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Subcritical steam generators in the current high-temperature gas-cooled reactor pebble-bed module in China can be replaced by supercritical steam generators to better coordinate the reactors and supercritical steam turbine unit to improve the thermal efficiency with no fluid phase change at supercritical pressures. The heat transfer of supercritical-pressure water flow in helical tubes with various helix diameters was simulated using the re-normalization group k–ε model to investigate the effects of finite-thickness walls, inlet mass flux, and helix diameter. The finite-thickness wall barely affected local heat transfer in the straight tube with inlet mass flux of 1,260 kg/(m2 s) whereas the local heat transfer in the helical tube was very different with relative difference in q/qav between the inside and bottom, caused by the centrifugal force, is 36%. In helical tubes, the heat transfer coefficients in the inner bar were the lowest, with a low fluid velocity under the effect of the centrifugal force. The buoyancy and centrifugal force in the helical tubes caused non-uniformity in the wall temperature; however, when the fluid temperature increased below the pseudo-critical temperature, the temperature distributions showed an increasing trend. The non-uniformities in the wall temperature distributions decreased as the centrifugal force increased, and they were suppressed by the finite-thickness wall.
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1 INTRODUCTION
The high-temperature gas-cooled reactor pebble-bed module (HTR-PM) being built at Tsinghua University’s Institute of Nuclear and New Energy Technology in China is a typical Generation IV nuclear power system. The subcritical steam generators in the HTR-PM can be replaced by supercritical steam generators to work with the current reactors and a supercritical steam turbine to improve the thermal efficiency, as envisaged for the third technical phase of the HTR-PM program in China (Zhang et al., 2019a). By raising the pressure of the helical coil steam generator at the outlet to supercritical levels, the thermal efficiency of the HTR-PM can be significantly improved. Small variations in fluid temperature and pressure, especially when water is at supercritical pressures in a steam generator, can cause drastic changes in the thermophysical properties, of which heat transfer characteristics (HTCs) are critical.
Figure 1 shows the variations in the thermophysical properties of supercritical pressure water (SCW) at 24.5 MPa, where the specific heat, Cp, reaches a sharp peak at a specific temperature (656.2 K), defined as the pseudo-critical temperature. The pseudo-critical enthalpy was 2,145 kJ/kg at the pseudo-critical temperature. At 24.5 MPa, the specific heat performance, Cp, and volume expansivity, αp, were non-monotonic with change in temperature, varying dramatically near the pseudo-critical temperature and reaching the maximum at that point. The dynamic viscosity, μ, and density, ρ, gradually decreased with increasing temperature, and rapidly decreased near the pseudo-critical temperature, after which the rate of decrease tended to be gentle. The variation in the thermal conductivity, λ, was similar to those of μ and ρ, except for a slight fluctuation near the pseudo-critical temperature.
[image: Figure 1]FIGURE 1 | Variations in thermophysical properties of water (p = 24.5 MPa, Tpc = 656.2 K).
A drastic change in the properties can significantly affect the HTCs, complicating the related processes. Many researchers have conducted experiments and numerical simulations to investigate the HTCs of supercritical fluids in tubes.
Experimental studies can provide reliable data on supercritical fluid heat transfer. Yamagata et al. (1972) investigated the HTCs of SCW in horizontal and vertical tubes at pressures ranging from 22.6 to 29.4 MPa, with a heat fluxes ranging from 116 to 930 kW/m2 and inlet mass fluxes ranging from 310 to 1,830 kg/(m2·s). The extensive experimental data reported by them provide the foundation for further research. Fewster and Jackson. (2004) conducted experiments in a vertical tube with an inner diameter of 5 mm and found that when the heat flux was high, there was local heat transfer deterioration at each position in the experimental section. They identified three heat transfer states of supercritical fluid: normal, heat transfer deterioration, and enhancement. The current experimental data were summarized to obtain an empirical correlation under specific working conditions. Mokry et al. (2010) measured the temperature field of SCW under 24 MPa, with a mass flux range of 200–1,500 kg/(m2·s), heat flux range of 160–900 kW/m2 and inlet temperature range of 593.15–613.15 K. Their experiments also revealed the three heat-transfer states reported by Fewster and Jackson. (2004); Zhang et al. (2015a) conducted experiments to study the HTCs of supercritical CO2 in vertical helical tubes and analyzed the enhancement and inhibition mechanisms of the non-dimensional buoyancy number, Bo*. Sheeba et al. (2019) experimentally investigated the HTCs of SCW in a helical tube.
Numerical simulations provide more detailed temperature field than experiments. Some researchers (Zhang et al., 2015b; Wang et al., 2015; Huang et al., 2018; Yang et al., 2021) studied the HTCs of supercritical-pressure fluid in helical tubes through simulations, in which the wall thickness of the tube was ignored and a uniform heat flux was loaded on the wall. Zhang et al. (2015b) calculated the HTCs of SCW using a numerical model with the re-normalization group (RNG) k–ε turbulent model coupled to an enhanced wall function. They compared the results with the experimental data reported by Yamagata et al. (1972), and investigated the effects of the wall (including those of the wall properties and thicknesses) and fluid properties. Yang et al. (2021) used the RNG k–ε turbulent model with an enhanced wall function to investigate the mechanisms of deterioration and oscillation of the inner wall temperature during SCW cooling in horizontal tubes with sections of various non-circular shapes. Huang et al. (2018) studied the HTCs of SCW and CO2 in a helical tube using a numerical calculation model, and discovered that the SST k–ω turbulent model agreed well with the experimental results of Wang et al. (2014), who demonstrated that the maximum wall temperature was at a certain angle in the circumferential direction under the effects of centrifugal force and buoyancy in the helical tube. Wang et al. (2015) studied the applicability of various turbulence models for heat transfer calculations in helical tubes using the experimental data from convective heat transfer of supercritical CO2 in helical tubes.
Ignoring the wall thickness and loading a uniform heat flux makes the analytical conditions different from those of the actual operation. Moreover, the circumferential non-uniformities at the cross section may deviate from the actual value when the wall thickness is ignored. To study the effect of heat transfer on SCW under non-uniform heating, researchers (Li et al., 2014; Rowinski et al., 2017; Li and Bai, 2018) loaded axial and circumferential non-uniform heat fluxes on the wall. It was found that a non-uniform heat flux on the wall affected the distribution of buoyancy, leading to the earlier appearance of wall temperature peaks and affecting the local HTCs.
In summary, the effects of the wall on the HTCs of helical tubes need further investigation. Here, the local HTCs of SCW in helical tubes with various helix diameters under 24.5 MPa were investigated and the effects of finite-thickness wall, inlet mass flux, and helix diameter were analyzed using the computational fluid dynamics software package ANSYS Fluent. The results could provide technical guidance for the design and safe operation of supercritical steam generators in HTR-PM.
2 NUMERICAL SIMULATION
2.1 Physical model
Figure 2 shows the tube structures and circumferential angle θ of the cross section in the helical tubes, where the values of θ at the top, inside, bottom, and outside are 0°, 90°, 180°, and 270°, respectively. Figure 2A shows a straight tube inclined at 7.16°, with inner diameter of 7.5 mm, heated length of 6,000 mm, and adiabatic sections (500 mm long) at the inlet and outlet. The helical tubes shown in Figure 2B have a heated length of 6,000 mm and adiabatic sections (500 mm long) at the inlet and outlet. The helical tubes with inner diameter of 7.5 mm are labeled A, B, and C, and the corresponding helix diameters D are 70.5 mm, 105.5 mm, and 140.5 mm; all tubes have the same inclination angle of 7.16°. The finite-thickness walls of the tubes were of 2 mm thickness and made of Incoloy 800H, which is the key material of the HTR-PM subcritical steam generator tubes; the material density ρw was 8,030 kg/m3, specific heat Cp,w was 502 J/(kg·K), and thermal conductivity λw ranged between 11.6–25.1 W/(m·K) depending on the temperature. The fluid in all tubes flowed from bottom to top.
[image: Figure 2]FIGURE 2 | Structures and angular coordinates of the investigated tubes. (A) 7.16° inclined straight tube; (B) Helical tubes.
Figure 2 shows the circumferential angle θ of the cross section, where the value of θ at the top was 0° and those at the sides were 90° and 270° (owing to the symmetry of straight tubes); in the helical tubes, the values of θ on the inside, outside, and at the bottom were 90°, 270°, and 180°, respectively.
The parameters applied in the simulation cases are with various inlet mass flux in straight and helical tubes with zero-thickness (no wall)/2 mm-thickness wall. SCW flowed upward in the tubes at a pressure of 24.5 MPa. The inlet temperature was 586.02 K, and the heat fluxes on the inner wall were all 100 kW/m2. In all the simulations of the present work, the heat flux (heat flux in tubes with no wall or volumetric heat source in tubes with 2-mm-thickness wall) applied on the walls are assumed constant and uniform. The inlet mass flux under Con. I, Con. II, and Con. III were 225 kg/(m2·s), 338 kg/(m2·s), and 1,260 kg/(m2·s), respectively.
2.2 Numerical method
This study utilizes the finite volume method with the RNG k-ε model with enhanced wall treatment (see our previous research (Lemmon et al., 2007; Zhang et al., 2015b)), taking various thermophysical properties of SCW into account. The NIST standard database (Zhang et al., 2019b) is used to determine the physical properties of the materials during the calculation process.
The mass, momentum, and energy conservation equations are as follows.
The mass-conservation is calculated as
[image: image]
The momentum -conservation is calculated as
[image: image]
where [image: image], [image: image] is the molecular viscosity, [image: image] is the turbulent viscosity, [image: image], and Cμ = 0.0845.
The energy conservation equation is
[image: image]
where E is the total energy, and [image: image].
The RNG model is used with the enhanced wall treatment to study 3-D HTCs in straight and helical tubes. The turbulent transport equations are as follows.
Turbulent kinetic energy, k, transport is calculated as (Durbin, 1991; Behnia et al., 1998).
[image: image]
The transport equation of turbulent kinetic energy dissipation rate, ε (Durbin, 1991; Behnia et al., 1998), is
[image: image]
where
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The SIMPLEC algorithm was used in the simulation to determine the pressure-velocity coupling in the domain. For spatial discretization, the discretization settings were set to second-order upwind. The convergence criterion was set to 1 × 10−6 for continuity, velocity, energy, turbulent kinetic energy, and turbulent dissipation rate.
2.3 Grid independence verification
The structured 3-D meshes are refined for the simulation. Away from the near-wall region, the grid size is increased by 1.1 toward the tube center. The distance between the first node and the wall is determined using the RNG k-ε model with enhanced wall treatment, and the non-dimensional wall distance, y+, is set to less than 0.2 to ensure y+ independence.
Because the helical tube structures are more complex than straight tube structures, the 7.16° inclined helical tube is selected for grid independence analysis. To obtain grid-independent results, the number of circumferential and axial grids is refined, with the number of elements ranging from 1,026,300 to 7,694,400, numbered as Grid-1 to Grid-4. The outlet heat transfer coefficients are compared using various grids. The enthalpy ib(l), bulk temperature Tb(l), and local heat transfer coefficients h(l) can be calculated as follows.
The enthalpy equation is expressed as
[image: image]
where ib,in is the enthalpy at the heating-section inlet, J/kg, qw is the inner-wall heat flux, W/m2, l is the length of the heating section, m, and G is the mass flux, kg/(m2·s).
Tb is calculated based on the local fluid enthalpy and pressure using the NIST standard database (Zhang et al., 2019b). The local heat transfer coefficients can be expressed as follows.
[image: image]
where Tw is the local wall temperature, K.
The average heat transfer coefficients at the 7.16° inclined helical tube outlet of Grid-1 to Grid-3 are compared with that of Grid-4 with the maximum number of grids. The relative error, ζ, is defined as follows.
[image: image]
The relative errors ζ between Grid-1, Grid-2, Grid-3 and Grid-4 are 26%, 7% and 0.8%, respectively. With the encryption of circumferential and axial grids, the value of ζ decreases. Considering accuracy and calculation time, Grid-3 is selected, with 5,665,950 elements.
2.4 Model verification
Yamagata et al. (1972) investigated the changes at the inner wall temperature with water enthalpy in a vertical tube (diameter: 7.5 mm) with uniform heat flux of 233 and 465 kW/m2 at a pressure of 24.5 MPa and mass flux of 1,260 kg/(m2·s). Here, the numerical model is tested on a 1,500 mm heated vertical 3-D tube with adiabatic sections (500 mm long) at the inlet and outlet to verify that it accurately predicts HTCS of SCW. SCW flows from the bottom to the top with a given inlet mass flux and temperature.
Figure 3 depicts the wall temperature, Tw, in the experiment by Yamagata et al. (1972) and the numerical simulations under various uniform wall heat fluxes versus the fluid bulk enthalpy, ib. The local wall temperature results exhibited a maximum relative deviation of <2%. It is proved that the model is suitable for heat transfer calculation with SCW.
[image: Figure 3]FIGURE 3 | Simulated results compared to experimental results.
3 RESULTS AND DISCUSSION
3.1 Effects of finite-thickness wall on HTCs
This section presents the axial and circumferential variations in the HTCs in straight and helical tubes under the effects of the finite-thickness wall.
3.1.1 Effects of finite-thickness wall in straight tubes on HTCs
This section presents the variation in the HTCs in straight tubes with inclination of 7.16° due to the effects of a finite-thickness wall under Con. III.
Figure 4 shows the axial dimentionless heat flux (q/qav, ratio of local heat flux to the average heat flux on the inner wall) of three regions along the straight tube with wall thickness of 2 mm under Con. III. Unlike a uniformly heated wall, the heat capacity along three regions (top, side, and bottom) in the tube with a finite-thickness wall changes with non-uniform turbulent kinetic energy, which results in differences in the circumferential dimentionless heat flux. At the lowest density, the dimentionless heat flux along the top region are the minimum, followed by those on the side.
[image: Figure 4]FIGURE 4 | Axial dimentionless heat flux along the straight tube with 2 mm wall thickness (Con. III: Gin = 1, 260 kg).
Figure 5 shows the axial heat transfer coefficients h of SCW along straight tubes under Con. III. The values of h in tubes with and without the finite-thickness wall are compared. The heat transfer coefficients at the bottom are the highest, followed by those at the sides and top. Unlike the differences in the heat flux factor along the three regions in the straight tube with wall thickness of 2 mm, the heat transfer coefficients in straight tubes appear less sensitive to the wall.
[image: Figure 5]FIGURE 5 | Axial heat transfer coefficients along straight tubes with various wall thicknesses (Con. III: Gin = 1, 260 kg).
3.1.2 Effects of finite-thickness wall in helical tubes on HTCs
This section presents the variation in the HTCs in helical tubes with helix diameter of 105.5 mm, caused by the effects of finite-thickness wall.
Figure 6 shows the axial dimentionless heat flux, q/qav, of four regions along the helical tube with wall thickness of 2 mm under Con. III. In the helical tube with zero-thickness wall, a uniform heat flux was imposed on the tube wall, so the effects of the wall have been ignored. While in the helical tube with wall thickness of 2 mm given volumetric heat source, the heat flux along four regions is significantly different. With the outlet enthalpy much lower than ipc (thermophysical properties change dramatically near ipc in Figure 1), the dimentionless heat flux of the four regions change gently along the helical tube. The values of q/qav represent the heat transfer capacity. The average values of q/qav at the top and bottom are the same (1.06), whereas those on the inside and outside are 0.80 and 1.09, respectively. It can be concluded that the heat transfer capacity on the outside is the best, followed by those at the top and bottom, whereas that on the inside is the worst. The relative difference in q/qav between the top and bottom, caused by buoyancy, is lower than 1%, whereas that between the inside and bottom, caused by the centrifugal force, is 36% in Figure 6. Under a large inlet mass flux, the relative value of the centrifugal force is much higher than that of buoyancy in the helical tube.
[image: Figure 6]FIGURE 6 | Axial dimentionless heat flux along the helical tube with 2 mm wall thickness (D = 105.5 mm, Con. III: Gin = 1, 260 kg).
Figure 7 shows the axial wall temperatures, Tw, along the four regions in helical tubes with helix diameter of 105.5 mm under Con. III; the values of Tw in tubes with and without finite-thickness walls are compared. In Figure 7A, the difference in the wall temperature between the inside and outside is 6.2 K in the tube without the finite-thickness wall. In Figure 7B, the wall temperature difference between the inside and outside is 4.4 K in the tube with wall thickness of 2 mm. The finite-thickness wall contributes to the circumferential heat exchange, significantly reducing the wall temperature difference between the inner and outer regions by 29%.
[image: Figure 7]FIGURE 7 | Axial wall temperature along helical tubes with various wall thicknesses (D = 105.5 mm, Con. III: Gin = 1, 260 kg).
Figure 8 shows the axial heat transfer coefficients, h, of SCW along four regions in the helical tube with 105.5 mm helix diameter under Con. I and Con. II. When the fluid enthalpy is close to ipc, the heat transfer capacity increases with increase in the fluid velocity. However, as shown in Figure 8, (ρ·Cp), which affects the ability to accommodate and carry heat, reaches the maximum before ipc. Correspondingly, under Con. I and Con. II, the maximum heat transfer coefficients at the four regions appear before ipc. In Figure 8A without the finite-thickness wall, the difference in the average heat transfer coefficient between the outer and inner regions is 6.5 kW/(m2·K) (relative difference 131%) under Con. I and 11.7 kW/(m2·K) (relative difference 142%) under Con. II. In Figure 8B with wall thickness of 2 mm, the difference in the average heat transfer coefficient between the outer and inner regions is 6.2 kW/(m2·K) (relative difference 128%) under Con. I and 11.4 kW/(m2·K) (relative difference 137%) under Con. II. The finite-thickness wall contributes to reducing the difference in h between the outer and inner regions.
[image: Figure 8]FIGURE 8 | Axial heat transfer coefficients along helical tubes with various wall thicknesses (D = 105.5 mm). (A) No wall-Con. I; (B) 2 mm wall thickness-Con. I; (C) No wall-Con. II; (D) 2 mm wall thickness-Con. II.
According to the development of the circumferential maximum wall temperature along the helical tubes, six typical temperature regions were selected: (i) the maximum wall temperature is lower than Tpc (Tw, max < Tpc), (ii) the maximum wall temperature is higher but the average wall temperature is lower than Tpc (Tw, av < Tpc < Tw, max), (iii) the average wall temperature is higher but the minimum wall temperature is lower than Tpc (Tw, min < Tpc < Tw, av), (iv) the minimum wall temperature is higher but the fluid temperature is lower than Tpc (Tb < Tpc < Tw, min), (v) the fluid temperature reaches Tpc (Tb = Tpc), (vi) and the fluid temperature exceeds Tpc (Tpc < Tb).
Figure 9 shows the development of the dimensionless circumferential wall temperature (Tw/Tw,max) in the helical tube with 105.5 mm helix diameter under Con. I. Figure 9A depicts the case of the tube without the finite-thickness wall; Figure 9B depicts the case of the tube with wall thickness of 2 mm. The maximum wall temperature appears when θ increases from 0° to 360°, with the preceding wall temperature changing drastically before reaching Tw,max. The non-uniformities in the wall temperature shown in Figure 9 result from the combined effects of buoyancy and centrifugal forces. θ of Tw,max aids the comparison of the relative scale between the centrifugal force and buoyancy. In Figure 9A, for the temperature regions from Tw, max < Tpc to Tb < Tpc < Tw,min, the maximum wall temperature moves from the inside to the top (from 64° to 54°), which proves that the buoyancy effect is enhanced. For the temperature region of Tw,max = Tpc, the maximum wall temperature moves from the top to the inside (from 54° to 72°), which proves that with increase in the fluid temperature, the density decreases whereas the fluid velocity increases, resulting in increased centrifugal force. For the temperature region of Tpc < Tb, the maximum wall temperature appears at θTw, max = 90° (inner region). The circumferential (Tw/Tw,max) differences in helical tubes with and without a finite-thickness wall are depicted in Figure 10, where the value is 37 K in Figure 9A and 13 K in Figure 9B. The finite-thickness wall contributes to circumferential heat diffusion, which homogenizes the circumferential wall temperature distribution. The intervals of θTw, max in helical tubes with and without the finite-thickness wall are 36° in Figure 9A and 27° in Figure 9B. The finite-thickness wall reduces the interval of θTw, max.
[image: Figure 9]FIGURE 9 | Development of circumferential Tw/Tw,max in the helical tube versus θ (D = 105.5 mm, Con. I: Gin = 225 kg).
[image: Figure 10]FIGURE 10 | Development of circumferential heat transfer coefficients in the helical tube (Con. I: Gin = 225 kg).
Figure 10 shows the development of the circumferential heat transfer coefficient h of SCW in the helical tube with 105.5 mm helix diameter under Con. I. Figure 10A depicts the results for the tube without a finite-thickness wall, and Figure 10B depicts the results for the tube with wall thickness of 2 mm. In Figure 10A, for the temperature regions from Tw, max < Tpc to Tb = Tpc, circumferential hmax increases from 7.7 kW/(m2·K) to 21.7 kW/(m2·K). For the temperature region of Tpc = Tb, the average circumferential h is the maximum (17.4 kW/(m2·K)), with the maximum relative difference of 216%. For the temperature region of Tpc < Tb, circumferential h drops sharply in the range of 1.9–5.9 kW/(m2·K), which deteriorates the heat transfer. The maximum circumferential h in helical tubes without and with finite-thickness walls are 14.8 kW/(m2·K) (Figure 10A) and 11.1 kW/(m2·K) (Figure 10B), respectively. The finite-thickness wall contributes to the circumferential heat diffusion, which homogenizes the circumferential h distribution.
3.2 HTCs in helical tubes with finite-thickness wall
This section presents the axial and circumferential variations in HTCs in helical tubes with wall thickness of 2 mm under the effects of buoyancy, mass flux, and helix diameter.
3.2.1 Effect of buoyancy
As shown in Figure 1, the thermophysical properties of SCW change dramatically with increase in temperature. These changes induce buoyancy in the cross section and axial thermal acceleration. To quantitatively analyze the effect of buoyancy and thermal acceleration on the HTCs in the tubes, Hall and Jackson (Hall and Jackson, 1969; Hall, 1971) proposed the buoyancy factor, Bo*. McEligot et al. (1970); (Jackson et al., 1989) proposed the acceleration factor, Kv.
[image: image]
where,
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where, Gr* is the Grashof number, Re is the Reynolds number, Pr is the Prandtl number, g denotes the acceleration due to gravity, d denotes the inner diameter, q denotes the heat flux, β denotes the isothermal compression coefficient, λ denotes the thermal conductivity, υ denotes the kinematic viscosity, G denotes the mass flux, μ denotes the dynamic viscosity, and Cp denotes the specific heat.
Jackson et al. (1989); (Koshizuka et al., 1995) proposed a theoretical model for the relationship between Bo* and heat transfer coefficients under heating. When Bo* <6 × 10−7, the buoyancy effect on the HTCs is relatively weak; when 6 × 10−7 < Bo* <1.2 × 10−6, the buoyancy degrades the heat transfer; when 1.2 × 10−6 < Bo* <8 × 10−6, the buoyancy helps to recover the heat transfer; when Bo* >6 × 10−7, the buoyancy enhances the heat transfer.
[image: image]
where, αp refers to volume expansivity.
McEligot et al. (1970) proposed that when Kv < 3 × 10−6, the thermal acceleration effect on the HTCs is relatively weak, when Kv ≥ 3 × 10−6, the thermal acceleration deteriorates the heat transfer.
Figure 11 shows the maximum Bo* and Kv calculated using Equation 14−(18) for the nine cases with various inlet mass flux and helix diameter. The effects of the helix diameter on the maximum Bo* and Kv are relatively weak, whereas obvious differences in the maximum Bo* and Kv are observed under various inlet mass fluxes. In Figure 11A, for the range of 1.2 × 10−6 < Bo*max < 8 × 10−6 under Con. I and Con. II, the buoyancy affects the heat transfer and helps in recovering it. Under Con. III, for Bo* <6 × 10−7, the buoyancy effect on the HTCs is relatively weak. In Figure 11B, Kv < 3 × 10−6, which indicates that the thermal acceleration effect on the HTCs is relatively weak.
[image: Figure 11]FIGURE 11 | Maximum Bo*and Kv in helical tubes with various helix diameter under various conditions (δ = 2 mm). (A) No wall; (B) 2 mm wall thickness.
3.2.2 Effect of mass flux
In Section 3.1.2, it can be concluded that the finite-thickness wall contributes to the circumferential heat exchange, significantly reducing the wall temperature and h difference between the inner and outer regions. This section mainly focuses on analyzing the effects of mass flux on heat transfer in the helical tubes with wall thickness of 2 mm.
Figure 12 shows the axial heat transfer coefficients, h, of SCW along four regions in the helical tube with 105.5 mm helix diameter and wall thickness of 2 mm under Con. III. Comparing Figure 12 with Figures 8B, D, the relative differences in the average heat transfer coefficient in the top-to-bottom direction are 5%, 3%, and much less than 1% under Con. I, Con. II, and Con. III, respectively, which indicates that the buoyancy effect is weakened with increasing mass flux. In the inner-to-outer direction, the relative differences in the average heat transfer coefficient were 128%, 137%, and 211% under Con. I, Con. II, and Con. III, respectively, which indicates that with increasing mass flux, the heat transfer capacity in the outer region is enhanced and the difference in the heat transfer capacity between the inner and outer regions widens.
[image: Figure 12]FIGURE 12 | Axial heat transfer coefficients along the helical tube (D = 105.5 mm, δ = 2 mm, Con. III: Gin = 1, 260 kg).
Figure 13 shows the development of the dimensionless circumferential wall temperature (Tw/Tw,max) in the helical tube with 105.5 mm helix diameter and wall thickness of 2 mm under various inlet mass fluxes. The maximum differences in the wall temperature under Con. I, Con. II, and Con. III are 11 K, 9 K, and 4 K, respectively. With increase in the mass flux, Re increases and the heat transfer capacity is enhanced, which reduces the difference in the wall temperature. In addition, θTw, max shifts from 70° to 90°, and the effect of buoyancy is weakened whereas that of the centrifugal force is strengthened.
[image: Figure 13]FIGURE 13 | Development of circumferential Tw/Tw,max in helical tubes versus θ under various conditions (D = 105.5 mm, δ = 2 mm).
3.2.3 Effect of helix diameter
Figure 14 shows the development of the circumferential dimensionless wall temperature (Tw/Tw,max) in helical tubes with various helix diameters and wall thickness of 2 mm under Con. I. Figures 14A, B depict the results for the cases of helix diameters of 70.5 mm and 140.5 mm, respectively. With θ increasing from 0° to 360°, Tw, max occurs between the top region (0°) and inner region (90°); the wall temperature before the maximum value varies more dramatically than that after the maximum value. Comparing Figure 14 with Figure 9B, with the helix diameter increasing from 70.5 mm to 140.5 mm, θTw, max decreases from 79° to 70°–66° in the Tw, max < Tpc section, shifting from the inner region to the top region; in the section Tpc < Tb, the maximum difference in Tw/Tw, max decreases from 0° to 360° (0.019, 0.018, 0.017), and Tw gradually moves to the high-temperature zone.
[image: Figure 14]FIGURE 14 | Development of circumferential Tw/Tw,max in helical tubes versus θ (δ = 2 mm, Con. I: Gin = 225 kg). (A) D = 70.5 mm; (B) D = 140.5 mm.
Figure 15 shows the development of the circumferential heat flux factor q/qav along the helical tube with wall thickness of 2 mm under Con. I. Figures 15A, B, C depict the results for helix diameters of 70.5 mm, 105.5 mm, and 140.5 mm, respectively. Under the effect of centrifugal force, the mass flux in the inner region is lower than that in the outer region, resulting in poor heat transfer capacity. In Figure 15B, for the case of Tw, max < Tpc to Tb < Tpc < Tw, min, the buoyancy drains the fluid flow close to the wall from bottom to top, which shifts θTw, max from 70° to 54°. With increasing fluid temperature, the fluid velocity increases and density decreases, which enhances the centrifugal force, resulting in lower heat transfer capacity in the inner region. In the case of Tpc < Tb, (q/qav)min appears at θTw, max = 90° (inner region). q/qav is greatly affected by the helix diameter before the fluid temperature reaches Tpc. In the region of Tw, max < Tpc, the maximum difference in q/qav for helix diameters of 70.5 mm, 105.5 mm, and 140.5 mm are 0.40 (Figure 15A), 0.34 (Figure 15B), and 0.33 (Figure 15C), respectively. With increase in the helix diameter, the difference in q/qav decreases.
[image: Figure 15]FIGURE 15 | Development of circumferential dimentionless heat flux in helical tubes versus θ (δ = 2 mm, Con. I: Gin = 225 kg). (A) D = 70.5 mm; (B) D = 105.5 mm; (C) D = 140.5 mm.
4 CONCLUSION
The axial and circumferential non-uniform HTCs of SCW in helical tubes with various helix diameters under 24.5 MPa were investigated and the effects of finite-thickness wall, inlet mass flux, and helix diameter were analyzed. The numerical simulation results were first compared with the experimental data from Yamagata et al. (Yamagata et al., 1972) to validate our numerical model, which uses the RNG k–ε turbulent model coupled with an enhanced wall function. The axial distribution of fluid temperature, wall temperature, and heat transfer coefficients, maximum Bo* and Kv and development of circumferential Tw/Tw,max, heat transfer coefficients, q/qav were studied. Based on these results, the following conclusions can be drawn:
(1) The finite-thickness wall barely affects local heat transfer in the straight tube with inlet mass flux of 1,260 kg/(m2 s) whereas the finite-thickness wall contributes to the circumferential heat exchange, significantly reducing the wall temperature difference between the inner and outer regions by 29% and with relative difference in q/qav between the inside and bottom by 36%.
(2) The effects of the helix diameter on the maximum Bo* and Kv are relatively weak, whereas obvious differences in the maximum Bo* and Kv are observed under various inlet mass fluxes.
(3) With increase in the mass flux, the difference in the wall temperature gets reduced; the heat transfer capacity in the outer region is enhanced and the difference in the heat transfer capacity between the inner and outer regions widens.
(4) With increase in helix diameter, from 70.5 mm to 140.5 mm, θTw, max decreases from 79° to 70°–66° in the Tw, max < Tpc section, the reason of which is that the buoyancy force strengthens first and then with increasing flow velocity, the centrifugal force increases; in the section Tpc < Tb, the maximum difference in Tw/Tw, max decreases from 0° to 360° (0.019, 0.018, 0.017), and Tw gradually moves to the high-temperature zone. With increase in the helix diameter, the difference in q/qav decreases.
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NOMENCLATURE
3-D Three-dimensional
A Area, m2
bot Bottom
Bo* Buoyancy factor
Con. Condition
Cp Specific heat, J/(kg•K)
D Helical diameter, m
d Diameter, m
E Total energy, J/kg
G Mass flux, kg/(m2•s)
Gr Grashof number
g Acceleration of gravity, 9.81 m/s2
HTC Heat transfer characteristic
HTR-PM High-temperature gas-cooled reactor pebble-bed module
h Heat transfer coefficient, W/(m2•K)
i Enthalpy, J/kg
Kv Acceleration factor
k-ε Kappa-epsilon
L Tube full length, m
l Length, m
NIST National Institute of Standards and Technology
Pr Prandtl number
p Pressure, Pa
q Heat flux, W/m2
q/qav Dimentionless heat flux
Re Reynolds number
RNG Renormalization group
SCW Supercritical-pressure water
T Temperature, K
Tw/Tw, max Dimensionless circumferential wall temperatures
u Velocity, m/s
v Kinematic viscosity, m2/s
x Axial direction
y+ Non-dimensional wall distance
Greek symbols
α Volume expansivity, K−1
β Isothermal compression coefficient, MPa-1
δ Wall thickness, mm
ε Turbulent dissipation rate, m2/s3
ζ Solution relative error between different grid
θ Circumferential angle, °
λ Thermal conductivity, W/(m•K)
μ Dynamic viscosity, Pa•s
ρ Density, kg/m3
σk Turbulent Prandtl number of turbulent kinetic energy
σε Turbulent Prandtl number of turbulent dissipation rate
τ Stress tensor, N/m2
Subscripts
4 Grid 4
av Area average
b Bulk fluid
i, j Coordinate direction
in Inlet
max Maximum
min Minimum
o Outlet
pc Pseudo-critical
T Turbulent
w Wall
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