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Lead-cooled fast reactor (LFR) has been an important option for floating nuclear power plant. The design of 50 MW natural circulation LFR had been proposed by Lanzhou University for floating nuclear power plant. However, floating nuclear power plant was affected by the marine environment, which led to safety problems in reactor under inclined condition. To analyze the impact of different heat exchangers configuration and inclination angle on the thermal-hydraulic safety performance of the reactor, this study utilized RELAP5 software and established a thermal-hydraulic model of the 50 MW natural circulation LFR. The results indicated that the core flow rate reduced to 95.12% of the flow rate at 100%FP power, when the inclination angle was 30°. When the angle between the heat exchanger and the central axis of floating nuclear power plant is 45°, the maximum outlet temperature difference in the heat exchanger is 1.86K. During the process of power increasing and decreasing, the reactor power was increased with rates of 0.5% FP/min, and the core cladding temperature was increased to the maximum 938.42K. This study provided technical reference for the design of natural circulation lead-cooled fast reactors in floating nuclear power plant.
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1 INTRODUCTION
Floating nuclear power plant has recently become one of the hotspots for the advantages of providing energy to remote and offshore regions (Wu et al., 2016). Lead-cooled fast reactor (LFR) with high inherent safety and power density has been employed as an important option for the floating nuclear power plant reactor (Wu, 2016). Lanzhou University proposed the design of 50 MW natural circulation LFR with four heat exchangers, which eliminated reliance on mechanical pumps, thereby enhancing the operational reliability of the reactor (Li et al., 2024). In contrast to the design of land-based reactor, floating nuclear power plant was affected by the marine environment (Wang et al., 2018), which led to safety problems in reactor under inclined condition. The thermal-hydraulic safety characteristics of the reactor were affected by the inclined condition (Liu et al., 2019; Kurosawa and Fujiie, 1967). Furthermore, the differences in heat exchangers configuration and variations in inclination angles further affected the thermal-hydraulic parameters of the reactor (Ko et al., 2024).
In order to clarify the impact of the inclined condition on the thermal-hydraulic safety of reactor, the American researcher Iyori I analyzed the thermal-hydraulic characteristics of natural circulation reactor with two heat exchangers under the inclined condition (Iyori et al., 1987). The result showed that the vertical elevation between the reactor core and the heat exchangers under the inclined condition was unequal, which led to the coolant imbalance in the channel of heat exchangers. According to simulate the flow and heat transfer of liquid lead alloy in natural circulation loop under inclined condition, Liu Z built the experimental platform of liquid lead alloy in natural circulation loop (Liu et al., 2024b). The results showed that inclined condition reduced the flow rate of liquid lead alloy and increased the average temperature of liquid lead alloy. Ishida T optimized the RETRAN-02/GRAV thermal-hydraulic simulation software for reactor (Ishida et al., 1995), which accurately simulated the flow of natural circulation single-phase fluid under inclined condition. The results showed that the coolant flow rate would decrease under inclined condition, but the reactor power could self-recover without external intervention. Ziyuan Liu indicated that large inclination angles would weaken the natural circulation driving force under inclined condition (Liu et al., 2024a), and the increase of coolant average temperature would affect the safe operation of reactor. Kim J studied the thermal-hydraulic characteristics of the natural circulation reactor under inclination condition (Kim et al., 2001), and found the core flow rate decreased with the increase of inclination angles. Previous studies analyzed the thermal-hydraulic characteristics of lead-cooled fast reactors by constructing the experimental platform of single or double heat exchanger lead coolant loops, However, in actual marine floating nuclear power plants, the reactor design was affected by factors such as size limitations and space layout optimization, and usually required multi heat exchangers configuration to ensure the reliability and safety of equipment operation.
This study based on the design of natural circulation LFR, systematically explored the thermal-hydraulic safety characteristics of the reactor under inclined conditions, and further analyzed the influence of different heat exchanger configurations on the thermal-hydraulic safety performance of the reactor. The findings provided technical reference for the application of natural circulation LFR in marine environment.
2 PHYSICAL MODEL
The research object of this study was the 50 MW natural circulation LFR. Figure 1 showed the schematic diagram of the LFR and Table 1 showed the schematic diagram of heat exchangers configurations in reactor which mainly consisted of the reactor core, hot pool, heat exchangers, and cold pool (Yun et al., 2022). As illustrated in Figure 2 below, the four heat exchangers were spaced 90° apart from each other and symmetrically distributed in the lead cooling pool. In the middle of the lead cooling pool, a cold-hot pool partition divided the pool into upper and lower sections. The upper section served as the hot pool, while the lower section functioned as the cold pool. The liquid lead coolant enters the bottom of the reactor core to absorb heat, then flows out from the top of the core to the hot pool. In addition, the coolant is divided to the four heat exchangers to release heat, and returns to the cold pool, finally also enters the reactor core to complete the natural circulation process.
[image: Figure 1]FIGURE 1 | Schematic diagram of the LFR structure.
TABLE 1 | Design parameters of LFR.
[image: Table 1][image: Figure 2]FIGURE 2 | Schematic diagram of heat exchangers configurations in reactor.
Due to the vertical elevation between the reactor core and the heat exchangers was identical in the land environment, the heat exchangers configurations did not affect the thermal-hydraulic characteristics of the reactor primary loop. However, when the reactor was operating in the marine environment, the vertical elevation between the heat source and the cold source was different under inclined conditions. Therefore, the impact of heat exchangers configurations on the thermal-hydraulic characteristics of the natural circulation LFR under inclined conditions should have been considered. The heat exchangers in the reactor were initially arranged such that adjacent heat exchangers were separated by 90°. The angle between the heat exchanger and the central axis of floating nuclear power plant is θ, the heat exchangers configuration could be systematically modified, resulting in distinct heat exchangers configuration as θ increased. The results that θ = 0° and θ = 45° are shown in the Figure 3 below.
[image: Figure 3]FIGURE 3 | Schematic diagram of heat exchanger configuration. (a) θ = 0° (b) θ = 45°.
3 SIMULATION MODEL
3.1 Physical properties model of lead coolant
In 2007, the International Energy Agency published a handbook on lead and liquid lead alloys based on previous liquid metal research (OECD, 2015), which fully described the physical properties of lead and liquid lead. In this study, the physical properties of liquid lead were modified on the basis of the original RELAP5 physical properties modification. The physical parameters that were applied to calculate the properties of liquid lead coolant in the program were shown in Table 2, including melting point, boiling point, density, thermal conductivity, specific heat capacity, dynamic viscosity, and thermal expansion coefficient.
TABLE 2 | Physical properties of lead coolant.
[image: Table 2]3.2 Fluid flow and heat properties model of lead coolant
In this study, the models of extended heat transfer required for liquid lead metal fluid were added in the RELAP5 program (Liu et al., 2024a), including the heat transfer models for circular tubes and rod bundles. Through extensive research and analysis by scholars, the heat transfer model for liquid metal circular tubes recommended by Seban agreed well with the experimental results (The RELAP5-3D Code Development Team, 1995), and the simplified heat transfer model for rod bundles by Ushakov matched the experimental data well (Borishanski et al., 1979). The circular tube heat transfer model and rod bundle heat transfer model are as Equations 1, 2:
Circular tube heat transfer model:
[image: image]
Rod bundle heat transfer model:
[image: image]
In the formula: [image: image] is the Nusselt number; [image: image] is the Peclet number; P is the fuel rod spacing; D is the outer diameter of the fuel rod; 10 ≤ Pe ≤ 100,000, 1.375 ≤ P/D ≤ 10.
The RELAP5 program was unable to calculate the friction resistance coefficient based on the type of flow channel. However, the flow characteristics of lead-cooled coolant in the rod bundle area were significantly different from those of water. Therefore, this study adopted the modified Rehme model by scholars from abroad to calculate the friction resistance coefficient (Waltar et al., 2012). The modified Rehme model is as Equations 3, 4:
[image: image]
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In the formula: [image: image] is the frictional pressure drop; [image: image] is the hydraulic diameter of the flow channel; M is the length of the flow channel; ρ is the fluid density; v is the fluid flow velocity; h is the winding diameter; [image: image] is the diameter of the wire wrap; [image: image] is the friction coefficient of the wire-wrapped rod bundle; 1.06 ≤ P/D ≤ 1.42, 2,600≤ Re ≤ 200,000.
3.3 RELAP5 thermal-hydraulic model
The RELAP5 software was a comprehensive software designed to simulate the thermodynamic processes within a reactor, including coolant flow, heat transfer, and pressure variation. The software employed a staggered grid method to simulate heat transfer between thermal-hydraulic components and established the conservation equations for coolant mass, momentum, and energy, to simulate coolant flow, heat transfer, and pressure variation within the reactor. The mass conservation equation is as Equation 5:
[image: image]
In the formula: [image: image] is the liquid phase; α is the void fraction; A is the cross-sectional area of the flow channel; [image: image] is the fluid velocity; Γ is the mass generation.
The momentum conservation equation is as Equation 6: 
[image: image]
In the formula: [image: image] is the volume force; FWG is the drag coefficients of the liquid phase on the wall; FIG is the drag coefficients at the liquid interface; C is the virtual mass coefficient.
The energy conservation equation is as Equation 7:
[image: image]
n the formula: [image: image] is the rate of energy transfer; [image: image] is the volumetric heat source; [image: image] is the enthalpy value; [image: image] is the heat dissipation term.
The main function of the natural circulation LFR primary loop was to transfer heat from the core to the secondary loop through the liquid lead coolant. The coolant flowed from the core into the hot pool, then flowed to four heat exchangers spaced at 90° with each other, and finally flowed into the cold pool, then returned to the core. To simplify the analytical calculation, the following assumptions were made:
(1) Point kinetics model was employed to simulate the neutronics.
(2) The one-dimensional analysis model was adopted, ignoring the radial distribution of the coolant, with the coolant flowing along the direction of the pipeline.
(3) All pipe sections, except for the heating and cooling sections, were uniformly treated as adiabatic.
(4) The inclined condition was introduced instantaneously, with the range of the inclination angle being 0°–30°.
The RELAP5 software was employed to establish a flow and heat transfer simulation model of the reactor, and the natural circulation LFR primary loop was simplified. The core, the primary loop, and the secondary loop sides of the main heat exchangers were simplified into a direct current channel, and the flow area and heat transfer area remained unchanged after the simplification. The thermal-hydraulic analysis model of the reactor was shown in Figure 4. The 120, 121, and 122 represented the core hot channel, average channel, and side flow channel respectively. The 151, 152, 153, and 154 simulated the heat exchangers’ primary loop coolant side, while the 220, 320, 420, and 520 simulated the heat exchangers’ secondary loop side. The 200, 300, 400, and 500 were simulated as the coolant supply boundary of the second loop. The point kinetic model was employed to the heat source, and the heat transfer structures were set up between the pipe models on both sides of the heat exchangers. It was used to simulate the flow and heat transfer process of primary coolant in LFR and to construct the simulation model of the primary loop in LFR. The coolant flow pipes 151, 152, 153, and 154 on the primary loop side of the heat exchanger were named as channels 1, 2, 3, and 4, which were used to compare the differences in the thermal-hydraulic characteristics of different heat exchanger flow channels under inclined conditions.
[image: Figure 4]FIGURE 4 | RELAP5 node diagram of LFR.
Based on the RELAP5 thermal-hydraulic analysis model, natural circulation LFR was simulated at 100% FP power. As shown in Table 3, the relative error of core power, core flow rate, and core inlet and outlet temperature was less than 2% between the design value and the calculation value. This proved that the RELAP5 thermal-hydraulic analysis model was accurate and could be used for further thermal-hydraulic safety analysis of natural circulation LFR under inclined conditions.
TABLE 3 | Simulation and comparison of steady-state condition.
[image: Table 3]3.4 Simulation of inclined condition
This study defined two physical parameters: inclination angle (α) and angle (θ) between the heat exchanger and the central axis of floating nuclear power plant, and the specific inclined condition of the reactor could be accurately represented with them. The natural circulation LFR was shown in Figure 5. It was assumed that the core geometry center was simplified to one heat source and the geometric centers of four heat exchangers were simplified to four cold sources, and the core channel was simplified to the central axis of the reactor. When the reactor was not under inclination condition, all the vertical elevation between the four heat exchangers centers and the core center was equal to H, and the spacing between the heat source and the cold sources was L. While the reactor was inclined along the heat exchanger and rotated clockwise around this central axis, the vertical elevation between the heat source and the cold sources of channel 1, 2, 3, and 4 changed to H1, H2, H3, H and H4, α was the inclination angle and θ was the angle between the heat exchanger and the central axis of floating nuclear power plant is θ.
[image: Figure 5]FIGURE 5 | Schematic diagram of inclined condition.
When the reactor operates in a natural circulation state, the natural circulation driving force was equal to the flow resistance, the natural circulation driving force equation is as Equations 8, 9:
[image: image]
[image: image]
In the formula: [image: image] is the natural circulation driving force; [image: image] is the temperature difference between the hot coolant and the cold coolant; [image: image] is the vertical elevation between the heat source and the cold source; [image: image] is the coefficient of thermal expansion; [image: image] is the frictional drag coefficient.
The natural circulation driving force was mainly affected by vertical elevation between the heat source and the cold source. The natural circulation driving force of the reactor under inclined conditions is as Equation 10:
[image: image]
The geometry parameters of the reactor under inclined condition were entered into the RELAP5 restart card to simulate the thermal-hydraulic characteristics of the reactor under inclined condition.
According to Nuclear-Ship Code of safety for nuclear merchant ships Section (IMO, 1981), the reactor safety was designed to operate safely when the ship experienced the 0°–30° inclination angle within these limits. Therefore, the 0°–45° angle between the heat exchanger and the central axis of floating nuclear power plant could be used to reflect the heat exchangers configurations under inclination condition, due to the heat exchangers being arranged symmetrically.
4 RESULTS AND DISCUSSION
4.1 Reactor 100% FP power stable operating condition
The study assumed that the reactor was at 100%FP power condition, which was inclined at a 15° angle along heat exchanger coolant channel 1 at 100 s. As illustrated in Table 4 below, the flow rates in channels 2 and 4 decreased slightly, while the flow rate in channel 1 decreased substantially, and the flow rate in channel 3 increased. Overall, the core flow rate exhibited a downward trend, decreasing by 1.20% compared to that under 100% FP power conditions. On the inclined side, the decrease of vertical elevation between the heat source and cold source reduced coolant flow through the inclined channel, while the increase of vertical elevation between the heat source and cold source increased coolant flow through the opposite channel, which led to significant alterations in the core flow rate.
TABLE 4 | Core and each coolant channels of heat exchangers flow rate.
[image: Table 4]The variations in reactor core flow rate under inclination angles ranging from 5° to 30° were summarized in Table 5. With the increase of inclination angle, the core flow rate decreased significantly. When the inclination angle was 30°, the reactor core flow rate decreased to 95.12% of the core flow rate at 100% FP power, and a positive correlation was observed between the inclination angle and the magnitude of core flow rate reduction. Concurrently, the decrease of core flow rate led to corresponding increases in both the core outlet temperature and core cladding temperature, with increments of 4.15K and 5.90K, respectively. Notably, when the inclination angle under the maximum inclination angle, the core cladding temperature remained below the design safety limit for cladding temperature of 973.0K, which proved that the reactor could operate safely under inclined condition. The results showed that larger inclination angles exacerbated thermal-hydraulic challenges, so the compact core configuration of heat exchangers was implemented to reduce the influence of the inclined condition on reactor safety.
TABLE 5 | Core flow rate, outlet and cladding temperature at different inclination angle.
[image: Table 5]When the reactor was operating under inclined condition, the flow rate distribution of the heat exchanger coolant channels was not uniform, due to the differential elevation between core and heat exchangers. As illustrated in Figure 6, the variations of coolant flow rates and outlet temperatures in the four heat exchanger channels under varying inclination angles (0°–30°) were quantified. When the inclination angle was 30°, the flow rate of channel 3 increased by 3.16%, the flow rate of channel 1 decreased by 14.07%, and the flow rates of channels 2 and 4 both decreased by 4.32%. The decrease of core flow rate in channel 1 extended the residence time of the coolant and raised the outlet temperature, while the increase of core flow rate in channels 2-4 shortened the residence time and lowered the outlet temperature. Thus, the temperature difference between channel 1 and channel 4 increase to 2.42K at 30° inclination angle. With the increase of angle between the heat exchanger and the central axis of floating nuclear power plant, the trend of maximum difference variation between the flow rates of each heat exchanger gradually slowed down, and the variation of outlet temperature difference of the heat exchanger also reduced.
[image: Figure 6]FIGURE 6 | Core and each coolant channels of heat exchangers flow rate and outlet temperature. (a) Flow rate (b) Outlet temperature.
When the reactor operated at 100% FP power, which was inclined along the heat exchanger coolant channel 1 at fixed angles of 10°, 20°, and 30°, it then rotated clockwise around the central axis with angles between the heat exchanger and the central axis of floating nuclear power plant of 0°, 7.5°, 15°, 22.5°, 30°, 37.5°, and 45°. Despite the invariance of core flow rate, the angle between the heat exchanger and the central axis of floating nuclear power plant significantly influenced thermal-hydraulic parameters in the heat exchanger coolant channels. As shown in Figure 7, the increase of angle between the heat exchanger and the central axis of floating nuclear power plant affected flow rate in channels 1 and 2, while flow rates in channels 3 and 4 decreased. When the angle between the heat exchanger and the central axis of floating nuclear power plant was 45°, channels 1 and 4, as well as channels 2 and 3 achieved equivalent flow rates. At 10°, 20°, and 30° inclination angles, the maximum flow rate differences between channels decreased by 8.51 kg/s, 17.80 kg/s, 27.87 kg/s, respectively. The results confirmed that the increase of angle between the heat exchanger and the central axis of floating nuclear power plant,which reduced the flow rate distribution of the heat exchanger coolant channel, with larger inclination angles exhibiting a stronger distribution among channels.
[image: Figure 7]FIGURE 7 | Flow rate and maximum flow rate difference in each heat exchangers coolant channels. (a) Flow rate and maximum flow rate difference in each heat exchanger coolant channels at the inclination angle of 10° (b) Flow rate and maximum flow rate difference in each heat exchanger coolant channels at the inclination angle of 20° (c) Flow rate and maximum flow rate difference in each heat exchanger coolant channels at the inclination angle of 30°.
The outlet temperatures of heat exchanger coolant channels exhibited a direct dependence on flow rate variation. As shown in Figure 8, outlet temperatures in channels 1 and 2 increase, while outlet temperatures in channels 3 and 4 experienced a temperature reduction. When the angle between the heat exchanger and the central axis of floating nuclear power plant was 45°, channels 1 and 4, as well as channels 2 and 3, achieved equivalent outlet temperatures. At 10°, 20°, and 30° inclination angles, the maximum outlet temperature differences between channels decreased by 0.23K, 0.46K, 0.66K, respectively. The angle between the heat exchanger and the central axis of floating nuclear power plant is θ. When the angle between the heat exchanger and the central axis of floating nuclear power plant is 45°, the reactor had a slighter outlet temperature difference between the outlets of the heat exchanger coolant channels. It minimized localized hot spots and stabilized coolant residence time distribution, so it showed more superior performance in terms of thermal-hydraulic reactor safety.
[image: Figure 8]FIGURE 8 | Outlet temperature and maximum outlet temperature difference of each heat exchangers coolant channels. (a) Outlet temperature and maximum outlet temperature difference of the heat exchanger coolant channels at the inclination angle of 10° (b) Outlet temperature and maximum outlet temperature difference of the heat exchanger coolant channels at the inclination angle of 20° (c) Outlet temperature and maximum outlet temperature difference of the heat exchanger coolant channels at the inclination angle of 30°.
4.2 Reactor power increasing and decreasing conditions
This study simulated reactor during the process of power increasing and decreasing under inclined conditions, assuming initial operation at 100% FP power, and analyzed the thermal-hydraulic safety characteristics of the reactor under these conditions. At 100s, the reactor inclined to 10°, 20°, and 30° along the heat exchanger coolant channel 1, and negative reactivity was introduced with control rod insertion to initiate reactor decreasing. The power reduction rate decelerated as power approached 30 MW at 1,300s, and the power reduced to 30 MW at 2,500s due to temperature negative feedback. This process of reactor power decreasing spanned 2,400s, equivalent to a decrease rate of 1% FP/min. At 10,000s, positive reactivity was introduced with control rod lifting to initiate reactor power increasing. The core power was slightly below 50MW, and the increase rate of power slowed down at 11,200s; then the power reached 50 MW at 12,400s. During the process of power increasing and decreasing under inclined conditions, the larger inclination angle resulted in a higher coolant temperature. Under identical reactivity and inclination angle conditions, the variation of core flow rate lagged behind the variation of core power, resulting in the increase in both the core outlet temperature and the core cladding temperature. Figure 9 illustrated the variations in core flow rate, outlet temperature, and core cladding temperature during reactor power increasing and decreasing. Due to the introduction of the 30° inclination angle at 100s, the core flow rate immediately and rapidly decreased, then synchronized with the decreased rate of 1% FP/min power. During the periods from 100s to 1,200s and from 11,200s to 12,400s, the variation of flow rate lagged behind the variation of power, with reactor stability restored through the reestablishment of natural circulation from 3,700s to 13,600s as the rate of power increasing and decreasing stabilized. When the inclination angle was 30°, the core flow rate reached a minimum of 1,842.07 kg/s at 60%FP power, while it reached 2,160.54 kg/s at 100%FP power. The variation of thermal characteristics exhibited a dynamic coupling behavior in response to the variation of flow rate, with the core outlet temperature and core cladding temperature reaching maximum values of 884.3K and 938.42K, respectively.
[image: Figure 9]FIGURE 9 | Core power, flow rate, outlet and cladding temperature at different inclination angle. (a) Core power (b) Core flow rate (c) Core outlet temperature (d) Core cladding temperature.
The simulation initialized the reactor operating steadily at 100% FP full power. At 100 s, the reactor instantaneously inclined to 30° along the heat exchanger coolant channel 1 and introduced negative reactivity by inserting the control rods into the core at varying speeds. During the periods from 100s to 4,900s, power decrease rates of 1% FP/min, 0.75% FP/min, and 0.5% FP/min were implemented, achieving transitions from 50 MW to 30 MW over durations of 2,400s, 3,600s, and 4,800s, respectively, with steady 30 MW operation attained at 2,500s, 3,700s, and 4,900s. Subsequently, during the periods from 10,000s to 14,800s, positive reactivity was introduced by lifting the control rods into the core at identical rates, restoring power from 30 MW to 50 MW over equivalent durations of 2,400s, 3,600s, and 4,800s, ultimately reestablishing 100% FP power at 12,400s, 13,600s, and 14,800s. The results showed that the steady-state power derivative remained constant regardless of the power increasing and decreasing rate. Figure 10 illustrated the variations in core flow rate, outlet temperature, and cladding temperature during reactor power increasing and decreasing. Due to the introduction of the 30° inclination angle at 100s, the core flow rate immediately and rapidly decreased, then synchronized with the reduction of 1%FP/min, 0.75FP%/min, 0.5FP%/min. During power decreasing, the reactors re-established natural circulation and stabilized at 3700s, 4900s, and 6100s, respectively. Conversely, during power rising, stabilization occurs at 13,600s, 14,800s, and 16,000s, respectively. The result showed that decreased and increased rate of reactor power delayed scale inversely with the rate of power variation, the time to restore stability demonstrated 2400s between fastest rate at 1%FP/min and slowest rate at 0.5%FP/min, revealed the response characteristic of reactor power increasing and decreasing to the establishment of the natural circulation.
[image: Figure 10]FIGURE 10 | Core power, flow rate, core outlet and cladding temperature at different power increase and decrease rates. (a) Core power (b) Core flow rate (c) Core outlet temperature (d) Core cladding temperature.
5 CONCLUSION
This study employed RELAP5 software to analyze the impact of inclination angle and heat exchangers configuration on the thermal-hydraulic characteristics of the reactor and evaluated the safety performance of the natural circulation LFR under inclined condition.
(1) When the reactor was under inclined condition, the core flow rate decreased with the increase of reactor inclination angle. As the inclination angle became larger, the trend of core flow rate decline became more obvious. When the inclination angle was 30°, the reactor core flow rate reduced to 95.12% of the flow rate at 100%FP power, the core cladding temperature increased by 5.90K, and the maximum temperature difference between heat exchangers increased by 2.42K. Therefore, the inclination angle should have been reduced as much as possible to lessen the impact on the thermal-hydraulic safety characteristics of LFR.
(2) With the increase of the angle between the heat exchanger and the central axis of floating nuclear power plant, the maximum outlet temperature difference between the heat exchanger coolant channels gradually decreased. When the angle between the heat exchanger and the central axis of floating nuclear power plant is 45°, the reactor had a slighter outlet temperature difference between the outlets of the heat exchanger coolant channels. When the inclination angle was 10°, 20°, and 30°, the maximum flow rate difference between the heat exchanger coolant channels reduced to 8.51 kg/s, 17.80 kg/s, 27.87 kg/s respectively, and the maximum outlet temperature difference of the heat exchangers was reduced to 0.23K, 0.46K, 0.66K. The angle between the heat exchanger and the central axis of floating nuclear power plant is 45°, which exhibited better performance in the thermal-hydraulic safety of the primary loop. To reduce the impact of inclined condition, in terms of reactor design, the angle between the heat exchanger and the central axis of floating nuclear power plant should be arranged in 45°.
(3) When the reactor experiences during the process of power increasing and decreasing, the impact of inclination on reactor performance became more pronounced with the increase of reactor power. Specifically, under inclined conditions, higher power led to a more substantial reduction in core flow rate and an increase in core cladding temperature. When the reactor power rose at 0.5%FP/min and the inclination angle was 30°, the reactor power reached 50 MW at 14800s, and the core cladding temperature also were increased to 938.42K, which proved that the reactor exhibited a strong thermal-hydraulic safety margin.
The study provided a technical reference for the practical application of natural circulation lead-cooled fast reactors in marine environments and held important academic and engineering application value for future research on floating nuclear power plant reactors.
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