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The full neutron spectrum code for advanced reactor simulation named FSAR has recently been developed at Nuclear Power Institute of China in order to meet the requirements of advanced reactor with large neutron energy range. Based on the two-step calculation scheme, FSAR consists of two-dimensional lattice calculation code and core calculation code. In two-dimensional lattice calculation, the subgroup method with ultrafine energy groups was implemented in the two-dimensional resonance self-shielding by incorporating the MOC to get the accurate self-shielded cross-section. For better consideration of the strong space coupling in different geometric sizes due to different mean free path of neutrons, the super-homogenization method and the leakage model were applied. In the core calculation, the discrete-ordinate method and micro burnup calculation method were used to simulate the core neutron transport and depletion. Preliminary calculation results showed that for the problems with wide spectrum, the self-shielded cross-sections have a good agreement with the Monte Carlo solution. The results shown in this paper indicate that FSAR has good performances of the cross-section generation in full neutron spectrum problem simulation.
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1 INTRODUCTION
The research and development of advanced reactors has been pushed globally in recent decade (Wu, 2016) and promotes the development of reactor physics codes (Lee and Yang, 2017; Zhang and Yang, 2020). The neutron spectrum is complicate for some new reactors, especially for the special-use ones. In order to meet the requirements of the advanced reactors, it is necessary to develop the reactor analysis code with full neutron spectrum adapt ability.
At present, there are two main kinds of calculation methods for the reactor core simulation. First is the one-step calculation method (Rachamin and Kliem, 2017), which is used to simulate the core directly with as few approximations as possible. The other one is the two-step calculation method which is based on the homogenization techniques (Zhang et al., 2016). For the whole core physics simulation, the computational cost of one-step calculation with fully detailed description is too expensive using either stochastic (Wang et al., 2015) or deterministic method (Downar et al., 2016) even with the currently most advanced computing powers. So even though one-step calculation method has a lot of advantages, the dominant method for fast core simulation is the two-step scheme.
In the two-step scheme, deterministic procedures are currently the most widely used simulation methods. Compared to the traditional PWR codes, the fast reactor codes are easier to be extended for more complicated reactor design benefiting from their features of ultrafine group cross-sections, full core transport calculation, etc. However, there are several limits of the current fast reactor codes when they are applied in the full neutron spectrum cases. The first one is the accurate heterogeneity effect estimation in complex geometries coming with wider spectral range. The long mean free path of neutrons makes the local heterogeneity effect of typical fast reactors less important, thus the equivalent homogeneous models and one-dimensional models are accurate enough for the conventional fast reactor subassemblies (Allen et al., 2011). What’s more, the highly heterogeneous design has been considered as a breakthrough in the special-use advanced reactors, such as the axially heterogeneous fuel assembly design of the sodium fast reactor prototype ASTRID CFV concept (Faure et al., 2018). The homogeneous models of the conventional two-step approach are no longer applicable.
The resonance self-shielding effect is another important element. In reactor lattice analysis, the aim of resonance self-shielding calculation is to estimate the group-averaged cross-sections for solution of the core multi-group transport equation. The accuracy of the group parameters determines the precision of the core calculation. In the fast reactor analysis code, the method proposed by T. Tone (Tone, 1975) is a popular method to evaluate the self-shielded cross-sections with a set of group collision probability matrixes based on the isotope-dependent background cross-sections. Due to the calculation burden of CP matrixes, Tone’s method implemented in the one-dimensional geometry shows nearly equivalent precision for the effective multiplication factor and reaction rate calculation compared to the subgroup method (Mao and Zmijarevic, 2017). However, in order to meet the needs of resonance self-shielding treatment of assemblies with more complex geometries and more larger energy range, the resonance self-shielding treatment model incorporated with the two-dimensional transport calculation method should be researched for better geometric adaptability and higher efficiency.
In this paper, an overview of the Full neutron Spectrum code for Advanced Reactor simulation named FSAR is provided which is developed by Nuclear Power Institute of China (NPIC), China National Nuclear Corporation (CNNC). The important modules and their models contained in FSAR are introduced in Section 2. Section 3 gives the preliminary calculation results of the problems with different spectrum. Section 4 summarizes this paper.
2 MODELS IN FSAR CODE
The deterministic two-step calculation strategy based on the homogenization theory is utilized in FSAR to perform the reactor core neutronics analysis. Firstly, the two-dimensional lattice calculation is performed. The two-dimensional method of characteristics (Song et al., 2020a) solver in hexagonal geometry for neutron transport calculation and the subgroup method with ultrafine groups for self-shielding calculation are utilized. For the typical assemblies, ultrafine-group cross-sections and neutron flux will be determined and the few-group homogenized micro cross-sections will be collapsed based on the flux-volume weight method and the principle of conservation of reaction rate.
The second step is the core simulation, which is to simulate core neutron behaviors based on the neutron transport solvers and micro burnup calculation. The discrete-ordinate method is utilized to carry out the neutron transport calculation, and the Chebyshev rational approximation method is used to compute the exponential of the burnup matrix.
2.1 Lattice calculation
In two-dimensional lattice calculation, the subgroup method with ultrafine groups was implemented in the two-dimensional resonance self-shielding by incorporating MOC to get the accurate self-shielded cross-sections. In FSAR, the number of the ultrafine energy group is 2164 and that of subgroups is determined according to the change amplitude of the cross section (maximum is three groups). For the heterogeneous system, the neutron source term is assumed to be isotropic and the steady Boltzmann transport equation shows as follows:
[image: image]
where Q is the neutron source. Based on the treatments of the neutron source, the subgroup method can be divided into the statistical model and the fixed source model (Takeda et al., 1991).
In the statistical model, the probability that the neutron source in group g lies in the subgroup sg is equal to the subgroup probability of sg. The corresponding subgroup transport equation is simplified as follow:
[image: image]
where psg,g is the subgroup probability of sg. The neutron source term Q includes scattering source and fission source and the detail flux spectrum is required for the calculation of the scattering source and the fission source. In this way, the resonance calculation and the transport calculation are coupled together in the statistical model and completed in one time.
In the fixed source model, the narrow resonance approximation is implemented, the corresponding subgroup transport is simplified as below:
[image: image]
where Σp is the macroscopic potential cross section.
Compared to the statistical model, the fixed source model has better parallel performance. The subgroup flux of different subgroups in the entire energy range is coupled with each other, and can be calculated together. The self-shielding cross section is collapsed as:
[image: image]
Comparing the above two models, it can be noticed that the statistical model needs iterations, while the fixed source model does not. It means that the latter requires fewer fixed source iterations. In the lattice calculation, the bondarenko iteration (Stamm’ler and Abbate, 1983) is used to deal with the resonance interference effect. When one isotope is treated as a resonance isotope, the other isotopes are treated as non-resonant isotopes, and the subgroup total cross section is written as follows:
[image: image]
The subgroup flux is then calculated by Eq. 3. The new self-shielding cross section of isotope r is updated by Eq. 4. The flow chart of the resonance calculation is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Resonance calculation flow chart.
The single assembly problems with reflective boundary condition are used to determine the homogenized cross-sections of fuel material. For better consideration of the strong space coupling in different geometric sizes due to different mean free path of neutrons, the super homogenization method (Zhang et al., 2016) is optional to be used as the homogenization technique. For the structural materials and other non-fuel materials, the super cell or assembly models are used to determine the SPH factors and the cross-sections. The cross-sections are modified as follows:
[image: image]
2.2 Core simulation
Based on the multi-group cross-sections generated by the lattice calculation, the three-dimensional whole core calculation is carried out by the core simulator. The SN method with triangular grid is applied as the solver of the transport equations. The three-dimensional multi-group neutron transport equation within the triangular prism grid can be written as follows, which assumes that the fission source is isotropic and scattering sources is anisotropic in the derivation.
[image: image]
where m represents a certain angular direction, [image: image] is the component of the angular direction m on the coordinate axis (x, y, z), [image: image] is the angular flux of the g-th group.
For the reactor system without outer neutron source, the source [image: image] includes fission source and scattering source. The fission source is usually assumed to be isotropic, while the scattering source is anisotropic in reactor system. The assumption that the scattering source is isotropic limits the application of the triangular discrete ordinate nodal method in practical problems. The isotropic scattering source written as follows is considered in FSAR:
[image: image]
where f represents the scattering function.
The micro-depletion scheme is applied to simulate the core burn up and the Chebyshev Rational Approximation Method is used to solve the depletion equation. In FSAR, the depletion chains containing 21 heavy isotopes and 49 fission products is provided for the advanced reactor core system.
3 NUMERICAL RESULTS
To verify the effectiveness of the method used in this paper, we test different spectrum and different scale problems. The ultrafine group library used in this section is made by the NJOY program (Macfarlane et al., 2016) based on ENDF/B-VII.0 library. The reference solutions are provided by the Monte Carlo code OpenMC (Romano et al., 2015).
In this section, the serval pin cell problems with different spectrum characteristics are selected as the verification problems. The results for the eigenvalue keff and for the absorption cross-sections of 238U and 239Pu are compared to the reference results.
3.1 Thermal spectrum problem
UO2 and MOX pin cell problems from JAEA benchmark (Yamamoto et al., 2002) are utilized for the thermal spectrum and the geometry is shown in Figure 2. The two problems have the same mesh division. In the radial direction, the fuel, clad and moderator are divided into three and one and two equal-volume rings respectively. Each ring is divided into 8 equal-volume sectors. The MOC parameters are set to be three polar angles and 16 angles per octant, and 0.01 cm ray spacing. The multigroup transport equation with P0 scattering was solved with the pure MOC calculation without any accelerations. In the calculations, the inter-molecular thermal scattering effect is not considered.
[image: Figure 2]FIGURE 2 | Geometry of thermal spectrum problem.
For the thermal spectrum problems, the results of eigenvalue are presented in Table 1, and the self-shielding cross section errors are shown in Figures 3, 4, 5. In the table, the errors of eigenvalue are calculated as follows:
[image: image]
TABLE 1 | JAEA pin cell eigenvalue.
[image: Table 1][image: Figure 3]FIGURE 3 | 238U absorption cross section results (A) and errors (B) for the UO2 problem with thermal spectrum.
[image: Figure 4]FIGURE 4 | 238U absorption cross section results (A) and errors (B) for the MOX problem with thermal spectrum.
[image: Figure 5]FIGURE 5 | 239Pu absorption cross section results (A) and errors (B) for the MOX problem with thermal spectrum.
In the figures, the errors of cross section are calculated as follows:
[image: image]
It can be found that the cross-sections have high accuracy for most groups. However, in the UO2 problem, the absorption cross section of 238U has a large deviation at 20 eV energy. While the absorption cross section error of 238U at 20 eV energy of the MOX problem is smaller. This is because the MOX fuel including serval Pu isotopes hardens the neutron flux spectrum, as shown in Figure 6. Furthermore, affected by the harder flux spectrum, there is no significant increase in the errors of eigenvalue for the MOX fuel problem, even the obvious differences of the cross-sections appear in the energy range between 10 and 100 eV.
[image: Figure 6]FIGURE 6 | Flux comparison in fuel region.
In order to determine the error source of the eigenvalue, the cross-sections tallied from OpenMC are used to get the macroscopic cross-sections. The multi-group model in OpenMC is used to perform the transport calculation. The results are shown in Table 2. It can be found that the result of FSAR and multi-group OpenMC is close and the anisotropic scattering effect would be the main error source.
TABLE 2 | UO2 pin cell eigenvalue error.
[image: Table 2]3.2 Intermediate spectrum problem
The hexagonal UO2 cell with high enrichment (Lee, 2014) is utilized as the intermediate spectrum problem. The graphite is used as the moderator. The geometry is shown in Figure 7. Both fuel and moderator are divided into one ring. Each ring is divided into 6 equal-volume sectors.
[image: Figure 7]FIGURE 7 | Geometry of intermediate spectrum problem (unit: mm).
For the intermediate spectrum problem, the reference eigenvalue obtained by OpenMC is 1.28829 ± 8 pcm and the value of FSAR is 1.28465. The results of cross-sections are shown in Figure 8. The error results are similar to that of the UO2 problem. There is also a significant deviation at 20 eV energy and small deviations at other positions. It can be explained by the invalidation of narrow approximation around 20 eV.
[image: Figure 8]FIGURE 8 | 238U absorption cross section results (A) and errors (B) for the intermediate spectrum problem.
3.3 Fast spectrum problem
In order to test the performance of FSAR in the fast reactor, the calculations of UO2 cell with high enrichment and MOX cell are carried out. The same hexagonal geometry of the two problems is shown in Figure 9. The clad material is SS 316 alloy, and two conventional coolants in fast reactors, sodium and potassium, are selected in this section. The compositions of the materials are obtained from the reference (Li et al., 2017). Finally, two fast spectrum problems are formed, expressed as MOX-SS316-Na and UO2-SS316-K respectively.
[image: Figure 9]FIGURE 9 | Geometry of fast spectrum problem (unit: mm).
The eigenvalue results are shown in Table 3. The errors of cross-sections are shown in Figures 10, 11, 12. The numerical results indicate that the calculation in fast spectrum problems has higher accuracy than that of other problems. This is because the resonance peak is narrower in the high energy range and the resonance effect treatment is more applicable.
TABLE 3 | Fast spectrum problem eigenvalue.
[image: Table 3][image: Figure 10]FIGURE 10 | 238U absorption cross section results (A) and errors (B) for the MOX problem with fast spectrum.
[image: Figure 11]FIGURE 11 | 239Pu absorption cross section results (A) and errors (B) for the MOX problem with fast spectrum.
[image: Figure 12]FIGURE 12 | 238U absorption cross section results (A) and errors (B) for the UO2 problem with fast spectrum.
4 CONCLUSION
The full neutron spectrum code for advanced reactor simulation named FSAR developed by NPIC, CNNC is introduced in this paper. The deterministic two-step calculation strategy based on the homogenization theory is utilized in FSAR. In the lattice calculation, the MOC method is used to determine the neutron flux, and the subgroup method with ultrafine energy groups was implemented to get the accurate self-shielded cross-section. In the core calculation, the discrete-ordinate method and micro burnup calculation method were used to simulate the core neutron transport and depletion. The preliminary verifications have been carried out, and the results indicated that FSAR has good performances in dealing with the resonance self-shielding effect of the full-range spectrum problems. In the near future, the verification of each module and the whole code system will be carried out. What’s more, other calculation functions such as thermal feedback module are being developed.
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