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SMART is an integral small pressurized water nuclear reactor design with a rated power output of 100 MWe from 330 MWth, but it needs a higher power output for the United Kingdom energy market. This study applies Monte Carlo code OpenMC to build a full-core model and innovatively adjust the simulation coefficients to approach the reactor operating conditions. The analysis results point out the reasonable optimization’s technical direction. The model’s sensitivity to ENDF and JEFF nuclear data libraries and spatial division is tested and verified. Then it performs a series of simulations to obtain the core’s neutronic parameters, such as neutron energy and spatial distributions, effective neutron multiplication factor keff and its variation versus depletion. The analysis found that the initially designed core’s keff is 1.22906, and the temperature reactivity defect is 11612 pcm. In 1129 full-power operating days, the keff will decrease to 0.99126, and the reactor depletes 8.524 × 1026 235U atoms. However, the outermost fuel assemblies’ 235U depletion rate is lower than 45% in this extended refuelling cycle, and their ending enrichment is higher than 2.4%. That means the fuel economy of the original design’s two-batch refuelling scheme core layout is insufficient. Improving the thermal neutron fluence in these assemblies may optimize the SMART power performance effectively.
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1 INTRODUCTION
Clean and affordable energy is a basic necessity for comprehensive social development. The non-fossil energy sources fraction is continuously rising in many countries’ power supply systems (IAEA, 2018). However, the development of nuclear power remains uncertain due to multi reasons (Stoutenborough et al., 2013; Bisconti, 2018). According to the international atomic energy agency (IAEA) definitions, the small modular reactor has less than 300 MW electrical power output and adopts the modular design concept. The primary components can be mounted within the reactor pressure vessel. The fabricated reactor unit would be shipped for on-site installation. This approach has several advantages, such as the standardization of components and shortening construction schedules.
The Korean system-integrated modular advanced reactor (SMART) (IAEA, 2011; Choi, 2015) is a small integral pressurized water reactor. This technology was licensed for standard design approval (SDA) in July 2012. The SMART reactor core contains 57 fuel assemblies (FA). Each FA has 2 m active height and united into a standard 17 × 17 square assembly of UO2 ceramic fuel rods with the enrichment of less than 5%. An assembly also has several lumped burnable poison rods made of the mixture of gadolinium oxide Gd2O3 and UO2, and poison rods enrichment is 1.8%. From study works and light water reactor operating experience (Driscoll and Lanning, 1978; Kim et al., 1993; Sadighi et al., 2002), a two-batch refuelling scheme was established to return a cycle of 990 low power density, effective full-power days (EFPD).
Green Frog (GF) Nuclear is a United Kingdom independent power company that is participating in the development of SMART. They noted a higher power output SMART might better satisfy the demand for the United Kingdom market. This study has built a SMART core model by Monte Carlo method code OpenMC and has performed the simulations with the validated settings and conditions. The desired neutronic parameters would be tallied and then reasonably visualized. The results can determine which aspect has the most potential for improving power output. Due to the similarity of core design, the optimizations on SMART have the possibility of being extended to other integral PWR technologies.
2 METHODOLOGY
2.1 OpenMC model
OpenMC is a community-developed MC neutron and photon transport simulation code. A hybrid shared-memory parallelism (MP) (Dagum and Menon, 1998) and distributed-memory parallelism (MPI) (Graham et al., 2005) programming model is applied to support code parallelism. The OpenMC depletion function with multiple time integration methods is launched in the update at the late of 2019 (Romano et al., 2015; Paul K; Romano et al., 2021). The functions of OpenMC have been well verified by the developers with other MC method codes, such as MCNP and Serpent (Leppänen et al., 2015; Paul K.; Romano et al., 2021).
A 3D SMART reactor core model has been established. The dimensions of an assembly lattice box are 20.4 cm × 20.4 cm × 200.0 cm. Each assembly has 25 guide tubes for control rods and instrument tubes. The slice plots of the model are given in Figure 1.
[image: Figure 1]FIGURE 1 | Radial and axial view of the OpenMC SMART core.
The material definition in OpenMC can set the specified material’ densities and compositions. Furthermore, OpenMC can use internally stored isotopes’ atomic mass and abundance data to determine a kind of material. The enrichment argument could add the isotopes at a specified enrichment in the material. In this case, the enrichment of 235U is set as 4.8% to simulate the enriched uranium oxide fuel.
2.2 Parallelism efficiency
This study has employed hybrid OpenMP and MPI parallelism methods on the BlueBEAR supercomputer. Both parallelism models could significantly improve the OpenMC simulation speed. The calculation rates within different parallelism models are given in Table 1.
TABLE 1 | OpenMC calculation speeds with different parallelism models (Unit: Particles/second).
[image: Table 1]2.3 Sensitivity study
The intrinsic errors of nuclear cross-section libraries will fundamentally affect the accuracy of MC simulation results. The uncertainty analysis of the nuclear database to the continuous-energy MC code is called a sensitivity study. ENDF/B-VII.1, ENDF/B-VIII.0 (Brown et al., 2018), and JEFF 3.3 (Plompen et al., 2020) have been individually employed in the simulations. In the preparing stage, the cited cross-section files are converted from their original format to the OpenMC readable HDF5. The keff eigenvalue calculation results are 1.29306 ± 7 × 10–5, 1.28870 ± 8 × 10–5, and 1.26958 ± 7 × 10–5. Each simulation would run 250 generations with 100 active ones and a million neutrons.
The result from ENDF/B-VII.1 is the highest. The reactivity is 436 pcm and 2348 pcm higher than its newer version ENDF/B-VIII.0 and JEFF 3.3. ENDF/B-VII.1 was selected to perform the rest of the studies because it was already widely used in multiple mature reactor physics codes. Moreover, OpenMC officially provides a depletion chain based on the ENDF/B-VII.1 libraries. Databases used in neutron transport calculations should keep consistent with the depletion analysis.
2.4 Temperature reactivity coefficients
The selected ENDF/B-VII.1 library provides the incident neutron data at multi temperatures. A series of OpenMC simulations with various temperature settings have been done to observe the fuel temperature coefficient (FTC) and moderator temperature coefficient (MTC). OpenMC default material temperature is 293.6 K.
The keff decreases with the temperatures of fuel and moderator going up. For the testing model, all 57 FAs in the core have 4.8% enrichment. When the fuel heats up from 293.6 to 1200 K, the value of keff decreases from 1.41601 to 1.38364. Furthermore, when the temperature of the moderator is 600 K and water density is 0.7 g/cm3, the keff is 1.29312, 12289 pcm lower than the result with the default material temperature.
2.5 Burn-up zone study
To run a spatially based depletion estimation, it is necessary to manually divide the initial reactor core model into many burn-up zones. Then a series of copied fuel materials would be created specifically to fill their corresponding burn-up zones. Hence, the depletion solver will calculate each burn-up zone’s characteristic flux and reaction rate, estimating the latest material compositions for the following period.
A series of burn-up calculations have been done to find the reasonable burn-up zone dividing method in both the radial and axial directions. Figure 2 presents an example of burn-up zone spatial positions.
[image: Figure 2]FIGURE 2 | 4 × 3 Burn-up zone spatial location diagram.
Spatial zones were labelled as burn-up zone 1-4 from the edge to the center in the radial direction. Burn-up zone 1 and 2 respectively occupy 16 FAs, zone3 has 12 FAs, and 13 FAs are loaded in the center area zone 4. In the axial direction, 200 cm height FAs are evenly separated into three zones, labelled as burn-up zone 1–3 from top to bottom. Each burn-up zone was filled with a specially defined fuel material.
Assuming full power operating time for each calculation is 1129 days, longer than 36 months. The entire depletion period was divided into 58 steps with nonuniform step lengths. In the beginning, the step sizes are very short, like an hour, for building the equilibrium of fission product nuclides with large absorption cross-sections. The length of the burn-up step gradually increases with the depletion level as it goes deeper, from an hour to half a year. Figure 3 gives the calculation results.
[image: Figure 3]FIGURE 3 | The keff variations in several burn-up calculations with the different number of spatial zones.
In this figure, the initial keff values are very close, about 1.38267. The difference becomes significant as the depletion going deeper. When the model is spatially separated, even though it only has two zones in the radial direction, the difference is 1525 pcm at the ending step. When there are three zones in the axial direction, the keff value is decreased to around 1.116 at the ending step. The model will adopt 0.7 g/cm3 water density and 4 × 3 burn-up zone partitions to approach the reactor’s full-power operation state.
3 RESULTS AND DISCUSSION
The above sections have presented the validations and tests for the OpenMC SMART full-core model. This model now should demonstrate credible simulation results and reflect the neutron physics variations due to reactor operations or material usage. The model has been modified to the initially designed fuel layout, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Updated OpenMC model of the SMART reactor core to have two enrichment levels (2.4 and 4.8%) for fuel shifting.
The enrichment of 21 FAs in the center area has been redefined as 2.4% to reflect the two-batch refuelling scheme. White pins represent the 2.4% enrichment rods, and the 36 FAs’ grey rods contain 4.8% enriched UO2. Meanwhile, fifteen repeating defined fuel materials are in the burn-up calculation model. The neutron transport simulation results, such as the neutron’s energy spectrum, neutron flux and power distributions, will be presented first. Then, burn-up calculation results in one refuelling cycle are used to analyze the reactor uranium economics.
3.1 Neutron transport simulation
3.1.1 Neutron flux spatial distribution
However, the temperature reactivity coefficients or fuel composition changes eventually affect the reactor performance through neutron flux. Therefore, once the core model has been tested and verified, the first goal of this study is to determine the neutron flux distribution in the whole core range.
In OpenMC code, a filter can identify the region in the phase space or set multiple series of energy bins. Two MeshFilters were created to define the regular Cartesian mesh grids to cover the model geometry and score the events. Meanwhile, an EnergyFilter is defined to score events based on incident particle energy, classified into 0–0.625 eV and 0.625–20.0 × 106 eV. They represent the thermal and fast energy neutrons.
Figure 5 presents the normalized thermal and fast neutron flux distribution in cold and hot conditions. The cold state means that the moderator and fuel pins are at default temperatures, 293.6 K. The hot state represents the materials at operating temperatures, and water density decrease to 0.7 g/cm3. The keff for cold state simulation is 1.34518, for the hot state is 1.22906, and the temperature reactivity defect is 11612 pcm.
[image: Figure 5]FIGURE 5 | The thermal and fast neutron flux distributions in the two-batch refuelling scheme core.
The material temperature significantly affects the neutron multiplication, and the spatial distributions of the neutron flux also vary greatly. Thermal neutron flux peaks are outside of the fission zone. A large number of hydrogen atoms can effectively moderate the high-energy neutrons in this area. Conversely, the intensive fast neutron density area is inside the fission zone, surrounding the reloading FAs. When the fission chain reaction is successfully established, the thermal peaks become higher in the reflector area. The data was taken from Figure 5 along the X-axis direction diameter and plotted in Figure 6 to observe the variation. The higher material temperature hardens the neutron spectrum due to the broadened absorption cross-section and lack of moderation. A fraction of leaking thermalized neutrons scatter back to the fission zone.
[image: Figure 6]FIGURE 6 | Cold and hot state neutron flux distribution viewed along a diameter in the X-axis direction.
When the reactor operates, the primary cycle coolant is pumped through the core from the bottom to the top, taking the fission heat and transferring it to the steam generator. Therefore, it is necessary to investigate the spatial neutron distribution inside the core. Figure 7 gives the results.
[image: Figure 7]FIGURE 7 | The slices of 3D mesh (A) thermal and (B) fast neutron flux tallying results.
The entire 3D array tallying results are sliced by XY and YZ planes and then plotted out. Figure 7 also shows the colour bars and scales since each sub-plotting process is independent. Another colour map presents the 3D mesh filter results to distinguish from 2D mesh plots.
The thermal neutron flux density is significant at the water zone’s half-height point and decreases in the axial direction. The fast neutron flux density is high at the same axial position. The enriched fuel assemblies produce a more significant amount of fast neutrons than the 2.4% enrichment ones. However, the neutron flux densities at the top and bottom of fuel assemblies are relatively low.
3.1.2 Neutron energy spectrum
In addition to neutron spatial distributions, another important issue that should be determined in the simulation is the neutron energy distribution. The incident neutron’s energy would directly affect the occurrence rate of a series of nuclear reactions, not only for fission itself. Figure 8 gives the neutron energy simulation results, where the energy range from 1 × 10–5—20 × 106 eV is logarithmically divided into 500 spaces.
[image: Figure 8]FIGURE 8 | The steel barrier, reflector, and core’s neutron energy spectrums in the (A) cold and (B) hot states.
In Figure 8, the left-side spectrum has log scales on both X and Y-axis to observe the results with relatively small values, especially in the low energy range. The right-side spectrum is different on the Y-axis that is linearly scaled to conveniently observe the peak height difference and oscillations in all energy ranges.
The diagrams represent the neutron energy spectrum in different parts of the model, including the core, the reflector area and the steel barrier. The tallied spectrum has a peak at the thermal energy range, around 10–1 eV, and it also has a series of spikes in the fast energy range, from 105–107 eV. A continuous rising fluctuation links the peaks of the thermal and fast energy range. When the reactor starts up, the entire spectrum rises to a higher level. Moreover, its thermal peak is trending to higher energy due to loss of moderation. The migration of the thermal peak is more evident in the spectrum of the water reflector. In the hot state, a few leakage neutrons will travel through the water reflector and arrive at the steel barrier.
Figure 9 gives a series of spectra in the assemblies located at different burn-up zones. Their variations synchronize with the range of the entire core cell. The higher material temperature would amplify the radial neutron flux density heterogeneity.
[image: Figure 9]FIGURE 9 | The neutron energy spectrums of different position fuel assemblies in the (A) cold and (B) hot states.
3.1.3 Power distribution
The fission rate is coupled with a 3D mesh filter in the hot state simulation, and the unit is reactions per source particle. Figure 10 presents the fission rate distribution. The highlighted area of the fission reaction rate is highly coincident with the high fast neutron flux density area around the reloading FA zone. The fuel rods do not uniformly produce heat when the reactor is operating. A bright belt surrounds the core edge. The large number of thermal neutrons produced in the water is scattered back and induces an intensive fission reaction in this area.
[image: Figure 10]FIGURE 10 | The fission rate distributions on the XY and YZ planes.
3.2 Burn-up analysis
3.2.1 Eigenvalue variation
An OpenMC burn-up calculation is a coupling process of a neutron transport operator and a time integration scheme. OpenMC also provides several implementations of different higher-order time-integration algorithms. To further validate the accuracy, another two higher-order algorithms, CE/CM and CE/LI (Isotalo and Sahlberg, 2015), were used to run the same depletion calculation. The calculation results have been presented in Figure 11.
[image: Figure 11]FIGURE 11 | Predictor and higher-order integrators depletion results of two batch-scheme core: keff variations.
The calculation results show that with the predictor integrator, the value of keff is 1.22913 at the beginning of the cycle (BOC). Here the result has a 7 pcm improvement from the previous hot state calculation due to the lower neutron histories in the depletions.
After 1129 days of full-power operation, keff values decrease to 0.99126. The higher order integrators give BOC keff values are 1.22957. After the same length depletion period, the keff decreased to 0.99089 and 0.99155 with CE/CB and CE/LI integrators, respectively. This finding explains that the predictor integrator can give reasonable results with a shorter calculating time.
Once the depletion process begins, the fission product 135Xe equilibrium will be built relatively soon, in about 12 h. According to the calculation results, this simulated core can provide more than 990 full power (330 MWth) operating days, just as the original designer stated. However, the keff of this fuel layout will be lower than one, which means the system is sub-critical after 1129 depletion days. Therefore, the current core design cannot support the cycle length to be 20–30% extended. To further analyze the change in fuel composition and uranium utilization condition, the variations in fission rate and the number of 235U have been plotted.
3.2.2 Fission rate and uranium utilization
Before describing the results, a feature must be pointed out first. In the simulations of two batch refuelling schemes core, the depletion results of two types of FAs in zone3 have been plotted separately. But they are still labelled as radial zone 3 for further comparison.
In Figure 12, the same radial zone diagrams have the same colour to present the data and use a specific marker to represent zones’ results at the same height. The fission rate and induced 235U depleting speeds differ in the axial direction. The middle height zone has a more significant fission rate in any radial position. Due to the neutron sampling always being isotropic, the fission rate values are close at all steps in the top and bottom zones. Even though existing oscillations are at a few steps, their mean value still can be fitted in the smoothly decreasing curve.
[image: Figure 12]FIGURE 12 | Burn-up results of 4 × 3 zones two batch refuelling scheme core, (A) fission rate, (B) the number of 235U.
Table 2 gives the burn-up results for the radial direction. In this table, the amount of burned 235U in a radial zone is the summation of its three corresponding axial zones results.
TABLE 2 | The change of235U number in one refuelling cycle.
[image: Table 2]A total of 8.524 × 1026 235U atoms have been depleted in one refuelling cycle. The depletion rate is the fraction of burned 235U amount in each radial zone. Central zone 4 has the highest depletion rate, 55.95%, even though the FAs here only have 2.4% enrichment. The utilization of edge area fresh FAs is limited. The depletion rates of zone 1 and 2 are 42.3 and 44.3%. Since the number of FAs in each burn-up zone is not uniform, only studying the number of 235U could lead to misunderstanding results.
In Figure 13, the enrichment of reloading FAs drops to a low level, slightly higher than 1.0%. For the high initial enrichment FAs in the radial zone3, its enrichment significantly drops about 2.53% at the EOC. On the other hand, the high initial enrichment FAs in the rest radial burn-up zones have not been sufficiently depleted. The ending enrichment levels are 2.77 and 2.67% for radial zone 1 and 2. That is still higher than the initial enrichment for the reloading fuels. Figure 13
[image: Figure 13]FIGURE 13 | The enrichment variations in the radial burn-up zones.
4 CONCLUSION
This study has adjusted a full SMART core OpenMC model with operating material temperatures and twelve spatial burn-up zones to approach the operating state reactor core. This model then performed a series of simulations and obtained the reasonable neutronic parameters of the original SMART design. The maximum keff during reactor operation is 1.22906, and the temperature reactivity defect is 11612 pcm. The keff decreases to 0.99126 in 1129 full-power operation days. Moreover, the uranium utilization rates are low because the high enrichment fuel assemblies are in the low neutron flux region. The burn-up calculation results show the core outer burn-up zone 3 and 4 have 42.28 and 44.28% 235U depletion rates. These two zones’ EOC fuel enrichments are 2.77 and 2.67%. The fuel assemblies surrounding the reloading fuel zone have the most significant fission rate. However, a high fission rate belt surrounding the core edge means that the water can scatter part of thermalized neutrons back to the core. A more reflective material perhaps scatters more thermal neutrons. This update may get extra power output. Future studies will test a set of selected reflector materials in the simulations and try to determine a suitable one for SMART.
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