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A printed circuit heat exchanger (PCHE) can offer superior performance in area concentration and heat transfer efficiency. A PCHE with a liquid lead–bismuth eutectic (LBE) and supercritical carbon dioxide as working media can use these materials as intermediate heat exchangers in lead–bismuth eutectic-cooled reactors to reduce facility size and improve economy. To ensure the reliability of a numerical simulation for a liquid LBE in PCHE channels, the flow and heat transfer characteristics of a liquid LBE were investigated in a single D-type channel. The existing turbulent Prandtl number [image: image] models and the shear‒stress transport (SST) [image: image] model were evaluated first by using experimental liquid metal data. Then, a suitable [image: image] model was proposed for the numerical simulation of the liquid LBE. Finally, the flow and heat transfer characteristics of the liquid LBE were studied in D-type straight channels and D-type zigzag channels. The study presented the effects of flow velocity, wall heat flux, equivalent diameter and zigzag channel angle on the flow resistance and heat transfer characteristics. Meanwhile, a heat transfer correlation suitable for a D-type straight channel was also proposed. The research results in this paper lay a good foundation for the development of PCHEs with an LBE as the working fluid.
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1 INTRODUCTION
Liquid–metal cooled nuclear reactors are recognized as promising generation-Ⅳ reactors due to their low melting point, high boiling point, excellent heat absorption capacity, high molecular heat conduction, good neutron performance and radiation resistance. Moreover, the liquid lead alloy (typically a liquid lead–bismuth eutectic) offers good passive safety characteristics and superior economy as a coolant for nuclear reactors (Roelofs et al., 2019). The main characteristics of typical lead-based fast reactors (LFRs) worldwide have been summarized by Zhang et al. (2020). They noted the current challenges in their development and discussed the research progress of four main thermohydraulic aspects.
The flow and heat transfer characteristics of liquid lead–bismuth eutectics (LBEs) have been studied extensively by experiments and numerical simulations. An experiment considering a 19-pin hexagonal rod bundle cooled by a forced-convective LBE was completed at the Karlsruhe Liquid Metal Laboratory (KALLA) (Pacio et al., 2016). Their experimental results had good repeatability in the uncertainty range, and correlations for predicting the drag coefficient and Nusselt number [image: image] were recommended. Moreover, research on the flow and heat transfer characteristics of a liquid LBE in annular channels has been conducted. An experimental investigation in the annular channel showed that the flow and heat transfer characteristics of a liquid LBE are obviously influenced by gas injection (Zhu et al., 2019). To overcome these experimental limitations, numerical simulations have been widely applied in analysing heat transfer characteristics. The RANS method and turbulent viscosity model were used to predict the forced convective heat transfer of a liquid LBE (Thiele and Anglart, 2013). Turbulent heat fluxes were modelled with a simple gradient diffusion hypothesis (Marocco et al., 2017), and the results showed that the turbulent Prandtl number [image: image] can be locally evaluated either with a correlation or by solving some additional transport equations. Furthermore, mixed large eddy simulation (LES) and direct numerical simulation (DNS) methods were also used to calculate the mixed convection of a liquid metal (Marocco and Garita, 2018), and the difference between the forced and assisted convection for the liquid metal was assessed at the same Reynolds number in detail. In addition, the flow and heat transfer characteristics of a liquid LBE in circular pipes were extensively studied. The heat transfer characteristics of a liquid LBE were also studied by experiments and numerical simulations methods in circular pipes (Chen et al., 2013). First, the numerical simulation results of different [image: image] models were evaluated. Then, they recommended a [image: image] model suitable for a liquid LBE in their investigation. The standard [image: image] model was adopted to analyse the heat transfer and flow characteristics of a liquid LBE in circular tubes under different heat flux conditions (Guo and Huai, 2013). The research results showed that the heat transfer entropy generation rate decreased with increasing Peclet number [image: image], and the fluid friction entropy generation rate increased. The direct numerical simulation method was used to calculate the liquid LBE in a vertical heating tube (Zhao et al., 2018). The study showed that when the turbulence attenuation increases with increasing buoyancy, the surface friction coefficient decreases significantly, and [image: image] decreases slightly. The physical properties of 12 liquid metals were collected and analysed by Jaeger (2016), and the heat transfer correlations in circular tubes, rectangular channels and circular channels were evaluated and compared with the experimental data. Moreover, the influence of inlet on heat transfer characteristics was analysed (Jaeger 2017). Jaeger predicted that the heat transfer at the inlet is 100% higher than that at the fully developed fluid and emphasized that optimizing the heat exchanger structure is helpful when strengthening the heat transfer.
In a nuclear reactor, heat is transferred from the primary circuit to a secondary circuit through an intermediate heat exchanger, and a regenerator is arranged in the second loop. The intermediate heat exchanger and the regenerator take the form of a shell and tube heat exchanger. This configuration requires that both heat exchangers have high heat transfer efficiency, and the safety of the heat exchangers must be guaranteed. Usually, shell and tube heat exchangers are used in conventional nuclear power plants. In recent years, the application of gas Brayton cycle power generation systems in liquid metal reactors has attracted extensive attention. Therefore, the characteristics between liquid metals and gas have been investigated. A numerical simulation method was used to analyse the characteristics of heat transfer and flow resistance between a liquid LBE and helium (Chen et al., 2013). Wang et al. (2017) experimentally investigated the heat transfer characteristics of a liquid LBE and helium in a heat exchanger, and the influences of inlet temperature and inlet fluid mass flow rate on the total heat transfer coefficient were analysed. Liu et al. (2018) designed a noncontact double-wall straight tube heat exchanger for a Kylin-II circuit, and the SST [image: image] model was adopted to calculate the flow rate and temperature distribution of a liquid LBE in the heat exchanger. However, shell and tube heat exchangers are traditional heat exchanger equipment and cannot offer superior performance in area concentration and heat transfer efficiency.
It is well known that the heat needed to be recovered in the gas Brayton cycle is considerable, so the heat exchange efficiency and size of the regenerator are more prominent (Xu et al., 2020). Compared with shell and tube heat exchangers, printed circuit heat exchangers (PCHEs) have been applied in thermal power and solar power generation systems because of their high heat exchange efficiency, small size and high safety. The development of supercritical carbon dioxide flow and heat transfer characteristics have been classified and summarized in PCHEs according to experimental and numerical simulation results (Huang et al., 2019). An experimental study was conducted on a PCHE regenerator with discontinuous biased rectangular and airfoil fins (Pidaparti et al., 2019), and the local and average heat transfer coefficients and pressure drops under different operating conditions related to the supercritical carbon dioxide (SCO2)-Brayton cycle were measured. Li et al. (2019) studied the influence of inlet temperature and pressure of SCO2 on the overall heat transfer performance of a sawtooth finned PCHE, and an evaluation method was proposed for the overall heat transfer performance considering the influence of operating temperature and pressure. Aneesh et al. (2018) performed a numerical analysis on a simplified numerical model of a single-row PCHE in a helium–helium countercurrent loop and studied the properties of local flow and heat transfer in a periodic channel. Saeed and Kim, 2017 performed a regional optimization of a SCO2 PCHE, which significantly reduced the computation time without affecting the accuracy of the solution.
Most of the literature above has shown PCHEs used as regenerators in the Breton cycle, and the heat transfer characteristics were mainly studied between gases. However, there are few studies on PCHEs as intermediate heat exchangers for primary and secondary circuits of nuclear reactors. The thermal-hydraulic performance of a PCHE was studied with FLiNaK and helium as working fluids (Kim and Sun. 2014), and a reasonable PCHE design method was proposed. FLiNaK and carbon dioxide as working fluids were considered in a PCHE by Kim et al. (2016). They evaluated the influences of the different channel types on economy and proposed the best kinds of channel configuration for PCHEs. To obtain the heat transfer characteristics of SCO2 and liquid metal in PCHEs, Cong et al. (2021) performed a numerical simulation on liquid metal sodium and SCO2 by using SST [image: image] and Abid low Reynolds [image: image] turbulence models for SCO2 and sodium domains, respectively. They compared the heat transfer coefficient and friction coefficient calculated by numerical simulation with the empirical correlation. It was concluded that the mass flow and inlet working medium temperature have a significant influence on the heat transfer of the two kinds of working fluids.
At present, model tests and numerical simulations of liquid LBEs are widely performed in circular pipes, annular channels or outside tube bundles. Meanwhile, the heat transfer characteristics of fluids in the D-type channels of PCHEs are mainly focused on fluids such as supercritical carbon dioxide, helium and sodium. Nevertheless, no experimental data or simulation results for the flow and heat transfer characteristics of a liquid LBE in D-type channels have been published thus far. In the current work, to predict the convective heat transfer characteristics of a liquid LBE, a numerical simulation method with the SST [image: image] model was performed in a single D-type channel of a PCHE. A new [image: image] model was proposed that is suitable for the numerical simulation of a liquid LBE. Meanwhile, a new correlation for calculating the heat transfer of D-type channels was also proposed. These research results can be used for developing a liquid metal PCHE that can be applied to a generation-reactor.
2 NUMERICAL CALCULATION MODELS AND METHODS
2.1 Geometry of the D-type channel
A PCHE is fabricated by flat metal plates with photochemically etched D-type channels. The diameter of the D-type channel is generally 1–2 mm. Compared with shell and tube heat exchangers, the PCHE has a smaller size and superior heat transfer efficiency; the diffusion welding process is used to ensure safety. In this paper, the heat transfer and resistance characteristics of D-type channels with different equivalent diameters are studied by a numerical simulation method. Based on the operational experience of a Russian liquid lead–bismuth reactor, it is believed that the liquid flow rate should be less than 2 m/s because mechanical corrosion can become a serious problem when the fluid velocity is high, especially for liquid heavy metals (Zhang et al., 2013). Therefore, the flow and heat transfer characteristics of the liquid LBE were studied at velocities of 0.2–2.2 m/s in this paper. The structural details of the D-type channel are shown in Figure 1. A shows a straight channel model, B and C show zigzag channels with different angles, and D shows a cross section of the D-type channel. Numerical simulation working conditions and the structural details for the D-type channels are described in Table 1.
[image: Figure 1]FIGURE 1 | Geometry of the D-type channel.
TABLE 1 | Numerical simulation working conditions for the D-type channels.
[image: Table 1]2.2 Governing equations for flow and heat transfer
In recent years, computational fluid dynamics (CFD) has been widely used in the prediction of flow and heat transfer characteristics of liquid metals. Under the condition of constant wall heat flux, the [image: image] model was used to evaluate [image: image] in a two-dimensional model by Cheng and Tak. (2006); they proposed Cheng’s [image: image] model. The [image: image] model was also adopted to calculate the heat transfer of a liquid LBE in a three-dimensional circular pipe (Chen et al., 2013); they evaluated [image: image] models and suggested correlations of [image: image] and [image: image]. However, the near-the-wall function was used to estimate the heat transfer in the [image: image] model, which cannot accurately calculate the heat transfer of the fluid in the viscous sublayer. The real heat transfer of the fluid in the viscous sublayer is bound to affect the accuracy of the numerical simulation results. Therefore, it is necessary to reassess the [image: image] model of a liquid LBE in the near wall. Although direct numerical simulation (DNS) and large eddy simulation (LES) can well calculate the real flow and heat transfer of a fluid near a wall, they are not suitable for engineering projects due to the large grid quantity. The [image: image] model can be used to calculate the flow and heat transfer characteristics of a fluid near a wall; however, the [image: image] model is used to calculate the flow and heat transfer characteristics of the fluid outside the boundary layer. Moreover, the computational resources required by the [image: image] model are far less than those of the DNS and LES. The [image: image] model is considered an advantageous computational model for future engineering applications.
To comprehensively assess the applicability of the [image: image] models and study the flow and heat transfer characteristics of a liquid LBE, the SST [image: image] model was adopted. The SST [image: image] model can not only accurately calculate the flow and heat transfer in the viscous sublayer but also avoid the sensitivity of the standard [image: image] model to incoming flow (Menter. 1993). The solved governing equations are as follows:
Mass equation:
[image: image]
Momentum equation:
[image: image]
Energy equation:
[image: image]
where [image: image], and [image: image] are the density, velocity, pressure, laminar viscosity, turbulent viscosity, thermal conductivity, temperature, specific heat, deviatoric stress tensor, total energy, source items, stress tensor, and turbulent Prandtl number, respectively.
Shear‒stress transport (SST) k–ω equations:
[image: image]
[image: image]
where [image: image] represents the production rate of turbulence due to the mean velocity gradients, [image: image] represents the production [image: image], [image: image] represents the dissipation of [image: image] due to turbulence, [image: image] represents the dissipation of [image: image] due to turbulence, and [image: image] and [image: image] represent source items for the user. [image: image] represents the turbulent Prandtl number for turbulent kinetic energy [image: image], and [image: image] represents the turbulent Prandtl number of specific dissipation rate [image: image].
[image: image]
where [image: image] can reduce the viscosity of turbulence to correct for low Reynolds number
[image: image]
where [image: image] , [image: image], [image: image], and [image: image].
At a high Reynolds number, [image: image]. To accurately calculate the influence of the turbulent Prandtl number ([image: image]) on heat transfer characteristics at low Reynolds numbers, turbulent shear stress should be considered in the definition of turbulent viscosity in the SST [image: image] model. The calculation method of [image: image] is given in Eq. 8. This model is more accurate and reliable than the standard [image: image] model and has a wider application range.
Turbulent viscosity:
[image: image]
[image: image]
[image: image]
where y is the distance to the next surface.
The constants in the SST [image: image] turbulence model are presented in Table 2. More details on the SST [image: image] model can be found in Menter (1994).
TABLE 2 | Constants used in the turbulence models.
[image: Table 2]3 ASSESSMENT OF HEAT TRANSFER CORRELATIONS AND [image: image] MODELS
3.1 Assessment of heat transfer correlations
For liquid metals, numerous correlations have been proposed for convective heat transfer calculations by theoretical analysis and experimental research. Universally, the Nusselt number [image: image] is expressed as a function of the Prandtl number [image: image] and Peclet number [image: image]. The correlation of heat transfer is given in the following.
[image: image]
where [image: image], [image: image], [image: image], and [image: image] are all constants.
Johnson et al. (1953), Buhr et al. (1968) and Ibragimov et al. (1962) used experimental methods to investigate the heat transfer characteristics of a liquid LBE in a vertical circular pipe, and they obtained experimental data in the range of 200–10,000. The experimental data and their fitted curves are presented in Figure 2. The correlations proposed by scholars are summarized in Table 3; a comparison between the fitted curves of the experimental data and the correlations proposed by scholars is shown in Figure 3.
[image: Figure 2]FIGURE 2 | Experimental data and the fitted curve.
TABLE 3 | Convective heat transfer correlation for liquid metals.
[image: Table 3][image: Figure 3]FIGURE 3 | Comparison of heat transfer correlations and the fitted curve in Figure 2.
As seen in Figure 2, the calculation results of the correlations proposed by Lyon. (1951), Stromquist (1953), Azer and Chao. (1961), Skupinski et al. (1965), Chen and Chiou. (1981), Sleicher et al. (1973) and Subbotin et al. (1963) are larger than the fitted curve, and the deviations are large. The calculated result of the correlation proposed by Ibragimov et al. (1962) is less than the fitted curve. Therefore, these models are not effective in describing the turbulent heat transfer of liquid metals. The heat transfer correlation proposed by Cheng and Tak. (2006) is in piecewise form. When [image: image] is less than 1,000, the correlation proposed by Kirillov et al. (2001) is adopted. When [image: image] is more than 2000, Stromquist’s correlation is recommended. When [image: image], a new correlation was reproposed. The maximum deviation between Cheng’s model and the fitted curve is less than 13.5%. Figure 3 shows that the correlations proposed by Kirillov agree well with the calculated results of the fitted curve, and the maximum deviation is less than 10%. Through comparative analysis, it is recommended to use the correlation proposed by Kirillov to assess the [image: image] model for a liquid LBE under the condition of constant wall heat flux.
3.2 Assessment of [image: image] models
The melting point of the liquid LBE is 125°C, and the physical properties of the liquid LBE are only a function of temperature (Organisation For Economic Co-Operation And Development Nuclear Energy Agency, 2015). At atmospheric pressure, the physical parameters of the liquid LBE are completely different from those of conventional fluids such as air and water. The density of the liquid LBE is 12,500–35,000 times that of air and 20,000–55,000 times that of water in the range of 150–1,000°C. The Prandtl number [image: image] of the liquid LBE is 6.5‰–6.5% for air and 5‰–4.3% for water. The thermal conductivity of the liquid LBE is 285–300 times that of air and 170–350 times that of water. The variation trends of the liquid LBE, air and water vapour with temperature are shown in Figure 4. The [image: image] of the liquid LBE is much smaller than that of a conventional fluid, but its thermal conductivity is three orders of magnitude higher than that of a conventional fluid. As a result, the fluid molecular thermal conductivity still dominates, even in a turbulent flow state. Therefore, the [image: image] model applied to a conventional fluid is no longer suitable for a liquid LBE.
[image: Figure 4]FIGURE 4 | Variation in the physical properties of liquid LBE, air and water with different temperatures.
3.2.1 Turbulent Prandtl number model
For conventional fluids, [image: image] is defined as the ratio of kinematic viscosity to thermal diffusivity, which reflects the comparison between momentum diffusion and thermal diffusivity. Similar to the molecular Prandtl number, [image: image] is defined as the ratio of momentum vortex diffusivity to heat transfer vortex diffusivity. The correlation of [image: image] is calculated according to Eq. 12 (Kays et al., 2004). To accurately calculate [image: image], data such as the gradient of the mean temperature and velocity, turbulent shear stress and turbulent heat flux should be measured. In general, turbulent heat transport is strictly analogous to turbulent momentum transport (Groetzbach. 2003).
[image: image]
where [image: image] represents momentum vortex diffusivity, [image: image] represents heat transfer vortex diffusivity, and [image: image], [image: image], and [image: image] are the average velocity and temperature.
To obtain more accurate prediction results, the SST [image: image] model is used to assess the [image: image] models, which are summarized in Table 4, including the constant model with [image: image] = 0.85.
TABLE 4 | Turbulent Prandtl number models of liquid metals.
[image: Table 4]The [image: image] models proposed by Cheng, Aoki, Reynolds and Jischa are a series of global parameters related to flowing/transport conditions, such as [image: image], [image: image] (or [image: image]), which are equivalent to a fixed value on a certain cross section and do not involve the local spatial distribution of parameters. The [image: image] model proposed by Kays is a function of the turbulent [image: image] number, as shown in Table 4. The turbulent [image: image] number is a function of the turbulent viscosity ratio and [image: image], which is shown in Eq. 13. The turbulent viscosity ratio is a local spatial parameter that needs to be extracted and updated in each simulation iteration during the numerical calculation. Duponcheel et al. (2014) verified that the Kays model was the best choice, which was in good agreement with LES results, but there is still a large discrepancy between the experimental data and the calculated results using the [image: image] model. To improve the prediction accuracy of the heat transfer of the liquid metal, the Kays model was modified, and the constant 0.7 was replaced by 3.5 in the Kays model, the improved model was then proposed as shown in Eq. 14. The numerical simulation result of [image: image] calculated by Eq. 14 agrees with the correlation best, and the numerical results comparison of each [image: image] model can be found in Figure 5. The Eq. 14 can be applied to liquid metal sodium, lead-bismuth eutectic, sodium-potassium alloy and mercury.
[image: image]
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[image: Figure 5]FIGURE 5 | Comparison between the calculation results of 7 [image: image] models and Kirillov’s correlation.
3.2.2 Assessment of the [image: image] model
3.2.2.1 Mesh independency verification
The physical properties of the liquid LBE, such as viscosity, specific heat, thermal conductivity and density, are based on the thermophysical relationships recommended in the guidance manual prepared by the Organization for Economic Cooperation and Development and Nuclear Energy Agency (OECD/NEA) (Organisation For Economic Co-Operation And Development Nuclear Energy Agency, 2015). In this paper, the [image: image] models of the liquid LBE were evaluated in a vertical circular pipe. The geometry of the circular pipe and the calculation boundary conditions are described in Table 5.
TABLE 5 | Geometry and numerical calculation boundary conditions.
[image: Table 5]The structured mesh with O-type division is adopted for the calculation model, and the grid quantity of meshes ranges between 346,500 and 957,500. The number of boundary layers is set to 10, y+<1, and the [image: image] number is assumed to be 0.85. Without considering the influence of gravity, the pressure drops and [image: image] of liquid LBE with different grid quantities are obtained by numerical simulation. The calculation results are shown in Table 6.
TABLE 6 | Grid independence verification.
[image: Table 6]The calculation results show that with the increase in the grid quantity, the difference in liquid LBE pressure drops and [image: image] decreases. The [image: image] deviations between the grid quantity of 630,500 and 770,000, 770,000 and 927,500 are less than 1%, and the pressure drop deviations are less than 1.7%, which indicates that the three grids are independent. Considering both the accuracy and the speed of the numerical simulation, the model with a grid quantity of 770,000 was selected to calculate the flow and heat transfer characteristics of the liquid LBE in a circular pipe.
3.2.2.2 Assessment of [image: image] models
In the present study, 7 [image: image] models were assessed by a numerical simulation method. The comparison between the calculation results and the correlation proposed by Kirillov is shown in Figure 5. The [image: image] number varies from 200 to 2,500. Under the same conditions of constant wall heat flux and inlet temperature conditions, numerical results show that [image: image] increases with increasing fluid velocity and [image: image] number. When [image: image] is larger than 500, the [image: image] calculated by the improvement model is in good agreement with the correlation proposed by Kirillov. When the [image: image] number is less than 500, the deviation with Kirillov’s correlation is less than 10%, and as the PE number decreases, the calculation results of each Prt model have little difference.
To further verify the applicability of the [image: image] models at constant heat flux conditions, the numerical simulation was performed considering the changes in fluid temperature, wall heat flux, pipe tilt angle, and pipe diameter. As seen in Figure 6A, the results show that [image: image] increases with increasing wall heat flux when the fluid velocity and inlet temperature are constant, and the deviation between [image: image] calculated by numerical simulation and Kirillov’s correlation is less than 1.4%. Figure 6B shows that [image: image] decreases with increasing inlet temperature when the wall heat flux and fluid velocity are constant, and the maximum deviation between [image: image] calculated by numerical simulation and Kirillov’s correlation is less than 1.3%. Figure 6C illustrates that [image: image] basically did not change with increasing tube tilt angle when the wall temperature, fluid velocity and inlet temperature were constant, and the deviation between [image: image] calculated by numerical simulation and Kirillov’s correlation was less than 0.3%. Figure 6D shows that [image: image] increases with increasing pipe diameter when the inlet fluid temperature, wall heat flux and fluid velocity are constant, and the deviation between [image: image] calculated by numerical simulation and Kirillov’s correlation is less than 4.7%. The research results show that when the inlet temperature, wall heat flux, fluid velocity, tilt angle and pipe diameter change under the condition of constant wall heat flux, [image: image] calculated by the improvement model agrees well with the correlation proposed by Kirillov. The applicability of numerical methods and model have been verified with experimental data in circular channel. The Configuration of D-type channel is different from Circular channel. In this paper, the improvement [image: image] model was used to calculate the flow and heat transfer characteristics of the liquid LBE in the D-type channel.
[image: Figure 6]FIGURE 6 | Variation of [image: image] with wall heat flux, inlet temperature, tilt angle and diameter.
4 RESULTS AND DISCUSSION
4.1 Variation in the velocity and heat transfer characteristics of a D-type straight channel
Taking a D-type straight channel with an equivalent diameter of 3.05 mm as an example, when the fluid velocity varies from 0.2 to 2.2 m/s and the inlet temperature of the liquid LBE and the wall heat flux are constants, the calculated results of the flow and heat transfer characteristics are analysed. Figure 7 shows that the centre flow velocity of the D-type channel reaches the maximum when L/D is equal to 30. If the inlet fluid velocity is less than 1.0 m/s, the flow velocity decreases rapidly. When L/D is equal to 40, the flow velocity reaches a stable value, indicating that the liquid LBE has fully developed. When the fluid velocity is greater than 1.0 m/s, the fluid velocity reaches the maximum value and then maintains the stable value directly. Figure 8 illustrates that if the fluid velocity is low, the thickness of the boundary layer in the channel is large, and the heat transfer coefficient of the fluid fluctuates along the pipe length. When the flow velocity is greater than 1.0 m/s, the heat transfer coefficient of the fluid along the pipe length decreases to a certain value and then tends to be stable.
[image: Figure 7]FIGURE 7 | Variation in the velocity ratio along the circular tube.
[image: Figure 8]FIGURE 8 | Variation of [image: image] along the circular tube.
4.2 Analysis of the heat transfer characteristics of liquid LBE in straight channels
The liquid LBE in D-type channels with equivalent diameters of 1.53 mm, 3.05 mm, 4.58 mm and 6.1 mm were studied by a numerical simulation method, and the effects of diameters, fluid velocity, inlet temperature and wall heat flux on the heat transfer characteristics were analysed. As seen in Figure 9A, the calculation results show that [image: image] decreases gradually with decreasing diameter of the D-type channel at the given boundary conditions; however, the convective heat transfer coefficient increases gradually. This indicates that the microchannel heat exchanger has the advantage of a strong heat transfer capacity. The model with an equivalent diameter of 3.05 mm was adopted to analyse the effects of thermophysical properties on liquid LBE. Figure 9B illustrates the effect of the velocity on the heat transfer characteristics. The heat transfer coefficient and [image: image] of liquid LBE increase with increasing flow velocity. With the increase in flow velocity, the turbulent characteristics of the liquid LBE will be enhanced, which can effectively further strengthen the convective heat transfer characteristics of liquid LBE. Figure 9C shows that with the absolute value increase of the wall heat flux, the heat transfer coefficient of liquid LBE decreases greatly; however, [image: image] decreases slightly. When the absolute value of the wall heat flux increases, the temperature difference between the fluid and the wall gradually increases, so [image: image] only changes slightly. As shown in Figure 9D, the convective heat transfer coefficient of liquid LBE gradually increases with increasing fluid inlet temperature, but [image: image] slightly decreases. This indicates that if the fluid inlet temperature increases, the temperature difference between the fluid and wall gradually decreases, and the convective heat transfer characteristics of liquid lead–bismuth are strengthened.
[image: Figure 9]FIGURE 9 | Variation of the heat transfer coefficient and [image: image] with diameter, velocity, wall heat flux and inlet temperature.
Compared with the circular tube, for the special structural form of the D-type channel, under the condition of constant wall heat flux, the liquid LBE convective heat transfer correlation was proposed. The equation shown in Eq. 17. The application scope of [image: image] is from 100 to 1,500, the application scope of [image: image] is from 8,000 to 130,000, the application scope of temperature is from 200°C to 550°C, and the fitting variance is 0.956.
[image: image]
4.3 Analysis of the heat transfer characteristics of liquid LBE in the zigzag channel
Generally, the design of a special structure can strengthen the heat transfer characteristics of the fluid. Numerical simulation calculation for the heat transfer characteristics of liquid LBE was performed on the straight channel and the zigzag channel at the same boundary conditions. As seen in Figure 10, the wall temperature of the zigzag channel is higher than that of the straight channel at the same flow velocity. The calculation results also show that the wall temperature decreases with increasing flow velocity, and the wall temperature increases with increasing zigzag channel angle. As shown in Figure 11, with increasing fluid flow velocity, [image: image] increases. The [image: image] of liquid LBE in the Z-channel channel is higher than that in the straight channel at the same flow velocity, and the larger the angle of the Z-channel is, the larger the [image: image] of liquid LBE is. According to the analysis of the calculation results, the zigzag channel structure can strengthen the convective heat transfer characteristics of liquid LBE. Therefore, when the flow velocity of liquid LBE meets the requirement, the zigzag channel will be considered to enhance the convective heat transfer, which can effectively reduce the volume of the heat transfer equipment.
[image: Figure 10]FIGURE 10 | Variation in wall temperature along the circular tube for different D-type channels at different velocities.
[image: Figure 11]FIGURE 11 | Variation in [image: image] along the circular tube for different D-type channels at different velocities.
4.4 Analysis of the resistance characteristics of D-type channels
Although the design of the special structure can strengthen the convective heat transfer of the liquid LBE, it also increases the resistance of the fluid. In the current research, numerical simulation calculations were performed on the resistance characteristics of a straight channel with four equivalent diameters. As seen in Figure 12, at specified boundary conditions, the fluid resistance of liquid LBE increases with the velocity. At the same flow velocity, the smaller the equivalent diameter is, the greater the fluid resistance is. Figure 13 shows the resistance characteristics of the straight channel and zigzag channel. When the equivalent diameter of D-type channels and flow velocity are the same, the resistance of the fluid in the zigzag channel is greater than that in the straight channel, and the larger the angle of the zigzag channel is, the greater the resistance of the liquid LBE is, which is more obvious at high flow velocity. At the same zigzag channel angle, the fluid resistance increases with the flow velocity, which is in accord with the variation tendency of fluid resistance in the straight D-type channel, and the increase in fluid resistance is much larger than that caused by the increase in flow velocity in the straight channel. Therefore, if the design of the D-type channel heat exchanger is performed, the flow velocity of the fluid could not be too high, such as the choice of zigzag channel. It is suggested that the angle of the zigzag channel should not exceed 15°; otherwise, the resistance of the heat exchanger will be very large, resulting in the economic decline of the whole heat exchange system.
[image: Figure 12]FIGURE 12 | Variation in the pressure drop along the circular tube for different diameter channels at different velocities.
[image: Figure 13]FIGURE 13 | Variation in the pressure drop along the circular tube for different D-type channels at different velocities.
5 CONCLUSION
In this paper, the SST [image: image] model was used to investigate the flow and heat transfer characteristics of liquid LBE in D-type channels. The main conclusions obtained from the present work are as follows:
1) The [image: image] calculated by the correlation proposed by Kirillov agrees well with the fitted curve of the experimental data in a circular pipe at constant wall heat flux conditions, and the correlation proposed by Kirillov was used to assess the different [image: image] models in this paper.
2) To obtain the numerical simulation results of liquid LBE in a circular pipe, the improvement model was proposed in this paper. In addition, the improvement [image: image] model was used to calculate the heat transfer of liquid LBE at different boundary conditions, such as different fluid velocities, inlet temperatures, wall temperatures, fluid velocities, tube diameters and tube tilt angles. The numerical simulation results agree well with the heat transfer correlation proposed by Kirillov.
3) The heat transfer characteristics of liquid LBE were analysed in the current study, including variation of the heat transfer coefficient and [image: image] with equivalent diameter, wall heat flux, inlet fluid temperature and fluid velocity. A new correlation for calculating [image: image] of liquid LBE in the D-type straight channel was proposed.
4) The numerical simulation results of liquid LBE in D-type channels show that the heat transfer can be enhanced by reducing the equivalent of the D-channel or adopting a zigzag channel. The zigzag channel could obviously strengthen the heat transfer effect, but the increase in resistance was also particularly prominent. Therefore, it is necessary to comprehensively evaluate the resistance and heat transfer characteristics of zigzag channels when designing PCHEs with special D-type channels.
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NOMENCLATURE
[image: image] specific heat
[image: image] mass flux
[image: image] enthalpy
[image: image] thermal conductivity; turbulent kinetic energy
[image: image] Prandtl number
[image: image] pressure
[image: image] Peclet number
[image: image] Reynolds number
[image: image] temperature
[image: image] velocity
[image: image] distance from wall
Greek symbols
[image: image] viscosity
[image: image] kinematic viscosity
[image: image] specific dissipation rate
[image: image] density
[image: image] turbulence dissipation rate
Superscripts and subscripts
[image: image] turbulent kinetic energy
[image: image] turbulent
[image: image] specific dissipation rate
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