

  crystals-12-01806




crystals-12-01806







Crystals 2022, 12(12), 1806; doi:10.3390/cryst12121806




Article



Cooling Characteristics of the Hot-Rolled Seamless Steel Tube Impinged via Inclined Jet



Yansheng Zhang, Zhenlei Li *, Fubo Zhang, Rui Zhang and Guo Yuan *





State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, China









*



Correspondence: lizl@ral.neu.edu.cn (Z.L.); yuanguo@ral.neu.edu.cn (G.Y.)







Academic Editor: Umberto Prisco



Received: 31 October 2022 / Accepted: 9 December 2022 / Published: 12 December 2022



Abstract

:

The characteristics of flow field distribution and temperature variation of an inclined jet impinging on a steel tube surface at different positions in circumferential directions were studied via numerical simulation. By analyzing the local convective heat transfer coefficient in circumferential direction, it was shown that the downstream and upstream regions had the characteristics of typical asymmetry. As the inclination angle increases, the local convective heat transfer coefficient gradually increases in the downstream region and gradually decreases in the upstream region. When the θ of the top and bottom jet is 30°, the increases in the downstream region are 40.2% and 54.6%, respectively. Based on the study of the local convective heat transfer coefficient and temperature distribution in the circumfluence direction of a steel tube during the cooling process, it was shown that the optimal inclination angle is 0~10°. With the increase in inclination angle, the average heat transfer coefficient shows a decreasing trend overall. With the increase in jet Reynolds number, the decrease in the average heat transfer coefficient gradually decreases. When the inclination angle increases to 30°, the effect of inclination angle on steel tube cooling is obviously stronger than that of jet position.
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1. Introduction


The hot-rolled seamless steel tube plays a vital role in the national economic construction, especially in the fields of energy exploitation, oil transportation, major equipment and so on. In the production process of a traditional hot-rolled seamless steel tube, the tube billet is cooled to room temperature after the hot forming processes such as perforation, continuous rolling and sizing. Due to the lack of effective on-line regulation of microstructure and properties, product properties mainly depend on the addition of alloying elements and subsequent off-line heat treatment, which leads to high production costs, large resource consumption and a long production cycle. As an effective means of on-line regulation of the microstructure and properties of hot-rolled steel, controlled cooling [1,2] technology has been widely used in hot-rolled strip steel and plays an important role in improving the comprehensive properties of products. Lee et al. studied the distribution of the wetting front during jet impact [3], the interaction between two jets [4] and the cooling effect of a steel plate under different array forms [5] through experiments. More and more researchers devote more efforts to the application of controlled cooling technology in the development of hot-rolled seamless steel tubes.



A large number of researchers studied the flow and heat transfer characteristics of an inclined jet impinging on a flat plate surface. The choice of cooling medium mainly focuses on pure water [6] and air mist [7,8] cooling. Ingole et al. [9] studied the heat transfer characteristics of an inclined air jet impinging on a flat surface through experiments. The results demonstrated that the average Nusselt number increased with the increase in jet inclination angle. When the inclination angle was 15°, the average Nusselt number was small. When the inclination angle was 45° and 60°, the average Nusselt number increased, and the cooling effect was better. Wang et al. [10] studied the heat transfer characteristics of a high-temperature plate impinged using a slit nozzle jet. The results demonstrated that due to the effect of the inclination angle, there were obvious parallel flow and water sputtering phenomena in the downstream region, while the parallel flow region in the upstream region was thinner and the sputtering phenomenon was weak and relatively stable. The inclination angle increased from 0° to 45°, which significantly improved the heat transfer intensity. Fu et al. [11] carried out spray cooling experiments on steel plates with a thickness of 10 mm. The results demonstrated that when the inclination angle was 30°, the average cooling rate and heat flux reached the maximum value, which were 146.5 °C/s and 2.75 MW/m2, respectively. Compared to the inclination angle of 0°, these values were increased by 22.1% and 11%, respectively. Pawar et al. [12] studied the heat transfer characteristics of a moving surface impinged using an inclined free slit jet through numerical simulation. The results demonstrated that the pressure in the stagnation region increased with the increase in the inclination angle and Reynolds number, and the displacement of the stagnation point mainly depended on the inclination angle, but the movement velocity had little effect on it. With the decrease in the inclination angle, the surface friction coefficient decreased in the stagnation region and the downstream region, while the influence in the upstream region was small.



The flow and the heat transfer characteristics of the jet at different locations were studied. Wang et al. [13] studied the heat transfer characteristics of the surface of a high-temperature steel plate impinged using a top and bottom jet through experiments. The results demonstrated that the heat transfer characteristics of the top and bottom surfaces are significantly different. The heat flux of the top surface was slightly higher than that of the bottom surface, but the propagation velocity of the wetting front of the top surface was obviously slower than that of the bottom surface. Kashyap et al. [14] studied the heat transfer characteristics of a high-temperature steel plate cooled using bottom jet impingement through experiments. The results demonstrated that the greater the jet velocity and the lower the water temperature, the better the heat transfer performance, and the effect of water temperature was more significant than the jet velocity. Ozmen et al. [15] studied the flow and heat transfer characteristics of the array slot jet impinging on the plate surface through experiment and numerical simulation. The results demonstrated that the pressure distribution was not related to the Reynolds number, but instead to the height between the nozzle and the plate. The peak pressure at the stagnation point of each jet decreased with the increase in jet spacing. With the increase in Reynolds number and the decrease in the height of nozzle and plate, the Nusselt number increased. Morisawa et al. [16] studied the influence of the top jet and the bottom jet on the heat transfer characteristics of the plate surface. The results demonstrated that the peak heat flux of the top jet and the bottom jet were basically the same. The researchers proposed that the experimental data of the top jet can be used to predict the heat transfer characteristics of the bottom jet’s impact to a certain extent.



Many scholars studied the flow and heat transfer characteristics of jet impinging on a cylindrical outer surface [17,18,19]. By means of experiments and numerical simulation, Wang et al. analyzed the cooling characteristics of a single jet [17], different arrangements of the nozzle [18] and different tilt angles of the jet [19] impacting the cylindrical surface. However, this is still different from the cooling of steel tubes with high opening temperatures and large annular sections. Hu et al. [20] studied the flow and heat transfer characteristics of a circular jet impinging on a convex surface. The results demonstrated that when the Reynolds number was small, the local Nusselt number decreased monotonically from the maximum value of the stagnation point. The quadratic maximum occurred when the Reynolds number was higher. Compared with the plane, the Nusselt number of a convex plane was higher than that of a plane. Kim et al. analyzed the flow and heat transfer characteristics of a cylindrical surface impinged using a jet through experiments [21]. The results demonstrated that when the inclination angle was 45°, most of the fluid flowed in one direction. When the Reynolds number was 11,800, the flow separation occurred at an angle of 125° along the circumferential direction. As the Reynolds number increased, the flow separation occurred farther away [22,23]. The maximum Nusselt number of a vertical jet was larger than that of an inclined jet, but the average Nusselt number of an inclined jet was larger. Abraham et al. [24,25] studied the heat transfer characteristics of a circular jet impinging on a cylindrical surface. The results demonstrated that the peak value of the Nusselt number at the stagnation point of the vertical jet moved to the upstream region of the inclined jet, and no secondary peak value was observed for the upstream region. The secondary peak of the downstream region of the inclined jet moved downstream and decreased with the increase in the inclined angle. Chen et al. [26] studied the annular spray water cooling process of a resistance-welded tube, and studied the uniform cooling in the thickness direction of steel tube via intermittent water cooling with the nozzle arranged along the circumferential direction. Then, the reverse heat transfer model of the cooling process was established by applying the convective heat transfer coefficient on the outer surface of steel tube in numerical simulation.



In conclusion, the flow field distribution characteristics and the temperature field variation rule of jet impinging on plane and cylinder surfaces have significant differences at different inclination angles. Different jet positions show different cooling effects. However, there are relatively few researches on the cooling characteristics of steel tubes with high initial cooling temperature, large outer diameter, small nozzle and high jet velocity. Due to the annular section of the hot-rolled seamless steel tube, it is difficult to control uniform cooling at different circumferential positions, and it is easy to cause bending deformation and other problems. Therefore, it is very important to study the cooling intensity and cooling uniformity of different positions in the circumferential direction of a steel tube.



In fact, the cooling characteristics of the jet at different positions in the circumference direction of the steel tube are affected by the combined effects of gravity and tilt angle. The influence of jet angle and jet Reynolds number on flow field and temperature field at different positions of a single nozzle was analyzed by controlling the nozzle diameter, jet height and other factors unchanged in this work. By analyzing the variation law of the heat transfer coefficient at different positions in the circumferential direction, the optimal range of jet angle was determined. The results will be useful to analyze the circumferential cooling uniformity of the hot-rolled seamless steel tube.




2. Description of Numerical Simulation Methods


2.1. Physical Model


As shown in Figure 1, a 3D model of a single-nozzle inclined jet impacting a cooling steel tube was established. The diameter of nozzle was 5 mm, the outer diameter of the steel tube (D) was 140 mm, the wall thickness (r) was 10 mm, the distance of the nozzle from the outer surface of the steel tube (H) was 100 mm, the nozzle was located at the top, right, left and bottom of steel tube, and the inclination angle θ was 0°, 10°, 20°and 30°, respectively. To facilitate the description below, the downstream region was defined in the same direction as the jet direction and the upstream region was defined in the opposite direction of the jet direction. A 304 austenitic stainless steel tube was used in the study, and its specific heat capacity and thermal conductivity are shown in Table 1 [27]. In the numerical simulation, the piecewise linear fitting method was used to set the material property parameters.



Unigraphics NX was used to build a 3D model of the steel tube jet impact in this study. Then, the fluid domain, solid domain, and boundary conditions were named using DesignModeler. After that, FLUENT meshing was used to divide the mesh. When the surface mesh was divided, the mesh size ranged from 1.5 mm to 20 mm, and the steel tube body mesh size was 2 mm. In particular, the mesh from the nozzle outlet to the outer surface of the steel tube was refined to 1.5 mm. Eight inflation layers were arranged near the air domain and the outer surface of the steel tube. The mesh type is poly-hexore. Figure 2 shows the mesh diagram of the inclined jet impacting the steel tube.




2.2. Problem Description


To get closer to the actual situation, the study made the following assumptions. The water velocity at the nozzle entrance was evenly distributed and the water temperature was 300 K. The outer surface of the nozzle was adiabatic. The outer surface of the steel tube was a fixed wall and was set as no-slip boundary condition. Other positions in the air domain were pressure outlets. The temperature in the air domain was the ambient temperature (300 K). Since the cooling characteristics of different jet positions were considered in this study, the gravitational acceleration was set at 9.81 m/s2.



The contact region between air and steel tube was set as coupling heat transfer. The pressure–velocity coupled SIMPLEC algorithm was adopted to solve the parameters. In the process of jet impact, there are two phase flows of air and water. The explicit algorithm volume of fluid (VOF) model was used to calculate the flow and temperature field during jet impingement. The hybrid initialization method was adopted. When there is no jet flow from the nozzle, the volume fraction of air in the fluid domain is 1. The temperature of the steel tube was evenly distributed, and the starting temperature of cooling was 1173 K.



First, the heat flux was calculated using Equation (1). Then, the result of Equation (1) was substituted into Equation (2) to obtain the local convective heat transfer coefficient (h) of the steel tube outer surface. According to the results of Equation (2), the average convective heat transfer coefficient (  h ¯  ) on the outer surface of the steel tube can be calculated using Equation (3).


  q = − λ   ∂ T   ∂ r    



(1)






  h =  q   T s  −  T j     



(2)






   h ¯  =  1 A     ∫ 0 L      ∫ 0  2 π    h d θ d z        



(3)







In Equations (1)~(3), h is the local convective heat transfer coefficient of a steel tube in W/(m2K); q is the heat flux of a steel tube in W/m2; T is the steel tube temperature in K; Ts is the outer surface temperature of a steel tube in K; Tj is the water temperature at the nozzle outlet in K;   h ¯   is the average convective heat transfer coefficient of a steel tube in W/(m2K); A is the outer area of a steel tube in m2; z is the axial direction of the steel tube; l is length of the steel tube in m; λ is the thermal conductivity in W/(m·°C); r is the wall thickness of a steel tube in m; and     ∂ T  /  ∂ r     stands for the temperature change rate of the steel tube along the direction of thickness. The negative sign in Equation (3) denotes that the direction of heat transfer is in the direction of temperature decreasing.



In the process of jet impingement, the jet velocity was reflected in the Reynolds number. It was calculated according to Equation (4). By substituting the calculated Reynolds number into Equation (5), turbulence intensity can be obtained to characterize the degree of fluid chaos.


  R e = ρ ν d / μ  



(4)






  I = 0.16 R  e  −  1 / 8     



(5)







In Equations (4) and (5), ρ is the fluid density in kg/m3; ν is jet velocity in m/s; d is the diameter of nozzle in m; and μ is the viscosity of fluid in Pa·s.




2.3. Grid Independence and Turbulence Model Study


By changing the mesh size of local refinement and the number of expansion layers, the mesh independence was verified. The circumferential cooling characteristics of steel tubes with elements of 157,951, 329,909, 474,121 and 815,348, were studied and compared. The comparison shows the distribution of the local convective heat transfer coefficient (h) in the circumferential direction of the steel tube when the top jet Reynolds number is 25,465 and the tilt angle is 0°. As can be seen from Figure 3, when the element is 157,951, the cooling intensity in the wall jet region (α is 0~60° and 120~180°) is obviously overestimated. When the element increases to 474,121 and continues to increase, the h in the circumferential direction of steel tube does not significantly change. Based on the above analysis, 474,121 elements were selected for further analysis in this study.



The influence of standard, re-normalization group (RNG) and realizable κ-ε turbulence models on the circumferential cooling characteristics of steel tubes was studied and analyzed. As shown in Figure 4, in general, the three turbulence models have little influence on the distribution of the h in the circumferential direction of steel tubes. The standard κ-ε model slightly underestimates the heat transfer coefficient in the stagnation region, but has little effect on the heat transfer coefficient in the wall jet region. Combined with the research on turbulence models in the literature, the RNG κ-ε turbulence model [28,29] was adopted in this study.





3. Results and Discussion


3.1. Distribution Characteristics of Flow Field of Steel Tube affected by Jet Impingement


Figure 5 shows the velocity streamlines of the top jet with different jet angles. As can be seen from the figure, when the θ is 0°, the velocity in the circumferential direction of a steel tube is symmetrically distributed in the upstream and downstream regions. With the increase in θ, the asymmetry is significantly enhanced. The cooling water has a larger velocity in the downstream region of jet impact and a wide flow range on the steel tube outer surface. In the upstream region, the velocity is small and the flow range of cooling water is small. It can be seen that with the increase in θ, the effective heat transfer region in the downstream region increases and the cooling intensity increases, while the cooling intensity in the upstream region decreases.




3.2. Temperature Field Distribution of Steel Tube affected by Jet Impingement


Figure 6 shows the distribution of local convective heat transfer coefficients (h) in the circumferential direction of the steel tube outer surface. The comparison shows that the inclination angle θ at different jet positions has different effects. With increase in θ, the h in the downstream region is obviously increased, while the h in the upstream region is decreased and the difference between the two regions gradually increases. The effective heat transfer region is defined as h greater than 1000 W/(m2K). The effective heat transfer angles along the circumferential direction (   α  e f f e c t    ) at four jet positions were respectively counted, and the statistical results are shown in Table 2. The    α  e f f e c t     ranges of the top, right, left and bottom jet in the downstream region are 18°, 43°, 24° and 35°, and the    α  e f f e c t     ranges of the upstream region are 13°, 21°, 19° and 25°, respectively. As can be seen from the table, in the downstream region, the right jet has the most obvious influence on the h. In the upstream region, according to Figure 6b, when the right jet θ is 30°, the water flow passes through the circumferential direction in the range of 90~180°, thus enhancing the local heat transfer. The bottom and right jets’ θ have obvious influence on the h. This is attributed to the fact that the bottom and right jets are in the opposite directions of gravity and flow separation in the downstream region occurs further away from the stagnation point. This study is consistent with the flow field distribution characteristics of the impact surface of a circular nozzle jet observed by Kim et al. [21,22,23] through the particle image velocity meter. Under the constant jet velocity, with increase in tilt angle, flow separation occurs further downstream than the vertical jet.



In the process of steel tube cooling, under the premise that the total heat transfer is basically unchanged, the heat transfer in the downstream region can be increased by reducing part of the heat transfer in the upstream region. However, if the tilt angle is too large, the cooling intensity difference between the downstream region and the upstream region is too large, which easily causes uneven cooling, so it is necessary to control the tilt angle reasonably. On the one hand, the heat transfer intensity in the downstream region is improved to a certain extent. Meanwhile, on the other hand, the local heat transfer effect in the downstream and upstream region is not too different. Based on the above two principles, taking the top jet as an example, when the θ increases to 10° and 20°, the downstream region increases by 10° and 14°, respectively, and the upstream region decreases by 5 and 8°, respectively. If the difference is within the range of 10°, multiple jets can be arranged to improve the cooling inhomogeneity in the upstream region. However, when the θ reaches 30° and the range reaches 18°, it is difficult to achieve uniform cooling. Based on the above analysis, from the perspective of the local convective heat transfer coefficient in the circumferential direction, the jet angle should not exceed 10°.



Figure 7 shows the comparison of the average heat transfer coefficient (  h ¯  ) between the downstream region and the upstream region. The comparison shows that the inclination angle θ has different effects at different jet positions. On the whole, the increase in   h ¯   in the downstream region is lower than the decrease in   h ¯   in the upstream region, but the amplitude of the increase and decrease are different at four jet positions. For the top and bottom jets, when θ increases from 0° to 10°, the increases in   h ¯   in the downstream region are 18.9% and 17.4%, respectively. Due to the anti-gravity direction of the bottom jet, a large amount of cooling water falls directly and does not contact with steel tube, so that the increase in   h ¯   in the downstream region of the bottom jet is slightly lower than that of the top jet. When the jet angle is the same, the increase in   h ¯   in the downstream region is basically the same as the decrease in   h ¯   in the upstream region, which can be seen from Figure 7, but the effect of different jet positions is different. For example, when the θ of the top and bottom jet is 30°, the increases in   h ¯   in the downstream region are 40.2% and 54.6%, respectively. Obviously, since the direction of the bottom jet is opposite to gravity, the influence of the jet angle on the cooling effect is more obvious than that of the top jet. This study is consistent with Liu’s research on the cooling process of steel plate jets. Both studies show that, with the increase in inclination angle, the heat transfer efficiency in the downstream region is enhanced, while the heat transfer efficiency in the upstream region is decreased. Generally, the comprehensive heat transfer intensity decreases with the increase in jet inclination angle. There is a certain difference between the enhanced heat transfer in the downstream region and the reduced heat transfer in the upstream region. Liu’s research shows that when the tilt angle increases from 0° to 45°, the peak heat flux at the position 30 mm away from the stagnation point in the downstream region increases by 11%, and the peak heat flux at the same distance in the upstream region decreases by more than 22%. That is, the heat transfer increase in the downstream region is lower than the heat transfer decrease in the upstream region, and there is some heat loss. In this study, when the θ of the top jet increases from 0° to 10°, the increase rate of   h ¯   in the downstream region and the decrease rate in the upstream region are 18.9% and 27.6%, respectively. The cooling effects of the downstream region and upstream region are quite different, which is basically the same as the conclusion concerning the top jet studied by Liu [10].



The study shows that when the θ of the left jet increases from 0° to 10°, the increase rate of   h ¯   in the downstream region and the decrease rate in the downstream region are 21.1% and 24.7%, respectively, which are basically the same. In addition, when the θ of the right jet increases from 0° to 10°, there is an “abnormal” phenomenon in that the   h ¯   in the downstream region decreases and the   h ¯   in the upstream region increases. The decrease in the downstream region and the increase in the upstream are 3% and 6%, respectively. This is attributed to the angle of the right jet opposite to the direction of gravity. When the θ is small, it is difficult for cooling water to reach the outer surface of the steel tube in the downstream region, and the downstream region does not enhance the heat transfer effect, while the flow range of cooling water in the downstream region is large, which enhances the heat transfer in the downstream region. This phenomenon disappears when the θ increases to 20° and it is manifested again as enhanced heat transfer in the downstream region and reduced heat transfer in the upstream region.



Figure 8 shows the temperature contours in the direction of steel tube thickness at different tilt angles θ. Taking the top jet as an example, when the θ is 0°, the temperature distributions in the downstream and upstream regions are basically the same. When the θ increases to 30°, the temperature in the downstream region is obviously lower. It is found that with the increase in the θ, the difference of temperature distribution gradually increases.



Figure 9 shows the circumferential temperature distribution at the center of steel tube thickness direction. For the top jet, when the α in downstream region is 150°, the temperature gradually decreases with the increase in θ. When the θ increases from 0° to 10°, the temperature difference reaches 213°. When the θ increases from 20° to 30°, the temperature difference is only 11°, and the effect of improving the cooling effect in the downstream region is weakened.



In order to measure the degree of cooling intensity at different positions, the temperature below 600 °C was defined as strong cooling intensity, while the temperature above 600 °C was defined as weak cooling intensity. Based on this, the angle range of strong cooling intensity (   α  s t r o n g    ) along the circumferential direction was divided. The statistics are shown in Table 3. With the increase in θ, the    α  s t r o n g     in the downstream region of the top jet gradually increases, and the range is 15°. In the upstream region, with the increase in θ, the    α  s t r o n g     in the upstream region of the top jet gradually decreases, and the    α  s t r o n g     range is 19°. For the bottom jet, the cooling intensity of the downstream region significantly varies with the change of tilt angle, whilst the    α  s t r o n g     in the downstream region of the top jet gradually increases, and the range is up to 30°. This is because when θ is 30°,    α  s t r o n g     is 80°, which significantly improves the cooling intensity in the downstream region. For the left and right jets, the    α  s t r o n g     range of the downstream region is 22°, while the left jet cooling has a larger    α  s t r o n g    .



Based on the above analysis, when the jet angle is too large, it is easy to cause a large temperature difference in the thickness direction of a steel tube in the downstream region and the upstream region, resulting in uneven cooling. Taking the bottom jet as an example, when the θ is 10°, the    α  s t r o n g     in the downstream region is 59°, the    α  s t r o n g     in upstream region is 41°, and the difference reaches 18°, which can be reasonably adjusted using multi-beam jet arrangement. When the θ is 20°, the    α  s t r o n g     in the downstream region is 67°, the    α  s t r o n g     in upstream region is 32° and the difference reaches 35°, which makes it such that the heat transfer effect of the upstream region is too different, and it is difficult to achieve uniform cooling in the circumferential direction. In conclusion, considering the difference characteristics of inclination angles at different positions, the range of jet inclination angle from 0~10° is the best, which can both improve the cooling intensity of the downstream region and ensure the cooling uniformity of the downstream region. Based on the above analysis, in the practical application of the controlled cooling equipment of the hot-rolled seamless steel tube, we control the tilt angle of the nozzle in the circumferential direction to 0~10°. The practical application results show that the cooling uniformity of the steel tube in the circumferential direction is obviously improved.



As shown in Figure 10, at the thickness of 5 mm away from the outer surface of the steel tube, the temperature data is monitored at 7.5° intervals, and 19 points are collected in total. This method of point selection is based on the temperature distribution shown in Figure 9 to ensure that temperature monitoring points are set at the position cooled to in the circumferential direction at this time, and the temperature difference between the downstream and upstream regions is considered. According to Equations (6) to (8), the cooling rate, the average cooling rate and the standard deviation of the cooling rate, at each point, were calculated for in-depth analysis of the cooling intensity and uniformity.


   v i    =      T i ′    −    T 0   t   



(6)






   v ¯    =       ∑  i   =   1  n    v i     n   



(7)






  σ   =           ∑  i   = 1    n      v i  −  v ¯       2   n     



(8)







In Equations (6)~(8),    T i ′    is the temperature of the temperature measuring point at the time of cooling to 8 s in °C;    T 0    is the initial temperature of the steel tube in 900 °C;  t  is the cooling time in s; n is the number of sample points. In this paper, the cooling rate was set at 8 s for analysis.



Figure 11 shows the average cooling rate (  v ¯  ) at different jet positions of steel tubes. When the θ is 0°, 10° or 20°, the   v ¯   from large to small is the top jet, the right jet, the left jet and the bottom jet. When the θ is 30°, the   v ¯   of top jet is the largest, while the   v ¯   of the left jet is smaller than that of the bottom jet. On the one hand, the direction of the left jet side is the same as the direction of gravity. Due to the large tilt angle, the flow range of the jet flow along the outer surface of the steel tube along the direction of gravity is larger, which has a better cooling effect. On the other hand, the jet direction of the bottom jet is opposite to gravity’s direction, and the jet velocity is attenuated to a certain extent, so the cooling effect is poor.



Further analysis shows that when the top jet θ is 0° and 10°, the   v ¯   is about 44.2 °C/s, and the cooling intensity is higher. When the θ is 20° and 30°, the   v ¯   is 42.7 °C/s and 42.5 °C/s, respectively, and the cooling intensity decreases. When the θ of right jet is 0°, 10° or 30°, the   v ¯   is maintained above 42 °C/s. When the θ is 20°, the cooling effect is relatively poor, but the   v ¯   range is only 0.5 °C/s, and the cooling intensity of right jet is little affected by the change of the tilt angle. When the θ of left jet is 0 and 10°, the cooling intensity is relatively high at about 42 °C/s. However, when the θ is 30°, the   v ¯   is only 39.0 °C/s, and the   v ¯   range is 3 °C/s. The cooling intensity of the left jet is greatly affected by the change in the tilt angle. When the θ of the bottom jet is 10°, the maximum   v ¯   is 41.4 °C/s. When the θ is 30°, the   v ¯   is 39.5 °C/s and the   v ¯   range is 1.9 °C/s. Based on the above analysis, from the perspective of average cooling rate, when the tilt angle is 0~10°, each jet position in the entire circumference of steel tube has higher cooling strength, which is the optimal tilt angle range.



In summary, based on the study of the local convective heat transfer coefficient and temperature distribution in the circumfluence direction of a steel tube during the cooling process, it is shown that the inclination angle at different positions has different effects on the temperature field, and the optimal inclination angle is determined to be 0~10°. Considering that the cooling of a steel tube is a comprehensive nozzle arrangement in the entire circumference direction and the nozzle and spray ring may have deviations in the assembly and arrangement process combined with the actual site layout, the inclination angle range is reasonably arranged.




3.3. Influence of Jet Reynolds Number on Steel Tube Cooling Characteristics of Different Circumferential Jet Positions


The circumferential cooling characteristics of steel tubes at different Reynolds number (Re = 12,732, 25,465, 38,197) were studied and compared. Figure 12 shows the distribution of local convective heat transfer coefficients (h) in the circumferential direction of the steel tube when the tilt angle is 0° and 30°. As can be seen from the figure, when the tilt angle is 0°, the h of the upstream region in the circumferential direction of steel tube is symmetrically distributed. The h gradually increases with the increase in jet Reynolds number. When the tilt angle increases to 30°, the h in the downstream region significantly increases and the effective cooling capacity angle range in the circumferential direction of steel tube can reach 175°. When the circumferential angle is 120°, the Reynolds number increases from 12,732 to 25,465, and the h increases by 48%. When the Reynolds number increases from 25,465 to 38,197, the increase in h is only 32%. However, when the tilt angle is 0° and the Reynolds number of the jet increases from 25,465 to 38,197, the increase in the heat transfer coefficient is only 25%. The reason for this phenomenon is directly related to asymmetric cooling. As shown in Figure 12, when the tilt angle is 0°, the temperature in the downstream region and the upstream region of the steel tube presents a symmetrical distribution. However, when the tilt angle is 30°, the effective cooling range of the downstream region increases, and the effective cooling range of the upstream region decreases. The temperature distribution on the outer surface of the steel tube shows the characteristics of a “water drop” shape.



The cooling characteristics of the circumferential downstream region and upstream region at different jet positions were studied and compared. Shown in Figure 13 are the average heat transfer coefficient (  h ¯  ) in the circumferential direction of a steel tube, the average heat transfer coefficient (    h ¯   d o w n    ) in the downstream region and the average heat transfer coefficient (    h ¯   u p    ) in the upstream region under the top and bottom jets. As can be seen from the figure, with increase in tilt angle, the     h ¯   d o w n     gradually increases, while the     h ¯   u p     gradually decreases and the   h ¯   shows a decreasing trend as a whole. Taking the top jet as an example, when the Reynolds number is 12,732, the tilt angle increases from 0° to 30° and the   h ¯   decreases by 12%. When the Reynolds number increases to 38,197, the tilt angle increases from 0° to 30° and the   h ¯   decreases by less than 7%. It can be seen that the decrease in   h ¯   gradually decreases with the increase in jet Reynolds number. By comparing the   h ¯   between the top and bottom jets when the tilt angle is 0°, it is found that when the Reynolds number is 12,732, the   h ¯   of the top jet is 3342 W/(m2K) and the   h ¯   of bottom jet is reduced by 21.6%. When the Reynolds number increases to 38,197, the   h ¯   of top jet is 10,142 W/(m2K). The   h ¯   of bottom jet is reduced by less than 5%. This is because when the jet Reynolds number is small, the jet velocity significantly varies under the influence of gravity. However, with increase in the jet Reynolds number, the influence of gravity on the bottom jet velocity gradually weakens. As shown in Figure 13, for the top jet, the angle range of effective cooling capacity in the circumferential direction of the steel tube is larger than that of the bottom jet, thus leading to a larger average convective heat transfer coefficient at the top jet, in other words, a greater cooling intensity.



The cooling characteristics of the downstream region and upstream region of steel tube under different inclined angles were studied and compared. As shown in Figure 14, when the tilt angle increases from 0° to 30°, the difference in average heat transfer coefficient between the downstream and upstream region gradually increases. When the tilt angle increases to 30°, the effect of the tilt angle on the average heat transfer coefficient is obviously stronger than that of jet position. As can be seen from the figure, when the Reynolds number is 38,197, the average heat transfer coefficient of the top jet is 9451 W/(m2K), and the average heat transfer coefficient of bottom jet decreases by less than 4%. However, compared with the average heat transfer coefficient in the upstream and downstream region at this time, it is found that the average heat transfer coefficient in the downstream region increases by more than 40%, while the average heat transfer coefficient in the upstream region decreases by 41%. This shows that when the tilt angle is too large, the difference between the average heat transfer coefficient of the downstream region and the upstream region is too large, which is not conducive to the improvement of cooling uniformity. Based on the above studies on the impact cooling characteristics of the jet at different positions under different Reynolds numbers, the target cooling rate of the steel tube was achieved by controlling the jet velocity in the actual application process, and the desired cooling uniformity was achieved and the tube shape was good.





4. Conclusions


According to the 3D model of jet impingement cooling of the hot-rolled seamless steel tube, the flow and cooling characteristics of the steel tube cooling process were calculated by numerical simulation.




	
By analyzing the local convective heat transfer coefficient and temperature distribution along the circumferential direction, it was shown that there were typical asymmetric characteristics. With the increase in the tilt angle, the local convective heat transfer coefficient increases in the downstream region and decreases in the upstream region. When the tilt angle reaches 30°, the cooling intensity difference between the downstream region and the upstream region is too large, which easily causes uneven cooling in the circumferential direction.



	
Based on the study of the average heat transfer coefficient and cooling rate in the circumfluence direction of steel tube during the cooling process, it is shown that the jet inclination angle at different positions in the circumferential direction has different effects on the temperature field. The optimum tilt angle is determined to be 0~10°, which has higher cooling intensity and satisfactory cooling uniformity.



	
With the increase in tilt angle, the average heat transfer coefficient shows a decreasing trend overall. With the increase in jet Reynolds number, the decrease in average heat transfer coefficient gradually decreases. With the increase in jet Reynolds number, the influence of gravity on the average heat transfer coefficient gradually decreases. When the jet Reynolds number increases to 38,197, the average heat transfer drop at the bottom of the steel tube is less than 5% lower than that at the top. The average heat transfer coefficient decreases with the increase in jet inclination angle. When the tilt angle increases to 30°, the effect of tilt angle on steel tube cooling is obviously stronger than that of jet position.
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Nomenclature




	D
	Outer diameter of steel tube



	r
	Wall thickness of steel tube



	H
	Distance between nozzle outlet and outer surface of steel tube



	θ
	Tilt angle of the jet



	h
	The local convective heat transfer coefficient



	   h ¯   
	The average convective heat transfer coefficient



	α
	The circumferential angle of the steel tube



	    α  e f f e c t     
	The effective heat transfer angles along the circumferential direction



	    α  s t r o n g     
	The strong cooling intensity angles along the circumferential direction



	   v ¯   
	The average cooling rate
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Figure 1. Physical model of impingement cooling of the high-temperature steel tube via inclined jet. 
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Figure 2. The mesh diagram of inclined jet impacting steel tube. 
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Figure 3. Distribution of the local heat transfer coefficients (h) in circumferential direction angle (α) of steel tube with different elements. 
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Figure 4. Distribution of the local heat transfer coefficient (h) in circumferential direction angle (α) of steel tubes with different turbulence models. 
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Figure 5. Flow field distribution velocity contour of top jet impacting cooling steel tube. (a) θ = 0°; (b) θ = 10°; (c) θ = 20°; (d) θ = 30°. 
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Figure 6. The distribution of local convective heat transfer coefficient (h) along the circumferential direction angle (α). (a) Top jet; (b) right jet; (c) left jet; (d) bottom jet. 
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Figure 7. Comparison of the average heat transfer coefficient (  h ¯  ) between the downstream region and upstream region under different tilt angles (θ). (a) Top jet; (b) right jet; (c) left jet; (d) bottom jet. 
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Figure 8. Temperature distribution in the thickness direction of steel tube. 
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Figure 9. Temperature distribution in the circumferential direction of steel tube. (a) Top jet; (b) bottom jet; (c) right jet; (d) left jet. 
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Figure 10. Schematic diagram of temperature measurement point distribution of a steel tube. 
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Figure 11. Distribution of average cooling rate (  v ¯  ) of steel tube with jet inclination at different jet positions. 
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Figure 12. Distribution of the local convective heat transfer coefficient (h) along the circumferential direction angle (α) of steel tubes under different Reynolds numbers. 
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Figure 13. Comparison of the average heat transfer coefficient (  h ¯  ) between the downstream region and the upstream region under different Reynolds numbers. (a) Top jet; (b) Bottom jet. 
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Figure 14. Comparison of the average heat transfer coefficient (  h ¯  ) between the downstream and upstream regions of steel tubes under different tilt angle. 
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Table 1. Thermophysical parameters of the 304 austenitic stainless steel.
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	Temperature/°C
	Specific Heat (CP)/J/(kg·°C)
	Conductivity (λ)/W/(m·°C)





	20
	476
	11.93



	100
	483
	12.64



	200
	491
	13.58



	300
	500
	14.54



	400
	508
	15.49



	500
	518
	16.53



	600
	529
	17.63



	700
	543
	18.86



	800
	562
	20.36



	900
	588
	22.14



	1000
	626
	24.45
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Table 2. The    α  e f f e c t     of top jet, right jet, left jet and bottom jet along the circumferential direction.
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Jet Position

	
Downstream Region    α  e f f e c t    /°

	
Upstream Region    α  e f f e c t    /°




	
0°

	
10°

	
20°

	
30°

	
0°

	
10°

	
20°

	
30°






	
Top

	
54

	
64

	
68

	
72

	
57

	
52

	
49

	
44




	
Right

	
47

	
58

	
64

	
90

	
59

	
59

	
45

	
38




	
Left

	
62

	
69

	
79

	
86

	
47

	
42

	
37

	
28




	
Bottom

	
51

	
67

	
75

	
86

	
55

	
51

	
33

	
30
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Table 3. The strong cooling intensity angles along the circumferential direction (   α  s t r o n g     ) of top jet, right jet, left jet and bottom jet.
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Jet Position

	
Downstream Region    α  s t r o n g    /°

	
Upstream Region    α  s t r o n g    /°




	
0°

	
10°

	
20°

	
30°

	
0°

	
10°

	
20°

	
30°






	
Top

	
55

	
62

	
68

	
70

	
54

	
46

	
38

	
35




	
Right

	
45

	
53

	
59

	
67

	
62

	
47

	
41

	
36




	
Left

	
57

	
65

	
73

	
79

	
44

	
36

	
30

	
25




	
Bottom

	
50

	
59

	
67

	
80

	
48

	
41

	
32

	
27
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