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Because dispersed particle-type fuel and burnable poisons both have double heterogeneity (DH), using the traditional volumetric homogenization method (VHM) to treat DH systems will bring about large reactivity calculation deviation. The improved reactivity-equivalent physical transformation (IRPT) method can be applied to DH systems which have both dispersed particle-type fuel and burnable poisons because of the features of simplicity and high calculation accuracy. In this article, the calculations show that the IRPT method becomes invalid for some DH systems when the volume fraction of dispersed particle-type burnable poisons is relatively high or the absorb cross section of burnable poison particles is relatively large. Then the two-step ring reactivity-equivalent physical transformation (TRRPT) method is proposed to be applied to the DH systems with both dispersed particle-type fuel and burnable poisons. Results of reactivity at zero burnup and depletion calculations for different types of dispersed particle-type fuel and burnable poisons and the comparison with Monte Carlo results of grain models prove the validity of the TRRPT method, and it has been proven that the TRRPT method has higher accuracy in reactivity calculation and a wider scope of transformation than the IRPT method.
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1 INTRODUCTION
Dispersed particle-type fuels (IAEA-TECDOC-1797, 2014) and burnable poisons (van Dam, 2000) have attracted much attention due to their unique physical properties. Dispersed particle-type fuel can contain fission products under high temperature and deep burnup conditions and has accident-resistant characteristics. Dispersed particle-type burnable poisons can increase the surface compatibility of particles and the matrix by adding a coating layer, and at the same time, it can control the burnup rate through its own space self-shielding effect and improve the flexibility of using burnable poisons in reactivity control. Dispersed particle-type fuel and burnable poisons have double heterogeneity (DH), that is, on the basis of the heterogeneity of the fuel pin, cladding, and moderator, the heterogeneity of the dispersed particles in the fuel pin and the matrix is added. The DH cannot be described in the current traditional neutronics calculation program, and the direct use of the volume homogenization method will bring about a larger reactivity calculation deviation.
A large number of studies have been conducted on the DH of dispersed materials at home and abroad. At present, there are two major types of methods for DH. The first is the Monte Carlo method, which can be used to directly simulate the dispersed particles using the Monte Carlo program, but the calculation will take a long time and require lots of memory. The second category is the deterministic method, which involves adding a certain algorithm to the present deterministic program to realize the treatment of DH. There are also many deterministic treatment methods for DH (Zhang et al., 2017a). One is the equivalent homogenization method of Shmakov (Shmakov et al., 2000) and She Ding (Ding et al., 2017), which can handle the DH effects of the cross section of the nonresonant energy group, and the resonance energy groups need to be dealt with separately using other methods such as the Dancoff factor correction or the Monte Carlo method. Sanchez’s DH treatment method based on the method of characteristic (MOC) and the collision probability method (CPM) (Sanchez and Masiello, 2002; Zhang et al., 2017b) can also be applied to DH. The equivalent homogenization method and Sanchez’s method both require more formula derivation and a lot of modifications to existing programs. Another method is the reactivity-equivalent physical transformation (RPT) method proposed by Yonghee Kim (Kim et al., 2006) in South Korea, which converts the DH system into a single-heterogeneous (SH) system by performing a reactive equivalent transformation of the system based on the reactivity of the Monte Carlo particle model at the time of zero burnup. Then the traditional neutronics program is used to calculate. The method is simple to operate, but the calculation accuracy is acceptable.
In 2018, Jian Li (Li et al., 2018) from Tsinghua University proposed an improved reactivity-equivalent physical transformation (IRPT) method, which is an improved RPT method for fully ceramic microencapsulated (FCM) fuel dispersed both particle-type fuel and burnable poisons. When processed using the IRPT method, the FCM fuel region is divided into three ring zones which will be homogenized separately. Numerical results of FCM fuel show that the IRPT method can be used to treat these cases containing both dispersed particle-type fuel and burnable poisons.
In 2020, we conducted in-depth research based on the RPT method and proposed a ring RPT (RRPT) method, which can be used to process the single particle-type DH system of dispersed particle-type fuel or burnable poisons (Lou et al., 2020a; Lou et al., 2020b). The reactivity calculation accuracy is higher than that of the traditional RPT method. In order to be able to deal with the two types of particle DH systems containing both dispersed particle-type fuel and burnable poisons, this article will conduct a more in-depth study.
In this article, it is found that for the cases with dispersed particle-type burnable poisons, when its macro cross section is relatively large or its volumetric fraction is relatively high or its particle size is relatively large or its burnup is relatively deep, the IRPT method will also have large deviations. Figure 1 shows the reactivity curve of FCM fuel with dispersed particle-type B4C. In this case, the diameter of the B4C particle is 100 μm, and its volumetric fraction is 5%.
[image: Figure 1]FIGURE 1 | Reactivity curve of FCM fuel with dispersed particle-type B4C.
For the issue above, in this article, the RRPT method for systems with dispersed particles is proposed. With the RRPT method, all the dispersed particles are compressed to be a ring column for a cylindrical cell or a ring shell for a spherical cell, and the double-heterogeneous system is also transformed into an SH system as the traditional RPT method does. When the DH system contains both particle dispersed fuel and burnable poisons, the RRPT method can be used twice to transform the fuel particles and burnable poison particles into corresponding rings which are an SH system and can be modeled using the traditional neutronic program. The calculation results and comparison with Monte Carlo results show that the RRPT method can deal with systems containing both fuel particles and burnable poison particles and has higher calculation accuracy in reactivity calculation and a wider scope of application than the original IRPT method.
2 METHODOLOGY
2.1 RPT and IRPT Methods
In the traditional RPT method, the DH problem with dispersed particles will be transformed into an SH system which can be modeled using a traditional program. The transformation process contains two steps: first, gather all the particles into a smaller circular area with a higher packing fraction than before in the center region, and second, the new smaller circular area is treated using the VHM (see Figure 2 (Kim et al., 2006)) The RPT radius which is the radius of the smaller circular area is determined by keeping the kinf of the system equivalent to the reference value which is usually calculated using the Monte Carlo or high-fidelity deterministic programs.
[image: Figure 2]FIGURE 2 | Schematic diagram of the traditional RPT method.
For the DH system with both dispersed particle-type fuel and burnable poison, the schematic diagram of the IRPT method is shown in Figure 3 (Li et al., 2018). First, we assume that the DH system does not contain burnable poison particles, only fuel particles, and then the RPT radius can be obtained using the traditional RPT method. Then burnable poison is reverted to the fuel region within the RPT radius, and the traditional RPT method is used twice to get a smaller RPT radius. After being processed twice using the traditional RPT method, the FCM fuel region is divided into three circular areas. The outer region contains only matrix material, the middle zone contains the matrix and particle-type fuel, and the inner zone contains the matrix, particle-type fuel, and particle-type burnable poisons. The dispersed particles in the inner zone and the middle zone are homogenized separately.
[image: Figure 3]FIGURE 3 | Schematic diagram of the IRPT method.
2.2 RRPT and TRRPT Methods
The RRPT method can also transform the DH problem into an SH one which can be modeled using the traditional neutronic program. The whole process of the RRPT method contains only one step, which is shown in Figure 4. First, all dispersed particle material is compressed into a ring area in the matrix material, and the center of the ring is consistent with the fuel cell. There is a corresponding relationship between the inner and outer radii of the ring when keeping the entire dispersed particle material constant during the transformation. The radius of the ring is determined by keeping the kinf of the system equivalent to the reference results of the Monte Carlo or high-fidelity deterministic program.
[image: Figure 4]FIGURE 4 | Schematic diagram of the RRPT method.
When the DH systems contain two types of dispersed particles, such as fuel particles and burnable poison particles, the RRPT method can also be used with the IRPT idea. First, we assume that the DH system does not contain burnable poison particles, only fuel particles, and then the radius of the fuel ring can be determined using the RRPT method. Then burnable poison is reverted to the fuel region, and a new radius of the burnable poison ring can be determined using the RRPT method. After being processed twice using the RRPT method, the FCM fuel region is divided into three circular areas, namely, the matrix zone, the fuel zone, and the burnable poison zone. The matrix zone contains only matrix material, the fuel zone contains only fuel material, and the burnable poison zone contains only burnable poison, which is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Schematic diagram of the TRRPT method.
In the TRRPT and IRPT methods, the first step of treatment needs to remove the dispersed burnable poison particles in the system, and the second step of treatment needs to add the dispersed burnable poison particles to the fuel region in the system. The reason for removing and regaining burnable poison particles is that the traditional RPT method and the RRPT method are both applied to single-type particles. When the DH system contains both particle-dispersed fuel and burnable poison, the two types of particles need to be treated separately. The new methods of treating with the traditional RPT and RRPT methods twice are the IRPT and TRRPT methods.
Generally, the content of burnable poison particles is much less than that of fuel particles, and so the area of the burnable poison ring is much smaller than that of the fuel ring. In all the examples verified in this study, the burnable poison ring is contained inside the fuel ring, as shown in Figure 5.
3 NUMERICAL RESULTS
In this article, the Monte Carlo program RMC (Wang et al., 2013), which was developed by Tsinghua University, is used to describe the random distribution of dispersed particles in the matrix and to provide a benchmark solution. When fuel particles with a radius of 200 μm and a volume fraction of 20% and burnable poison particles with a radius of 100 μm and a volume fraction of 5% are dispersed randomly in the zirconium matrix, the schematic diagram of distribution is shown in Figure 6. The parameters of the calculation model are shown in Table 1. In the two-type dispersed particle system, the dispersed particles are burnable poison and UO2. The parameters of the calculation model are shown in Table 1.
[image: Figure 6]FIGURE 6 | DH system containing two types of dispersed particles. (A) Side view. (B) Top view.
TABLE 1 | Parameters of the calculation model.
[image: Table 1]The models with dispersed particle-type fuel and burnable poisons are, respectively, calculated using the grain model (GM), the VHM, the IRPT method, and the TRRPT method, and the results of reactivity and calculation deviation are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Reactivity and calculation deviation of different methods. (A) Ag-V5%. (B) B4C-V5%. (C) Dy2O3-V5%. (D) Er2O3-V5%. (E) Er2O3-V1%. (F) Eu2O3-V5%. (G) Hf-V5%. (H) In-V5%.
In Figure 7, the GM is the results of the grain model of the DH systems and is the benchmark. In the calculation, the burnable poison particles are divided into 10 burnup zones for accurate results.
When the volume fraction of burnable poison is relatively low, such as Er2O3 with a volume fraction of 1% as shown in (e) of Figure 7, the IRPT and TRRPT methods can both treat such problems with low reactivity deviation. But when the volume fraction becomes large, such as 5%, the reactivity calculating deviation of the IRPT method becomes large, the deviation will gradually increase with the depletion, and the maximum deviation will exceed 500 pcm.
When the TRRPT method is used, not only can the cases the IRPT method is suitable for get perfect results but also the reactivity calculation deviation of the cases with a relatively large volume fraction and burnable poison with a large absorb cross section such as B4C stays within 500 pcm during the depletion. The TRRPT method which transforms the dispersed particle-type burnable poisons into a ring can better simulate the space self-shielding effect of the particles in the DH systems than the IRPT method.
4 CONCLUSION
In this study, the IRPT method, improved from the traditional RPT method, is introduced to deal with the DH system with dispersed particle-type fuel and burnable poisons; results compared with Monte Carlo show that the reactivity calculation deviation of the IRPT method will be relatively large for the DH systems with burnable poison particles which have a relatively large volume fraction or a large absorption cross section. Then the RRPT method can be used twice to treat the DH system with two types of dispersed particles. The TRRPT method is proposed, which can not only treat the cases the IRPT method is suitable for but also the cases that the IRPT method cannot treat; the maximum reactivity calculation deviation stays within 500 pcm during the depletion. The calculation results and comparison with Monte Carlo show that the TRRPT method has higher accuracy in reactivity calculation and a wider scope of transformation than the IRPT method.
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