive method had higher detection efficiency and equal accuracy.
Keywords: nuclear fuel rods, UO2 pellets, enrichment, neutron activation method, passive method
INTRODUCTION
Nuclear fuel rods (hereinafter referred to as fuel rods) are the energy source and core of nuclear power plant reactors. The main function of fuel rods is to release heat and contain nuclear fission products. Since the nuclear power plants have different reactor types and different refueling batches, the 235U enrichment of the UO2 pellets in the fuel rods may vary. To ensure the safe and reliable operation of nuclear fuel rods in nuclear power plant reactors, the 235U enrichment and charging uniformity of the UO2 pellets inside the fuel rods must conform to relevant design and production requirements. On the production line of a nuclear fuel element production plant, fuel rods with different enrichments are manufactured in batches and undergo very strict differentiated management. It is forbidden to accidentally load UO2 pellets with different enrichments into fuel rods. If the UO2 pellets with different enrichment are misloaded in fuel rods, the axial power distribution of the fuel rods will be uneven, and local hot spots may be generated. In severe cases, the fuel rods may rupture, cause radioactive material leakage, contaminate the coolant, and affect the safety of the reactor operation (Zhang et al., 2013). Therefore, to prevent the potential misloading of UO2 pellets with different enrichment (hereinafter referred to as abnormal pellets) during the fuel rod manufacturing process, and to ensure the safe and reliable operation of fuel rods in nuclear power plant reactors, the UO2 pellets in the fuel rods must be subject to 100% non-destructive inspection of 235U enrichment and charging uniformity (hereinafter referred to as enrichment inspection). Generally, fuel rod enrichment detection methods include the neutron activation method and the passive method. The current fuel element production line mainly uses the neutron activation method. In the 1970s, the first 252Cf thermal neutron detection system, which was designed by the American Alamos Laboratory H.O. Menlove, was used to measure the total content of fissile material in the fuel rods of the light water power reactor. At the end of the 1990s, Chinese researchers also developed a fuel rod neutron activation detection device by using a252Cf neutron source, the source was surrounded by neutron moderators, and utilized a neutron protective material as the outer layer and lead as the gamma-ray shielding material. The transmission device allows the fuel rod to pass through the irradiator at a constant speed. The exit of the irradiator is equipped with a NaI(TI) gamma-ray detector. The gamma rays induced by the fuel rod after neutron irradiation are ten times higher than the spontaneous decay of 235U, which is convenient for checking 235U enrichment (Chen and Liu, 2007). Although the neutron activation method has high detection efficiency, it has disadvantages such as needing to replace neutron sources regularly, and the high cost of detection, maintenance, and management. Although the detection cost of the traditional single-probe passive method is low, the poor detection efficiency leads to difficulty in satisfying the needs of the fuel rod production line. In recent years, with the advancement of sensor technology, fuel rod enrichment inspection based on the array multi-probe passive method has been rapidly developed and attracted widespread attention. The United States NDA and the Zhengzhou branch of China Nuclear Power Engineering Co. Ltd., the Institute of High Energy Physics, the Chinese Academy of Sciences (Liu et al., 2019), and other units have carried out related research.
In this paper, through the analysis and research on the detection mechanism of UO2 pellet 235U enrichment, a comparative experiment of neutron activation method and array multi-probe passive method is carried out. The test results show that the array multi-probe passive method has higher detection accuracy. The high detection efficiency and recognition rate of abnormal pellets can replace the traditional method for fuel rod neutron activation enrichment detection and loading uniformity detection.
THE TEST REQUIREMENTS OF FUEL ROD STRUCTURE AND ENRICHMENT
Fuel Rod Structure
The fuel rod is composed of a cladding tube, UO2 pellets, spring, upper end plug, and lower end plug, as shown in Figure 1. The fuel rod has an outer diameter of 9.5 mm and a length of about 4 m. Each type of fuel rod generally only contains UO2 pellets with the same enrichment. During the fuel rod production process, UO2 pellets have various types of enrichment, such as 1.8, 2.4, 3.1, 4.45, 4.95%, etc. The incident of loading different enrichment UO2 pellets into fuel rods is prohibited during the production process. All fuel rods must be tested 100% for enrichment.
[image: Figure 1]FIGURE 1 | Schematic diagram of fuel rods.
Enrichment Test Requirements

1) It can detect the average enrichment value of UO2 pellet 235U in fuel rods.
2) Abnormal pellets in fuel rods can be detected. For fuel rods mixed with UO2 pellets with a relative enrichment of ± 15.6%, detection confidence can be 95%. For fuel rods mixed with UO2 pellets with relative enrichment of ± 8%, the detection confidence can be 2.5%.
3) The efficiency of enrichment detection should meet the needs of the fuel rod production line.
Enrichment Deviation
The enrichment deviation refers to the percentage difference between the matrix pellets and the abnormal pellets, which is defined as follows:
[image: image]
where:
[image: image]-Relative enrichment deviation, %,
E0-Nominal enrichment value of matrix pellets, %,
Ei-Abnormal pellet enrichment, %,
M0-Matrix pellet enrichment, %,
Mi-Abnormal pellet mass, g.
In general, considering that the diameter of matrix pellets and abnormal pellets are the same, and their density difference is small, the above formula can be rewritten as:
[image: image]
where L0 and Li are the height of matrix pellets and abnormal pellets, respectively. That is, when calculating the deviation of abnormal pellets, the height of pellets should be considered.
PRINCIPLE OF FUEL ROD ENRICHMENT DETECTION
The spontaneous alpha decay of the 235U nuclide in the UO2 pellet is accompanied by 98 and 185.7 keV gamma-ray radiations. gamma rays of 185.7 keV are generally selected as fuel rod enrichment inspection signals. When the fuel rod passes through the γ probe at a constant speed, the signal is collected and processed by measuring the circuit to obtain the distribution γ spectrum of 235U enrichment in the direction of the horizontal axis of the fuel rod. The γ spectrum is analyzed and processed through data analysis and processing. By comparing calibration data of standard rods, the average enrichment value of fuel rods can be obtained and it can be judged whether there are abnormal fuel pellets with different enrichment levels in fuel rods.
EQUIPMENT CALIBRATION OF STANDARD ROD DESIGN AND INSPECTION
Enrichment inspection of the standard rod design is one of the key technologies for checking fuel rods. Usually, a set of reference fuel rods with the same structure and same geometric dimensions but different UO2 pellet enrichment are used to calibrate inspection equipment and make a 235U relationship curve between enrichment and γ-ray intensity. Then calibration curve, rejection limit, supervision limit, and control limit are established to realize the detection of fuel rod enrichment and abnormal pellets.
A standard rod is equipped with a series of UO2 pellets with different enrichments arranged along the axial length. The remaining structure and dimensions are the same as the fuel rod. That is, a certain enrichment (E0) is used as matrix pellets, and the pellets are placed in appropriate positions. Individual pellets are loaded with different enrichment (called abnormal pellets) and then assembled, welded, and the pellet gap is measured according to the fuel rod manufacturing process. Finally, through scanning inspection, the isolated abnormal pellets in these rods are obtained. The γ-ray intensity difference Δγ between abnormal and the matrix pellets is used to obtain the relationship between the relative deviation of pellet enrichment ΔE and γ-ray intensity difference Δγ through one-variable linear regression α. If the curve passes through the origin, the linear relationship between the two variables can be expressed as:
[image: image]
Design requirements are when the deviation of enrichment of abnormal pellets mixed in a fuel rod is ≥ 15.6%, inspection method and inspection equipment should be able to detect these abnormal pellets with a detection efficiency of 95% confidence. The rejection limit Rj exceeding this design requirement is:
[image: image]
where.
Rj-Abolishment limit, Count;
A-The slope of curve;
[image: image]-Enrichment deviation allowed by the technical specification, %;
k-95% 95% confidence factor. When calculating positive deviation, k is -1.96. When calculating negative deviation, k is +1.96; σ-Standard deviation of the measured value.
Any measurement signal that exceeds the rejection limit may indicate that there is an abnormal pellet. In practice, it is allowed to be checked again. If a signal exceeding the rejection limit Rj is repeated, the fuel rod will be judged as a disqualified product (Mou et al., 2010) (He et al., 2008).
Two methods of enrichment standard rods can be used in fuel rod production, multiple standard rods and one-piece standard rods.
Multiple Standard Rods
Multiple standard rods include enrichment measurement standard rods (the same kind of 235U enriched UO2 pellets are packed into a fuel rod to manufacture fuel rods) and abnormal pellet standard rods (the other UO2 pellets with 235U enrichment different from matrix pellets). According to the technical conditions, the fuel rods are made of a mixture of these pellets and matrix pellets, which are used to calibrate the inspection equipment. Taking an 235U enrichment standard 4.45% rod as an example, there are two standard rods, of which one is an enrichment calibration standard rod, and the other one is an abnormal pellet calibration standard rod.
Integral Standard Rod
Integrated standard rod combines the measurement functions of the enrichment calibration standard rod and the abnormal pellet calibration standard rod into one standard rod. Integrated standard rod includes enrichment measurement section and abnormal pellet measurement section. The enrichment measurement section is used to fit and calibrate the enrichment measurement curve. Generally, it should not be less than three calibration points. The abnormal pellet measurement section is used to identify misloaded UO2 pellets. Generally, it should include possible production for pellets with different enrichment, take 235U enrichment 4.45% standard rod as an example, see Figure 2.
[image: Figure 2]FIGURE 2 | Integral enrichment standard rod.
SINGLE PROBE PASSIVE METHOD FUEL ROD ENRICHMENT INSPECTION
The single-probe passive method fuel rod enrichment inspection equipment is relatively simple and low cost. A set of gamma-ray intensity measurement systems only needs an NaI probe, amplifier, single-channel analyzer, and calibrator. First, the standard rod is used to calibrate the γ-ray intensity measurement system. After determining fuel rod enrichment and abnormal pellet rejection limit, fuel rod product enrichment can be checked.
The disadvantage of this equipment is that the inspection efficiency is relatively low and the fuel rod transmission speed is slow. So multi-channel measurement methods are often used, such as an eight-channel single-probe passive fuel rod enrichment inspection system, as shown in Figure 3. However, the inspection efficiency is still relatively low, and it is difficult to satisfy the demand for mass production of fuel rod products in general.
[image: Figure 3]FIGURE 3 | single probe inspection equipment.
THE ENRICHMENT DETECTION OF FUEL RODS BY NEUTRON ACTIVATION METHOD
Basic Principles of Neutron Activation Method
The neutron activation method by using the characteristic of 235U has a large neutron capture cross section for thermal neutrons. 252Cf neutron source irradiation device is attached to the inspection device. The half-life of 252Cf is 2.638 years. The most important nuclear property of 252Cf is that it can release a large number of neutrons in spontaneous fission, and the yield is 2.35 × 1012n/(s.g). Moreover, the average neutron energy of the neutrons is 2.348 MeV. The 235U in UO2 pellet induces nuclear fission reaction under activation of neutron irradiation, the produced fission products are accompanied by a series of beta decays, releasing a large amount of delayed gamma rays, which are ten times higher than gamma rays of 235U spontaneous decay. Several times, by measuring fissile prompt gamma rays and delayed gamma rays, the content of fissionable material in tested material can be determined. 252Cf neutron activation method is currently a commonly used method in fuel rod production lines.
Neutron Activation Inspection System
The fuel rod is irradiated by thermal neutrons to induce strong gamma rays. Delayed gamma intensity is recorded by NaI detector, and the 235U content of each pellet in the fuel rod can be distinguished. The maximum speed of fuel rod inspection can reach 9 m/min. The structure of the device is shown in Figure 4. It is not affected by the age of UO2 pellets. The resolution of abnormal pellets is equivalent to that of passive methods.
[image: Figure 4]FIGURE 4 | Schematic diagram of neutron activation equipment.
Advantages and Disadvantages of Neutron Activation
The advantages of neutron activation detection fuel rod enrichment are fast speed, good resolution, and suitability for pellets of any age. However, it is necessary to select measurement parameters reasonably to optimize detection efficiency. The intensity of the slow emission line released by activated pellets decreases exponentially with time (because the half-life of most fission products is very short). Therefore, the distance between detector and neutron source should be as small as possible. Inevitably, the distance will be limited by the irradiation shielding shell of the device. To obtain the best resolution, the window of the detector collimation hole is set in a range of 15–20 mm. The scanning speed of the fuel rod is closely related to the intensity of the neutron source. Generally, after a half-life (2.638 years), neutron yield decreases significantly. At this time, it is necessary to appropriately reduce the scanning speed of the fuel rod to achieve the detection resolution of abnormal fuel pellets. The main disadvantage of neutron activation is the high cost of equipment, and the need to replace the 252Cf neutron source regularly, high operating costs, and strict radiation protection requirements. Fuel rods that have undergone neutron activation inspections need to be stored for about 50 min before they can be manually transported.
ARRAY MULTI-PROBE PASSIVE ENRICHMENT INSPECTION OF FUEL ROD
The principle of the array multi-probe passive method for fuel rod enrichment inspection is the same as that of the single-probe passive method. It directly collects 185.7 keV gamma rays from the spontaneous alpha decay of 235U nuclide. The difference is that the array multi-probe passive method uses dozens or even hundreds of gamma probes arranged in the horizontal axis. When each UO2 pellet passes through these gamma probes, in turn, the gamma rays released by it will be affected by these gamma probes. The probe accepts, so it can get more γ-rays than single-probe passive method. Therefore, combining the corresponding data analysis algorithm, the array multi-probe passive method can obtain a higher inspection efficiency and recognition rate, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Array of multi-probe passive devices.
CONTRAST TEST OF ARRAY MULTI-PROBE PASSIVE METHOD AND NEUTRON ACTIVATION METHOD
The 4.45 and 4.95% enrichment standard rods commonly used in production are selected for the test. Test parameters include standard rod transmission speed, collection interval, recognition rate, and other parameters, which are shown in Table 1.
TABLE 1 | Comparative test parameters.
[image: Table 1]4.45% Enrichment Fuel Rod Inspection
4.45% Enrichment Standard Rod
The 4.45% enrichment standard bar information is shown in Table 2, and the structure diagram is shown in Figure 2.
TABLE 2 | 4.45% Enrichment standard rod information.
[image: Table 2]4.45% Enrichment Standard Rod Calibration Data
The array multi-probe passive fuel rod enrichment inspection system uses pellets with different enrichments in standard rods and corresponding average gamma counts to calibrate the inspection system.
The Calibration Curve of 4.45% Standard Pellet
The calibration curve of 4.45% standard pellet is shown in Figure 6
[image: Figure 6]FIGURE 6 | 4.45% Standard rod calibration curve. (A) 4.45% Average enrichment detection curve, (B) 4.45% Abnormal pellet detection curve.
Comparison of 4.45% Standard Rod Passive Enrichment Detection System and Active Enrichment Detection System
A comparison of 4.45% standard rod passive enrichment detection system and active enrichment detection system, the results are shown in Table 3.
TABLE 3 | 4.45% Standard rod calibration comparison.
[image: Table 3]4.95% Enrichment Fuel Rod Inspection
4.95% Enrichment Standard Rod
The 4.95% enrichment standard bar information is shown in Table 4.
TABLE 4 | 4.95% Standard rod calibration comparison.
[image: Table 4]Calibration Data of 4.95% Enrichment Standard Rod
The 4.95% standard rods were verified at speeds of 6.6 and 7.5 m/min, of which 7.5 m/min was used to verify the maximum detection speed of the passive enrichment detection system.
4.95% Standard Rod Calibration Curve
The calibration curve of 4.95% standard bar is shown in Figure 7.
[image: Figure 7]FIGURE 7 | 4.95%Standard rod calibration curve. (A) 4.95% Average enrichment detection curve, (B) 4.95% Abnormal pellet detection curve.
Comparison of 4.95% Standard Rod Passive Enrichment Detection System and Active Enrichment Detection System
Comparison of 4.95% standard rod passive enrichment detection system and active enrichment detection system. The comparison results are shown in Table 4.
Conclusion of Calibration Data Comparison
From the comparison of passive and active calibration data in the above 4.45% Enrichment Fuel Rod Inspection to 4.95% Enrichment Fuel Rod Inspection sections, we can conclude:
1) The correlation coefficient of the average enrichment calibration curve and correlation coefficient of abnormal pellet calibration curve of the passive enrichment detection system are better than those of the active enrichment detection system, indicating that the data linearity of the passive enrichment detection system is better;
2) The detection rate of 8% abnormal pellets is the most critical sensitivity index of this detection system, which characterizes the most precise detection requirements. The passive enrichment detection system, no matter what enrichment standard bar, is 8%. The detection rate of abnormal pellets is far better than the active enrichment detection system, which shows that the passive enrichment detection system is more sensitive to the detection of abnormal pellets.
3) The collection interval of the passive enrichment detection system in Table 1 is 7 mm. The collection interval of the active enrichment detection system is 17 mm. It further proves the high sensitivity of the passive enrichment detection system for abnormal pellet detection.
SYSTEM REPEATABILITY VERIFICATION
The repeatability of the system characterizes the consistency of multiple measurement results of the detection system, and can also be regarded as the stability index of the detection system. Therefore, it is necessary to further verify the project. The repeatability of the system requires repeated measurement of a standard rod 20 times, and the following indicators are calculated for evaluation, shown in Table 5.
TABLE 5 | System repeatability index.
[image: Table 5]Repeatability Verification (20 times Inspections)
The results of the count value of the standard rod (20 times) detected by the passive enrichment detection system are shown in Table 6.
TABLE 6 | 20 Times of repeatable validation data.
[image: Table 6]According to the above table, checking the repeatability of the detection system:
[image: image]
[image: image]
The verification results meet technical requirements.
Repeatability Verification (50 times Inspections)
The count result of the standard rod (50 times) detected by the passive enrichment detection system is shown in Table7.
TABLE 7 | Repeatable validation data of 50 times.
[image: Table 7]According to the above table, checking the repeatability of the detection system:
[image: image]
[image: image]
The verification results meet technical requirements.
Comparison of Repeatability Results
The repeatability of the passive enrichment detection system was compared with the active one, and the results are shown in Table 8.
TABLE 8 | Comparison of repeatability verification.
[image: Table 8]CONCLUSION
The comparison between array-type multi-probe passive enrichment detection system and the active enrichment detection system resulted in the following conclusions:
1) The detection speed of array type multi-probe passive enrichment detection system is not lower than that of the active enrichment detection system.
2) The linear correlation coefficient of the average enrichment detection curve meets technical specifications, and the linear correlation coefficient of the abnormal pellet detection curve meets technical specifications and is better than an active enrichment detection system.
3) The detection rate of 8% abnormal pellets meets technical specifications, and the detection rate of 15.6% abnormal pellets meets technical specifications and is not lower than the detection capability of the active enrichment detection system.
4) The repeatability of the system meets technical specifications and is better than an active enrichment detection system.
5) The array multi-probe passive method has high detection accuracy, detection efficiency, and recognition rate of abnormal pellets, which can replace traditional fuel rod neutron activation methods for enrichment and loading uniformity detection methods.
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