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Within the context of the long-term development plan of batch loading of accident-tolerant fuel assemblies, an equivalent physical model of lead test assemblies is established based on the requirements of radiation testing and the applicability of analysis software. The quantitative assessment has been conducted on the impacts of parameters including zirconium alloy cladding coating and pellet additives on reactivity of fuel assembly. Concurrently, the fuel management strategy is optimized in alignment with the irradiation test objectives of ATF assemblies, leading to the creation of an evaluation process tailored for ATF assembly loading pattern. Focusing on the irradiation of the lead test assemblies into a nuclear power plant in China, three-cycle nuclear reactor loading pattern are designed, which are taking into account the economic, safety, and irradiation testing goals of the nuclear power plant. Simultaneously, the neutronic characteristics are also evaluated, quantitatively. The results show that the established equivalent physical model can effectively represent the characteristics of the lead test assemblies. The loading patterns designed based on the Optimised fuel management strategy achieve the desired goals in terms of economy, safety and radiation test requirements. The designed loading pattern evaluation process and equivalent model analysis method in this work provide guidance for the subsequent engineering design and application of irradiation testing for lead test assemblies.
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1 INTRODUCTION
The Accident Tolerant Fuel (ATF) is a new generation of highly secure nuclear fuel developed to enhance the safety performance of nuclear fuel in accident conditions, especially under severe accident scenarios. Compared with traditional fuels, ATF improves the accident tolerance of the fuel by enhancing the thermophysical properties of the nuclear fuel pellets or the oxidation resistance and mechanical properties of the pellet cladding, enabling the nuclear fuel to maintain stability for a certain period of time under harsh accident conditions without causing serious consequences, thus providing nuclear reactor operator with more response time. To increase the safety margin of fuel failure, ATF pellets have set research and development goals in terms of thermal conductivity, fission product containment capacity, mechanical properties, irradiation stability, and whether they are conducive to fuel cycle, aiming to enhance the performance of ATF pellets. Since 2011, the research and development of ATF has become the most important research key in the field of nuclear fuels internationally. In recent years, a large number of research works have been carried out on fuel pellets and cladding materials. Extant research has revealed that the addition of a small amount of Cr2O3 to the fuel pellet UO2 can increase the distance for fission gas to travel to its crystal surface, effectively inhibiting the release of fission gas (Zhu et al., 2011; Dehaudt and Lemaignan, 1988). This is because the introduction of Cr2O3 not only alters the grain size of UO2, which subsequently affects the diffusion distance of fission gas, but also creates point defects that modify the diffusion coefficient of fission gas (Dehaudt and Lemaignan, 1988). Apart from enhancing the capacity for fission gas retention, the incorporation of a small amount of Cr2O3 in UO2 has also demonstrated remarkable capabilities in improving PCI performance, as well as enhancing oxidation resistance and wear resistance (Pramanika et al., 2010). There are two main research directions for cladding materials: one is to enhance the high-temperature oxidation resistance of zirconium alloy cladding, and the other is to develop cladding materials with high strength, excellent oxidation resistance, and corrosion resistance. From the perspective of engineering demonstration and implementation, applying a coating treatment to the surface of zirconium alloy represents a relatively feasible technical approach, which adheres well with a zirconium matrix, improve mechanical properties, have minimal impact on the neutron economy of the cladding tube (Umretiya et al., 2020; Fejt et al., 2019), and provide high oxidation resistance by forming a protective layer of Cr2O3 on the surface (Yook et al., 2022; Yang et al., 2022; Bourdon et al., 2019). The Cr-coated zirconium alloy claddings are near-term approach for accident tolerant fuel (ATF) claddings (Kim et al., 2023).
Apart from fundamental research, numerous research reactor and commercial reactor irradiation tests have been conducted internationally on Accident Tolerant Fuel (ATF): France’s Framatome and the US’s Westinghouse began commercial reactor irradiation testing of large-grain UO2 pellets in the late 1990s, successively conducting performance tests on ATF pellets and cladding materials in the Byron 2 and Vogtle 2 units in the United States (Freebairn, 2017; Champlin, 2018; Cui, 2024). In January 2019, Russia initiated the irradiation testing of the first batch of ATF experimental assemblies in the MIR research reactor at the Research Institute of Atomic Reactors (RIAR), followed by the reloading and restart of the Rostov Nuclear Power Plant’s Unit 2 with the first batch of ATF in September 2021, officially commencing the first irradiation test of ATF in a commercial reactor. In January 2019, China successfully loaded its independently developed and designed ATF pins into a research reactor for irradiation testing, marking the country’s first in-reactor irradiation of ATF fuel. This experiment provided reliable data and strong support for the subsequent loading of pilot rod assemblies. After a series of research and safety evaluations, the ATF pilot rod assemblies were successfully loaded into a commercial reactor for irradiation in 2023, a significant milestone representing a crucial step following the ATF pin irradiation tests in research reactors.
The irradiation testing of lead test assembly (LTA) is an essential stage for new nuclear fuel to transition from research to application, necessitating thorough evaluations during the research phase to ensure the safety of LTA irradiation. Through preliminary exploration and comparison, this study focuses on ATF products with Cr coating on the zirconium alloy cladding surface and the addition of a small amount of Cr2O3 to UO2 pellet. Unlike traditional fuel assemblies, some fuel rods in the ATF assemblies have Cr coating on the zirconium alloy cladding surface, and some fuel pellets contain a small amount of Cr2O3, making them large-grain pellets. The sensitivity analysis is conducted on the influencing factors of the assembly models, and the neutronics characteristics of the LTA are quantitatively evaluated. Based on these characteristics, a generalized equivalent physical model is established. Furthermore, an optimized fuel management strategy is developed based on the irradiation testing objectives and requirements of LTA. A design method for the irradiation testing loading pattern is established, and three-cycle reactor loading pattern are designed in accordance with the core design criteria and the irradiation testing objectives and requirements of LTA. Reasonable suggestions are provided for the location of LTA in each cycle, and the impact of the LTA on the core is analyzed.
2 ANALYZE OBJECTS AND METHODS
2.1 Core overview
The LTA are planned to undergo irradiation testing in the N-th to (N+2)-th cycles of a nuclear power plant, where the N-th cycle is a balanced cycle with an IN-OUT low-leakage loading pattern. The reactor is loaded with 157 fuel assemblies, with the enrichment of the new fuel assemblies at 4.45%. The fuel assembly is arranged in a 17 by 17 square and contains 264 fuel rods, 24 guide tubes for the control rods and neutron source, and one instrument tube. The height of the core active section is 3.658 m. The assemblies are classified into fuel assemblies containing 8, 16, and 20 gadolinium-containing fuel rods based on the number of gadolinium fuel rods they contain. The LTA is a non-gadolinium-containing assembly. Table 1 presents the design parameters for the reactor core.
TABLE 1 | Core design parameters.
[image: Table 1]2.2 LTA assembly model
Several irradiation test assemblies are proposed based on Irradiation testing requirements and feasibility of engineering, considering factors such Cr coating on the zirconium alloy cladding surface, pellet type, and the number of ATF pilot rods. The number of coated rods and large-grain UO2 rods of one assembly in various models is shown in Table 2, and the description of material for LTA is in Table 3. As shown in Figure 1, the ATF pilot rods are arranged at the center of the assembly’s edges, and the coordinates of four fuel rod are (9, 1), (9, 17), (1, 9) and (17, 9).
TABLE 2 | The description of lead test assembly model.
[image: Table 2]TABLE 3 | The description of material for LTA.
[image: Table 3][image: Figure 1]FIGURE 1 | ATF lead test assembly model.
2.3 Calculation method and code
The deterministic software PCM (Lu et al., 2024) and the Monte Carlo code OpenMC (Romano and Forget, 2013) are used in this work. PCM software package is a 3D nuclear core design software, consisting of assembly cross section calculation code PINE and core design code COCO. The main function of PINE code is to perform 2D transport and burn-up calculations for PWR fuel assemblies, providing a homogenized assembly neutron cross section for core calculations code COCO. The database of 69 group cross sections published by the WLUP project of the International Atomic Energy Agency is adopted. The characteristic line method (MOC) is used for neutron transport calculation, and The energy spectrum of the assembly is modified by B1 approximation model (Li et al., 2022). Based on the neutron cross section library provided by PINE, COCO uses the Green function nodal method (NGFM) to solve the three-dimensional neutron diffusion equation. In the cross section library, the cross section is stored in the form of polynomial expansion coefficients, COCO can obtain the accurate cross-section data according to the actual status of the core. The functions of the COCO include core modeling and fuel depletion calculation, refueling calculation, reactivity coefficient solving, control rod worth differential value calculation, and assembly power reconstruction calculation (Lu et al., 2017; Lu et al., 2013). OpenMC is a community-developed Monte Carlo neutron and photon transport simulation code. It is capable of performing fixed source, k-eigenvalue on models built using constructive solid geometry. And it supports both continuous-energy and multigroup transport, which can solving key problems in the field of reactor physics.
3 FUEL MANAGEMENT STRATEGY AND RADIATION TESTING PRINCIPLES
3.1 Fuel management strategy optimization
The irradiation testing of ATF assemblies in commercial reactors necessitates multiple cycles to achieve the target burnup depth, and it also requires a rational design to acquire irradiation data across multiple burnup steps. Therefore, in addition to meeting the energy demand of the power plant, nuclear design criteria, and safety evaluation criteria for fuel replacement, the design of the loading pattern for ATF assemblies in commercial reactors must also take into account the irradiation testing objectives and plans of the ATF assemblies. The superposition and limitations of multiple factors pose additional challenges to the design of the loading pattern for in-reactor irradiation. Taking into account economic efficiency, safety, and irradiation testing requirements, an evaluation process for the loading pattern suitable for the irradiation testing of ATF assemblies has been designed, as illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Evaluation process for the reactor loading pattern.
The design of the reactor core loading pattern involves several key technical processes. Firstly, based on the general fuel management strategy, the number of reactor cycles and the energy demand for each cycle are determined, and the appropriate number of batch assemblies and new assembly layout are matched accordingly. Before searching for a fuel management plan, the power plant will formulate the energy demand for each cycle based on the grid requirements. By considering the number and type of new assemblies available, a reasonable new assembly layout is developed in accordance with the requirements of the fuel management strategy, and an initial search for the core loading pattern is conducted. Secondly, the locations for the LTA are determined. According to the reactor loading pattern designed by the first step, suitable placement positions for the ATF assemblies are selected based on their number, type, and irradiation requirements. At the same time, it is necessary to design a reasonable rotational symmetry mode for LTA based on the arrangement of each cycle and burnup data considering to be obtained, which is convenient for the unloading and inspection of assemblies in subsequent cycles. Finally, the design criteria, safety criteria, and irradiation test targets are verified. Once the reactor core loading pattern is determined, it is necessary to check the design criteria, safety criteria, and irradiation test targets, including the nuclear enthalpy rise factor, moderator temperature coefficient, critical boron concentration, burnup of the irradiated assemblies after removal from the reactor, and the maximum discharge burnup of the assemblies. After satisfying all safety limitation of these parameters, the reactor loading pattern can be finalized.
3.2 Principle and objective of irradiation test
In addition to its high safety characteristics, Accident-Tolerant Fuels (ATF) with higher uranium enrichment ratios and burnup have the potential to extend the refueling cycle of pressurized water reactors. Therefore, in order to obtain irradiation test data for higher burnup, the following goals and principles for ATF irradiation testing in the reactor have been established:
(1) Principle of high burnup: Optimize the core loading pattern to make the assembly burnup and rod burnup to higher as much as possible, while avoiding the ATF fuel assembly becoming the hotest assembly in the core during irradiation, ensuring sufficient safety margins.
(2) Principle of thorough testing: Arrange the number of irradiation test rods reasonably to validate their irradiation performance with minimal impact on the core fully and comprehensively, aiming to obtain sufficient irradiation performance data for analyzing and supporting the research on ATF characteristics.
(3) The arrangement of ATF rods in the assembly should facilitate inspection for fuel assemblies poolside inspection: Fuel assemblies poolside inspection (PSI) is an important detection method to obtain data on the appearance and dimensional fuel assemblies at the site. It is a crucial guarantee for smoothly advancing the process of independent fuel assembly design and localization of material manufacturing. Because PSI is during the overhaul of the nuclear power plant, the arrangement of pilot rods within the fuel assembly should minimize the time required for poolside inspection while ensuring sufficient irradiation performance test data.
4 IRRADIATION SCHEME DESIGN AND NEUTRON ANALYSIS
4.1 Sensitivity analysis and equivalent physical model designed
The kinf is the infinite medium multiplication factor, commonly used to describe the neutron multiplication of a system without neutron leakage losses. This parameter is very important in nuclear physics and nuclear engineering because it is directly related to the sustainability and efficiency of nuclear reactions. The parameter kinf depends on the composition and structure of the system, independent of the geometry and size of the system. For a reactor with finite size, since the neutron non-leakage probability is always less than 1, kinf must be greater than 1 to maintain the chain reaction.
To quantitatively analyze the differences on kinf between the assemblies that shown in Table 2, deterministic code and Monte Carlo code are used to establish assembly models, and the impact of single influencing factors on the reactivity of the assemblies is analyzed. We set the tradition fuel assembly as the reference model, Table 4 shows the kinf values of each assembly model analyzed by the Monte Carlo code and give the differences compared to the reference model.
TABLE 4 | Sensitivity analysis for Cr coating and large-grain UO2.
[image: Table 4]From Table 4, the effect of Cr coating on kinf can be summarized from model 2, model 3 and model 4. First, comparing the assembly reactivity results of model 2 and model 3 in Table 2, it can be found that the difference of reactivity between the two assembly models is 5 pcm. According to the description of the assembly model shown in Table 1, there are four Cr coating large-grain UO2 fuel rods in model 2 and four large-grain UO2 fuel rods in model 3, so the total reactivity penalty introduced by the coating on the four fuel rods is 5 pcm. Similarly, Comparing the assembly reactivity of model 2 and model 4, model 4 contains one large-grain UO2 fuel rod and three Cr coating large-grain UO2 fuel rods, so the total reactivity penalty introduced by the Cr coating on the three fuel rods is 4pcm. Therefore, Combined model 2, model 3 and model 4, the total reactivity penalty introduced by one rod with Cr coating is about 1.25 pcm–1.33 pcm. Meanwhile, the effect of large-grain UO2 on kinf can be found by the results of reference model, model 1 and model 2. On the one hand, the total reactivity penalty introduced by the four large-grain UO2 fuel rods due to the addition of Cr2O3 is 5 pcm according to the results of the reference model and model 3. On the other hand, the difference of kinf is 1 pcm by comparing model 1 and model 2, which is due to two large-grain UO2 fuel rod. So, the effect of Cr2O3 added to each fuel rod on kinf is about 0.5pcm–1.25pcm.
Comparing the thermal-neutron capture cross sections of nuclide Cr and Zr in nuclear database, the capture cross section of the nulcide Zr is on the order of 100 barns less than those of Cr-50, Cr-52, Cr-53 and Cr-54 in the thermal energy region (1/v region), respectively (Alrwashdeh and Alameri, 2022). Due to the number of ATF pilot rod is small, the reactivity penalty compared with the reference model is small.
In addition to evaluate the effects of ATF on assembly reactivity, model 2 is selected as an objective to analyze the pin-by-pin radial power distribution of assembly, aiming to determine the influence of coated large-grain UO2 pilot rods on the radial power of the assembly. The deviation in rod power distribution between the LTA and the traditional fuel assembly is shown in Figure 3. Compared to traditional fuel rods, the biggest relative deviation of fuel rod power distribution caused by the combination of Cr coating and large-grain UO2 pellets is 0.52% in the coordinate of (9.17). Numerically, the power of the pilot rod is lower than that of the traditional fuel rod. This is because adding coating to zirconium alloy cladding and large-grain pellets to the UO2 fuel rods will increases neutron absorption, which aligns with physical laws.
[image: Figure 3]FIGURE 3 | The difference of power distribution of fuel rod for LTA.
Because the deterministic code will used in the core loading pattern and refueling design, the influence of various factors are also analyzed by the deterministic code to verified the reliability of the code. The results are summarized in Table 5. As can be seen from the table, the impacts of large-grain UO2 and coating analyzed by the deterministic code are generally consistent with those obtained from the Monte Carlo code.
TABLE 5 | Single variable influence factor analysis.
[image: Table 5]Combining the results in Tables 4, 5, we can see that the addition of a small amount of coated fuel rods and large-grain fuel rods in the assemblies has a small effect on the fuel assembly reactivity, and it is initially judged that the neutronics characteristics of the LTA into the reactor are close to those of the traditional fuel assembly into the reactor. Since the deterministic code does not support the definition of two types of cladding materials in one assembly, assuming that the cladding of all the fuel rods in LTA is coated from the perspective of reactivity penalty, and two assembly models are obtained. The one is with the largest reactivity penalty (all fuel rod with coating), and the other one is without reactivity penalty (the traditional assembly model). The two models can be regarded as equivalent physical model, that can be used to indirectly assess the impact level of the LTA into the reactor.
4.2 Design of loading pattern
To comprehensively acquire the poolside inspection data of different burnup step of ATF fuel rods after irradiation in commercial reactors and minimize the impact on the key path during the overhaul period, a stepped burnup strategy is adopted to design the irradiation sequence of four sets of LTA.
During the irradiation testing of LTA, apart from fully considering the core design criteria, it is necessary to consider the irradiation testing objectives and the in-reactor arrangement of the test assemblies for the design of the core loading pattern. The limitation of multiple factors and special in-reactor requirements increase the difficulty of designing the core loading pattern. Therefore, based on the fuel management strategy and the energy demand of the nuclear power plant, along with the irradiation testing goals and principles, a three-cycle loading patterns have been designed, which are shown in Figure 4. And the initial design includes 76, 76, and 64 new assemblies in the N-th, (N+1)-th, and (N+2)-th cycles. Due to the different in-reactor arrangements of the four groups of LTA, the layout needs to follow the principle of 1/4 rotational symmetry according to the requirements of the refueling design. In the first cycle, the LTA are arranged at positions E13, J14, B07, and J02, where E13 adopts an independent layout strategy without a symmetrical relationship with the other three groups. The J14, B07, and J02 assemblies are arranged with 1/8 rotational symmetry, while J14 and B07 are arranged with 1/4 rotational symmetry. This layout ensures that assemblies 3 and 4 have the same testing arrangements in reactor, while the independent irradiation plan for assembly 1 will not be affected. Additionally, to minimize the impact of the LTA, the four groups assemblies are arranged in four quadrants of the core. In the second cycle, the position of the assemblies 2, 3 and 4 in the reactor are L12, D05, and L04. Since the second LTA should be irradiated for three cycles to obtain high burnup data, it is necessary to put it at a reasonable location in the third cycle to reduce the risk of exceeding the burnup limit. Therefore, the No. 1 and No. 2 LTA are arranged in the position of H09 and H01. The usage of assemblies in each cycle is shown in Table 6.
[image: Figure 4]FIGURE 4 | (A) The loading pattern for cycle N; (B) The loading pattern for cycle N+1; (C) The loading pattern for cycle N+2.
TABLE 6 | Assembly used in cycle N to N+2.
[image: Table 6]4.3 Evaluation of nuclear design criteria
The characteristic neutron parameters of the core loading pattern mainly include cycle length, nuclear enthalpy rise factor (FDH), moderator temperature coefficient (MTC), critical boron concentration (CB), shutdown margin (SDM), etc. These parameters are crucial to the safe and stable operation of the reactor and must be validated during fuel management and loading pattern search. In the field of reactor physic, the definition of cycle length is the duration for which a reactor operates at full power after one fuel loading, and this parameter is directly related to the economy of nuclear power plant. The FDH is closely related to the power distribution of the reactor. The operation state of the reactor can be evaluated and monitored effectively through regular confirmation and supervision of key safety parameters such as the FDH, so as to ensure the safe operation of the reactor. The MTC is the reactivity change per unit temperature change of the reactor moderator, and a negative moderator temperature coefficient endows the reactor with inherent stability, which is a safety feature in reactor design. The CB, as it is defined, is the boron concentration required to keep the reactor in a critical state by adjusting the boric acid concentration during reactor operation. To avoid issues caused by excessively high or low boron concentrations, which can lead to either sub-critical or overcritical, careful control and monitoring are essential. Finally is SDM, defined as the negative reactivity achieved when all control rods are inserted into the reactor core, is a crucial indicator of a reactor’s safety performance. It ensures that even in extreme situations such as control rod failure or other events leading to increased reactivity, the reactor remains within safe limits to prevent uncontrolled chain reactions.
From the previous sensitivity analysis of assembly, we already know that the neutron characteristic of the LTA can be expressed by equivalent physical models. So we evaluate the effect the characteristic neutron parameters by using the equivalent physical model and a core loading pattern. The comparison results of cycle length, FDH, MTC, CB, SDM, and burnup of the irradiated assemblies after removal from the reactor are shown in Table 7. We can see that the difference of numerical value of all neutron parameters is small when the equivalent physical model is loading in reactor. Because the neutron characteristic of LTA is between the two equivalent physical models, but is close to traditional fuel assembly, the influence of the LTA on the neutron parameters compared traditional fuel assembly will be lower than the values in Table 7. In addition, safety margin of distance from design criteria for all characteristic neutron parameters are also presented. Combining the results of the three cycles, the design values of parameters such as FDH, CB, and SDM et al. have at least 11.5%, 3.3%, and 31% safety margins compared to the safety limits, respectively. Therefore, the results from Table 7 demonstrate that the energy demands have been met to satisfy the power plant’s needs, and it is also indicate compliance with safety-related design criteria for the core. For instance, the MTC results demonstrate that the core still possesses negative feedback characteristics, the FDH results show that the core power distribution is well-flattened, and the SDM results indicate that the control rods can provide sufficient negative reactivity margin to ensure reactor shutdown capability during emergency conditions.
TABLE 7 | Comparison results of characteristic neutron parameters and safety margin of distance from design criteria of three cycle using equivalent physical models in reactor.
[image: Table 7]The calculation results of the axial burnup distribution and axial power distribution of the maximum burnup assembly in reactor will be used for fuel performance analysis and safety analysis. Therefore, in addition to the above neutron parameters in Table 7, the comparison results of the axial burnup distribution and axial power distribution of the maximum burned-up assembly with equivalent physical model are shown in Figure 5 and Table 8, respectively. Through the calculation results, it is found that the positions of the maximum burned-up assemblies after the irradiation of the equivalent physical models in three cycles are same (position K07 in cycle N, position H08 in cycle N+1, position A08 in cycle N+2). The difference in the axial burnup distribution of the maximum burnup assembly in the reactor is very small, with a difference within the range of −10 to 7 MWd/tU in Figure 5. The comparison results of axial power distribution of some special assemblies are shown in Table 8, and the maximum deviation in the axial power distribution of the maximum burned-up assembly over its entire lifetime is only 0.59%, and the maximum deviation in the axial power distribution of all test assemblies over their entire lifetimes is 2.12%.
[image: Figure 5]FIGURE 5 | Comparison of axial burnup distribution of maximum burnup assemblies.
TABLE 8 | Comparison of axial power distribution.
[image: Table 8]5 CONCLUSION
In this paper, considering the economy, safety and irradiation test requirements, we design a loading pattern evaluation process, which is applicable for the irradiation test of ATF into reactor. In addition, the sensitivity analysis of zirconium alloy cladding coating and pellet additive for ATF are carried out using deterministic code and Monte Carlo code and the impacts of large-grain UO2 and coating on reactivity of assembly are around -1pcm and -2pcm, respectively. Simultaneously, the equivalent physical model of LTA are established based on analysis software applicability and diversity of LTA. Finally, the nuclear reactor loading patterns of three cycle for the irradiation of LTA are designed based on the stepped burnup in-reactor strategy and the loading pattern evaluation process. And the effects of LTA on the nuclear design parameters, the axial burnup distribution and the axial power distribution of the deepest burning assembly are evaluated indirectly by the equivalent physical model based on the same loading pattern. From the results, we can conclude that small number of LTA into reactor has minor impacts on nuclear design parameters and critical safety parameters. And the designed loading pattern evaluation process and equivalent model analysis method of LTA designed in this work are applicable to the irradiation test of ATF into the reactor, which can provide guidance and reference for subsequent engineering demonstrations of the irradiation testing of ATF assemblies.
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