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Various reactors with different sizes have been widely used for the production of titanium sponge in the Kroll process. But the further commercialization of the forced heat transfer design of the Kroll reactor is limited by lack of standard parameter to evaluate its convective heat transfer characteristics. This work proposes to evaluate and compare the Kroll reactor with the dimensionless Nusselt number. The results shown that the heat transfer coefficients for both surfaces increase with the volume flow rate of cooling air for each dimensionless temperature, and the heat transfer coefficients of the external surface of the reactor are higher than that of the internal surface of the heater. And new correlations regarding the Nusselt number between the cooling air and the external surface of the reactor or the internal surface of the heater are obtained based on experimental data, while the characteristics of the cooling air, equipment and operation parameters are considered.
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INTRODUCTION
The Kroll process is the most widely preferred industrial choice in titanium chain (Nakamura et al., 2017; Gao et al., 2018; Roux et al., 2019), even if it was of archaic, costly and energy-intensive (Wang et al., 2018b). Some of the major technological breakthroughs and equipment improvements in respect of titanium sponge production relating to the Kroll process have been achieved in the past decades (Gao et al., 2018), and the production cost has been significantly brought down (Zhang et al., 2016). However, further improvement is limited due to the insufficient theoretical understanding of the titanium sponge production (Wang et al., 2018a; Wang W. et al., 2020). For example, several efforts toward energy conservation were reported in the literature, but their commercial application is limited owning to technical or economic constraints (Wang and Wu, 2017). Currently, it’s necessary to further decrease the energy consumption and improve energy efficiency of the Kroll process (Krauter et al., 2018).
In response to the problems of the titanium sponge production discussed above, we had exploited a waste thermal energy recovery system with forced heat transfer design to enhance the surface heat dissipation of the Kroll reactor (Figure 1A) (Wang et al., 2017a), and to reduce the carbon emission. The result showed that there was a growth rate of about only 5.00% in the heat transfer rate in a vertical annular duct of the Kroll reactor, while the feeding rate of titanium tetrachloride increases significantly of about 9.61%. Therefore, the forced convective heat transfer system as currently designed was hence expected to reduce the electrical power consumption by improving the production efficiency (shorten the production cycle), rather than by recycling waste thermal energy in the subsequent recovery system (Wang et al., 2017b). It is no doubt that the forced convective heat transfer design lowered the cost and improved the energy efficiency. However, the quantification and comparison of the heat transfer characteristics of the Kroll reactor with different sizes is difficult due to the lack of a standard method. For example, one previous work evaluated the heat transfer coefficient only based on the cooling air mass flow rate (Wang et al., 2017a). The result could not be compared with other works which study the Kroll reactor with a different size.
[image: Figure 1]FIGURE 1 | System for: (A) enhancing heat transfer and recovering waste thermal energy for the Kroll equipment (Wang et al., 2017b) and (B) the experimental apparatus and measurements.
This works proposes a dimensionless Nusselt number as a general approach for quantifying and comparing the heat transfer characteristics of the vertical annular duct for the different Kroll reactor. And the Nusselt number has not been used for evaluating the heat transfer characteristics of the Kroll reactor in titanium sponge production. The establishment of this standard is expected to push the commercialization of the forced heat transfer design and optimizing the efficiency of the titanium sponge production process.
EXPERIMENTAL APPARATUS AND PROCEDURE
The detailed structure of the Kroll equipment in titanium sponge production and the vertical annular duct named air-cooling zone had been depicted in our previously published works (Wang et al., 2017a; Wang et al., 2017b), and the reducer unit capacity is 12 tons per batch. Therefore, the apparatus and measurements are only represented briefly in the present experiment. The external diameter of the Kroll reactor is dext = 2264 mm and the internal diameter of the heater is dint = 2690 mm that would surround a concentric vertical annular duct for the Kroll equipment, which is outlined in Figure 1B with the present measurements. The thickness of the air-cooling zone is Dh/2 = 213 mm, and the length is l = 1192 mm. There are nine groups of the inlet and the outlet for the cooling air (Wang et al., 2017a). Both the roughness of the external surface and that of the internal surface are ignored.
The cooling air inlet temperatures, tin, and outlet temperatures, tout, are measured by standard thermocouples (type K, Class II) and collected by the analog I/O module (type ADAM-4018+, 16-channel, 0–1370.0°C). The thermocouples for measuring cooling air inlet temperatures are numbered Row I and that for measuring cooling air outlet temperatures are numbered Row II. The accuracy of the analog I/O module is better than ±0.10% full-scale. The temperature of the TiCl4-Mg system in the Kroll reactor, tc, is extracted from the DCS control system with an accuracy of ±2.0°C. The volume flow rate of cooling air, qV, is measured by a hot-wire anemometer (0.0056 to 0.1405°m3/s, HHF-SD1) with an accuracy of ±1.00% full-scale stated by manufacturer. The measurements for the temperatures and the volume flow rate of cooling air are all installed near the center of the inlets or outlets. The external surface temperature of the reactor, text, and internal surface temperature of the heater, tint, are measured by a non-contact infrared thermometer (−50–1370°C, DT-8869H) with an accuracy of ±1.50% full-scale.
The air inlet temperature and the air outlet temperature are the average value of nine measurements, respectively. The air volume flow rate is the sum value of nine measurements. All available experimental data for the natural and the forced convective heat transfer are listed in the Supplementary Tables S1, S2 in the Supplementary Material, respectively.
TECHNOLOGICAL NOTES
To determine the heat transfer characteristics of the cooling air in both the natural convection and forced convection in the vertical annular duct of the Kroll equipment, the complex heat transfer coefficient and the Nusselt number that due to convection and radiation are analyzed. Experiments and measurements are conducted with stable production process. We firstly analyzed the convective heat transfer characteristics of the cooling air in the vertical annular duct of the Kroll equipment, and a new set of the heat transfer correlations were established by considering the characteristics of cooling air, equipment and operation parameters. In the vertical annular duct, the cooling air absorbs thermal energy from the external surface of the reactor and the internal surface of the heater by convective and radiant heat transfer,
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Where Q is the heat transfer rate due to convection and radiation, h is the complex heat transfer coefficient, A is the heat transfer area, Δt is the logarithmic temperature difference (Wang et al., 2017a), and d is the internal diameter of the heater or the external diameter of the reactor. The subscripts, int and ext, represent the internal surface of the heater and the external surface of the reactor, respectively. The enthalpy energy change of cooling air is calculated by:
[image: image]
Where tin and tout are the inlet and the outlet temperatures of cooling air, qV is the volume flow rate, ρ and cp are the density and the specific heat capacity of cooling air, respectively. Then, the Nusselt number is expressed as (Liu et al., 2019; Wang B. et al., 2020):
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Where Dh is the characteristic length and λ is the thermal conductivity of cooling air. It could be expected that the Nusselt number is the function of the Rayleigh number for natural convective heat transfer or the function of the Reynolds number and the Prandtl number for forced convective heat transfer, while the physical and the geometrical characteristics would be summarized into dimensionless parameters as follows (Wang B. et al., 2020):
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Where Ra is the Rayleigh number, Re is the Reynolds number, Pr is the Prandtl number, and Ct is the dimensionless temperature. These dimensionless parameters are defined as (Cheng et al., 2019; Chai et al., 2020):
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Where g is the gravitational acceleration, μ is the viscosity of cooling air, Ts is the temperature of the heat transfer surface in the Kelvin scale.
RESULTS AND DISSCUSSIONS
The complex heat transfer coefficients of the natural convection and the forced convection for both heat transfer surfaces are illustrated in Figure 2, respectively. Measurements and calculations reveal that the heat transfer coefficients increase linearly with the volume flow rate of the cooling air for each dimensionless temperature. In the case of natural convective heat transfer, as shown in Figures 2A,B, higher temperature differences between the cooling air and heat transfer surfaces would lead to a higher volume flow rate of cooling air and higher heat transfer rate. It would be observed that a higher volume flow rate of the cooling air is correlated with a greater heat transfer rate. Besides, the Rayleigh numbers have a positive correlation with the Nusselt numbers for both heat transfer surfaces, as shown in Figure 3. And the Nusselt number increased obviously with the Rayleigh number. Hence, it is possible to improve the heat transfer performance of the air-cooling zone by using a forced convection scheme. For natural convective heat transfer (Figures 2A,B), it is clear that the heat transfer coefficient of the external surface of the reactor is about 3.50 times that of the internal surface of the heater for each dimensionless temperature. Hence, the heat transfer rate of the external surface of the reactor maybe close to 80.00% of the total heat transfer rate. That is, the performance of the vertical annular air-cooling zone of the Kroll equipment is mainly determined by heat transfer between the cooling air and the external surface of the reactor in the case of natural convection.
[image: Figure 2]FIGURE 2 | Complex mean heat transfer coefficients of the natural convection and the forced convection.
[image: Figure 3]FIGURE 3 | Relationship between Nusselt number and relative dimensionless parameters of the natural convection.
Besides the air volume flow rate, a higher dimensionless temperature Ct results in a greater heat transfer coefficient for the natural convection, as shown in Figures 2A,B. It is understandable that the natural convection in the vertical annular air-cooling zone is driven by the temperature difference between the cooling air and the TiCl4-Mg system in the Kroll reactor. Thus, the Nusselt number also increases with the dimensionless temperature, as shown in Figure 3. The Rayleigh number and the dimensionless temperature show important effects on the heat transfer in the natural convection case. Thus, the physical and the geometrical characteristics could be summarized into dimensionless parameters as follows:
The external surface of the reactor:
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The internal surface of the heater:
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The Eq. 11 could be used as the criteria for evaluating the performance of the natural convection in the vertical annular air-cooling zone of the Kroll equipment for titanium sponge production. The parameters used include the characteristics of the cooling air, equipment and operation parameters.
In the case of forced convective heat transfer, as shown in Figures 2C,D, the complex heat transfer coefficients for both the external and internal surfaces are investigated. Note that the heat transfer coefficients increase linearly with volume flow rate of the cooling air for all dimensionless temperatures. It would be observed that a higher volume flow rate of the cooling air results in a greater heat transfer rate during forced convection. Thus, the Nusselt numbers for both heat transfer surfaces increase obviously with the Reynolds number, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Relationship between Nusselt number and relative dimensionless parameters of the forced convection.
However, the heat transfer coefficient of the external surface of the reactor is only about 3.00 times that of the internal surface of the heater for all dimensionless temperatures. The heat transfer rate of the external surface of the reactor accounts for about 76.00% of the total heat transfer rate. That is, the performance of the vertical annular air-cooling zone of the Kroll equipment is still mainly determined by the heat transfer between the cooling air and the external surface of the reactor in the case of forced convection.
The purpose of the forced convection in the vertical annular duct of the Kroll equipment is to enhance the heat transfer of the TiCl4-Mg system. The heat transfer coefficients for both heat transfer surfaces are nearly independent with the dimensionless temperature, and so do the Nusselt numbers. Thus, the physical and the geometrical characteristics would be summarized into dimensionless parameters as follows:
The external surface of the reactor:
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The internal surface of the heater:
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The Eq. 12 could be a design criterion of the forced convection in the vertical annular air-cooling zone of the Kroll equipment for titanium sponge production, while the characteristics of the cooling air, equipment and operation parameters are considered.
CONCLUSION
In summary for quantifying the heat transfer characteristics for the Kroll equipment used in titanium sponge production, this work proposes to calculate the Nusselt numbers based on parameters including the cooling air, equipment and operation. and the heat transfer coefficients for both the external surface of the reactor and the internal surface of the heater are also investigated. The main findings of this study can be listed as follows:
1) The heat transfer coefficients for both surfaces increase with the volume flow rate of cooling air for each dimensionless temperature.
2) The heat transfer coefficients of the external surface of the reactor are higher than that of the internal surface of the heater.
3) The dimensionless temperature has an important effect on the Nusselt number in the natural convective heat transfer, except for the forced convection.
4) New correlations regarding the Nusselt number between the cooling air and the external surface of the reactor or the internal surface of the heater are obtained based on experimental data, while the characteristics of the cooling air, equipment and operation parameters are considered.
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