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Electric heating serves as a major cold-proof measure because engineering equipment often loses efficacy in harsh weather conditions in a polar environment. Because Convective heat transfer is the key issue to solve the cold-proof design, this paper analyzes convective heat transfer of tube and plate in the constant heat flow heating mode. According to fluent numerical simulation analysis with a wind speed of 0–40 m/s and a temperature of −40°C–0°C, both an increase in wind speed and a decrease in temperature would cause the growth of the convective heat transfer coefficient of circular tubes and flat plates, Wind speed displayed a more significant impact on convective heat transfer. In a low-temperature laboratory, a model experiment of convective heat transfer was carried out to validate the reliability of the numerical simulation. Last, a prediction model for convective heat transfer coefficient of circular tubes and flat plates in polar environment was developed using numerical and experimental data.
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INTRODUCTION
Polar regions, with their special geographical location, witness extremely severe weather conditions such as ice and snow. Influenced by frequent air-sea gas exchanges, as well as a great deal of sea spray and high-humidity air, upper facilities of delicate marine engineering equipment are easily frozen (Xie et al., 2017). The hull of a ship will incline owing to the uneven ice on the surface of the equipment, resulting in unstable navigation or even capsizing and sinking in serious circumstances (Bu et al., 2015). The added ice weight reduces structural stability and adds structural stress, affecting the normal operation of equipment and personnel safety (Shen and Bai, 2020). Operational difficulty is created because of the frozen upper facilities of marine engineering equipment, leading to unpredictable results (Churchill and Bernstein, 1977). Based on relevant ice zone specifications, effective cold-proof measures (electric heating methods in most cases) must be taken.
Currently, classification societies in various countries provide specifications concerning electric heat tracing, but serious problems exist in their application (Yang et al., 2013). These specifications (ABS. 2, 2008) classify only the required minimum heat loads instead of the heating power of specific components or equipment. They do not consider changes in heating power in the engineering environment (Baen and Oldford, 2014). Consequently, an unreasonable amount of heat is supplied in actual operations (Ryerson, 2011; Brazil et al., 2013; Roeder et al., 2017), wasting energy and putting an additional burden on the electric power system. Therefore, different types of components should be taken into consideration in cold-proof studies on upper facilities of marine engineering equipment, and external environmental factors influencing heat loss should be defined.
The upper facilities of marine engineering equipment are complicated, and it is difficult to study them one by one. Analyses of the equipment’s structural form show that most of them consist of flat plates and circular tubes, and the geometrical shapes of these structures have a critical influence on convective heat transfer (Incropera and D ewitt, 2002). In this study, hence, convective heat transfer was researched with components such as the flat plate and the circular tube as key objects.
Electric heat tracing has two modes: constant wall temperature heating mode and constant heat flow heating mode. The wall temperature remains constant in the former, whereas it rises continuously in the latter because the input of constant heat flux is larger than the heat loss. Convective heat transfer effects are different in the above heating modes. Currently, studies on components’ convective heat transfer focus mainly on the constant wall temperature heating mode. For example, Churchill (1976) conducted a theoretical and experimental analysis on the expression for Nusselt number Nu in relation to Prandtl number Pr and Reynolds number Re. Sugawara et al. (1958) analyzed the impact of turbulence level on flat plate heat transfer under different pressure gradients. Whitaker (1972) investigated convective heat transfer of laminar flow and turbulent boundary layer. Luikov et al. (1971) examined low Pr, velocity distribution, and temperature distribution in accordance with the boundary layer and heat exchange mechanism. Several studies have also been conducted on a circular tube under the constant wall temperature heating mode. For instance, Sanitjai and Goldstein (2004) conducted experimental studies and established a prediction model for overall heat transfer of a circular tube. Davis (1924) explored the influence of fluid property on heat transfer. Perkins and Leppert (1964) proposed a mathematical model of Nusselt number within the laminar flow region and back-end vortex shedding region by studying the differences in convective heat transfer between the two regions. Fand and Keswani (1972) measured the overall heat transfer of a circular tube and subsequently set up a Nusselt number empirical Correlation between heat transfer coefficient. Zukauskas et al. (Kauskas, 1972) Zukauskas researched the effects of different fluids on local andaverage heat transfer. However, the constant heat flow heating mode remains insufficiently studied. Treviño and liñán (1984) studied the change law of a flat plate whose temperature was influenced by applying the constant heat flow heating mode. Perkins (1963) researched the local heat transfer of a circular tube in water under the condition of constant heat flow boundary, corrected changes in fluid properties by coefficients, and proposed a Nusselt number empirical correlation in terms of Reynolds number and Prandtl number. Krall and Eckert (1973) measured local heat transfer around a circular tube in the case of a small Reynolds number. Churchill (1976) built a heat transfer equation for a circular tube using the constant heat flow heating mode on the basis of various empirical formulas. Because of the largely different weather conditions from those in the above-mentioned studies, that is, because of poor and changing weather conditions in polar regions as well as the numerous influence factors. in this study, convective heat transfer coefficient of multiple components was examined with the polar environment as a variable.
The mathematical analytical method, numerical simulation method, and experimental solution method are usually employed to calculate convective heat transfer coefficient. Its limited calculation conditions affect the precision of the mathematical analytical method, whereas only continuous experimental correction and verification can achieve the expected result in the numerical simulation method. The experiment in this paper was conducted using the numerical simulation method under the guidance of the basic theory of heat transfer. The aim was to study the variation of convective heat transfer coefficients of steel components in marine equipment with temperatures ranging from −40°C to 0°C and wind speeds ranging from 0 to 40 m/s. Additionally, a model experiment on convective heat transfer was conducted in a low-temperature laboratory, demonstrating the reliability of the numerical simulation method.
INFLUENCING FACTORS IN CONVECTIVE HEAT TRANSFER
Heat conduction and heat convection are needed for convective heat transfer to conduct heat. All factors influencing the two modes have an effect on the convective heat transfer process, such as the fluid flow’s cause, speed and pattern, physical properties, and phase transition of as well as the heat transfer surface’s shape, size, and relative position. Using mathematical methods to show the connections among factors influencing convective heat transfer, the general equation of convective heat transfer with or without phase transition is given as follows:
[image: image]
where w is the flowing speed of the fluid, l is the geometrical size of the heat transfer surface, and tf and tw are the average temperatures of the steel-structured surface and the air, respectively. Further, φ is the geometrical factor on the surface of the structure, which can be divided into planes and tube fittings according to the features of the actual structure.
According to Newton’s law of cooling, the local convective heat transfer coefficient is
[image: image]
where qs(x) is the heat flux density (W/m2) at the location of component x, hx is the local heat transfer coefficient [W/(m2·K)], and Ts and T∞ are the wall temperatures of the component and the air temperature, respectively, in the unit of K.
The heat flux of a flat plate is a given rated quantity under electric heating, where the distribution of wall temperature is divided into the laminar flow and turbulent flow sections. When the length of the flat plate is longer than the critical length, its boundary layer can be seen as a mixture of the laminar flow and turbulent flow sections. When the critical Reynolds number Re is 5 × 105, the convective heat transfer coefficient can be simplified as follows:
[image: image]
where Pr is the Prandtl number of the air, λ is the heat conduction coefficient [W/(m·K)] of the air, Re is the local Reynolds number of the flat plate, and l is the length (m) of the flat plate.
According to the similarity principle and dimensional analysis, the experimental correlation of the flat plate is as follows:
[image: image]
Fluid separation occurs when fluid flows across a circular tube. The heat transfer process is very complex and difficult to calculate by theoretical analysis. Based on substantial experimental statistics, researchers have presented the correlation of the average surface heat transfer coefficient as fluid flows across a circular tube within the temperature range of each experiment. The empirical formulas Hilpert and Churchill proposed have been widely applied to calculate heat transfer as air flows across a circular tube.
Hilpert developed an experimental correlation equation of forced convective heat transfer as air flows across a circular tube in the constant wall temperature heating mode. The experimental air temperature ranges from 15.5°C to 980°C, and the wall temperature of the circular tube ranges from 21°C to 1046°C. It is shown as follows:
[image: image]
Churchill compared and analyzed each empirical formula and proposed a more widely applicable experimental correlation equation of a circular tube’s convective heat transfer coefficient. It is shown as follows:
[image: image]
Eq. 4 takes only the laminar flow section and turbulent flow section into account without considering the effect of the transition section in the heat transfer of the flat plate in electric heating. Equations 5 and 6 are not applicable to a circular tube in the constant heat flow heating mode, but they reveal the connection between convective heat transfer and Re as well as Pr, where the parameter Pr relates to temperature and Re is influenced by wind speed. Thus, the combination of numerical simulation and indoor experiment is absolutely needed to study variations of convective heat transfer of flat plates and circular tubes under different wind speeds and temperatures.
SIMULATION OF CONVECTIVE HEAT TRANSFER COEFFICIENTS
Based on the actual sizes of the flat plate and circular tube in the experiment, the numerical analysis models were built in this paper using the Fluent finite element software. A wall was set in the nonslip boundary condition, and a fixed heat flux was set to be the heat boundary condition because of the adoption of the heating mode with uniformly distributed heat tracing belts. Simulation of convection heat transfer in tubes is under the second boundary condition, the second boundary condition is the heat flux, that is boundary layer of normal component qn:
[image: image]
Where q: heat flux, W/m2; n: the normal direction of heat flux.
The heat flux of the flat plate and circular tube was 773.81 and 1801.86 W/m2, respectively. Considering that the convective heat transfer of the flat plate would involve the laminar flow and turbulent flow sections and thus cause fluid separation on the circular tube, the [image: image] turbulence model was chosen for the numerical simulation in light of the effect of transition changes on boundary layers, with wind speeds ranging from 0 to 40 m/s and temperatures ranging from −40°C to 0°C. Quadrilateral structured grids were adopted for the flat plate across which fluid flowed, with a global maximum size of 1 mm, a proportion factor of 1.1, a maximum grid size of 0.5 mm, and a total grid number of 50,601. The circular tube was distributed in unstructured grids with a total grid number of 107,583 and a global maximum size of 21 mm. The maximum grid sizes were 1, 2, and 30 mm in the fluid region, the posterior fluid region, and the external flow field region, respectively. Figure 1 shows the specific grid distribution.
[image: Figure 1]FIGURE 1 | Grid distribution of the convective heat transfer models. (A) Flat plate and (B) Circular tube.
Figures 2, 3, respectively, show the changes in convective heat transfer coefficient of the heating flat plate and circular tube with wind speed and environment temperature. The convective heat transfer coefficient of the flat plate and circular tube grew by increasing wind speed and decreasing temperature, and the influence of wind speed was more significant than that of temperature. The convective heat transfer coefficient of the flat plate was less affected by environment temperature at wind speeds of less than 25 m/s, whereas it was greatly affected by environment temperature at wind speeds of more than 25 m/s. When the temperature remained unchanged, the convective heat transfer coefficient grew under various wind speeds. When the wind speed was greater than 25 m/s, the change gradient of the convective heat transfer coefficient with temperature improved, suggesting a larger influence of temperature on the convective heat transfer coefficient of the flat plate. With a temperature of −30°C to −20°C and a wind speed greater than 25 m/s, the influence of temperature on the convective heat transfer coefficient of the circular tube increased. When the temperature was lower than −30°C, it had a greater influence on the convective heat transfer coefficient of the circular tube. With constant temperature differences, the convective heat transfer coefficient grew at different wind speeds. When the temperature was within the range of −30°C to −20°C with a wind speed higher than 25 m/s, or the temperature was lower than −30°C, the convective heat transfer coefficient displayed a greater increase. This indicated the greater effects of temperature on the convective heat transfer coefficient of the circular tube under this environment condition. When the wind speed was higher than 25 m/s, the starting point of flow separation shifted backward and the disturbance effect of the enhanced heat transfer weakened in the separation region. As a result, the change rate of the convective heat transfer coefficient with the wind speed dropped within the range of −10°C to −20°C. When the temperature was lower than −20°C, the convective heat transfer was substantially enhanced owing to the decrease of air viscosity, thus counteracting the heat transfer influence induced by wind speed to a certain degree.
[image: Figure 2]FIGURE 2 | Change of convective heat transfer coefficient with the wind speed. (A) Flat plate and (B) Circular tube.
[image: Figure 3]FIGURE 3 | Change of convective heat transfer coefficient with environment temperature. (A) Flat plate and (B) Circular tube.
The results of the above simulation analysis of the convective heat transfer coefficient of the flat plate and circular tube within different temperature ranges (Table 1) showed the following:
1) At temperatures ranging from −20°C to 0°C: When the average wind speed was lower than 25 m/s, the convective heat transfer coefficient of the flat plate and the circular tube increased by 0.1% and 0.2%, respectively, as the temperature decreased by 1°C. Additionally, it rose by 11.7% and 8.4%, respectively, when the average wind speed increased by 1 m/s. When the wind speed was higher than 25 m/s, the convective heat transfer coefficient of the flat plate and circular tube grew by 0.3% and 0.2%, respectively, as the temperature dropped by 1°C. It grew by 2.4% and 1.7%, respectively, when the average wind speed increased by 1 m/s.
2) At temperatures ranging from −30°C to −20°C: When the average wind speed was lower than 25 m/s, the convective heat transfer coefficient of the flat plate and the circular tube increased by 0.1% and 0.2%, respectively, as the temperature decreased by 1°C. Further, it rose by 10.0% and 8.8%, respectively, when the average wind speed increased by 1 m/s. When the wind speed was higher than 25 m/s, the convective heat transfer coefficient of the flat plate and circular tube grew by 0.2% and 0.2%, respectively, as the temperature dropped by 1°C. It grew by 2.9% and 3.1%, respectively, when the average wind speed increased by 1 m/s.
3) At temperatures ranging from −40°C to −30°C: When the average wind speed was lower than 25 m/s, the convective heat transfer coefficient of the flat plate and circular tube increased by 0.1% and 4.3%, respectively, as the temperature decreased by 1°C. Additionally, it rose by 10.7% and 7.3%, respectively, when the average wind speed increased by 1 m/s. When the wind speed was higher than 25 m/s, the convective heat transfer coefficient of the flat plate and circular tube grew by 0.3% and 3.2%, respectively, as the temperature dropped by 1°C. It grew by 3.1% and 2.0%, respectively, when the average wind speed increased by 1 m/s.
TABLE 1 | Simulation analysis results of the convective heat transfer coefficient.
[image: Table 1]Therefore, the impacts of different temperatures and wind speeds should be taken into account in the prediction model of the convective heat transfer coefficient.
EXPERIMENTS
Experimental Arrangement
An experimental platform for convective heat transfer in a steel structure in a polar environment was constructed in a low-temperature laboratory. The test tube is the handrail and flat plate on board for PC3 class icebreaker, made of Q235 smooth steel. The convective heat transfer coefficients of the flat plate and tube fittings under different wind speed and temperature conditions were precisely measured. The adjustable lowest temperature reached -50°C and the highest wind speed reached 15 m/s in the low-temperature laboratory, enabling the simulation of the low-temperature environment of polar regions. The parameters of the experimental equipment are shown in Table 2.
TABLE 2 | Experimental measuring devices.
[image: Table 2]Because the convective heat transfer of the flat plate occurred in the laminar flow, transition, and turbulent flow sections, the flat plate (2.4 m long and 0.7 m wide) was used in the experiment to fully consider the impacts of convective heat transfer in various stages. The component circular tube was 0.042 m in outer diameter, 0.020 m in inside diameter, and 0.251 m in length. The electric heating mode was adopted for the flat plate in the experimental process. It was believed that the heat taken away by the convective heat transfer was consistent with the input through electric heating in the experiment when the surface temperature tw of the flat plate achieved a stable status. Then, the convective heat transfer coefficient h of the components under different wind speeds and temperatures could be calculated. The experimental devices used are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Experimental devices.
The boundary-layer separation of fluid (phenomenon of detached fluid) would take place when fluid flowed across the circular tube because the laminar flow section and turbulent flow section were involved in the convective heat transfer of the flat plate. In this study, the critical Reynolds number Rec of 5 × 105 and the lowest wind speed of 5 m/s were applied, under which the distance xc from laminar flow to turbulent flow as the transition of fluid across the flat plate boundary layer was 1.2 m. A total of six temperature measuring points were arranged, of which two points were on the laminar flow section and four points were on the turbulent flow section. Regarding the circular tube, one temperature measuring point was set every 30°, totaling seven measuring points. Figure 5 displays the arrangement of measuring points.
[image: Figure 5]FIGURE 5 | Arrangement diagram of measuring points. (A) Flat plate and (B) Circular tube.
Comparison Between Experiment and Simulation Results
The experimental platform for the convective heat transfer of components, including the flat plate and the circular tube, in electric heat tracing was built in the low-temperature laboratory. The convective heat transfer coefficient of the flat plate and circular tube was measured at different wind speeds and temperatures. The temperature and wind speed were controlled at −40°C–0°C and 5–13.7 m/s in the experiment. The flat plate and circular tube in the experiment were real components of a steel plate and handrail from the upper facilities of marine engineering equipment.
The measured value errors of the convective heat transfer coefficient mainly lay in two aspects:
1) The temperature measured in the experiment fluctuated periodically, and type K thermocouple for temperature measurement showed a precision of 1%.
2) Regarding the processing method for the experimental data, the experiment was conducted 3 times under each condition to reduce experimental measuring errors. Given the effects of the transition section of the flat plate and detached fluid in the circular tube, the average value at each measuring point was regarded as the overall average heat transfer coefficient in the data processing.
The convective heat transfer coefficients under the experimental conditions where temperature was close to wind speed were comparatively analyzed. Figure 6 compares the experimental data and numerical simulation results of the flat plate and circular tube. With a wind speed of 5 m/s, the experimental value showed a high goodness of fit with the simulation results. The average error of the flat plate and circular tube was 4.47% and 6.22%, respectively. When the wind speed reached 9 m/s, the average error of the experimental values for the flat plate and circular tube were 5.05% and 9.86%, respectively, compared to the numerical simulation results. When the wind speed reached 13.7 m/s, the experimental value of the flat plate and circular tube represented an average error of 4.57% and 6.25%, respectively, compared with the simulation results. The accuracy of the numerical simulation models for the flat plate and circular tube was verified by comparing the data.
[image: Figure 6]FIGURE 6 | Comparison between numerical simulation and experimental results of components.
PREDICTION MODEL OF CONVECTIVE HEAT TRANSFER
The analysis showed that the major influence factor of flat plate heat transfer was wind speed; temperature only played a small role. Additionally, wind speed and temperature mainly influenced the circular tube heat transfer. Table 3 shows the change range of relevant parameters under the impact of temperature.
TABLE 3 | Constants in the heat transfer calculation formula.
[image: Table 3]Prandtl number Pr and thermal conductivity coefficient λ were treated as constants in the formula fitting process of the convective heat transfer coefficients, which were 0.718 and 0.0226, respectively, for the flat plate at −40°C to 0°C; 0.715 and 0.0228, respectively, for the circular tube at −30°C to 0°C; and 0.726 and 0.0216, respectively, for the circular tube at −40°C to −30°C. The influence of the transition section on the flat plate was considered in this paper, and the critical Reynolds number Re was calculated and presented as constant b.
The mathematical prediction model of the convective heat transfer of the flat plate can be denoted as follows:
[image: image]
The mathematical prediction model of the convective heat transfer of the circular tube can be expressed as follows:
[image: image]
[image: image]
The simulation data were fitted on the basis of the above formulas. The results are shown in Figure 7. In the formulas for the flat plate, a = 0.06 and b = 1726. In the formulas for the circular tube, C1 = 0.490, m1 = 0.659, n1 = 3.141, C2 = 0.191, m2 = 0.599, and n2 = 1.680. Regarding the statistical fitting results, decision coefficient R2 was 90%, 98.0%, and 99.6%, respectively, showing a relatively great fitting effect.
[image: Figure 7]FIGURE 7 | Simulation data fitting of convective heat transfer coefficients.
CONCLUSION
In this paper, the influencing factors of environmental in circular tubes and flat plates in a Polar Environment are studied. The consideration given in the specification for heating lack of environment changes is supplemented. This was studied by numerical simulation under the second boundary condition, and the correctness of the simulation model is verified by test.
1) The convective heat transfer coefficient of the components rose with an increase of wind speed and decrease of temperature, and wind speed showed a more significant influence. Regarding the flat plate, the convective heat transfer coefficient was less affected by temperature and a wind speed lower than 25 m/s, and it was greatly affected by temperature and wind speed higher than 25 m/s. However, the influence of temperature on the heat transfer of the flat plate can be ignored. Regarding the circular tube, when the temperature was lower than −30°C, a greater impact of temperature on the convective heat transfer coefficient was observed, and when the temperature was lower than −20°C with a wind speed of higher than 25 m/s, a greater impact of temperature on convective heat transfer coefficient was observed.
2) It was confirmed based on the model experimental data that the simulation models for the flat plate and tube fittings were reliable at wind speeds of 0–40 m/s and temperatures of −40°C to 0°C.
3) The prediction model of the convective heat transfer coefficient of the flat plate and circular tube obtained by simulation data fitting can serve as a reference for heat balance calculation of the upper facilities of polar marine engineering equipment.
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