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Based on the requirement of Hexagonal Casing Type Fuel Reactor (HCTFR) nuclear design and the critical physical experiment design method introduced by a single factor, 11 core critical physical experiments are proposed to validate the calculation accuracy and reliability of the nuclear design code CPLEV2. The experiment loading scheme fully takes into account the various components and more than one irradiate hole in the HCTFR core, which is used as critical physical experiment schemes successfully. According to the critical physical experiment data, the reactivity calculation deviations of all critical physical experiments are within ±1.0%. The validation results show that the nuclear design code CPLEV2 has high calculation accuracy and reliability for the core of hexagonal casing type fuel, and it can be used for HCTFR nuclear design.
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1 INTRODUCTION
The nuclear design of Hexagonal Casing Type Fuel Reactor (HCTFR) adopted nuclear design program CPLEV2, which is a specific nuclear design code of the test reactor. As the hexagonal casing fuel core, irradiate hole scheme, fuel assembly, and control rod assembly of HCTFR are different from those of the existing reactor (Xu et al., 1990; Liu et al., 2000; Tang et al., 2011), it is necessary to carry out the critical physical experiment to test the calculation accuracy and reliability of nuclear design code CPLEV2 which has been applied to the design of HCTFR (Xie, 1994). The critical physical experiment of HCTFR included critical mass measurement, critical rod position measurement, shutdown depth measurement, and differential and integral value measurement of control rods.
According to the content of the critical physical experiment, in this paper 11 core critical physical experiment schemes and 2 supplemental schemes are proposed to validate the calculation accuracy and reliability of the nuclear design program CPLEV2. The validation results show that CPLEV2 has high calculation accuracy and reliability for the core of HCTFR, and it can be used for the nuclear design of HCTFR.
2 NUCLEAR DESIGN PROGRAM
The calculation of the core critical physical experiment used program CELL and CPLEV2, which constitute a two-step calculation framework.
CELL is a code for calculating the parameters of the few-group cross section of layered ring assembly. After calculating the effective absorption cross section of the resonance energy region and the thermal group cross section of temperature interpolation, the few-group micro or macro cross-section parameters of each nuclide are calculated, and the multigroup neutron integral transport equation is solved by the collision probability method. CELL can be used not only to calculate the few group cross-section parameters of fuel assembly and strong absorber assembly but also to calculate the few group constants of test loop or test fuel assembly.
CPLEV2 is a three-dimensional multigroup fuel management code based on the fine mesh finite difference method, which has both core fuel management calculation function and test loop calculation function. CPLEV2 can be used to calculate the core refueling and give the radial and axial power peak factors, core power density distribution, neutron flux distribution, the remaining amount of important nuclides at each burning time, the differential and integral values of control rods, and the effective delayed neutron yield. With multi-loop calculation function, CPLEV2 can give the power distribution and flux distribution in the test loop, as well as the fuel consumption of test fuel assembly at each fuel consumption moment.
3 SCHEME DESIGN OF CRITICAL PHYSICAL EXPERIMENT
The structure and materials of core components such as fuel assembly, beryllium assembly, aluminum assembly, control rod assembly (including absorber, follower and connecting section) and target assembly, and core water quality should be consistent with HCTFR.
Considering the experiment requirements and fuel manufacturing problems, it was determined that no more than 20 fuel assemblies should be used in the critical physical experiment of HCTFR. Considering the positional relationship between control rod assemblies, target assemblies, aluminum assemblies, beryllium assemblies, and fuel assemblies in the actual reactor core, 11 critical physical experiment schemes have been put forward, including 20 fuel assemblies, 72 aluminum assemblies, 47 beryllium assemblies, 4 target assemblies, and 12 control rod assemblies.
3.1 Assembly type design in the critical physical experiment
According to the principle of single-factor introduction, each assembly type was introduced one by one to form a series of critical physical experiment schemes, as shown in Table 1. All critical physical experiment schemes were generally divided into two categories. Scheme 1∼Scheme 6 were critical mass measurement schemes; that is, the core reached critical under the state of all control rods outall control rods out. Scheme 7∼Scheme 10-2 were critical rod position measurement schemes; that is, some control rods are not fully lifted out of the core when the core was critical.
TABLE 1 | Assembly type design in the experiment schemes.
[image: Table 1]3.2 Control rod layout and grouping design
Considering the critical experiment operation process, the control rod position in each experiment scheme should be kept as fixed as possible to simplify the experiment process. However, in the design it was found that the size of the active area in each experiment scheme was quite different, and the single control rod position and grouping design could not meet the reactivity control requirements.
According to the calculation and analysis, the control rod arrangement and grouping of all schemes were divided into three categories: the first type is shown in Figure 1, which was applicable to Scheme 1; the second type is shown in Figure 2, which was applicable to Schemes 2–6; and the third type is shown in Figure 3, which was applicable to Scheme 7∼Scheme 10-2.
[image: Figure 1]FIGURE 1 | Layout of core and control rods in Scheme 1 (layout and grouping of type 1 control rods).
[image: Figure 2]FIGURE 2 | Layout of core and control rods in Scheme 2 (layout and grouping of type 2 control rods).
[image: Figure 3]FIGURE 3 | Layout of core and control rods in Scheme 7 (layout and grouping of type 3 control rods).
In Scheme 1, the core only contained fuel assemblies and the water reflector, and the active area of the core was smallest in size. If the second type control rod arrangement and grouping were arranged in Scheme 1, the value of rods would be too small to play the role of critical safety supervision. Scheme 2∼Scheme 6 adopted the second type control rod arrangement and grouping to meet the reactivity control requirements. The sizes of the core active area in Scheme 7∼Scheme 10-2 were further increased, and the arrangement and grouping of control rods of the first and second types could no longer meet the reactivity control requirements. Therefore, all critical experiment schemes were divided into the above three categories, which not only simplified the arrangement and grouping of control rods but also met the reactivity control requirements of each experiment scheme.
3.3 Experiment schemes and fine-tuning strategy
3.3.1 Scheme 1
Figure 1 shows the core layout and control rod grouping in Scheme 1. The core contained fuel assemblies and water reflectors. There were 12 control rod assemblies in the core, which were divided into five groups, A∼E. There were four safety rods in the A rod group and two rods in the B, C, D, and E rod groups.
In this test, 19 fuel assemblies were loaded, and the keff of all control rods out was 1.0016. The fuel assemblies could be adjusted when the calculation deviated from the actual situation. By adjusting the position of the fuel assemblies radially and increasing or decreasing fuel assemblies, the keff of the core could be increased or decreased, thus making the core critical.
3.3.2 Scheme 2
Figure 2 shows the core arrangement and control rod grouping in Scheme 2. The core contained fuel assemblies, beryllium assemblies (outside the active area) and water reflector. There were 12 control rod assemblies in the core, the positions of which were different from those in Scheme 1, but the grouping situation were the same.
In this test, 7 fuel assemblies and 27 beryllium assemblies were loaded, and the keff of all control rods out was 1.0002. When the calculation deviated from the actual situation, the beryllium assemblies could be adjusted. By adjusting the position of beryllium assemblies radially and increasing or decreasing beryllium assemblies, the keff of the core could be increased or decreased, thus making the core critical.
3.3.3 Scheme 3
Figure 4 shows the core arrangement of Scheme 3. The core contained fuel assemblies, beryllium assemblies (in the active area), and water reflector. The arrangement of control rod assemblies in the core was the same as Scheme 2.
[image: Figure 4]FIGURE 4 | Core arrangement of Scheme 3.
In this test, 20 fuel assemblies and 7 beryllium assemblies were loaded, and the keff of the full lifting rod was 1.0003. When the calculation deviated from the actual value, the assemblies could be adjusted. By adjusting the position of the fuel assemblies radially, the keff of the core could be increased or decreased, thus making the core critical.
3.3.4 Scheme 4
Figure 5 shows the core arrangement of Scheme 4. The core contained fuel assemblies, beryllium assemblies (inside the active area), beryllium assemblies (outside the active area), and water reflector. The arrangement of control rod assemblies in the core was the same as that of Scheme 2.
[image: Figure 5]FIGURE 5 | Core arrangement of Scheme 4.
In this test, 12 fuel assemblies and 18 beryllium assemblies (including 7 beryllium assemblies in the active area) were loaded, and the keff of all control rods out was 1.0031. When the calculation deviated from the actual situation, the beryllium assemblies could be adjusted. By adjusting the position of beryllium assemblies radially and increasing or decreasing beryllium assemblies, the keff of the core could be increased or decreased, thus making the core critical.
3.3.5 Scheme 5
Figure 6 shows the core arrangement of Scheme 5. The core contained fuel assemblies, aluminum assemblies, and water reflector. The arrangement of control rod assemblies in the core was the same as that of Scheme 2.
[image: Figure 6]FIGURE 6 | Core arrangement of Scheme 5.
In this test, 18 fuel assemblies and 21 aluminum assemblies were loaded, and the keff of all control rods out was 1.0000. When there was a deviation between calculation and practice, the core keff could be increased or decreased by adjusting the position of fuel assemblies and aluminum assemblies radially, increasing or decreasing aluminum assemblies and fuel assemblies, thus making the core critical.
3.3.6 Scheme 6
Figure 7 shows the core arrangement of Scheme 6. The core contained fuel assemblies, beryllium assemblies, aluminum assemblies, and water reflector. The arrangement of control rod assemblies in the core was the same as that of Scheme 2.
[image: Figure 7]FIGURE 7 | Core arrangement of Scheme 6.
In this test, 11 fuel assemblies, 16 beryllium assemblies, and 72 aluminum assemblies were loaded, and the keff of all control rods out was 1.0015. When there was a deviation between calculation and practice, the keff of the core could be increased or decreased by adjusting the position of aluminum and beryllium assemblies radially, increasing or decreasing aluminum and beryllium assemblies, thus making the core critical.
3.3.7 Scheme 7
Figure 3 shows the core layout and control rod grouping in Scheme 7. The core contained fuel assemblies, beryllium assemblies (inside the active area), beryllium assemblies (outside the active area), water reflector, and Ag–In–Cd control rods. There were 12 control rod assemblies in the core, which were divided into five groups A∼E. There were four safety rods in the A rod group and two rods in the B, C, D, and E rod groups.
In this test, 20 fuel assemblies and 47 beryllium assemblies were loaded, among which 5 beryllium assemblies were loaded in the active area. The keff of all control rods in was 0.8451, and that of all control rods out was 1.2226. Scheme 7 would measure the critical rod position, control rod value, and shutdown depth.
3.3.8 Scheme 8
Figure 8 shows the core arrangement of scheme 8. The core contained fuel assemblies, beryllium assemblies (inside the active area), beryllium assemblies (outside the active area), water reflector, Ag–In–Cd control rods, and target assemblies. The arrangement of control rod assemblies in the core was the same as that of Scheme 7.
[image: Figure 8]FIGURE 8 | Core arrangement of Scheme 8.
This test was loaded with 20 fuel assemblies, 43 beryllium assemblies (including 5 beryllium assemblies in the active area), and 4 target assemblies. The keff of all control rods in was 0.8026, and that of all control rods out was 1.1352. Scheme 8 would measure the critical rod position, control rod value, and shutdown depth.
3.3.9 Scheme 9
Figure 9 shows the core arrangement of scheme 9. The core contained fuel assemblies, beryllium assemblies, aluminum assemblies, water reflector, and Ag–In–Cd control rod assemblies. The arrangement of control rod assemblies in the core was the same as that of Scheme 7.
[image: Figure 9]FIGURE 9 | Core arrangement of Scheme 9.
This test was loaded with 20 fuel assemblies, 47 beryllium assemblies (including 1 beryllium assembly in the active area), and 71 aluminum assemblies. The keff of all control rods in was 0.8836, and that of all control rods out was 1.2137. Scheme 9 would measure the critical rod position, control rod value, and shutdown depth.
3.3.10 Schemes 10-1 and 10-2
Figure 10 shows the core layout of Scheme 10-1. The core contained fuel assemblies, beryllium assemblies, aluminum assemblies, water reflector, Ag–In–Cd control rod assemblies, and irradiate holes, and the irradiate holes were filled with water. The arrangement of control rod assemblies in the core was the same as that of Scheme 7.
[image: Figure 10]FIGURE 10 | Core arrangement of Scheme 10-1 and Scheme 10-2.
This test was loaded with 20 fuel assemblies, 37 beryllium assemblies (including 1 beryllium assembly in the active area) and 67 aluminum assemblies. The keff of all control rods in was 0.8684, and that of the full lifting rod was 1.1808. Scheme 10-1 would measure the critical rod position, control rod value, and shutdown depth.
Scheme 10-2 had the same core layout as Scheme 10-1, with the only difference being that the irradiate holes were filled with air.
The keff of all control rods in was 0.8721, and that of the full lifting rod was 1.1878. Scheme 10-2 would measure the critical rod position, control rod value, and shutdown depth.
3.3.11 Supplemental experiment schemes
During the critical physical experiment, it was found that full height differential and integral value measurement of some control rods could not be carried out because the loading schemes had large excess reactivity. According to the specific situation, two schemes of critical rod position measurement with less excess reactivity were supplemented by reducing the number of assemblies of Scheme 9 and Scheme 10-1, which were named as Scheme 9A and Scheme 10A.
Figure 11 shows the core arrangement of Scheme 9A. The core contained 16 fuel assemblies, 25 beryllium assemblies (including 1 beryllium assembly in the active area), and 71 aluminum assemblies. The keff of all control rods in was 0.8118, and that of all control rods out was 1.0955. Scheme 9A would measure the critical rod position, control rod value, and shutdown depth.
[image: Figure 11]FIGURE 11 | Core arrangement of Scheme 9A.
Figure 12 shows the core arrangement of Scheme 10A. The core contained 16 fuel assemblies, 25 beryllium assemblies (including 1 beryllium assembly in the active area), and 60 aluminum assemblies. The keff of all control rods in was 0.8055, and that of all control rods out was 1.0920. Scheme 10A would measure the critical rod position, control rod value, and shutdown depth.
[image: Figure 12]FIGURE 12 | Core arrangement of Scheme 10A.
4 VERIFICATION AND ANALYSIS OF CRITICAL MASS MEASUREMENT SCHEMES
Table 2 shows the verification calculation results of core keff for critical mass measurement schemes. It could be seen that the deviation of verification calculation in Scheme 1 is only 0.3%, which is in good agreement with the experimental result, which indicates that the nuclear design code has high accuracy in calculating the core of pure fuel assemblies. The calculation deviations of Schemes 2∼4 are all within 0.8%, and they are all negative deviations, which indicates that the nuclear design code has higher accuracy in calculating the cores containing beryllium assemblies. Scheme 5 used fuel assemblies and aluminum assemblies, and the core keff calculation deviation is small and positive, which indicates that the aluminum assembly calculation model has high calculation accuracy. Scheme 6 used fuel assemblies, beryllium assemblies, and a large number of aluminum assemblies, and the core keff calculation deviation is negative and the absolute value is about 1.0%, which still can be accepted.
TABLE 2 | keff verification calculation results of critical mass measurement test.
[image: Table 2]5 VERIFICATION AND ANALYSIS OF ZERO POWER PHYSICS TEST
5.1 Critical rod position keff
Table 3 shows keff verification calculation results of the core critical rod position. It could be seen that the calculation deviations of Scheme 7∼Scheme 10 are within ±0.8%, which are in good agreement with the test results and indicate that the nuclear design code has high accuracy in calculating the critical rod positions of various core layout schemes.
TABLE 3 | keff verification calculation results of core critical rod position.
[image: Table 3]5.2 Integral value of control rods
Table 4 shows the calculation results of the cold integral value of single control rod and rod groups with different schemes. It can be seen that the calibration deviation of the control rod integral value is within 20% except for B2 rod and B rod groups in Scheme 10A.
TABLE 4 | Calculation results of integral value of control rods.
[image: Table 4]5.3 Differential value of control rods
Figures 13–15 and Supplementary Figures S1–S3 show the cold differential value curves of different rod groups with different schemes. It can be seen that the calculated values of differential value curves of control rods in other cases are in good agreement with the experimental values except for the calculated values in Scheme 8.
[image: Figure 13]FIGURE 13 | Differential value curve of B rod group (Scheme 8).
[image: Figure 14]FIGURE 14 | Differential value curve of C rod group (Scheme 8).
[image: Figure 15]FIGURE 15 | Differential value curve of B rod group (Scheme 9A).
5.4 Shutdown depth
Table 5 shows the calculation results of cold shutdown depth of each scheme. It can be seen that the calculated deviations of all schemes are within 20%, which is in good agreement with the experimental values.
TABLE 5 | Calculation results of shutdown depth.
[image: Table 5]6 CONCLUSION
Based on the requirement of the core critical physical experiment of HCTFR, 11 core critical physical experiment schemes and 2 supplemental schemes were proposed to validate the calculation accuracy and reliability of the nuclear design code CPLEV2. According to the critical physical experiment data, the reactivity calculation deviations of all critical rod position measurement schemes are within ±1.0%. The validation results show that the nuclear design code CPLEV2 has high calculation accuracy and reliability for the core of hexagonal casing type fuel and it can be used for HCTFR nuclear design.
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