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The flow and heat transfer characteristics of the lead–bismuth eutectic (LBE) (Prandtl number Pr = 0.025) passing over a circular cylinder at Re = 500 are studied by direct numerical simulation and compared with the case of the air (Pr = 0.71). This article makes two major contributions: (1) heat transfer characteristics for the LBE flowing past a circular cylinder. For the case of air, the results show that a similarity exists among the wake structure of instantaneous temperature, fluctuating temperature, and velocity. However, these fields differ severely for the case of LBE. The local time-averaged Nusselt number ([image: image]) and circumferentially averaged [image: image] are smaller in the LBE than that in the air. The circumferential and spanwise distributions of [image: image] in the LBE show a greater uniformity. The regions with larger circumferential or spanwise inhomogeneity appear in the flow separation zone. Besides, a resemblance between the distribution of the root mean square of fluctuation temperature and the turbulence kinetic energy can be recognized in the air; however, the similarity disappears for the case of LBE and in which the temperature fluctuation is smaller than that in the air. (2) Study on the temperature and velocity defect laws in the wake. By introducing the defect scales, it is concluded that the velocity field has not entered the self-preserving state yet, while the self-preserving state starts at the location of five times the diameter of the cylinder downstream of the cylinder for the temperature in the LBE and that of 21 times for the temperature in the air. In summary, even if without taking the buoyancy force into consideration, this article provides a fruitful description of the flow and heat transfer characteristics when the LBE flows past a cylinder, which is a typical flow in a helical coil steam generator of lead–bismuth alloy-cooled fast reactors. These highly resolved data on velocity and temperature are valuable for turbulence and heat fluxes modeling in the future and may facilitate the in-depth understanding of such flow and heat transfer characteristics within a limited variation range of operating temperature.
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1 INTRODUCTION
As single-phase coolants with good performance, liquid metals are widely used in advanced nuclear reactor systems (Todreas and Kazim, 2011), chip cooling (Khalaj and Halgamuge, 2017; Muhammad et al., 2020), spallation particle sources (Batta et al., 2015), and other applications with extremely high heat loads. The larger thermal conductivity of liquid metals, resulting in a lower molecular Prandtl number (Pr ∼10−2), guarantees higher heat exchange efficiency. Unlike ordinary fluids (Pr ∼1), the temperature field in a flow of fluids with a low Pr differs significantly from its velocity field (Zhang et al., 2019), leading to many open problems in the understanding of the underlying physical mechanism and characteristics of its heat transfer.
Molten lead–bismuth eutectic (LBE), a typical kind of liquid metals, is the coolant in lead–bismuth alloy-cooled fast reactors, that is, LFRs, one of Gen IV reactors (Abram and Ion, 2008). In a helical coil steam generator of an LFR system, LBE in the shell side transfers the heat taken from the nuclear reactor core to the cooling water in the tube side, which makes it of great importance to analyze the flow and heat transfer behavior when LBE sweeps the tube bundle of the steam generator. The Pr of LBE under the operating conditions of LFRs is within the range of 0.01–0.03 (Greenspan et al., 2008; Concetta, 2015; Guo et al., 2015). Experimental researches on thermohydraulic characteristics of LBE have been widely carried out, and many heat transfer correlations have been derived (Knebel et al., 2002; Ma et al., 2006; Shen et al., 2021). However, data obtained by experimental techniques are yet insufficient. Limited by the opaque and strong corrosiveness of LBE and the current experimental measurement techniques, these experiments mainly focus on the pressure drop, temperature difference, and heat transfer coefficient, while the details of the temperature and velocity fields are difficult to measure (Marocco et al., 2012; Zhang et al., 2020). In addition, most experimental studies on the characteristics of flow and heat exchange focus on the pipes, annular cavities, or longitudinally flow through fuel rods (Lefhalm et al., 2004; Tarantino et al., 2008; Cho et al., 2011). Few researches on external flows such as LBE sweeping the tube bundle in a helical coil steam generator have been reported yet.
Computational fluid dynamics (CFD) (Versteeg and Malalasekera, 2007) can be divided into three categories, including the direct numerical simulation (DNS) method, the large eddy simulation method, and the Reynolds-averaged Navier–Stokes (RANS) method, which provides another research approach. As the most practical option of industrial relevance, the RANS method needs the least computational costs. The key issue in the RANS simulation of liquid metals such as LBE is the closure of the turbulent heat flux term. Simple gradient diffusion hypothesis (Weigand et al., 1997), generalized gradient diffusion hypothesis (Ince and Launder, 1989), second-moment closures (Roelofs, 2019), and Algebraic Heat Flux Model (AHFM) series models (Shams et al., 2019) have been put forward to solve this issue. Nevertheless, models based on gradient diffusion hypothesis provide reliable results only for fluids with a Pr in the order of unity. Second-moment closures and AHFM series models give reasonable results for fluids with a low Pr under simple configuration conditions. The performance of these models needs to be improved under complex configuration conditions such as flows with separations (De Santis and Shams, 2018).
In recent years, DNS has been used to study the fluids with a very low Pr due to the high-fidelity data it can provide (Roelofs et al., 2015). For example, Kawamura et al. (1998) and Kawamura et al. (1999) investigated the influence of Pr and Reynolds number (Re) on the turbulent heat transfer in a channel by means of DNS, the Pr of which varies from 0.025 to 5.0. Redjem-Saad et al. (2007) used DNS to analyze the flow and turbulent heat transfer characteristics of fluids with the Pr within the range of 0.026 to 1.0 in a pipe. DNS is also used in the simulation of forced and mixed convention in a backward-facing step under a uniform heat flux boundary condition for fluids with different Pr to study the influence of Pr on turbulent Pr (Prt) (Zhao et al., 2018). These studies have confirmed that the heat transfer characteristics of fluids with a low Pr are significantly different from those of fluids with Pr ∼1. Particular patterns of Prt and time constant ratio occur for fluids with a low Pr, especially when flow separation happens, thus bringing a necessity to look into it more deeply.
So far, researches on the flow and heat transfer characteristics of fluids with a low Pr by DNS focus on simple configurations such as a channel, backward-facing step, annular cavity, and pipes. Investigations on the characteristics of external flow and heat transfer such as the phenomenon when LBE sweeps the tube bundle have been rarely reported. High-fidelity data of temperature and velocity fields under these conditions are insufficient. In this article, the flow and heat transfer characteristics of LBE passing a circular cylinder, the basic unit of a tube bundle, are studied by DNS as the beginning of a series of research. In addition, the case of air is also simulated for comparison.
The rest of this article is organized as follows. In Section 2, the problem definition and the methodology are described. The detailed results and discussion about the Nusselt number (Nu), the temperature field, the further analysis of velocity and temperature defect laws in the wake, and so on, are presented in Section 3. The conclusions are given in Section 4.
2 PROBLEM DESCRIPTION AND METHODOLOGY
2.1 Problem Description
This article is focused on the heat transfer when high-temperature fluid passes a circular cylinder at a constant low temperature. Three-dimensional incompressible flows without buoyancy are investigated at Pr = 0.025 (LBE) and Pr = 0.71 (air), simulating the situation within a limited temperature variation range. The governing equations are nondimensionalized by such characteristics: the diameter of the cylinder (D), the velocity of inflow (U∞), the temperature difference between inflow and cylinder (T∞ − Twall), the characteristic time (D/U∞), the density of inflow (ρ∞), and the characteristic pressure (ρ∞U∞2). Dimensionless governing equations are written as follows:
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where u is the velocity; t is the time; p is the pressure; and T is the temperature difference between local fluid temperature and the cylinder. All data and physical quantities in this article are nondimensionalized, if not particularly illustrated.
The computational domain is a cuboid (50D × 40D × 6D), and the origin of which is placed at the center of the cylinder, as shown in Figure 1. The outlet is set as a constant boundary condition with zero reference pressure. Periodic boundary condition is imposed in the spanwise direction of the domain.
[image: Figure 1]FIGURE 1 | Schematic diagram of the computational domain and corresponding boundary conditions. u, v, and w represent the x-, y-, and z- components of u.
It should be noted that the thermal expansion rate of LBE is large, and the buoyancy should not be ignored under many operating conditions in LFRs. The physical properties of LBE are dependent on the temperature. Besides, Re in LFRs varies from zero to hundreds of thousands. However, every consideration mentioned previously causes extra burden on computational cost of DNS. Therefore, constant physical properties and moderate Re (Re = U∞D/ν = 500, where ν is the kinematic viscosity) without buoyancy are taken into consideration in this article as the beginning of a series of studies. Even in such cases, the present study still provides significantly important information for the liquid metals with very low Pr, especially when the temperature variation is within a limited range.
2.2 Numerical Schemes
The governing equations are discretized by the finite volume method and solved via the open-source CFD software OpenFOAM. The convergence criterion for all equations is 10−7. The time derivative term is discretized by Euler method. The convection and diffusion terms are discretized by Gauss QUICK scheme and Gauss linear corrected scheme, respectively. The pressure–velocity decoupling is dealt by PISO (pressure implicit with splitting of operators) algorithm. The preconditioned conjugate gradient method with geometric–algebraic multigrid (GAMG) as the preconditioner and diagonal incomplete Cholesky as the smoother are used to solve the pressure equation. The merge level in GAMG is chosen to be 2 to speed up the solving process.
2.3 Numerical Settings and Grid Independence Validation
Two sets of mesh with different resolutions are generated, and three cases are carried out: Pr = 0.71 with mesh A, Pr = 0.71 with mesh B, and Pr = 0.025 with mesh B, where the two cases of the air (Pr = 0.71) are used for mesh independence validation. The detailed settings of mesh A and B are listed in Table 1, and a view of mesh B is presented in Supplementary Figure S1. Uniform nodes are configured in the spanwise direction. Both sets of mesh are refined near the wall and in the wake region. The time step for the cases with mesh A and mesh B are set to 6.25 × 10−4 and 5 × 10−4, respectively, where the Courant–Friedrichs–Lewy (CFL) number is within 0.14 for both cases, meeting the CFL limit (Jiang, 2020). Each case was simulated for 10 flow-through times (500 dimensionless time); that is, 104 vortex shedding cycles after the statistically steady state of turbulence were reached. The results presented below are analyzed using the latest 500 dimensionless time. In total, 400,000 CPU hours were consumed for the three cases via Tianhe-2 platform, the national supercomputer center in Guangzhou, China.
TABLE 1 | Parameters of grid generation.
[image: Table 1]Table 2, Figure 2, and Supplementary Figure S2 provide some results for the case of Pr = 0.71. The meanings of involved symbols are as follows: dimensionless wall distance [image: image], drag coefficient [image: image], and Strouhal number [image: image], [image: image]. Here, y is the distance from the center of the first cell to the wall; uτ is the wall friction velocity; FD is the drag force of cylinder; L is the height of the cylinder; f is the vortex shedding frequency; h is the heat transfer coefficient; and λ is the thermal conductivity of the fluid. [image: image] and [image: image] are the time-averaged CD and time-averaged Nu, respectively, and [image: image] stands for the value of [image: image] at the stagnation point.
TABLE 2 | y+, St, [image: image] and Nu (Pr = 0.71).
[image: Table 2][image: Figure 2]FIGURE 2 | Statistical convergence of [image: image] (Pr = 0.71).
Evidences are found from Table 2 that both sets of grids meet the number and refinement requirements in the boundary layer as the circumferentially averaged y+ in both cases is smaller than 0.1. The simulated results of St, [image: image], [image: image], and [image: image] are in good agreement with reference values with small relative discrepancies listed in Table 2. It is obvious that 500 dimensionless time is long enough for the statistical convergence of [image: image] for both mesh A and mesh B cases, as proven by the convergence tolerances in the last 100 dimensionless time shown in Figure 2. In addition, the grid size of mesh B is closer to the local Kolmogorov length scale, and the maximum of the ratio of the local mesh size to local Kolmogorov length scale is 2.7, located in the wake region, as shown in Supplementary Figure S2. The local mesh size is smaller than the local Kolmogorov length scale in many locations.
Therefore, mesh B was selected as the mesh for the case of Pr = 0.71. In a forced convection, the mesh resolution is determined by the velocity field when Pr < 1; therefore, there is no need to carry out the grid independence validation for the case with LBE. Accordingly, the data and analysis in the following sections are based on mesh B for both Pr = 0.025 and Pr = 0.71 cases. The above validation shows evidences that the numerical mesh resolution used in this study is adequate to simulate the fluid flow and heat transfer in the near wall region and the main stream region.
3 RESULTS AND DISCUSSION
3.1 Forces on the Cylinder
In this article, the velocity and pressure relevant results are discussed regardless of Pr, as the temperature is considered as a passive scalar; that is, the heat transfer under different Pr has no effect on the flow field.
Temporal evolutions of the lift coefficient CL and drag coefficient CD are shown in Supplementary Figure S3 and Supplementary Figure S4, where [image: image] and FL is the lift force of cylinder. Supplementary Figure S5 shows the spectrum of CL. A dominant frequency of 0.208 can be obtained, as listed in Table 2, giving a result of St in good accordance with the empirical formula ([image: image], when 325 < Re < 1,600) summarized from certain experimental and numerical data by Norberg (2003). The root mean square (R.M.S.) of CL is CLrms = 0.3195.
In Supplementary Figure S6, the variations of the time-averaged skin-friction coefficient [image: image] along the circumference of the cylinder are plotted, where Cf is defined as [image: image], and τw is the wall shear stress. The time-averaged flow separation angle φ0 is 102.5° according to the location where [image: image] reaches zero. The formula φ0 = 78.8 + 505Re−0.5 (when 270 ≤ Re ≤ 105) concluded by Jiang (2020) gives a result of φ0 = 101.4°. The separation angle in this article is consistent with it, and the relative difference is 1.1%.
3.2 Instantaneous Fields and Vortex Structure
Instantaneous fields and the vortex structure of the two cases are demonstrated in Figure 3 and Figure 4, wherein the vortex structure is visualized via Q method (Jinhee and Hussain, 1995). The isosurface of Q = 0.2 indicates that the flow develops three-dimensionally in the near-wake region, where the vortices form a wavy spanwise structure, as revealed in Figure 3. For the case of air, a similarity among the wake structure of instantaneous temperature, fluctuating temperature, and velocity exists as Pr is close to 1 (Figure 4). The larger Pr gives a result that the influence of wall temperature spreads to a thinner region. Therefore, the temperature rapidly recovers to close to T∞ within about 2D downstream of the cylinder. On the contrary, the Pr of LBE is much smaller than 1, which leads to a significant enhancement of the diffusion effect. The instantaneous temperature field and the fluctuating temperature field differ severely from the velocity field (Figure 4).
[image: Figure 3]FIGURE 3 | Instantaneous vortex shown by isosurfaces of Q = 0.2 for five instants of time. Note that these five instants stand for five typical moments in one vortex shedding period since the vortex shedding period tvs is 4.854 (according to the value of St in Table 2). In A–D, the isosurfaces are colored by the temperature for the case of LBE (Pr = 0.025). In E and F, the isosurfaces are colored by the temperature for the case of air (Pr = 0.71). (A) t = t0 (a typical moment), (B) t = t0 + 1, (C) t = t0 + 2, (D) t = t0 + 3, (E) t = t0 + 4, and (F) t = t0 + 4.
[image: Figure 4]FIGURE 4 | Distributions of pressure, velocity and temperature at a typical moment (at z = 0 plane). (A) Magnitude of velocity; (B) pressure; (C) transient temperature (LBE, Pr = 0.025); (D) fluctuating temperature T′ (T′ = T − [image: image]) (LBE, Pr = 0.025); (E) transient temperature (air, Pr = 0.71); (F) fluctuating temperature T′ (air, Pr = 0.71).
3.3 Nusselt Number
Figure 5A and Table 3 show the information of the local [image: image] on the cylinder surface. It is obvious that the heat transfer characteristics of fluid passing a cylinder are affected by both Re and Pr. Smaller Pr causes a thicker temperature boundary layer, which results in smaller local [image: image] and circumferentially averaged [image: image]. [image: image] decreases gradually due to the thickening of the boundary layer in the range of φ = 0°–117° for both cases, then the trends of these two cases differ after that. For the case of air, the turbulence and Karman vortex shedding enhance the mixing; therefore, [image: image] has a significant rise when φ > 117°. The diffusion coefficient of air is small, so the turning point of declining and ascending φ1 (φ1 = 117°) is larger than the time-averaged flow separation angle φ0. However, [image: image] almost keeps declining until φ = 180° for the case of LBE because the increase in diffusion coefficient weakens the effect of convection. The following correlation formula (Churchill and Bernstein, 1977), that is, Eq. 4, concluded from a large amount of experimental data, is an estimation of the lower bound for the circumferentially averaged [image: image] for RePr > 0.4. It gives a result that the [image: image] of air and LBE are 11.33 and 2.80, respectively, which is obviously consistent with the results in Table 3. It should be noted that the relative discrepancy between the simulation results and the correlation formula is 5.0% for LBE, which is a little larger than that of air, resulting from the fact that the experimental data of fluids with low Pr are insufficient, and the applicability of this formula for low Pr conditions may have not been fully verified yet.
[image: image]
[image: Figure 5]FIGURE 5 | Distribution of Nu. The five instants of time in D and E are explained in Figure 3. (A) Variation of local [image: image] on the cylinder surface (at z = 0 plane); (B) circumferentially variations of [image: image]; (C) the spanwise standard deviation σ2 with the angle φ; (D) distribution of local time-averaged and instantaneous Nu for LBE (Pr = 0.025) (at z = 0 plane); (E) distribution of local time-averaged and instantaneous Nu for air (Pr = 0.71) (at z = 0 plane).
TABLE 3 | [image: image] and circumferentially standard deviations (at z = 0 plane).
[image: Table 3]The parameter σ1 in Table3 is the circumferentially standard deviation, which reflects the circumferential uniformity. Results show that σ1 ([image: image]) and σ1 ([image: image]) in the LBE are smaller than those of air, which indicates a more uniform circumferential distribution and is consistent with Figure 5B.
On the other hand, the two curves in Figure 5B almost coincide with each other when φ < 50° and then separate beyond this range, which can be explained together with Supplementary Figure S6 and Eq. 3. In the regions of φ < 50°, [image: image] increases monotonously, and no flow separation occurs, so [image: image] and the transport of temperature can be written as
[image: image]
Considering
[image: image]
where the subscript “n” represents the normal component, it is obvious that [image: image] or Nu is dependent on [image: image]. Therefore, for each condition with different Pr, [image: image] is dependent on u as the influence of Pr is eliminated via the denominator [image: image]. When φ > 50°, [image: image] starts declining, which means that instantaneous flow separation occurs, and the flow becomes turbulent, both indicating that the unsteady term of temperature transport [image: image] should be considered. Under such conditions, [image: image] is dependent on u and Pr; therefore, the discrepancy of these two curves can be observed when φ > 50°. The areas with 99° < φ < 126° and relative difference greater than 50% are marked by dotted box in Figure 5B. Supplementary Figure S6 shows that [image: image] is negative within this region, implying that [image: image] is quite large, and the influence of Pr on [image: image] is remarkable.
The parameter σ2 in Figure 5C represents the standard deviations in the spanwise direction. For both cases, the values of σ2 are almost equal and smaller than 0.001 when φ < 110°, demonstrating a uniform spanwise distribution of [image: image]. After that, σ2 increases sharply for both cases, reflecting a nonuniform distribution brought by the three-dimensional vortex structure as shown and discussed in Section 3.2. Similar to previous discussion, the larger diffusivity weakens the effect of convection, so σ2 in the LBE is significantly smaller than that of the air when φ > 110°.
The comparison between local [image: image] and local instantaneous Nu at different angles at five instants in one vortex shedding period is presented in Figures 5D and E, which in fact matches Figures 5A and B to a certain extent. It can be seen from Figures 5D and E that the distribution in the case of LBE almost overlaps, except for the position where φ > 135°, because its thermal diffusion coefficient is much greater than the momentum diffusion coefficient, which makes the temperature field less affected by the flow field. In the case of air, a larger difference appears after φ > 108° where flow separation occurs. These features correspond to the dotted box region in Figure 5B.
3.4 Characteristics of Temperature Field
The characteristics of the time-averaged temperature field are shown in Figure 6. The mean temperature boundary layer is thicker for the case of LBE; therefore, the time-averaged temperature [image: image] in the downstream is lower compared with the case of air, but it increases monotonically with the increase in the distance from the cylinder. Only 80% of T∞ can be recovered at x/D ≈ 7 and 88% of T∞ in the far field (x/D = 30), where x represents the streamwise distance from the center of the cylinder to the location interested. In the case of air, different phenomena will occur. The air temperature experiences a region of slight decrease in the range of x/D = 1–1.5, where a similar declining can be observed for the time-averaged x-component velocity [image: image] as the air temperature is more influenced by the velocity (Figure 6C). The influence of wall temperature on the air temperature is mainly limited to a short distance. Eighty percent of T∞ can be recovered at x/D ≈ 2 and approximately 98% of T∞ in the far field (x/D = 30).
[image: Figure 6]FIGURE 6 | Distributions of time-averaged temperature fields. (A) [image: image] around cylinder at z = 0 plane (LBE, Pr = 0.025); (B) [image: image] around cylinder at z = 0 plane (air, Pr = 0.71); (C) variation of [image: image] and [image: image] along the wake axis at z = 0 plane.
The R.M.S. of T′ and the turbulence kinetic energy k ([image: image]) for the two cases are calculated to compare and discuss the fluctuation of temperature quantitatively. Figure 7 shows that T′rms is almost symmetric with respect to y = 0 for both cases. For LBE, T′rms is smaller than 0.03 at all locations and remains nearly constant within a long distance (x = 0.7D∼5D). For the case of air, T′rms is larger than that in the LBE at all locations, which is consistent with the results observed in pipe flows (Redjem-Saad, 2007). Two significant local maxima can be observed. T′rms rises sharply in the boundary layer, decreases to a local minimum of 0.054 at x/D = 1, and then reaches a local maximum at x = 2D.
[image: Figure 7]FIGURE 7 | Distributions of root mean square fields. (A) T′rms on the plane of z = 0 (LBE, Pr = 0.025); (B) T′rms on the plane of z = 0 (air, Pr = 0.71); (C) k on the plane of z = 0; (D) variation of T′rms along the wake axis.
The transverse distribution of mean temperature and T′rms at different downstream locations are displayed in Figure 8. For the case of LBE, the distribution of [image: image] along the transverse direction is single peaked, except for the locations at x/D = 1 and x/D = 1.2, where the temperature in the wake axis is slightly lower than the maximum temperature. This differs from the phenomenon in the air, where there are two or more peaks along the transverse direction (e.g., x/D = 0.6–1.2). The descent rate of mean temperature along the y direction in the LBE is relatively mild compared with air, proving that the thermal conductivity of LBE is larger than that of air.
[image: Figure 8]FIGURE 8 | Transverse distributions of [image: image] and T′rms at different downstream locations. (A) [image: image] (LBE, Pr = 0.025); (B) [image: image] (air, Pr = 0.71). (C) T′rms (LBE, Pr = 0.025); (D) T′rms (air, Pr = 0.71).
For LBE, T′rms near the cylinder (x/D = 0.6–1) is smaller than those at x/D = 1.5–4. Four peaks appear at x/D ≤ 1.2, and double peaks for other locations. However, only one peak occurs for air at almost all x-locations, except for x/D = 0.8–1.5. T′rms near the wall (x/D = 0.6) is the largest. The attenuation rate of T′rms in the transverse direction in the LBE is smaller than that in the air.
These circumstances match with Figure 7 and Figure 4. The fluctuation of the temperature in the air is mostly dependent on the fluctuation of velocity; hence, a resemblance between the distribution of T′rms and k can be recognized. The wake structure of instantaneous and fluctuating temperature is close to Karman vortex, and the vortices on both sides affect the wake axis. Therefore, the transverse maxima of T′rms appears on the wake axis for most of streamwise locations. However, none of such wake structures can be observed from the fields of instantaneous temperature and fluctuating temperature for the case of LBE. The temperature fluctuation mainly occurs on both sides of the wake axis, resulting in four or double peaks in the transverse direction as shown in Figure 8C.
The fluctuations of typical variables near the cylinder wall are also discussed. In general, there is one local maximum for the cases with small angles, whereas two for other curves with larger angles, as illustrated in Figure 9, where Δr is the radial distance to the wall. The first local maximum or the first plateau is attributed to the wall effect, and the second one is due to vortex shedding. However, the characteristics of temperature fluctuations in the air and LBE are different.
[image: Figure 9]FIGURE 9 | Distributions of several variables along different angles near the cylinder wall. (A) T′rms/T∞ for the case of LBE; (B) T′rms/T∞ for the case of air; (C) uφ′rms/U∞, where uφ means the circumferential component of velocity; (D) ur′rms/U∞, where ur means the radial component of velocity; (E) w′rms/U∞; (F) |u|′rms/U∞.
The transition angle from one maximum to two maxima for T′rms/T∞ in the air is approximately 117°, a little larger than the flow separation angle, which is comparable with Figure 5E. T′rms/T∞ almost increases with the increase in φ, and the first maximum occurs where Δr/D = 0.05–0.15. The radial component of the gradient of temperature is quite large, as can be seen from the contours of temperature (Figure 4), so that the radial variations of temperature are relevant to the fluctuations of ur. Therefore, between Figure 9B and Figure 9D, some similarities of the transition angle and the locations where the first maximum or the first plateau occurs can be observed. It should be noted that first peaks in the near wall region in the graph of uφ′rms/U∞ (Figure 9C), ur′rms/U∞ (Figure 9D), and |u|′rms/U∞ (Figure 9F) are not obvious, resulting from the fact that the diffusion and convection are significantly enhanced in the flow separation region.
T′rms/T∞ of LBE is smaller than that of air. The transition angle from one maximum to two maxima for T′rms/T∞ in the LBE is approximately 135°, which is much larger than the flow separation angle, and the phenomenon is comparable with Figure 5D. Unlike the case of air, the second peak of T′rms/T∞ is larger than the first peak/plateau for the case of LBE, because the smaller Pr of LBE causes a more significant suppression of temperature fluctuation by the wall. The locations where the first maximum or the first plateau of T′rms/T∞ occurs are Δr/D = 0.2–0.6, further than T′rms/T∞ in air and uφ′rms/U∞ for both cases.
3.5 Temperature and Velocity Defect Laws in Wake
The velocity and temperature profiles in the near-wake region are determined by the boundary layer, the shape of the object, and whether a flow separation occurs. There exists a similarity of the velocity or temperature profile in the far wake of a bluff body such as x/D > 50 (Zdravkovich, 1997) or x/D > 100 (Chen, 2002), where the disturbance of the object on the flow or temperature field tends to vanish. It should be noted that this location where the self-preserving flow exists depends on how far it needs to develop the profile from a boundary layer type at the trailing edge of the object to a fully developed similar wake profile. Therefore, this distance is closely related to the specific working conditions. In other words, it has been well established that there exists a velocity scale and a length scale, which are the universal function of x/D, scaled by which the mean velocity profiles and the mean temperature profiles may be self-similar (Wygnanski et al., 1986). The existence of such similar temperature scale under a specific condition or not is a matter to be discussed.
The transverse profile of velocity defect follows the Gaussian distribution for a small-defect wake in a two-dimensional plate wake, detailed deductions of which can be found in the references (Wygnanski et al., 1986; Chen, 2002). In this section, the self-preserving states of the temperature and velocity in the wake are discussed according to the simulation cases by introducing the velocity defect as the velocity scale, the temperature defect as the temperature scale, and the defect width as the length scale, respectively. The similarity or deviation between the Gaussian distribution and the transverse profiles of velocity defect and temperature defect are also discussed.
3.5.1 Velocity Defect, Temperature Defect and Defect Width
The velocity defect along the transverse direction at the downstream position of x/D is defined as follows:
[image: image]
where the defect variable udf is marked by the subscript “df”, and [image: image] is [image: image] at the outer edge of the wake (y = 20D) marked by the subscript “e.” udf is normalized to udf+ according to:
[image: image]
where udf+ is the normalized velocity defect, udf,c is the velocity defect on the wake axis, that is, the transverse center of the wake, at the downstream location of x/D, and [image: image]. Note that the superscript “+” indicates the variable normalized by the defect variable on the wake axis.
Correspondingly, the temperature defect Tdf and normalized temperature defect Tdf+ are calculated as follows:
[image: image]
[image: image]
where [image: image] is the average temperature at the outer edge of wake (y = 20D), Tdf,c is the temperature defect on the wake axis at the location of x/D (y = 0), and [image: image].
Assume that the transverse profile of velocity defect follows the Gaussian distribution, as expressed in Eq. 11. Then the Gaussian parameter σU can be obtained by fitting Eq. 11 with the simulation results of y and udf+. The velocity defect width of wake WU is defined as half of the wake width where udf+ = 1%; that is, WU satisfies that [image: image]. Therefore, WU can be calculated by Eq. 12. Similarly, the temperature defect width of wake WT is defined as half of the wake width where Tdf+ = 1%; see Eqs 13 and 14.
[image: image]
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Figure 10A presents how WU and WT vary with the distance from the cylinder. The variation trends of WT (Pr=0.71) and WU are similar. They increase near the cylinder, experience a plateau in the range of x/D = 3–6, and then keep increasing along the downstream. However, no plateau can be observed for WT (Pr=0.025). In the entire wake, WT (Pr=0.025) > WT (Pr=0.71) > WU, which is consistent with the results shown in the contour of time-averaged temperature field (Figures 6A, B). In LBE, the region where the cylinder influences the temperature in the transverse direction is large. On the contrary, the effect is confined in a very narrow range for the case of air. The transverse influence range of temperature in the LBE is 1.4–2.2 times of that for the air case.
[image: Figure 10]FIGURE 10 | Variations of velocity defect width, temperature defect width, velocity defect, and temperature defect in wake. The curves and formulas are fitting results according to the data at locations of x/D ≥ 21 and R2 represents the coefficient of determination. (A) Defect width; (B) velocity defect and temperature defect.
The defect width should be proportional to (x/D)0.5 according to the mathematical model of the far wake with the introduction of linear hypothesis during deduction (Zdravkovich, 1997) and the unknown influence of Pr bring about a necessity of studies on whether the relationship is still established for the wake of cylinder and the scope of the establishment. The power–law relationships fitted by the data of far wake (x/D ≥ 21) are shown in Figure 10A. For the case of LBE, it is obvious that WT = 2.4567 (x/D)0.3629 is almost valid in the whole wake, except for slight deviations at x/D < 5. However, the results for WT (Pr=0.71) and WU deviate sharply from the fitting curves when x/D < 21. It can be concluded that the self-preserving state of temperature appears from the near-wake region (x/D ≥ 5) for the case of LBE, while only in far wake (x/D ≥ 21) for the self-preserving states of temperature in the air and velocity.
Another notable thing is that even though the data of defect width in far wake satisfy the power–law relationships well, which has been validated in Figure 10A by the fact that R2 is close to 1 for the three cases, especially for WT (Pr=0.025), the power–law coefficients differ from the theoretical value 0.5. The main reason is that some assumptions derived from the theory are different from the calculation conditions in this article. For example, the flow and temperature fields in this article are three-dimensional, not two-dimensional, and the observed region is not small-defect wake. This also reflects that the results of the theoretical derivation based on assumptions are not always applicable to the complicated situations such as the flow and heat transfer around a circular cylinder.
The following is to discuss the velocity scale and temperature scale. Figure 10B shows the relationships between udf,c or Tdf,c and x/D on the wake axis. The exponents of formulas for udf,c, Tdf,c (Pr = 0.71), and Tdf,c (Pr = 0.025) are −0.403, −0.321, and −0.380, respectively, which are close to −0.5 with some deviations. As shown in Figure 10A, the power law describes the distribution of Tdf,c well within the range of x/D = 5–30 in the LBE, but x/D > 15 for the case of air.
3.5.2 Transverse Profiles and Fluctuation Attenuation
As explained previously, the transverse profiles of velocity defect follow the Gaussian distribution for a small-defect wake (Wygnanski et al., 1986), that is, the region where udf,c [image: image] U∞. The transverse profile of temperature will follow the Gaussian distribution as well, provided that Pr = 1, but show different patterns if Pr ≠ 1. In the following, the relationship between the profiles of defect variables and the Gaussian distribution is discussed.
The normalized transverse coordinates YT and YU, defined as follows, are introduced to illustrate the difference of profiles more clearly,
[image: image]
[image: image]
where yi is the y-coordinate at the location of xi; WT,i and WU,i are the temperature defect width and velocity defect width at the location of xi, respectively. The profiles of normalized temperature defect Tdf+ and normalized velocity defect udf+ with YU and YT are plotted in Figures 11A–C, respectively. Considering the symmetry of the time-averaged field, the results of YU < 0 or YT < 0 are not shown here. According to Eq. 11–Eq. 16, these profiles collapse quite neatly onto a single curve described by the following formula:
[image: image]
[image: image]
[image: Figure 11]FIGURE 11 | Transverse profiles of normalized temperature defect and normalized velocity defect. (A) Tdf+ in the LBE, Pr = 0.025; (B) Tdf+ in the air, Pr = 0.71; (C) udf+; (D) R.M.S. of differences.
Figure 11 illustrates that the Gaussian distribution describes the profiles roughly with certain deviations presented by the R.M.S. of differences shown in Figure 11D.
The pattern of how the relative fluctuations on the wake axis decay, which stands for the dynamic similarity, is investigated before the discussions about the reasons of the deviations in Figure 11. The attenuation profiles of T′rms/Tdf,c, u′rms/udf,c, v′rms/udf,c, and w′rms/udf,c on the wake axis are given in Figure 12, where three stages can be generally observed. First, all relative fluctuations increase rapidly in the near-wake vortex street formation zone until x/D ≈ 5, and then different trends appear after that. Apart from a slight decrease near the location of x/D ≈ 5, T′rms/Tdf,c in the LBE almost maintains until the end of the computational domain, which means that the temperature of LBE experiences self-preserving state in this region. T′rms/Tdf,c in the air keeps declining rapidly after the peak at x/D ≈ 5, and the attenuation rate decreases from x/D ≈ 25, implying that the self-preserving state for the temperature in the air does not appear until x/D ≈ 25. Three components of velocity differ significantly in the entire wake and converge gradually at the end of the computational domain, indicating that the self-preserving state for the velocity does not show up within x/D < 30.
[image: Figure 12]FIGURE 12 | Distribution of T′rms/Tdf,c, u′rms/udf,c, v′rms/udf,c and w′rms/udf,c on wake axis.
The fact that the linear hypothesis introduces an assumption that udf,c [image: image] U∞ when deducing the transverse profile (Wygnanski et al., 1986) results that the difference between the profiles and the Gaussian distribution is proportional to (udf,c/U∞)2 in a small-defect far wake. Unignorable udf,c/U∞ leads to the deviations between the profile of velocity and the Gaussian distribution. Therefore, the R.M.S. of udf+ in Figure 11D is noticeable. Nevertheless, the convergence of profile scatters improves after x/D > 15, which is consistent with Figure 12, where the distribution of three components of velocity tends to be flat.
The distribution of Tdf+ for the air in Figure 11B is not centralized; therefore, the R.M.S. in Figure 11D is quite large until x/D > 25. The Gaussian distribution tends to overestimate Tdf+ when YT < 0.4 and underestimate it when YT > 0.4 in the region of x/D < 10. Opposite phenomenon is observed in the region of x/D > 12. A local descent appears in the region of 6 < x/D < 12 in Figure 11D due to the presence of transition region 10 < x/D < 12. The descent of the attenuation rate of T′rms/Tdf,c (shown in Figure 12) corresponds to the smaller R.M.S. of difference for air in Figure 11D when x/D > 25.
The R.M.S. of Tdf+ for the case of LBE in Figure 11D declines continuously when x/D > 5; therefore, the transversal profiles are well centered as it is under a self-preserving state. Even so, differences from the Gaussian distribution can be observed in Figure 11A, in which it tends to overestimate Tdf+ when YT > 0.4 and underestimate it near the center of the wake. However, the differences are reasonable, considering that Pr of LBE is much smaller than unity.
3.5.3 Summary
As can be seen from Figure 12 and Figure 11D, the attenuation of relative fluctuation is consistent with the trend of the deviation between normalized temperature/velocity defect and the Gaussian distribution for the temperature in the LBE, the temperature in the air, and the velocity, except for the local descent in Figure 11D as explained above. In addition, Figure 10 shows that the sum of the exponents of temperature defect and temperature defect width is close to zero for both LBE and air cases, which is in good agreement with the law of “velocity defect width*velocity defect = constant” obtained from the wake of two-dimensional plate (Wygnanski et al., 1986; Zdravkovich, 1997), whereas the sum for the velocity deviates from zero. These results demonstrate that the velocity field has not entered the self-preserving state yet, whereas the self-preserving state starts from x/D = 5 for the temperature in the LBE and x/D = 21 for the temperature in the air, from another point of view.
It is obtained that the recovering length and the defect width of the temperature field of LBE flow show much larger than that of the conventional fluid flow (Pr close to 1). It indicates that in a helical coil steam generator, the flow and thermal boundaries may vary for pipes at different locations, and its performance will be significantly affected by the diameter, distance, and arrangement of the bundles. Improper design of bundle geometry may lead to uneven heat transfer, affect the heat exchange efficiency, and result in temperature hotspots. Therefore, a more adequate experimental/numerical verification is needed during the design of helical coil steam generators with LBE as the working fluid.
4 CONCLUSION
In this article, the flow and heat transfer characteristics of LBE (Pr = 0.025) and air (Pr = 0.71) passing a circular cylinder at Re = 500 are investigated by DNS method. The agreement of the numerical results with the literature verifies the effectiveness of the methodology. For the case of air, there exists a similarity among the instantaneous temperature, fluctuating temperature, and velocity fields in the wake downstream the cylinder, whereas these fields differ severely for the case of LBE. The temperature boundary layer of LBE is thicker than that of air. The downstream temperature is more affected by the wall temperature of the cylinder, and a large region of low temperature can be recognized. The main conclusions are as follows:
1) The circumferentially averaged [image: image] is 2.94 and 11.39 for LBE and air, respectively. Local [image: image] decreases gradually because of the thickening of the boundary layer in the range of φ = 0°–117° for both cases, and then the trends of the two cases differ beyond that. Both the local [image: image] and circumferentially averaged [image: image] are smaller in the LBE. The circumferential and spanwise distributions of [image: image] in the LBE are more uniform than that of air. The region with larger circumferential or spanwise inhomogeneity appears in the flow separation zone for both cases.
2) The temperature fluctuation of LBE is smaller in both the bulk region and the near wall region. A resemblance between the distribution of the R.M.S. of fluctuation temperature T′rms and the turbulence kinetic energy k can be recognized in the air, but it disappears for the case of LBE.
3) By introducing the velocity defect as the velocity scale, the temperature defect as the temperature scale and the defect width as the length scale, the self-preserving state and the similarity or deviation between the Gaussian distribution and the transverse profiles of velocity defect and temperature defect are fully discussed. It is found that the velocity field has not entered the self-preserving state yet, whereas the self-preserving state starts from x/D = 5 for the temperature in the LBE and x/D = 21 for the temperature in the air.
To obtain a more general database, the temperature calculated in this article is nondimensionalized. If extended to dimensional situations, these data will have a certain degree of confidence under the cases within a small temperature variation, where the influence of buoyancy can be ignored. For the case of large temperature difference, the influence of buoyancy cannot be ignored, and constant physical properties are inappropriate. In that way, further simulations are needed to determine the error quantitatively. Considering the amount of calculation, this will be carried out in future work.
In a reactor, LBE experiences various working conditions, including different flow rates and different temperatures. In the initial stage of the research, a series of databases with different Prs and an Re at low/medium level are carried out. Generation of a database with high Res and different Prs is ongoing. In the engineering field, database under an Re of 500 and different Prs can be used not only for comparison and verification with experimental results and RANS simulation, but also for the development of turbulence heat flux models, which will be extended to more complex conditions with higher Re with the supplementation of databases under other Re.
In conclusion, a fruitful description of the flow and heat transfer of the LBE passing a circular cylinder is presented, which is a typical flow in a helical coil steam generator of an LFR. Even without consideration of buoyancy, these highly resolved data on velocity and temperature are valuable for turbulence and heat fluxes modeling in the future, especially for liquid–metal flow with extremely low Prs within a limited variation range of operating temperature.
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