

  metals-09-00036




metals-09-00036







Metals 2019, 9(1), 36; doi:10.3390/met9010036




Article



Measurement of Molten Steel Velocity near the Surface and Modeling for Transient Fluid Flow in the Continuous Casting Mold



Tao Zhang[image: Orcid], Jian Yang * and Peng Jiang





State Key Laboratory of Advanced Special Steel, Shanghai University, Shanghai 200444, China









*



Correspondence: yang_jian@t.shu.edu.cn; Tel.: + 86-21-6613-6580







Received: 11 December 2018 / Accepted: 29 December 2018 / Published: 4 January 2019



Abstract

:

In the current work, a rod deflection method (RDM) is conducted to measure the velocity of molten steel near the surface in continuous casting (CC) mold. With the experimental measurement, the flow velocity and direction of molten steel can be obtained. In addition, a mathematical model combining the computational fluid dynamics (CFD) and discrete phase method (DPM) has been developed to calculate the transient flow field in a CC mold. The simulation results are compared and validated with the plant measurement results. Reasonable agreements between the measured and simulated results are obtained, both in the trends and magnitudes for the flow velocities of molten steel near the mold surface. Based on the measured and calculated results, the velocity of molten steel near the surface in the mold increases with increasing casting speed and the casting speed can change the flow pattern in the mold. Furthermore, three different types of flow patterns of molten steel in the mold can be obtained. The pattern A is the single-roll-flow (SRF) and the pattern C is the double-roll-flow (DRF). The pattern B is a transition state between DRF and SRF, which is neither cause the vortices nor excessive surface velocity on the meniscus, so the slag entrainment rarely occurs. Argon gas injection can slow down the molten steel velocity and uplift the jet zone, due to the buoyancy of bubbles. Combination of the measurement and numerical simulation is an effective tool to investigate the transient flow behavior in the CC mold and optimize the actual operation parameters of continuous casting to avoid the surface defects of the automobile outer panels.
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1. Introduction


The surface defects on the cold rolled sheets for automobile outer panels related to the steelmaking process are mainly the large-sized Al2O3 clusters, “Ar + Al2O3” typed inclusions and the entrapped mold powder particles [1]. Generally, the non-metallic inclusions and the entrapped mold powder particles produced in the steelmaking and continuous casting (CC) process are firstly crushed down and then elongated along the rolling direction during the subsequent rolling process. Finally, they are discretely distributed along the rolling direction to form the line-shape defects, such as sliver, scab and blister.



Yasunaka H. [2] studied the surface defects in ULC steel and found that the defects were caused by the capture of argon bubbles whose diameter are 0.5–3 mm into the solidification structure ‘hook.’ Yang J. [3] researched the morphologies and chemical compositions for three kinds of surface defects on automobile outer panels and found that the stripe widths and lengths formed by three kinds of defects are different. Wang X.H. [4,5] studied the defects of IF steel in continuous casting slab and found that in the bottom slab of the cast, the number of inclusions from the mold powder entrapment is much more than that in the normal casting slabs. The number density of the large inclusions decreases with increasing casting speed when the casting speed is 1.0–2.0 m/min.



The formation of surface defects on cold rolled sheets is closely related to the flow behavior in the CC mold. Therefore, it is very important to investigate the flow field and flow pattern in the mold. The simulated calculation is an important means to research the flow behavior of molten steel in the CC mold. The transient flow field and the velocity near the surface in CC mold were investigated in many previous works [6,7,8,9,10]. The most popular numerical approach is the Reynolds time-averaged (RANS) model to predict steady-state and single-phase flow [11,12,13,14]. Liu C.L. [15] used a Eulerian-Lagrangian two-way coupled model to explore transient argon-steel system flow patterns in the mold. Wang Y.F. [16,17] investigated the complicated phenomena which are associated with transient stages during the continuous casting process using the Unsteady RANS model. They found that the acceleration rate for casting speed significantly affected the magnitude of velocity in the mold. In recent years, as the computer became more powerful than ever, the Large Eddy Simulation (LES) has been popular to investigate the transient flow and particles behavior in the CC mold [18,19,20,21,22].



The velocity of molten steel near the surface is one of the flow parameters which can be measured to predict the flow field and flow pattern in the CC mold. In many previous works, the water model experiments have been carried out to measure the flow velocity near the surface and investigate the flow field and flow pattern in the mold. Miki Y. [23] used a propeller-type velocity meter to measure the flow velocity at the 1/4 width position on the center plane of the thickness. The results showed that the fluctuations included a wide range of flow velocities as large as 0–0.6 m/s and the period of these fluctuations was estimated to be around 15 s based on the water model experiments. In Chaudhary R.’s study [24], the impeller velocity probes positioned below the top surface on both sides of the submerged entry nozzle (SEN) were used to investigate the horizontal velocity near the surface and instantaneous velocity data were collected at a sampling frequency of 1 Hz. The transient flow phenomena and the flow velocity near the surface in the water model of continuous casting process were also studied by use of the particle image velocity (PIV) technology [25,26,27,28].



However, the multi-phase flow behavior and related phenomena in the air-water system are quite different from that in the argon-molten steel system. Therefore, it is highly desirable to measure the velocity of molten steel directly and study the flow behavior of the molten steel in the CC mold. Up to now, the mainly reported method to measure the molten steel velocity near the mold surface is nail dipping method [29,30,31]. In this method, nails are inserted into the molten steel and a lump forms on the bottom of nails. Based on the lump shape and height difference between the two sides, the velocity near the surface and direction of flow can be measured in the mold. However, not only molten steel but also the molten layer of mold powder can form a lump on nails. The viscosity of the mold powder is about ten times higher than that of molten steel, which makes the flow behavior in the molten slag completely different from that in the molten steel. Therefore, the measurement error of molten steel velocity with the nail dipping method is obviously quite large. Several works about the dipped-in rod method were reported to measure the velocity near the surface [29,30,32,33]. But the information on how to build the relationship between the deflecting angle with the velocity near the surface and other technical details was not mentioned. As a consequence, it is of great significance to study an effective method to measure the velocity of molten steel near the surface in the CC mold.



In current work, a rod deflection method (RDM) is investigated to directly measure the flow velocity of molten steel near the surface in CC mold. In addition, a mathematical model combining the computational fluid dynamics (CFD) and discrete phase method (DPM) has been developed to calculate the transient flow behavior in the CC mold. The simulation results are compared and validated with the industrial experimental measurement results. Specifically, this work aims to investigate the effect of different casting speeds on the flow velocity of molten steel near the surface and the flow pattern in the CC mold from the numerical calculation and experimental measurements.




2. Experimental Apparatus and Method


Due to the high temperature up to about 1600 °C of molten steel, it is quite difficult to measure the flow velocity using the common devices and methods. Consequently, a speed measuring device and method is newly developed to measure the flow velocity of molten steel near the surface in an actual mold.



Figure 1 is the schematic diagram of the measurement method of molten steel velocity near the surface in the CC mold. The speed measuring device mainly consists of two parts: the deflecting part which can obtain the value of deflecting angle and the stainless steel detecting rod. By installing a counterweight as shown in Figure 2, the barycenter of the detecting device is adjusted to a position which is very close to the rotational pivot of the detecting rod. This design makes the detecting rod very sensitive to rotate and the accuracy of measurement can be significantly improved. Therefore, the flow direction of molten steel can be clearly known by the deflected direction and then the flow pattern in the mold can be obtained, which is helpful to control the flow behavior of molten steel in the mold. This method can be named the “Rod Deflecting Method” (RDM).



Under each experimental condition, three detection rods were used to measure the velocity of molten steel near the surface. The detecting rod can stay in the molten steel for about 30 s, the data were recorded as many as possible. More than thirty measured velocity values were obtained for each operation condition, so the average value of these velocities could minimize measuring errors caused by various reasons, such as waves, level fluctuations and large argon bubbles.



Figure 2 is the analysis of the forces acted on a detecting rod. The detecting rod is dipped into the molten steel, while the other end is supported by a pivot where the rod can freely rotate with the molten steel flow in the mold. The detecting rod is subjected to three forces: gravity (G), buoyancy force (Ff) and the impact force (FD). When the detecting rod leans to a certain angle (θ) and reaches a balanced state, the relationship of three forces can be described by the following equation:


GL1sinθ−FfL2sinθ=FDL2cosθ



(1)




where G is the gravity of the deflecting rod, (N); Ff is the buoyancy force of the detecting rod immersion part, (N); FD is the impact force acted on the detecting rod immersion part, (N); L1 is the distance between the barycenter of detecting rod and the rotational pivot, (m); L2 is the distance between the acting point of the impact force and the rotational pivot, (m); and θ is the rotational angle of the flow velocity detecting rod, (°).



Due to the impact force equivalent to the drag force on the detecting rod, the impact force can be expressed as the following equation:


FD=CDρU022A



(2)




where CD is the drag force coefficient which can be obtained from the relationship between the drag force coefficient and the Reynolds number (Re). U0 is the velocity of the steel melt, (m·s−1); ρ is the density of molten steel, (kg·m−3); A is the projection area of the detecting rod immersion part in the vertical direction of the flowing steel melt, (m2).



Equations (1) and (2) can be combined to give the following expression for calculating the velocity of the molten steel:


U0=2(GL1tanθ−FfL2tanθ)L2CDρA



(3)







As shown in Equation (3), G and L1 are intrinsic parameters of the detecting rod, if the deflection angle (θ) and the immersion depth of the detecting rod (L3) are measured, the velocity of molten steel can be obtained.



Figure 3 shows the relationship between the flow velocity of molten steel and deflection angle of detecting rod with different insertion depths. With the same insertion depth, the velocity of molten steel increases with increasing deflection angle. On the contrary, the velocity of molten steel decreases with increasing insertion depth for the same deflection angle. Thus all the experimental measurements are tried to be carried out with the same immersion depth in the present work.




3. Numerical Simulation


A numerical model is developed to simulate the turbulence flow in the SEN and CC mold, using the standard k-ε turbulent model [34], coupled with the discrete phase model (DPM) [35]. To ease the complexity of the solution process, several reasonable assumptions are applied in the present work:

	(1)

	
The continuous phase is regarded as being an incompressible fluid;




	(2)

	
The effect of the slag layer on the flow behavior of molten steel is ignored;




	(3)

	
All bubbles are treated as the spherical shape and the effects of temperature and pressure on the bubble shape and size are ignored.




	(4)

	
The deformation of the solidified shell is ignored.




	(5)

	
The surface oscillations are not considered.









3.1. Fluid Flow Model


The continuity equation and momentum conservation for an incompressible fluid are given by the following equations:


∂ρ∂t+∂(ρui)∂xi=0



(4)






∂∂t(ρui)+∂(ρuiuj)∂xj=−∂p∂xi+∂∂xj[(μl+μt)(∂ui∂xj+∂uj∂xi)]+ρgi+F



(5)




where ρ is the fluid-phase density; u is the fluid-phase average velocity; p is pressure; (μl + μt) is the effective fluid-phase viscosity; F in Equation (5) is the source term for momentum exchange with the bubbles, representing the drag force, the lift force and virtual mass force respectively.



μt in Equation (5) is the turbulent viscosity, which is defined as


μt=Cμρk2ε



(6)







The standard k-ε model is used to model turbulence, which means that the following transport equations of k and ε are solved.


∂(ρk)∂t+∂(ρuik)∂xi=∂∂xi((μl+μtσk)∂k∂xj)+Gk−ρε



(7)






∂(ρε)∂t+∂(ρuiε)∂xi=∂∂xi⋅((μl+μtσε)⋅∂ε∂xj)+ClεkGk−C2ρε2k



(8)






Gk=μt(∂ui,j∂xj+∂ui,j∂xi)∂ui,j∂xj



(9)







The values of the constants are Cμ = 0.09, σk = 1.0, σε = 1.3, C1 = 1.44, C2 = 1.92.




3.2. Discrete Phase Model


In this study, the trajectories of argon gas bubbles can be simulated using an Euler-Lagrangian approach. The transport equation for bubbles are governed by Newton’s second law and can be described as following:


mbdubdt=Fd+Fg+Ff+Fx



(10)







The terms on the right-hand side of Equation (10) are drag force (Fd), gravitational force (Fg), buoyancy force (Ff) and other forces (Fx). Fx is an additional source term, mainly including virtual mass force (Fv), the pressure gradient force (Fp) and the lift force (FL). All forces can be expressed as follows and details can be seen in previous work [9].


Fg=πdb36ρbg



(11)






Ff=πdb36ρg



(12)






FL=CLρπ6db3(ub−u)(∇×u)



(13)






Fv=Cvρπ6db3(Dudt−dubdt)



(14)






FP=ρbπdb36DuDt



(15)






Fd=Cdρπ8db2(ub−u)|ub−u|



(16)




where u, ub, ρ, ρb and db are the velocity of fluid, the velocity of bubbles, the density of molten steel, the density of bubbles and the diameter of bubbles, respectively. CL, Cv and Cd are the coefficients of lift force, virtual mass force and drag force, respectively.




3.3. Simulation Details


Figure 4 shows the geometry (a) and grids (b) of the computational domain. In this paper, the three-dimensional calculation area is meshed by dividing some domains to reduce the false diffusion in the process of numerical simulation. Moreover, grid refinement is applied to the submerged entry nozzle (SEN) to improve the accuracy of the simulation.



The 3D turbulence fluid flow and the trajectories of gas bubbles in a CC mold are simulated. Gas bubbles are injected from the top of the SEN and follow the flow stream through the two nozzle outlet ports into the mold. The geometrical and process parameters are given in Table 1. The whole grid consists of about 570,000 cells. The time step for the simulation is 0.001 s.



For the molten steel, the inlet boundary condition is a constant velocity at the top of the SEN and the outlet condition is outflow at the bottom of the computational domain. The top surface of the mold is assumed to have a fixed and free-slip condition. And all the walls of the mold are assumed to be stationary and no-slip.



For argon gas bubbles, it is assumed that the bubbles remain spherical and their shape variations are neglected. Based on the previous works [36], the initial bubble radius is set to be 0.5 mm as a constant value for the convenience of calculation. An escape boundary condition is defined for the top surface and outlets of the mold and the trap boundary condition is defined for the walls of the mold where bubbles are predicted to be caught. However, the reflect boundary condition is defined for the walls of SEN where bubbles are predicted to return the computational domain.





4. Results and Discussion


4.1. The Comparison between the Experimental and Calculated Results


Figure 5 shows the distribution of molten steel velocities along the mold thickness direction under the conditions of (a) without and (b) with gas injection. From the central plane to the planes near the wall of the mold along the thickness direction, the velocities of molten steel gradually decrease. Compared the distribution of velocities with and without argon gas injection, it can be found that argon gas injection can slow down the molten steel velocity and uplift the jet zone. The central planes (Z = 0) in Figure 5 are chosen to make a detailed comparison of the different distances from SEN, as shown in Figure 6.



Figure 6 shows the comparison of calculated velocity profiles at the different distances from SEN on the central plane (Z = 0). It can be seen from Figure 6 how the jets spread as they move across the mold along the width direction. The velocity profiles of the molten steel at the position of 80 mm and 270 mm away from the nozzle center have convex shapes, due to the jet zone forming out of the nozzle outlet ports. The velocities of molten steel near the nozzle are larger than those far from the nozzle. When the molten steel arrives at the narrow wall, the shape of the velocity profile becomes a concave as shown in Figure 6c, due to there is a stagnation point at the zone of impingement. The velocity of molten steel is the largest at the nozzle outlet ports and it gradually decreases towards the narrow side. Compared the red lines and black lines in Figure 6, it is seen that the velocities of molten steel with gas blowing have a difference from the condition without gas injection. The reason is that argon gas injection can greatly slow down the velocity of molten steel and uplift the jet zone, due to the buoyancy of bubbles. The similar results were reported that the gas injection widened the jet slightly and diminished its peak velocity [36].



Figure 7 is the comparison of calculated and measured surface velocities with different casting speeds. Figure 7a shows the effect of different casting speeds on the molten steel velocities of 5 cm below the surface along the mold width direction on the center plane. The conditions are that the mold width is 1275 mm, the argon gas flow rate is 4 l/min and the immersion depth of SEN is 170 mm. The results show that velocities of molten steel increase with increasing casting speed, both from experimental measurement and the calculated results. The reason is that the large casting speed can increase the velocity of molten steel flowing out of the nozzle outlet ports and decrease the bubble size. On the one hand, the molten steel flowing out from the nozzle outlet ports has a large velocity to reach the narrow wall where the jet splits to flow upward and downward. On the other hand, the increased casting speed produces greater shear stress breaking large bubbles into smaller ones, which can reduce the effect of buoyancy of bubbles on slowing down the molten steel velocity and uplifting the jet zone [37]. When the casting speed is 1.0 m∙s−1, the flow velocity near the surface is negative at the 1/4 width of mold and the direction of flow is from the nozzle to the narrow wall. When the casting speeds are increased to 1.3 and 1.5 m∙s−1, the velocities of molten steel are positive and there is a reversal of flow direction.



Figure 7b shows the comparison of experimental measurements and calculated results under the same conditions of Figure 7a, for the velocities of molten steel near the surface at the 1/4 width of mold. It gives a good agreement between the calculated and measured results, both in trends and magnitudes for the molten steel velocities. When the casting speed is increased from 1.0 m∙s−1 to 1.5 m∙s−1, the velocity of molten steel near the surface increases from −0.13 m∙s−1 to 0.28 m∙s−1 and the flow direction also changes.



Figure 8 shows the comparison of calculated and measured velocities near the surface with different casting speeds under the conditions that the mold width is 1040 mm, the argon gas flow rate is 4 l/min and the immersion depth of SEN is 170 mm. The results show that velocities of molten steel near the surface increase with increasing casting speed, both from experimental measurement and the calculated results. There is a good agreement between the calculated and measured results in trends as shown in Figure 8b. When the mold width is decreased from 1275 mm to 1040 mm, it is noticed a slight less-prediction of the measured velocity. This may be because the narrow mold width decreases the volume flow rate of molten steel and enhances the influent of bubbles on non-steady flow phenomenon, as the previous work reported [13].




4.2. Flow Patterns in the Mold


Three different types of flow patterns of molten steel in the mold are shown in Figure 9, which can be obtained from the present calculation and measurement results. The pattern A is the single-roll-flow (SRF) which is formed with increasing argon gas flow rate when the casting speed is small in the wide slab mold. On the contrary, the pattern C is the double-roll-flow (DRF) which is formed with increasing casting speed in the narrow slab mold. The pattern B is a transition state between DRF and SRF and its formation conditions are the reasonable casting speed and argon gas flow rate in the mold.



When the flow pattern is SRF, the strong upward flow and large argon bubbles near the SEN tend to result in the strong surface fluctuation of molten steel. Moreover, the large surface velocity is likely to lead to the longitudinal eddies near the narrow wall, which is one of the main reasons for the slag entrainment into the molten steel. For the flow pattern C, eddies and strong shear force seem to be easily produced by the excessive surface velocity of molten steel, which might result in the slag entrainment near the SEN. In comparison, the flow pattern B is neither cause the vortices nor excessive surface velocity on the meniscus, so the slag entrainment rarely occurs.



By means of the deflection angle measurement, not only the surface velocity but also the flow direction of molten steel can be measured and obtained. Thus, the flow pattern in the mold can be deduced from the flow directions at different positions of the mold. In the present study, the industrial experiments are performed by measuring the flow velocity at two different positions in the mold. One is at the location 10 cm from the narrow wall and the other at the 1/4 mold width.



Figure 10 shows the comparison between the calculated and measured velocities of molten steel under the same operation conditions. The black line presents the calculated velocity profiles of 5 cm below the surface along the mold width on the center plane. The experimental data in Figure 10a is measured corresponding to the simulation conditions which are as follows: the mold width is 1275 mm, the casting speed is 1.0 m∙min−1, the depth of SEN is 170 mm and the argon gas flow rate is 4 l∙min−1. Under these conditions, the velocities of molten steel near the surface show negative values at the 1/4 mold width, which indicate that the direction of molten steel flow is from the nozzle to the narrow wall. It is possible that the SRF pattern is formed in the mold. The SRF is an undesirable flow pattern which tends to cause more defects in the slab [38]. The strong upward flow and large argon bubbles near the SEN can result in the surface fluctuation of molten steel which is one of the main reasons for the slag entrainment. On the other hand, the downward flow near the mold narrow wall easily bring the bubbles and inclusions into the depth of mold which can also cause the surface defects. The flow velocity of molten steel is about 0.15 m∙s−1 at the 1/4 width of the mold, which shows the good agreement between the measurement results of the three sets and the calculation result.



In Figure 10b, when the casting speed is increased to 1.5 m/min with the same other parameters as those in Figure 10a, the velocities of molten steel near the surface dramatically change to the positive values, which means the direction of molten steel flow is from the narrow wall to the nozzle. The velocity of molten steel at the 1/4 width of the mold is about 0.28 m∙s−1, which agrees well with the measurement results. Compared with Figure 10a, the flow pattern changes from SRF to DRF with increasing the casting speed. The reason is that the molten steel out from the nozzle outlet ports has a large velocity to reach the narrow wall where the jet splits to flow more strongly upward and downward, which can form a typical DRF.



Figure 11 shows the measured velocities of molten steel near the surface at positions of 1/4 width and 10 cm from the narrow wall of the mold under the different casting speeds. The conditions of the experiment are as follows: the mold width is 1040 mm, the depth of SEN is 170 mm and the argon gas flow rate is 4 l∙min−1. No matter at 10 cm from the narrow wall or 1/4 width of the mold, the surface velocities increase with increasing the casting speed. It can be seen that when the casting speed is 1.3 m∙min−1, the flow direction at 1/4 width of the mold is from narrow wall to the nozzle but the flow direction is converse at 10 cm from the narrow wall of the mold. It is likely to indicate that the flow state in the mold is pattern B which is between SRF and DRF. When the casting speed is increased to 1.5 and 1.7 m∙min−1, the flow direction is from narrow wall to the nozzle both at 10 cm from the narrow wall and 1/4 width of the mold, which indicates that the flow pattern in the mold is pattern C of DRF.



Figure 12 shows the predicted flow field of molten steel in the mold under different casting speeds. The calculated results show a good agreement with the measured results. When the casting speed is 1.3 m∙min−1, the flow direction of molten steel in the upper circulation zone is opposite between the 1/4 mold width and near the narrow face. When the casting speed is 1.7 m∙min−1, the flow pattern in the mold is a typical DRF. It strongly evidences that different casting speeds can change the flow pattern in the mold. In a consequence, the Rod Deflecting Method can be used to judge the flow pattern of the mold and optimize the operation conditions of continuous casting to improve the quality of the slab.





5. Conclusions


In this study, the measurements of molten steel velocity near the mold surface are conducted using a newly developed speed measuring method under the different operation conditions of continuous casting. In addition, the mathematical model is adapted to simulate the flow field of molten steel in the mold. Based on the obtained results, the following conclusions are drawn:

	
The rod deflection method is conducted to measure the flow velocity of molten steel near the surface of the mold in the industrial experiment. With this measurement, the flow velocity and direction can be obtained.



	
Both experimental and calculated results show that the molten steel velocity near the mold surface increases with increasing casting speed. Furthermore, argon gas injection can slow down the molten steel velocity and uplift the jet zone, due to the buoyancy of bubbles.



	
Three different types of flow patterns of molten steel in the CC mold can be obtained from the present calculation and measurement results. The pattern A is the single-roll-flow (SRF) and the pattern C is the double-roll-flow (DRF). The pattern B is a transition state between DRF and SRF, which is neither cause the vortices nor excessive surface velocity on the meniscus, so the slag entrainment rarely occurs.



	
It is found both from the measurement results and calculated results of the molten steel velocity near the mold surface that the casting speed can change the flow pattern in the mold. When the argon flow rate is 4 l/min and the casting speed is 1.0 m/min, the SRF will be formed. However, the flow pattern becomes the DRF with increasing the casting speed to larger than 1.3 m/min.



	
Good and reasonable agreements have been obtained between the calculated and measured results. Combination of the measurement and calculation results is an effective tool to investigate the transient flow behavior in the CC mold and optimize the actual operation parameters of continuous casting to avoid the surface defects of the automobile outer panel.
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Figure 1. Schematic diagram of the measurement method of molten steel velocity near the surface in a mold. 
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Figure 2. Analysis of the forces acted on a detecting rod. 
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Figure 3. Relationship between flow velocity of molten steel and deflection angle of detecting rod with different insertion depths. 
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Figure 4. Geometry (a) and grids (b) of the computational domain. 
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Figure 5. Distribution of molten steel velocity along the mold thickness direction. (a) Without gas injection; (b) With gas injection. 
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Figure 6. Comparison of calculated velocity profiles at the different distances from SEN. (a) 80 mm from nozzle center; (b) 270 mm from nozzle center; (c) 530 mm from nozzle center. 
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Figure 7. Comparison of calculated and measured velocities near the surface with different casting speeds. (a) Calculated results; (b). Comparison of experimental and calculated results 
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Figure 8. Comparison of calculated and measured velocities near the surface with different casting speeds. (a) Calculated results; (b). Comparison of experimental and calculated results 
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Figure 9. Different flow patterns of molten steel in the mold. (a) Pattern A (SRF); (b) Pattern B (Transition state); (c). Pattern C (DRF). 
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Figure 10. Comparison of the calculated and measured molten steel velocities near the surface. (a) Casting speed is 1.0 m/min; (b) Casting speed is 1.5 m/min. 
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Figure 11. Measured velocities of molten steel near the surface at positions of 1/4 width and 10 cm from the narrow wall of the mold. 
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Figure 12. Flow field of molten steel in the mold under different casting speeds. (a) Casting speed is 1.3 m/min; (b) Casting speed is 1.7 m/min 
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Table 1. Geometrical and process parameters.
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	Parameters
	Values
	Parameters
	Values





	Slab width (mm)
	1040, 1080, 1275
	Fluid density (kg/m3)
	7020



	Slab thickness (mm)
	230
	Gravity acceleration (m/s2)
	9.81



	Slab length (mm)
	3000
	Gas density (kg/m3)
	0.27



	SEN submerged depth (mm)
	170
	Gas bubble radius (mm)
	0.5



	Casting speed (m/min)
	1.0, 1.3, 1.5, 1.7
	Gas volume flow (l/min)
	0, 4, 7



	Fluid dynamic viscosity(N·s/m2)
	0.0056
	SEN port angle (°)
	20
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