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In order to improve the core power density of liquid metal reactors, narrow rectangular fuel assemblies are typically used, which have obvious advantages in heat transfer capacity. However, the flow and heat transfer characteristics in coolant passage need to be studied. In this article, the numerical simulation analysis model obtained earlier was applied to calculate the Nusselt number, friction factor, with different Reynolds number, Prandtl number, or Peclet number of lead bismuth flow in a narrow rectangular channel under high heat flux. A heating correction factor was proposed and a flow resistance model was established for high heat flux. The influencing factors of ultra-high flux reactor core, such as gap size, flow direction, single and double sided heating conditions, on the flow and heat transfer in narrow rectangular channels were explored. The results showed that gap size and aspect ratio have a certain impact on the Nu and f of narrow rectangular channels, but the influence is relatively small within the narrow rectangular channel condition range. The influence of flow direction on flow and heat transfer is minimal, the single and double sided heating conditions will bring about a difference of about 20% in Nu and a difference of about 2.5% in f. In addition, the type of liquid metal will also affect the results. The research can provide reference for the thermal design and optimization of ultra-high flux reactor cores.
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1 INTRODUCTION
Fast neutron reactors are the main reactor type of the fourth generation advanced nuclear energy system in the world. Compared with previous generations of nuclear energy systems, they have obvious advantages such as good safety, less waste (Böröczki et al., 2022). The performance of nuclear fuels and structural materials, especially their irradiation performance, has always been an important foundation for the development of new nuclear energy systems (Feng et al., 2021; Saoudi et al., 2022). The irradiation test capability of the research reactor is mainly determined by the Neutron flux level. In the above context, our institute proposed a liquid metal high flux fast neutron research reactor design, namely, the Ultra High Flux Reactor (UFR), to accelerate the development of fast reactor material technology (Zhang et al., 2022a).
Under high-performance design requirements, the narrow rectangular-fuel assembly was adopted in UFR with higher heat exchange capacity (Park et al., 2021). Unlike the coolant channel form of rod bundle fuel assemblies, the coolant channel is narrow rectangular with a channel gap of only 2–3 mm. The flow and heat transfer mechanism of liquid metal, a low Prandtl number fluid, in narrow slits is bound to be significantly different from conventional situations (Zhang et al., 2020). The flow and heat transfer characteristics of liquid metal in narrow rectangular channels are crucial for this new core design. In addition, the heat flux of the coolant flow channel in the core can reach up to 3 MW/m2. This can be said to be a very high heat flux in the field of reactor thermal engineering. The high heat flux can cause significant changes in the viscosity of the fluid near the wall, which may affect flow and heat transfer performance.
The important parameters that reflect the flow and heat transfer characteristics are the Nusselt number and frictional resistance coefficient, respectively. Usually, due to the high thermal conductivity of liquid metal and the small wall temperature difference caused by heat flow, the pressure drop of liquid metal in the heating pipeline is calculated using a pressure drop model under adiabatic conditions. For the Nusselt number, it is greatly influenced by the type of coolant and flow channel and boundary condition. Jaeger et al. (Jaeger et al., 2015) summarized the flow and heat transfer experiments of the liquid metal in narrow rectangular channels, which are reflected in a review. Research suggests that a aspect ratio of 10 can be used as a boundary for dividing the heat transfer characteristics of narrow rectangular channels, and two empirical formulas for predicting Nu have been proposed, which are applicable to different aspect ratio ranges (Sineath, 1949; Tidball, 1953; Duchatelle and Vautrey, 1964; Crye et al., 2002). Takahashi et al. (Takahashi et al., 1998) studied the pressure drop and heat transfer characteristics of lithium single-phase fluid in a simple horizontally heated rectangular channel under a horizontal transverse magnetic field in a lithium cooled magnetic confinement fusion reactor. Jiang et al. (Jiang et al., 2023) carried out the numerical analysis on flow and heat transfer characteristics of LBE in narrow rectangular channels. Keshmiri et al. (Keshmiri et al., 2008; Keshmiri et al., 2012)conducted numerical simulations on forced convection heat transfer and mixed convection heat transfer phenomena in the coolant channels of gas cooled reactors, exploring the predictive effects of different RANS models, and comparing direct numerical simulations, large eddy simulations, and RAN methods. The focus of the analysis is on the impacts of the collocation of various models on the Nusselt number, the flow redistribution phenomena, as well as the difference in flow and heat transfer capacity in channels. Our research team recently conducted research on simulation methods for flow and heat transfer of liquid metal in narrow channels, optimized turbulence models, evaluated the applicability of existing Prt models (Aoki, 1963; Reynolds, , 1974; Jischa and Rieke, 1979; Cheng and Tak, 2006; Keshmiri et al., 2008), and proposed a local Prt model and a global Prt model, respectively (Zhang et al., 2022b). The comparison results showed that the local Prt model had better applicability to changes in the cross-section of the flow channel. At present, there is still a lack of research on the flow and heat transfer of liquid metal in narrow rectangular channels. Especially when the heat flux density is very high, conducting experiments is even more difficult. In addition, factors such as single and double sided heating, different channel sizes, and flow directions that occur during core operation can also affect flow and heat transfer. Currently, the mechanism is not clear enough.
Hence, this study will apply the obtained simulation method of liquid metal turbulent heat transfer in narrow rectangular channels obtained from our previous work to conduct a study on the flow and heat transfer characteristics of lead-bismuth fluid in narrow rectangular channels under high heat flux, obtaining the relationship between the Nu, friction resistance with Re, Pr or Pe. Additionally, the influencing factors presenting in ultra high flux reactor core, such as gap size, heating modes and flow directions, etc., on the flow and heat transfer in narrow rectangular channels will be explored. This study will help in refining the pressure drop and heat transfer model, providing a foundational model for the analytical method of core thermal engineering.
2 NUMERICAL METHODS
The selection of numerical models and grid partitioning have been thoroughly discussed and validated in previous studies (Zhang et al., 2022b), and a simplified introduction will also be provided here.
2 1 Turbulent model and solution methods
The standard k-epsilon model, combined with the enhanced wall treatment model was selected to handle boundary layer and mainstream. The turbulent Prandtl number model adopted in this work is the model which proposed in our previous work. It was implanted by UDF. For the solution method, the numerical calculation is based on the Fluent 18.0, which is a typical commercial CFD software. The SIMPLE is adopted as the pressure-velocity coupling scheme. The spatial discretization of pressure adopt the second-order format and of momentum adopt the bounded central differencing format. Using steady-state calculation method, the residual convergence standard is set to 10−6.
2.2 Geometry and boundary conditions
A three-dimensional narrow rectangular channel model is established. The specific geometric dimensions (Reference case) are shown in Table 1. The flowing working fluid is lead-bismuth, and the boundary conditions are shown in Table 2. Physical Parameters of Lead-Bismuth (Concetta, 2015) are shown in Table 3:
TABLE 1 | Geometric dimensions (Reference case).
[image: Table 1]TABLE 2 | Boundary conditions.
[image: Table 2]TABLE 3 | Temperature-dependent correlations for properties of liquid lead-bismuth alloy.
[image: Table 3]The geometric model needs to be meshed before calculation. A structural grid division method was adopted and the boundary layer grid was divided according to the requirements of the numerical model used. The grid independence verification was carried out for the meshing, as follow in Figure 1.
[image: Figure 1]FIGURE 1 | Grid independence verification.
A set of 900,000 grids was selected for calculation finally, balancing economy and accuracy, the grid division method is as follows: evenly divide 300 nodes along the flow direction of the channel; A total of 120 segments are divided in the long side direction of the cross-section, and densification is performed near the wall. The thickness of the first layer of grid is 0.0005 mm, with a growth rate of 1.2; The narrow edge of the cross-section is divided into a total of 40 segments, with a first layer grid thickness of 0.0005 mm and a growth rate of 1.1.
3 RESULTS AND DISCUSSIONS
Firstly, the flow and heat transfer characteristics of lead bismuth in a narrow rectangular channel under high heat flux were obtained, and then the influence of some factors in core design on the flow and heat transfer characteristics was analyzed.
3.1 Characteristics of heat transfer
Figure 2 shows the distribution of temperature and velocity within the narrow gap under different heat fluxes. Figure 3 shows the distribution of temperature and velocity within the narrow gap under different inlet flow velocities. The position of the value is 350 mm along the flow direction. The results show that heat flux has a significant impact on the temperature difference between the heating wall and the mainstream, has a small impact on the distribution of flow velocity. And the inlet velocity has a small impact on the temperature difference between the heating wall and the mainstream.
[image: Figure 2]FIGURE 2 | The temperature distribution (A) and velocity distribution (B) in narrow gap under different heat fluxes (Tin = 180°C, Vin = 4 m/s, x = 350 mm).
[image: Figure 3]FIGURE 3 | The temperature distribution (A) and velocity distribution (B) in narrow gap with different inlet velocity (Tin = 180°C, Q = 2.75 kW/m2, x = 350 mm).
It is known that the Nusselt number is a function of Peclet number. Hence, the Nusselt numbers for the lead bismuth flowing in a narrow rectangular channel with different Peclet numbers were calculated, as shown in Figure 4. In addition, the reliability of this simulation method can be demonstrated by comparing the simulation results with the experimental data of mercury flow and heat transfer in a narrow rectangular channel. The results show that there is still a positive correlation between the Nusselt number and the Peclet number, showing similar characteristics to the mercury (Crye et al., 2002). The impact of high heat flux on heat transfer is not reflected.
[image: Figure 4]FIGURE 4 | The Nusselt numbers with different Peclet numbers.
3.2 Characteristics of pressure drop
The pressure drop characteristic is mainly reflected in the friction factor, which is mainly divided into adiabatic friction factor and non adiabatic friction factor of the channel. Generally, the friction factor under heating conditions is modeled based on the adiabatic friction factor. Therefore, it is necessary to first obtain an adiabatic friction factor prediction model, and then analyze the friction factor calculation results under heating conditions.
3.2.1 The adiabatic friction factor
The pressure drop of a channel with fluid flow can be calculated by Eq. 1.
[image: image]
The acceleration pressure drop [image: image] for adiabatic flow is 0, the elevation pressure drop [image: image] can be calculated by Eq. 2:
[image: image]
[image: image] in the form loss and it is also 0 here.
The single-phase friction factor can be calculated by the Darcy-Weishbach formula as Eq. 3:
[image: image]
As well known, some correlations were proposed to predict the single-phase adiabatic friction factor. The commonly used for turbulent flow are as Eqs 4, 5:
McAdams correlation:
[image: image]
Blasius correlation:
[image: image]
The friction factors of lead bismuth flow in an adiabatic narrow rectangular channel obtained in this study at different Reynolds numbers were compared with the calculation results of existing relationship equations, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | The adiabatic friction factors calculated compared with the existing correlation.
Through the comparison, it can be seen that the CFD calculation value of the adiabatic friction factor is close to the predicted value by Blasius correlation in the region with low Re, and more consistent with the predicted value by McAdams correlation in the region with high Re. Based on the calculated data, an adiabatic friction factor correlation suitable for liquid lead bismuth in narrow rectangular channels was proposed. It is referred to the form of Blasius correlation and McAdams correlation, and fitted according to the following formula as Eq. 6:
[image: image]
The final formula obtained is as Eq. 7, with an error of less than 1.5% compared to the original data.
[image: image]
3.2.2 The friction factor for the heating channel
Currently, considering the good thermal conductivity of liquid metals and the small temperature difference at the wall, calculations for the non-adiabatic friction resistance coefficient in round or square tubes in engineering are based on the adiabatic friction resistance coefficient model. However, for the core of ultra-high flux reactors, which have a high power density, the wall temperature difference reaches up to 100°C. The viscosity of the fluid at the wall decreases at high temperatures, increasing the viscosity difference between the wall and the main fluid. This results in the non-adiabatic friction coefficient being less than the adiabatic friction coefficient at the same Reynolds number. Therefore, it is necessary to consider the temperature difference phenomenon caused by wall heat flux and adjust the friction coefficient formula. Referring to the friction resistance coefficient calculation method for heated water channels, the model form is as Eq. 8, with a correction factor being a power function of the viscosity ratio between the wall and main fluid.
[image: image]
From calculations, it can be known that when the wall temperature difference is around 100°C, the viscosity ratio between the wall and the main fluid is 0.79, [image: image] is approximately 0.96. Therefore, using the non-adiabatic friction factor calculation model can correct an error of about 4% when the wall temperature difference is around 100°C. After calculating multiple data sets (as shown in Figure 6), the value of n is determined to be 0.16 as Eq. 9.
[image: image]
[image: Figure 6]FIGURE 6 | Comparison between calculated values by CFD and the fitting curve.
Viscosity ratio range between the wall and main fluid: 0.75–1.
The friction factor in the heating section obtained from this work is compared with values calculated using the adiabatic friction factor model and the new model, as depicted in Figure 7. The results indicate a significant improvement in prediction for the friction resistance coefficient when using the modified model compared to the original one.
[image: Figure 7]FIGURE 7 | Comparison of the heating section friction factor with calculation results by the model before and after modification.
3.3 Sensitivity analysis of some influencing factors
In this section, several factors existing in the reactor core, including the size of channel, single and double-sided heating conditions, flow directions, type of liquid metal were considered, and their effects on the flow and heat transfer characteristics of lead-bismuth in the narrow rectangular channel with high flux were studied.
3.3.1 Impact of the cross-sectional dimensions
In terms of the size characteristics of narrow rectangular channel, there are two main parameters: firstly, the size of narrow gap, and secondly, the aspect ratio of the cross-section.
3.3.1.1 Impact of the narrow gap
To eliminate the influence of the aspect ratio, the aspect ratio was kept constant. The cross-sectional dimensions of the narrow rectangular channel were set at 2 × 40 mm and 4 × 80 mm. Adjust the length of the inlet section and heating section proportionally according to the size change of the cross-section. Comparison of the Nu and f under different conditions are illustrated in Figure 8, Figure 9, Figure 10.
[image: Figure 8]FIGURE 8 | Impact of the size of narrow gap on Nu.
[image: Figure 9]FIGURE 9 | Impact of the size of narrow gap on [image: image].
[image: Figure 10]FIGURE 10 | Impact of the size of narrow gap on [image: image].
From the figures, it can be seen that when only increasing the gap without changing the aspect ratio, there’s a slight decrease in Nu, but the effect is very minimal. The impact on fad is also negligible and can be ignored. By observing the relationship between f/fad and [image: image] at different size of gap, it can be concluded that a larger gap has a weaker effect from [image: image] on the friction factor.
3.3.1.2 Impact of the aspect ratio
To eliminate the influence of the narrow gap, the narrow gap was kept constant. The cross-sectional dimensions of the narrow rectangular channel were set to 2 × 40 mm and 2 × 60 mm, with aspect ratios of 20 and 30, respectively. Both the inlet and heating sections were set to 200 mm. Comparison of Nu and f under different conditions are illustrated in Figure 11, Figure 12, Figure 13.
[image: Figure 11]FIGURE 11 | Impact of aspect ratios on Nu.
[image: Figure 12]FIGURE 12 | Impact of aspect ratios on [image: image].
[image: Figure 13]FIGURE 13 | Impact of aspect ratios on [image: image] From the figures, it can be observed that only increasing the aspect ratio without changing the gap width, Nu remains relatively unchanged and the influence on [image: image] is negligible. From the relationship off/fad and [image: image] at different gap widths, it is apparent that a smaller aspect ratio has a weaker effect from [image: image] on the friction factor.
Taking into account the combined effects of gap width and aspect ratio, within the confines of a narrow rectangular structure, without altering the aspect ratio, increasing the gap width reduces Nu, whereas decreasing the gap width enhances heat transfer. However, the impact on Nu remains quite minimal. When only increasing the aspect ratio without altering the width, Nu remains unaffected and the heat transfer performance is not compromised. Regarding resistance characteristics, under non-heating conditions, neither parameter has a significant impact on the frictional resistance coefficient. However, under heating conditions, either decreasing the gap width or increasing the aspect ratio will amplify the influence from [image: image] on the frictional resistance coefficient.
3.3.2 Impact of the heating modes
For narrow rectangular fuel assemblies, the edge coolant channel is only heated on one side. Previous studies have focused on double side heating conditions. To analyze the influence of single side and double side heating conditions on flow and heat transfer, the Nu and f for different Re and Pe numbers were calculated for single side and double side heating. Figure 14 shows the effect of single vs double sided heating conditions on Nu, and it can be seen that the Nu of single sided heating is smaller than that of double sided heating. Figure 15 and Figure 16 show the effects of single vs double-sided heating on the friction factor.
[image: Figure 14]FIGURE 14 | Impact of single vs double-sided heating modes on Nu (4 × 80 mm).
[image: Figure 15]FIGURE 15 | Impact of single vs double-sided heating on f (4 × 80 mm).
[image: Figure 16]FIGURE 16 | Impact of single vs double-sided heating on f/fad (4 × 80 mm).
It can be seen that the friction factor of double-sided heating is lower than that of single-sided heating, and is more affected by the wall viscosity ratio. Combined with its impact on Nu, it can be concluded that the flow and heat transfer characteristics of double-sided heating are better than those of single-sided heating. To further investigate, the effect of single and double sided heating on flow and heat transfer in a channel with cross-sectional size 2 × 60 mm was compared, as illustrated in Figure 17, Figure 18, Figure 19.
[image: Figure 17]FIGURE 17 | Impact of single vs double-sided heating modes on Nu (2 × 60 mm).
[image: Figure 18]FIGURE 18 | Impact of single vs double-sided heating on f (2 × 60 mm).
[image: Figure 19]FIGURE 19 | Impact of single vs double-sided heating on f/fad (2 × 60 mm).
From the above, it can be deduced that in narrow rectangular channels with cross-sections of 4 × 80 mm and 2 × 60 mm, the Nu for single-sided heating is about 20% lower than that of double-sided heating, and the friction factor is approximately 2.5% higher. Consequently, under the same power, the fluid heat transfer performance of single-sided heating is noticeably inferior to double-sided heating. Furthermore, by comparing the relationship of f/fad and [image: image] under different heating conditions, it is evident that the influence from [image: image] on the friction factor is weaker for single-sided heating method than double-sided heating method.
3.3.3 Impact of the flow direction
In the design of ultra-high-flux reactor cores, downward flow is adopted under forced circulation, while upward flow is used under natural circulation. The downward flow is not commonly found in current research, and it remains unclear whether the direction of flow has an impact on flow and heat transfer. This section analyzed the effect of flow direction. Calculations were performed for three different Re and Pe number cases under upward, downward, and horizontal flow directions. The comparative results for Nu and f are presented in Table 4.
TABLE 4 | Impact of flow direction on Nu and f.
[image: Table 4]The relative deviation in the table refers to the deviation from the Nu calculation results for horizontal fluid. Through the comparison, it can be observed that the flow direction has certain effects on Nu and the friction factor. Among them, the upward fluid has the smallest Nu and the least friction factor. Downward fluid has the largest Nu and the highest friction factor. However, there is no clear pattern regarding the effects of Re and Pe on relative deviation. Within the conditions studied in this paper, while the flow direction does have an impact, the degree of influence is very minimal and can be disregarded in engineering practices.
3.3.4 Impact of the kinds of liquid metals
This section explores the impact of different kinds of liquid metals on the flow and heat transfer in a rectangular channel. The Nu and f for liquid lead-bismuth (Pr ≈ 0.03) and mercury (Pr ≈ 0.02) under the same channel (Figure 20; Figure 21). It is evident that the kind of liquid metal does not impact on the adiabatic friction factor, but it does have certain effects on the heat transfer coefficient. The Nu for lead-bismuth is higher than that for mercury, with a relative difference of about 3%.
[image: Figure 20]FIGURE 20 | Friction resistance coefficient comparison for different liquid metals.
[image: Figure 21]FIGURE 21 | Comparison of Nu for different liquid metals.
4 CONCLUSION
In this study, the flow and heat transfer characteristics of lead-bismuth fluid in narrow rectangular channels under high heat flux, obtaining the relationship between the Nu, friction resistance with Re, Pr or Pe was investigated. Additionally, the impact of several factors existing in ultra high flux reactor core, such as gap size, heating modes and flow directions, etc., on the flow and heat transfer in narrow rectangular channels were explored. The conclusions gained as follows.
1) It is necessary to consider the temperature difference phenomenon caused by the high heat flux at wall and adjust the friction factor formula. Results indicate a significant improvement in prediction for the friction factor when using the modified factor compared to the original one.
2) Decreasing the gap width can enhance heat transfer. Under heating conditions, either decreasing the gap width or increasing the aspect ratio will amplify the influence from [image: image] on the frictional resistance coefficient.
3) Under the same power, the fluid heat transfer performance of single-sided heating is noticeably inferior to double-sided heating. and it is evident that the influence from [image: image] on the friction factor is weaker for single-sided heating method than double-sided heating method.
4) Within the conditions studied in this paper, the impact of flow direction is very minimal and can be disregarded in engineering practices.
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Upward 14.0057 0.01972 0840683 -00113
) Re = 89,135, Pe = 2,567

Horizontal 150913 0.01834 0788691 —

Downward 15.0924 0.01835 0788702 0.0074

Upward 15.0904 0.01833 0788681 ~00134
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Section width 2 mm

Section length 40 mm
Channel length (inlet section) 200 mm
Channel length (heating section) 200 mm

Heating method

Double sided uniform heating
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