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An optimization method combining a genetic algorithm and the paralleling discrete ordinate code is developed and applied to the shielding design of the Savannah reactor. Several approaches are studied to cope with the multi-objective optimization problem, such as transforming into single-objective optimization approach, non-dominated sorting approach, and the approach of adding constraints on sub-objectives. Comparing with the current design methods, the optimization method developed in this study shows better performance since the discrete ordinate calculations are free of statistical fluctuations. The multi-objective optimization approach with constraints on sub-objectives seems to have the best performance. More optimized individuals satisfying the constraints can be obtained, and the optimized objectives show the best improvements comparing with the initial design.
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1 INTRODUCTION
The radiation shielding design is of great significance for high-performance advanced nuclear reactors, such as nuclear marine propulsion systems (Yamaji and Sako, 1994), space reactors, and some other advanced nuclear systems (El-Genket, 2009). The primary purpose of the radiation shielding design is to design a shield enclosing the nuclear reactor to attenuate radiations and make the radiation dose out of the shield as low as reasonably achievable (ALARA) (Chen et al., 2019). Meanwhile, for those nuclear reactors in which space is limited, the shield also needs to be compact, light-weighted, and maybe specialized. As a result, the radiation shielding design problem can be modeled as a multi-objective optimization problem, given by
[image: image]
where [image: image] is a n-dimensional variable vector of the design parameters; [image: image] represents the sub-objective of the optimization; [image: image] represents the tolerable limit of the sub-objectives; the values [image: image] and [image: image] represent the lower and upper bounds of the variables, respectively; and the inequality and equality equations [image: image] and [image: image] represent some domain constraints for the parameters considering the economical or engineering conditions.
Conventionally, the radiation shielding structures are designed through trial-and-error procedure (Cacuci, 2010; Cai et al., 2018; Ahmad et al., 2021), which performs as follows: first, an initial shielding design is proposed according to the designer’s expertise; then the initial design is modeled and simulated with radiation transportation codes, such as Monte Carlo codes and SN (discrete ordinate) codes. Second, design objectives are analyzed. If the required objectives are not satisfied, the parameters of the shielding structure are modified according to the designer’s experience, and another solution is obtained, simulated, and analyzed. The conventional method is time-consuming, has low efficiency, and the optimal solution is always hard to obtain. In recent years, multi-objective optimization algorithms are introduced into the shielding design field. Tunes et al. (2017) combine the Matlab (Matrix Laboratory) optimization toolbox with MCNP (A General Monte Carlo N-Particle Transport Code) to optimize the biological shielding structure of a compact pressurized water nuclear reactor. Chen et al. developed the optimization method combining a non-dominated sorting algorithm with the Monte Carlo code MCNP, which is applied to the shielding design of the Savannah reactor (Chen et al., 2019; Chen et al., 2020). Wu et al. (2021) combined the PSO (Particle Swarm Optimization) multi-objective optimization algorithm with the one-dimensional SN code ANISN (A One-Dimensional Discrete Ordinates Transport Code with Anisotropic Scattering) to optimize the nuclear reactor shielding structure. In addition, the optimization methods combining multi-objective optimization algorithms with radiation transportation codes are also used to the shielding design of the accelerator-driven neutron source (Ma et al., 2021).
As is stated previously, the current multi-objective optimization methods of shielding design mainly combine multi-objective algorithms with radiation transportation codes. The non-dominated sorting algorithm is the most widely used algorithm for multi-objective optimization. Two main drawbacks exist among the current optimization methods. First, constraints of the sub-objectives are not added, so normally there are solutions of which the sub-objectives are beyond tolerable limits. In addition, the commonly used radiation transportation codes are the Monte Carlo code and one-dimensional SN code. Simulations of Monte Carlo codes are always fluctuated as a result of its statistical nature (Zhuang, et al., 2019), causing difficulty for the optimization algorithms in searching for global optimal solutions. Also, the one-dimensional SN code cannot simulate the real radiation transportation problems.
In this study, an optimization design method for the nuclear reactor radiation shielding structure is developed. The non-dominated sorting algorithm is used for multi-objective optimization. Constraints of the sub-objectives are added to ensure sub-objectives of the optimized solutions within tolerable limits. In addition, the paralleling three-dimensional SN code Hydra is used to perform the radiation transportation calculations. Hydra was developed by the NECP (Nuclear Engineering Computational Physics) laboratory which uses the Koch–Baker–Alcouffe (KBA) algorithm to perform the parallelization calculation (Wang et al., 2020). The aim of this study is to develop an accurate and efficient optimization method solving the multi-objective optimization problem of the nuclear reactor shielding design, with the optimized solutions of which sub-objectives are within the tolerable limits.
2 METHODOLOGY
Based on the optimization method, combining genetic algorithms with the paralleling SN code Hydra, several approaches are studied for the multi-objective optimization problem stated by Eq. 1, which are illustrated as follows.
2.1 Approach 1: The single-objective method
This approach converts the multi-objective optimization problem into a single-objective optimization problem by setting the other sub-objectives as constraints, given as
[image: image]
In order to eliminate the individuals not satisfying the constraints, the subobjectives are transformed by,
[image: image]
Thus, the minimization problem stated by Eq. 2 can be transformed into the maximization problem given by
[image: image]
As a result, the multi-objective minimization problem of the shielding design is converted into a single-objective maximization problem by treating the individuals not satisfying the constraints as “lethal genes”, of which the fitness values are set to be 0. A single-objective genetic algorithm based on elitism is applied to solve the single-objective maximization problem stated by Eq. 4 (Zhou and Sun, 1999).
2.2 Approach 2: The non-dominated sorting method
In most cases, sub-objectives of the multi-objective optimization might be conflicting with each other, so there is no single optimal solution to a given problem. Therefore, the solutions are non-dominated “Pareto optimal”, which are the trade-offs between the sub-objectives. For arbitrary given two decision vectors [image: image] and [image: image], it can be said that [image: image] dominates [image: image] (denoted as [image: image]) if the following conditions are satisfied: 1) the solution in decision vector [image: image] is no worse than that of decision vector [image: image] in all objectives; 2) the solution in decision vector [image: image] is strictly better than that of [image: image] in at least one objective. The conditions can be described mathematically as
[image: image]
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Additionally, a solution [image: image] is called non-dominated solution if there does not exist another solution that dominates it. The set of the non-dominated solutions is called the Pareto front, e. g. for a minimization problem with two objectives, and the dominated and non-dominated solutions are shown by Figure 1.
[image: Figure 1]FIGURE 1 | Pareto front of the two-objective-minimization problem.
The NSGA-II (Non-dominated Sorting Genetic Algorithm) is applied to solve the multi-objective optimization problem in this study. NSGA-II is one of the most popular multi-objective optimization algorithms with three special characteristics, fast non-dominated sorting approach, fast crowded distance estimation procedure, and simple crowded comparison operator. Currently, the NSGA-II algorithm is widely used in the multi-objective optimization field (Deb et al., 2002).
2.3 Approach 3: Non-dominated sorting with sub-objective constraints
Optimization results beyond the tolerable limits may appear with direct application of the multi-objective optimization algorithm. Hence, the multi-objective optimization method with constraints of sub-objectives is studied. First, the minimization optimization problem is converted into the maximization optimization problem, given as
[image: image]
where the sub-objectives are defined as
[image: image]
Then, Eqs 7, 8 are implemented into the non-dominated sorting algorithm NSGA-II for the multi-objective optimization.
3 RESULTS AND DISCUSSION
3.1 The savannah reactor shielding model
The simplified Savannah reactor model is introduced to perform radiation shielding design optimization. The Savannah is a single-screw, combination passenger-cargo ship, which is powered by a nuclear reactor (Blizard et al., 1962). The Savannah reactor is of the pressurized water type, fueled with slightly enriched UO2. The critical core is 229.2 cm long overall, with an active fuel length of 167.6 cm and an equivalent core diameter of 157.6 cm. The initial design for the Savannah reactor shield is a simplified shield model which consists of an annulus of light water and stainless steel contained in the shield tank surrounding the reactor. The water annulus is supplemented by lead at the shield tank outer wall. The simplified shield model of the Savannah reactor is shown in Figure 2. The visualization toolkit Vised is used to visualize the geometrical structures of the reactor shielding (X-5 Monte Carlo Team, 2003).
[image: Figure 2]FIGURE 2 | Schematic of the radial and axial cross-section of the simplified Savannah reactor shield model.
There are 18 shielding layers surrounding the reactor core. Thicknesses of the pressure vessel, air insulator, and containment vessel are considered to be fixed; thus, the number of the optimization parameters is 13. The initial layers of geometrical structures with different materials and the initial design parameters and ranges of the optimization parameters are listed in Table 1. Ranges of the optimization parameters are considered based on the engineering needs of the Savannah reactor (Blizard et al., 1962).
TABLE 1 | Structure of the Savannah reactor shield and the optimization parameters.
[image: Table 1]3.2 The optimization objectives
For the Savannah reactor, the purpose of optimizing is to obtain a lightweight and compact shielding structure with the radiation dose in the tally volume lower than the tolerable limit. Hence, the three optimization objectives are the shielding weight, radiation dose in the tally volume, and volume of the shielding structure, denoted as fW, fD, and fV, respectively. In addition, the fast neutron flux (> 1.0 MeV) at the pressure vessel should be lower than the tolerable limit value to ensure the operation life of the reactor, so the fast neutron flux at the pressure vessel, denoted as f4, acts as a constraint during the optimization.
The shielding weight, volume, radiation dose in the tally volume, and fast neutron flux at the pressure vessel of the initial design of the Savannah reactor perform as the tolerable limits of the sub-objectives during the optimization. The paralleling SN code Hydra is applied to perform the radiation transport simulation. Fixed-source calculations with one source iteration are performed in the S16-P3 approximation, where S16 indicates the flux angular discretization is 16 and P3 indicates the order of the expansion in Legendre polynomials of the scattering cross-section is 3. The BUGLE-96 (Broad User Group Library ENDF/B) cross-section library, specifically produced for LWR (Light-Water Reactor) shielding and dosimetry applications, is used in the Hydra calculations. BUGLE-96 is based on the ENDF/B-VI (Evaluated Nuclear Data File) Release 3 evaluated data and is available in the FIDO (Floating Index Data Operation) ANISN format (White et al., 1996). The MCNP code is also carried out to calculate the tolerable limits of the sub-objectives, listed in Table 2. The relative deviation between the Hydra code and the MCNP code for fV,0 and f4,0 are 8 and 8.7%, respectively, indicating that the accuracy of Hydra code is sufficient for optimization.
TABLE 2 | Tolerable limits of the sub-objectives.
[image: Table 2]In order to keep the sub-objectives to the same scale, the sub-objectives are normalized using the following method, given by
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are the maximum and minimum values of the shielding weight, radiation dose, and the shielding volume, respectively, among the optimization range listed in Table 1.
3.3 The optimization algorithm parameter’s setting
Population size used in the optimization is 70, and the number of generations is 100. The SBX (Simulated Binary Crossover) operator is adopted with the crossover rate of 0.9. The polynomial mutation operator is used with the mutation rate of 0.2.
3.4 The optimization results
3.4.1 Optimization with two objectives
First, situations with two competing sub-objectives are studied, i. e., the shielding weight and radiation dose in the tally volume. Four cases are studied in this section. The optimization approach and objectives of each case are illustrated in Table 3. The optimized objectives (for case 1 and case 2) and the Pareto fronts (for case 3 and case 4) are illustrated in Figure 3.
TABLE 3 | Optimization cases.
[image: Table 3][image: Figure 3]FIGURE 3 | Optimized objectives and Pareto fronts of the optimization cases.
As is shown in Figure 3, the optimized objectives of case 1 and case 2 are close to the Pareto front of case 3. The Pareto front curve of case 4 overlaps with the Pareto front curve of case 3. For the optimization results of case 3, there are 35 individuals of which the sub-objectives are within the tolerable limits. However, for the optimization results of case 4, there are 70 individuals of which the sub-objectives are within the tolerable limits, indicating that more optimized individuals can be obtained by applying constraints on the sub-objectives for optimization.
The geometrical structures of the initial design and eight typical individuals picked from the optimization results of the four cases are studied and shown in Figure 4. The eight typical optimized individuals are the optimized individuals of case 1, case 2, and case 3 with minimal weight, case 3 with minimal dose, case 3 with minimal weight under tolerable limits, case 3 with minimal dose under tolerable limits, case 4 with minimal weight, and case 4 with minimal dose.
[image: Figure 4]FIGURE 4 | Cross-sections of the geometrical structures of the initial design and typical individuals after optimization; (A) initial design; (B) case 1; (C) case 2; (D) case 3 with minimal weight; (E) case 3 with minimal dose; (F) case 3 with minimal weight within tolerable limits; (G) case 3 with minimal dose within tolerable limits; (H) case 4 with minimal weight; and (I) case 4 with minimal dose.
Comparing with the initial design, the optimized structures are oriented by the optimization objectives. As for the two competing sub-objectives, the optimized structure with minimal weight appears to have the maximal dose and vice versa, as shown in Figures 4D,E. The other individuals show the same pattern. The sub-objectives of the optimized individuals in Figure 4 are listed in Table 3. It can be seen that the optimization result with approach 3 contains the best individuals with sub-objectives under the tolerable limits, shown (h) and (i) in Table 4. Comparing with the initial design, the optimized weight can be reduced by 31.8% (h) and the radiation dose can be reduced by ∼ three orders of magnitude (i).
TABLE 4 | Sub-objectives of the initial design and typical optimized individuals.
[image: Table 4]3.4.2 Optimization with three objectives
Optimizations with two competing sub-objectives are studied in Section 3.4.1, and the results agree well with the theoretical anticipation. In this part, optimizations with three sub-objectives are also studied. The sub-objective dose is competing with the other two sub-objectives, i e., weight and volume. The sub-objectives weight and volume are positively correlated, however not equivalent. Three cases are studied in this section. The optimization approach and limit value of the weight of the cases are illustrated in Table 5.
TABLE 5 | Optimization cases with three objectives.
[image: Table 5]Pareto fronts of the three cases are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Pareto fronts of the optimization cases.
The number of the optimized individuals of which the sub-objectives are under the tolerable limits for the three cases is 9, 13, and 27. The “relaxation” is effective for the tight limitation that generates too many lethal genes which may cause difficulty for the algorithm searching for the optimal solutions.
The geometric structures of the initial design and the typical optimized individuals are shown in Figure 6. The typical optimized individuals are as follows: case 1 with minimal weight, case 1 with minimal dose, case 1 with minimal volume, case 1 with minimal weight within the tolerable limits, case 1 with minimal dose within the tolerable limits, case 1 with minimal volume within the tolerable limits, case 2 with minimal weight, case 2 with minimal dose, case 2 with minimal volume, case 3 with minimal weight, case 3 with minimal dose, and case 3 with minimal volume.
[image: Figure 6]FIGURE 6 | Cross-sections of the geometrical structures of the initial design and typical individuals after optimization; (A) initial design; (B) case 1 with the minimal weight; (C) case 1 with the minimal dose; (D) case 1 with the minimal volume; (E) case 1 with the minimal weight within the tolerable limits; (F) case 1 with the minimal dose within the tolerable limits; (G) case 1 with the minimal volume within the tolerable limits; (H) case 2 with minimal weight; (I) case 2 with minimal dose; (J) case 2 with minimal volume; (K) case 3 with minimal weight; (L) case 3 with minimal dose; and (M) case 3 with minimal volume.
Similar to the optimization results in Section 3.4.1, the optimized structures are oriented by the optimization objectives. As for the competing sub-objectives, i. e., weight and dose, the optimized structure with minimal weight appears to have the maximal dose and vice versa, as shown in Figures 6B,C. Also, as for the two positively correlated sub-objectives, i. e., weight and volume, the optimized structures are also positively correlated, as shown in Figures 6B,D.The other individuals show the same pattern. The sub-objectives of the initial design and the typical optimized individual are listed in Table 6. It can be seen that the optimization result with method 3 with “relaxation” contains best individuals with sub-objectives under the tolerable limits, shown as (k), (l), and (m) in Table 6. Comparing with the initial design, the optimized weight (k), the optimized radiation dose (l), and the optimized volume (m) are reduced by 31.0, 89.4, and 9.0%, respectively.
TABLE 6 | Sub-objectives of the initial design and the typical optimized individuals.
[image: Table 6]Comparing with the optimized results of Section 3.4.1, the optimized individuals with minimum weight and dose are a little higher. Increase of the sub-objectives may cause difficulty for the optimization algorithm searching for optimal solutions.
4 CONCLUSION
An optimization method combining the non-dominated sorting genetic algorithm with the paralleling 3-dimensional SN code is developed and applied to radiation shielding design of the Savannah reactor. Better performances of the radiation shielding structure can be obtained through optimization. For example, as for the optimization with two objectives, the optimized shielding weight and radiation dose can be reduced by 31.8% and ∼3 orders of magnitude, respectively. The optimized shielding weight, radiation dose, and shielding volume of the optimization with the three objectives are reduced by 31.0, 8.4, and 9.0%, respectively. The developed method is meaningful for lightweight and compact design of nuclear reactors. However, sub-objectives that the developed method can process are too few to shielding design of some types of reactors with special purposes, so optimization design method processing many sub-objectives (∼10) is to be developed in the future.
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