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The study of the commonness and differences of natural circulation of different liquid metals plays an important role in improving the safety of reactors. The numerical simulation of liquid metal natural circulation heat transfer was carried out by CFX, and its heat transfer coefficient, flow, and outlet temperature were studied. The factor analysis method was used to analyze the influence of the interaction between factors and the contribution rate of each factor. It can be found that the commonality of heat exchange between different liquid metals is that the heat transfer coefficient is mainly affected by the power, the contribution rate of power to the heat transfer coefficients of liquid sodium, sodium-potassium alloy, lead, and lead-bismuth alloy reached 40.16, 78.16, 97.95, and 92.19%, respectively; the flow rate and outlet temperature of the liquid metal increase with the increase of power; the flow rate and outlet temperature are hardly affected by pressure. The difference is that the heat transfer coefficients of liquid metals have different trends with the change of power; in addition, the interaction between the factors of heat transfer coefficient is different; the heat transfer coefficient of liquid sodium and sodium-potassium alloy is affected by pressure, the pressure affects the heat transfer coefficient by coupling with power or inlet temperature. In general, the heat transfer performance of sodium is the best, with a much higher heat transfer coefficient than the other three liquid metals; the natural circulation ability of sodium-potassium alloy is the strongest, and its flow velocity is greater than other liquid metals.
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INTRODUCTION

Natural circulation has a very broad application prospect in reactor safety, and it is also widely used in other industries. The passive natural circulation (Ma et al., 2017; Wang et al., 2018; Yagov et al., 2019) can simplify the system in the reactor and reduce the system's dependence on the reliability of the external power supply, which greatly improves the inherent safety of the reactor. The safety performance of the third generation AP1000 (Hashim et al., 2014) is 100 times higher than that of the second generation nuclear power plant. One of its features is that the safety system adopts the passive natural circulation principle in many places. GM's SBWR reactor (Duncan, 1988) and the Swedish PIUS reactor all use natural circulation to ensure reactor safety. The US S5G, S6G, and S8G nuclear submarine reactors (Liu, 2015) are natural circulation pressurized water reactors. The initial interest in the study of liquid metals was in the design of fast neutron reactors. This is mainly because the liquid metal (Xie et al., 2016) has a high power density active zone, excellent thermal, and nuclear physical properties, which enables efficient energy extraction from the reactor. At present, the coolant of the fast breeder reactor developed by various countries is mainly sodium or sodium-potassium alloy. The chemical properties of sodium and sodium-potassium alloy are particularly active. They are easily reacted with water, oxygen, etc., causing combustion or even explosion. Therefore, the study of coolant heat transfer characteristics is a very important technical and safety issue during the operation, maintenance, and decommissioning of sodium-cooled fast reactor. Liquid lead and lead-bismuth alloy (Gaiying et al., 2012) are the main candidate materials for ADS coolant, which has excellent thermal properties, such as high density, chemical inertia, and natural circulation ability similar to water. In view of the heat transfer characteristics of the natural circulation of liquid metal, scholars from various countries have done some research in recent years. Chang and Hahn (2002) used SSC-K software to calculate the sodium boiling under KALIMER severe accident, and obtained the curves of interface heat transfer, liquid film thickness and heat transfer coefficient. Ma et al. (2007) studied the natural circulation steady state of heavy metal loops, and concluded that the temperature difference between the system geometry and the hot and cold sections have an effect on the natural circulation flow of heavy metal fluids. Based on the NACIE experimental bench, Tarantino et al. (2008) conducted a related study on the flow of lead-bismuth alloy natural circulation, and analyzed the experimental results. Gao et al. (2015) measured the diffusion coefficient of Ni and Cr in liquid lead-bismuth alloy by using a capillary tube, and obtained the diffusion coefficient of LBE from the experimental data of nickel concentration. Watanabe et al. (2015) studied the evaluation method of the residual heat removal system of the natural circulation of sodium cooled fast reactor. The reliability of the safety analysis of sodium cooled fast reactor was verified by comparison with the three-dimensional analysis of the turbulence model. Borgohain et al. (2016) conducted a natural circulation experiment in a non-uniform diameter lead-bismuth circuit. The natural circulation of steady state and transient is performed under different power conditions. Factorial analysis is a multi-factor and multi-level experimental design. It can test not only the differences between levels of each factor, but also the interactions between factors. When the level of one factor changes, the effect of another factor or multiple factors changes, which indicates that there is an interaction; otherwise, it implies that there is no interaction and it is independent. Among the above research results, only the natural circulation of a single liquid metal has been studied, and the interaction between factors affecting natural circulation heat transfer has not been analyzed. By comparing the natural circulation flow and heat transfer characteristics of different liquid metals, the commonalities and differences of heat transfer rules are obtained, which has guiding significance for improving the safety of the reactor.



RESEARCH OBJECT


Geometric Model

The natural circulation model is established by ANSYS ICEM, which mainly includes preheating section, heating inlet section, heating section, heating outlet section, cooling section, and descending section. The specific structure of the model is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Natural circulation loop.


As can be seen from Figure 1, the natural circulation model of different liquid metals is 2.5 m high, 3.5 m wide, and the pipe diameter is 4 mm. The length of the preheating section is 3.5 m, the length of the heating inlet section is 0.25 m, the length of the heating section is 2 m, the length of the heating outlet section is 0.25 m, the cooling section is 3.5 m, and the descending section is 2.5 m. The preheating section is used to preheat the working fluid in the pipeline to a predetermined temperature. The heating section is used to continue heating the working fluid and reach the operating temperature. The cooling section is used to cool the working medium in the pipeline, and finally the working fluid forms a natural circulation in the pipeline. In order to ensure that the difference in flow and heat transfer is not affected by conditions such as loop size and height, the geometric models of different liquid metals are consistent.



Meshing

The natural circulation loop is meshed, and part of the grid structure is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Grid partitioning.


As can be seen from Figure 2, the natural circulation loop model is meshed with o-type grid. In order to improve the accuracy of the calculation, the boundary layer is encrypted in the grid setting, and the number of grids is 823674. The related information of the specific node division at each position is shown in Table 1.


Table 1. Grid node division information.
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Boundary Conditions

The boundary conditions are consistent when studying the natural circulation heat transfer characteristics of different liquid metals. Since the melting point of lead is high, the initial temperature of the fluid domain is set to 610 K. When the power is too large, the fluid outlet temperature is very high. Compared with lead and lead-bismuth alloy, the sodium, and sodium-potassium alloy have a lower boiling point. In order to keep the metal in a single-phase liquid state, the maximum power control is 30 kW/m2. In the liquid range, the natural circulation heat transfer characteristics of the four metals were studied. The initial parameters are shown in Table 2.


Table 2. Parameter range.

[image: Table 2]

For the convenience of analysis, the power, pressure, and temperature are represented by the letters A, B, and C, respectively. Then, the effect of interaction between power and pressure is AB, the effect of interaction between power and temperature is AC, the effect of interaction between pressure and temperature is BC, and the effect of total interaction of power, pressure, and temperature is ABC.



Convergence Standard Information

In the control settings of the solver, the specific solver settings, and convergence criteria information are shown in Table 3.


Table 3. Convergence standard information.
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Grid Sensitivity Analysis

The effect of the number of grids on the calculation results was studied to test the grid sensitivity. The number of grids is 21640, 548262, 823674, and 1041780, respectively. Taking lead-bismuth alloy as an example, the change of the mainstream temperature with the axial position of the heating section is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Grid sensitivity analysis.


It can be seen from Figure 3 that the mainstream temperatures at different axial positions are basically the same when the number of grids is 823674 and 1041780. Therefore, it is more suitable to divide the mesh number into 823674 based on the economical and accurate calculation process.




FACTORIAL ANALYSIS CALCULATION MODEL

Factorial analysis (Jingjing et al., 2014) is a method of experimental design, which can be used to study the influence of individual factors and the interaction between factors. When the level and number of factors are small, and the relationship between factors and effects is more complicated, then factorial analysis is a good analytical tool. The two-level factorial test of k factors is recorded as a 2k factorial analysis (representing k factors, each factor has 2 levels). This is the most commonly used analysis method, which can use a relatively small sample to obtain more information, especially factor interactive analysis. The comparison of effect AB⋯K is as shown in Equation (1).

[image: image]

(1) In the formula (1), (Contrast)AB...K represents a comparison of effects; a, b, and k represent respective factors. In Expansion (1), use the method of elementary algebra to expand it, and replace “1” with [1], which means that all factors take a low level. The negative sign in the parentheses indicates that the factor is taken, and the positive sign indicates that the factor is not taken. Once the effects are calculated, their estimated effects and their sum of squares can be calculated separately.
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Among them, AB…K represents the effect estimate, SSAB…K represents the sum of squares of effects, n is the number of repeated experiments.

y is the response value, xi (i = 1, 2, 3) represents each factor, and the fitting formula is as shown in (4).

[image: image]

Among them, α0,αi,αij,α123 are, respectively, the mean, the effect of factor i, the effect of the interaction of factors i and j, the effect of the interaction of three factors.



CALCULATION RESULTS


Influence of Heating Power on Flow Heat Transfer
 
Effect of Power on Heat Transfer Coefficient

The working fluids are liquid sodium, sodium-potassium alloy, lead and lead-bismuth alloy. The preset system pressure is 1 Mpa, the preheating section temperature is 620 K, the cooling section temperature is 610 K, and the power density ranges from 2 to 30 kW/m2. The change trend of heat transfer coefficient of four liquid metals with power is shown in Figure 4.


[image: Figure 4]
FIGURE 4. Effect of heating power on heat transfer coefficients of different liquid metals.


It can be seen from the Figure 4 that the heat transfer coefficient of liquid sodium decreases with the increase of heating power, and the heat transfer coefficient of sodium-potassium alloy increases first and then decreases with the increase of power. The heat transfer coefficient of lead and lead-bismuth increases as power increases. Although the liquid sodium heat transfer coefficient is negatively correlated with power, the heat transfer coefficient of sodium is much larger than that of sodium-potassium alloy, lead, and lead-bismuth alloy. Because liquid metal has a common physical property, its molecular thermal conductivity is large, and the molecular Prandtl number is much smaller than that of ordinary fluid. Therefore, the molecular thermal diffusion capacity is far better than the momentum diffusion ability, the molecular thermal conduction is stronger than the turbulent heat transport, and the thermal conductivity plays a role in promoting heat transfer. The thermal conductivity of liquid sodium is greater than that of the other three liquid metals, and its specific heat at constant pressure is higher than that of other metals. So the heat transfer performance is better under the same power conditions. The change trend of the heat transfer coefficient of the four metals with the power is mainly affected by the thermal conductivity and the temperature difference between the hot and cold sections. As the power increases, the temperature of the fluid increases. The thermal conductivity of liquid sodium decreases with increasing temperature. At the same time, with the increase of power, the temperature difference between the cold and hot sections of the fluid increases, and the thermal driving force of the fluid also increases, so the heat transfer of the fluid is enhanced. Compared with the other three liquid metals, the thermal conductivity of liquid sodium is greatly affected by the power. The thermal conductivity occupies a dominant position, and the heat transfer enhancement caused by temperature difference can be ignored. Therefore, the change trend of heat transfer coefficient is consistent with that of thermal conductivity. For lead and lead-bismuth, the thermal conductivity is less affected by temperature, and the increase in temperature difference caused by power increases the heat transfer capacity. As a result, the heat transfer coefficient of lead and lead-bismuth increases with the increase of power. The heat transfer coefficient of sodium-potassium alloy increases first and then decreases with the increase of power. Therefore, it is promoted by the thermal conductivity coefficient and the temperature difference when the power is small. The heat transfer coefficient increases first with the increase of power, and the increase rate is fast. When the power is large, the thermal conductivity decreases with the increase of power, and the inhibiting effect of thermal conductivity on heat transfer is greater than the promoting effect of temperature difference on heat transfer. So the heat transfer coefficient of sodium-potassium alloy decreases with the increase of power, and the decreasing speed is slow.



Influence of Power on Mass Flow

Keeping the boundary conditions unchanged, the mass flow of the four liquid metals changes with power as shown in Figure 5.


[image: Figure 5]
FIGURE 5. Effect of heating power on mass flow of different liquid metals.


As can be seen from the Figure 5, the mass flow rates of liquid sodium, sodium-potassium alloy, lead, and lead-bismuth alloy increase with increasing power. The mass flow of lead and lead-bismuth alloy is greater than that of sodium and sodium-potassium alloy. This is mainly because the density of lead and lead-bismuth is much higher than the density of sodium and sodium-potassium. Even if the flow velocity of lead and lead-bismuth is slow, the mass flow will be higher than that of sodium and sodium-potassium. Therefore, it is usually more accurate by comparing the flow velocity when comparing the circulation capacities of different liquid metals.



Effect of Power on Velocity

Keeping the boundary conditions constant, and the velocity changes with power as shown in Figure 6.


[image: Figure 6]
FIGURE 6. Effect of heating power on velocity of different liquid metals.


It can be seen from the Figure 6 that the velocity of different liquid metals increases with the increase of power. The velocity of sodium potassium was the highest, followed by that of sodium, and the velocity of lead bismuth was the lowest. At the beginning, the velocity difference between the four liquid metals is small. As the power increases, the gap between the velocity increases. This is mainly because the temperature of the fluid increases as the power increases, the thermal expansion of the fluid causes an increase in the density difference between the hot and cold sections, which leads to the increase of the driving head and the increase of the velocity. Compared to the other three liquid metals, the density of sodium-potassium alloy changes more violently with temperature, so its velocity increases most dramatically with power. Among the four liquid metals, the ability of sodium-potassium alloy to naturally circulate is the strongest.



Effect of Power on Outlet Temperature

The boundary conditions are kept constant, and the changes in the outlet temperature of the four liquid metals with power are shown in Figure 7.


[image: Figure 7]
FIGURE 7. Effect of heating power on outlet temperatures of different liquid metals.


As can be seen from the Figure 7, the outlet temperatures of different liquid metals increase with increasing power. At the same power, the sodium-potassium alloy has the highest outlet temperature. At lower heating powers, the lead and lead-bismuth outlet temperatures are below the sodium outlet temperature. When the power reaches about 5 Kw/m2, the outlet temperature of lead and lead-bismuth exceeds that of sodium, and kept the trend of exceeding. This is because the specific heat capacity of sodium is larger than that of lead and lead-bismuth alloy. Therefore, the temperature rise caused by lead and lead-bismuth is greater when the same heat is absorbed. At lower power, the thermal conductivity is absolutely superior to the specific heat capacity of liquid sodium. As a result, liquid sodium can absorb more heat at the same power, and heat transfer performance is better. Therefore, its outlet temperature is greater than that of lead and lead-bismuth as a whole. When the power is further increased, the thermal conductivity of sodium decreases with increasing power, the thermal conductivity of lead and lead-bismuth increases with increasing power. So the advantage of the thermal conductivity of sodium is weakened, and the difference of heat transfer performance between sodium and lead, lead-bismuth alloy decreases. At this time, the difference in specific heat capacity occupies a dominant position, which leads to a higher output temperature of lead and lead-bismuth.




Influence of Pressure on Flow Heat Transfer

The working fluids are liquid sodium, sodium-potassium alloy, lead and lead-bismuth alloy. The preheating section temperature is 620 K, the cooling section temperature is 610 K, the power density is 20 kW/m2, and the values of pressure are 1, 2, 3, 4, and 5 Mpa, respectively. The heat transfer coefficient, mass flow, velocity, and outlet temperature of four liquid metals change with pressure as shown in Figure 8.


[image: Figure 8]
FIGURE 8. The effect of pressure. (A) Effect of pressure on the heat transfer coefficient, (B) effect of pressure on mass flow, (C) effect of pressure on velocity, and (D) effect of pressure on outlet temperature.


As can be seen from the Figure 8, the heat transfer coefficient of liquid sodium tends to decrease slightly with increasing pressure, while the sodium-potassium alloy, on the other hand, tends to increase. It can be seen from section Influence of Factors on Heat Transfer Coefficient that the heat transfer coefficient of sodium is mainly affected by the power-pressure interaction and the contribution rate is about 32.73%. Therefore, the pressure affects the heat transfer coefficient by coupling with the power. For sodium-potassium alloys, the heat transfer coefficient is affected by the interaction of inlet temperature-pressure. The pressure affects the heat transfer coefficient by coupling with the inlet temperature. For lead and lead-bismuth, there is no interaction between pressure and power or temperature, so its heat transfer coefficients have little change with pressure. In general, the effect of pressure on the heat transfer coefficient of liquid metals is not obvious. The mass flow, velocity, and outlet temperature of the liquid metal are hardly affected by the pressure. At the same pressure, the velocity of sodium-potassium alloy, sodium, lead-bismuth alloy, and lead are successively decreased. The velocity does not change with pressure because the density of the liquid metal is less affected by the pressure. The increase in pressure does not cause a change in the density difference between the hot and cold section. The driving head of the system tends to be stable, so there is no change in the flow velocity of the liquid metal. The influence of pressure on the physical properties of liquid metal is small, so the outlet temperature of different liquid metals tends to be stable.



Influence of Inlet Temperature on Flow Heat Transfer

The working fluids are liquid sodium, sodium-potassium alloy, lead, and lead-bismuth alloy. The cooling section temperature is 610 K, the power density is 20 kW/m2, and the preheating section temperature is the inlet temperature of the heating section, and the values are 620, 650, 680, 710, and 740 K, respectively. The heat transfer coefficient, mass flow, velocity, and outlet temperature of the four liquid metals vary with the inlet temperature as shown in Figure 9.


[image: Figure 9]
FIGURE 9. The effect of inlet temperature. (A) Effect of inlet temperature on heat transfer coefficient, (B) effect of inlet temperature on mass flow, (C) effect of inlet temperature on flow velocity, and (D) effect of inlet temperature on outlet temperature.


As can be seen from the Figure 9, the heat transfer coefficient of liquid sodium decreases as the inlet temperature increases. The inlet temperature has no effect on the heat transfer coefficient of sodium-potassium alloy, lead, and lead-bismuth. This is mainly because the thermal conductivity of liquid sodium changes significantly with temperature, while the thermal conductivity of sodium-potassium alloys, lead, and lead-bismuth has a smaller trend with temperature. The mass flow, velocity, and outlet temperature of liquid metal increase with the increase of inlet temperature. The density of lead and lead-bismuth alloy is much larger than that of sodium and sodium-potassium alloy, so the increase of mass flow is more obvious than that of the latter. However, the increase in the velocity of sodium-potassium alloy and sodium was slightly greater than that of lead and lead-bismuth alloy. At a certain power, an increase in the inlet temperature of the liquid metal causes an increase in the outlet temperature, which causes the temperature difference between the hot and cold sections to increase. At the same time, it increases the driving force of the system. So the velocity of the liquid metal increases as the inlet temperature increases. The rate of increase of the outlet temperature of lead-bismuth alloy is greater than that of lead. Therefore, when the inlet temperature increases to a certain value, the lead-bismuth outlet temperature is higher than the lead outlet temperature. This is mainly because the specific heat capacity of lead increases as the temperature increases, and the specific heat capacity of lead-bismuth decreases as the temperature increases, so when the same amount of heat is absorbed, the tendency of the temperature increase of the lead-bismuth is more obvious.



Validation of Simulation Results

Ma et al. (2007) conducted an experimental study on the mass flow and velocity of lead-bismuth natural circulation. The comparison between simulation results and experimental data is shown in Figure 10.


[image: Figure 10]
FIGURE 10. Comparison of experimental and simulation results.


In Figure 10, due to the difference in model size between the experiment and the simulation, the mean dimensionless method is used to deal with temperature difference, mass flow and flow velocity. ΔT is the temperature difference between the hot and cold section, ΔTave is the average temperature difference, W is the mass flow, Wave is the average mass flow, U is the flow velocity, and Uave is the average flow velocity. The calculated data are compared with the experimental data by dimensionless method. The variation trend of experimental and simulation results is basically the same, so the adaptability of the established simulation model can be determined.




FACTORIAL ANALYSIS


Effect of Interaction on Heat Transfer Coefficient

By using the method of factor analysis, the interaction between the factors is analyzed. The effect of the interaction on the heat transfer coefficients of different liquid metals is shown in Figure 11.


[image: Figure 11]
FIGURE 11. Effect of interaction on heat transfer coefficients of different liquid metals. (A) Effect on heat transfer coefficient of sodium, (B) effect on heat transfer coefficient of sodium-potassium alloy, (C) effect on heat transfer coefficient of lead, and (D) effect on heat transfer coefficient of lead-bismuth.


It can be seen from Figure 11 that the interaction of factors on the natural cycle heat transfer coefficient of liquid metal. When the effect of one factor changes with other factors, and the difference between them exceeds the range of random fluctuations, the interaction between them is indicated. In Figure 11, if the two lines intersect, it indicates that there is an interaction between the two factors; if the two lines are nearly parallel, it implies that the interaction between the two factors can be ignored. Among the factors affecting the heat transfer coefficient of liquid sodium, there is an interaction between power and pressure. Among the factors affecting the heat transfer coefficient of sodium-potassium alloys, there is an interaction between pressure and inlet temperature. There is no interaction between the factors influencing the heat transfer coefficient of liquid lead. For the factors affecting the heat transfer coefficient of lead-bismuth, there is an interaction between power and inlet temperature; while for power and pressure, although the two straight lines have a certain inclination, they are nearly parallel, and it can be seen that the interaction is small and can be ignored.



Influence of Factors on Heat Transfer Coefficient

By substituting the calculation data in section Calculation Results into formulas (1)–(3), the estimated effect and interaction among factors can be obtained. The semi-normal probability of the effect of heat transfer coefficient is shown in Figure 12.


[image: Figure 12]
FIGURE 12. Semi-normal probability of the effect of heat transfer coefficient. (A) Effect of heat transfer coefficient of sodium, (B) effect of heat transfer coefficient of sodium-potassium alloy, (C) effect of heat transfer coefficient of lead, and (D) effect of heat transfer coefficient of lead-bismuth.


In Figure 12, the negligible effect is normally distributed and will generally fall near a line on the graph. The effect farther from the straight line indicates that the factor is statistically significant and has the greatest influence on the heat transfer coefficient. The effect percentage contribution rate is obtained by the ratio of the sum of the squares of the effects to the total sum of squares, indicating the degree of dependence between the influencing factors and the heat transfer coefficient. For liquid sodium, except for the effect A, effect AB, and effect C, other effects are negligible. Effect A deviates furthest from the line, indicating that it has the greatest influence on the heat transfer coefficient, and its contribution rate is about 40.16%; the contribution rate of effect AB is about 32.73%, indicating that there is interaction between power and pressure; the contribution rate of effect C is about 6.79%. For sodium-potassium alloy, effect A has the greatest influence on heat transfer coefficient, and the contribution rate is about 78.16%; the contribution rate of effect BC to heat transfer coefficient is about 7.70%, which indicates that there is interaction between pressure and inlet temperature; other effects are negligible for sodium—potassium alloys. For liquid lead, except for effect A, other effects are negligible, and the contribution rate of effect A to the heat transfer coefficient is about 97.95%. For lead-bismuth alloys, the contribution rate of effect A is about 92.19%; the contribution rate of effect AC is about 5.62%, so there is an interaction between power and inlet temperature; other effects are negligible for lead-bismuth alloys.




CONCLUSION

The flow and heat transfer of liquid metal natural circulation was numerically simulated by CFX. The influencing factors were compared by using factor analysis. The effects of power, pressure, and inlet temperature on the heat transfer coefficient of liquid metal were obtained.

(1) The heat transfer coefficient of liquid sodium decreases with the increase of power, while the heat transfer coefficient of liquid lead and lead-bismuth increases with the increase of power, and the heat transfer coefficient of sodium-potassium alloy increases first and then decreases with the increase of power. Under the same conditions, sodium has the best heat transfer performance, and its heat transfer coefficient is much larger than that of the other three liquid metals. The sodium-potassium alloy has the strongest natural circulation ability, and its flow velocity is higher than other liquid metals.

(2) The flow rate and outlet temperature of liquid metal are hardly affected by pressure. The heat transfer coefficient of liquid sodium and sodium-potassium alloy is affected by pressure. The heat transfer coefficient of sodium is affected by the power-pressure interaction and the contribution rate is about 32.73%. Therefore, the pressure affects the heat transfer coefficient by coupling with the power. For sodium-potassium alloys, the pressure affects the heat transfer coefficient by coupling with the inlet temperature. For lead and lead-bismuth alloy, there is no interaction between pressure and power or temperature, so their heat transfer coefficients have little change with pressure.

(3) For the heat transfer coefficient of four liquid metals, the power is the factor that contributes the most. The contribution rate of power to the heat transfer coefficients of liquid sodium, sodium-potassium alloy, lead and lead-bismuth alloy reached 40.16, 78.16, 97.95, and 92.19%, respectively. In addition to lead, the heat transfer coefficients of sodium, sodium-potassium alloy, and lead-bismuth alloy are affected by the interaction between the factors. Therefore, in improving the heat transfer coefficient of sodium, sodium-potassium alloy, and lead-bismuth alloy, it is not possible to simply analyze the influence of one of the factors, and it is necessary to comprehensively consider the coupling between the factors.
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