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Abstract

:

In the LF refining process, argon blowing at the bottom of ladle can play an important role in unifying the composition and temperature of molten steel and removing inclusions. However, unreasonable bottom argon blowing process can also cause many problems. Slag entrapment and slag surface exposure may occur, affecting the steel quality. Since the working conditions of different enterprises are very different, corresponding optimization is required for specific parameters. There were some problems in 70t ladle of a steel plant, such as unclear control of bottom argon blowing system in different refining periods, unobvious floating removal effect of inclusions in ladle, high total oxygen content and large fluctuation, etc. In this study, a 1:3 physical model was established according to the similarity principle. Then, on this basis, the experimental schemes with different blowing hole positions and argon flow rates were designed for simulation experiments. By means of mixing time measurement, flow field display and oil film measurement, the optimal argon blowing position was double holes 6, 12 (2/3R), and the included angle between them was 135°. The optimal argon flow rate for wire feeding and soft blowing should be 7.6 L/min (corresponding to the actual production of 180 L/min) and 0.6 L/min (corresponding to the actual production of 15 L/min), respectively. According to this scheme, the industrial experiments showed that the contents of total oxygen and nitrogen in the whole process were reduced, the surface density of inclusions in billet was reduced by 11.81% on average, and calcium sulfide and various inclusions containing aluminum were reduced to varying degrees.
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1. Introduction


The quality of steel is closely related to the cleanliness of molten steel, and high-quality clean steel is the unremitting pursuit of the development of iron and steel industry [1,2,3,4,5]. Secondary refining plays a very important role in improving the cleanliness of molten steel, and among all refining technologies, LF refining has been widely used for its complete functions and low cost [6,7,8,9,10]. In the tens of minutes of LF refining, argon blowing at the bottom of ladle is required to promote the material transfer and energy transfer between molten steel and slag, so as to achieve the metallurgical effect of uniform the composition and temperature of molten steel and removal of inclusions [9,10,11,12]. Ladle water modelling studies were used to investigate the behavior of molten steel in the ladle during steelmaking processes [13]. Several studies had been conducted in the literature to understand the effects of different parameters on the flow patterns, mixing efficiency, and heat transfer characteristics of the ladle [14]. One of the key findings in these studies was that the flow patterns in the ladle were influenced by the ladle geometry, nozzle position, and flow rate of steel [15]. Additionally, studies had shown that the addition of gas injection could further enhance mixing and heat transfer in the ladle [16]. The gas bubbles acted as a stirring agent, promoting turbulence and increasing the contact area between the molten steel and the slag [17]. Other studies had focused on the effect of ladle preheating on the mixing and heat transfer characteristics of the molten steel. Preheating the ladle could reduce the thermal shock experienced by the molten steel during the steelmaking process and improve the efficiency of ladle mixing [18]. Overall, ladle water modelling studies had provided valuable insights into the behavior of molten steel in the ladle and had helped to optimize ladle practices in steelmaking processes. Lou used CFD-PBM coupling model to study and found that both the double-hole bottom blowing method and increasing the gas flow rate can significantly shorten the mixing time and increase the inclusion removal rate [19]. Liu and Chen simulated based on the VOF-DPM coupling model and found that the bubble size had little effect on the change of liquid steel flow, on the contrary, the gas flow had an important effect on liquid steel flow [20,21]. Zhang analyzed the technology of injecting gas to remove inclusions in molten steel by establishing mathematical model and water model experiment, and found that the gas flow rate had a great impact on improving the inclusion removal rate [22]. Lou studied the influence of gas injection on the plume and inclusion removal of stirred liquid steel, and finally found that the gas flow rate within a certain range can promote inclusion removal [23]. Geng established a ladle model with porous structure, described the impact of inclusion removal, extracted the data of turbulent kinetic energy, turbulent energy dissipation rate, inclusion number density and so on in the ladle. Through data analysis, it was concluded that porous structure was more conducive to the removal of inclusions in ladle than single-hole structure. Finally, it was concluded that top-slag adsorption was the main way to remove inclusions [24].



In the actual production process, different production conditions lead to different process parameters for optimal argon blowing effect in ladle soft blowing process, so it is necessary to conduct corresponding research based on specific parameters and conditions [25,26]. There were some problems in 70t ladle of a steel plant, such as unclear control of bottom argon blowing system in different refining periods, unobvious floating removal effect of inclusions in ladle, high total oxygen content and large fluctuation, etc. To solve this problem, a 1:3 water physical model was established in the laboratory, which was used to optimize the prototype ladle bottom argon blowing system and determine the reasonable ladle bottom argon blowing position and flow rate [27]. The final industrial experiment was carried out to verify the optimization effect and provide theoretical and practical guidance for the production of high value-added clean steel such as bearing steel in this mill.




2. Experimental Method


2.1. Experimental Equipment


The experimental equipment in this study was shown in Figure 1. Argon gas was used in both physical simulation and actual production. The argon gas stored in the cylinder was blown into the scaled-down water model through the gas flow meter and valve. Two conductance electrodes for measuring conductivity were placed below the liquid level and above the bottom of the ladle and at the same two positions from the ladle walls on both sides of the ladle. The two electrodes were on the same diameter. In each experiment, 200 mL of saturated KCl solution was added as a tracer. Then, the conductivity value of KCl was collected by the DJ800 detection system for a period of time after adding KCl, and the change law was analyzed by computer. The camera was mainly used to visually record the dynamic flow field after adding dye and the change law of slag eye after adding oil film under different working conditions.




2.2. Experimental Principle


2.2.1. Geometric Similarity


According to the size of 70t ladle and permeable brick in this steel plant, the similarity ratio adopted in designing ladle physical model was 1:3, and the dimensions of prototype and water model was shown in Table 1 and Figure 2. The ladle used on site had a bottom blow hole at positions 2 and 11 in Figure 2b, respectively. Therefore, the blowing holes were added at the positions of 1/5R, 1/3R, 1/2R, 2/3R, and 4/5R in the radial direction, avoiding the nozzle, as shown in Figure 2b. The number and position details of each hole were shown in Table 2. There was the following relationship between each position: holes 1, 2, 3, 10, 11 and 12 were on the same diameter, holes 7, 8, 9, 14 and 15 were on the same diameter, and the above two diameters were perpendicular to each other. The holes 4, 5, and 6 were on the same radius, and the radius was at an angle of 45° with the above two diameters.




2.2.2. Dynamic Similarity


Dynamic similarity was the key to similarity conditions. In the process of blowing argon at the bottom of ladle, the most important movement was the movement of argon bubbles [28]. The motion was mainly carried out under the action of buoyancy and had little relation with viscous force. Therefore, when considering the dynamic similarity of this physical simulation, it was only necessary to make the Froude numbers equal [29]. In order to obtain the corresponding blowing volume of the model, further theoretical deduction was needed. The modified Froude number can be defined as Equation (1), where the characteristic velocity was calculated as Equation (2). According to the equality of Froude number in the water model and the actual ladle, Equation (3) can be obtained by bringing in the actual value. The blowing volume of the model can be obtained by using Equation (3), and the specific values were shown in Table 3.
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where    ρ g    was the gas density,    ρ l    was the liquid density,  μ  was the viscosity, g was the gravitational acceleration,  H  was the liquid level,  Q  was the volume flow rate,  d  was the nozzle diameter,    Q  r e a l     was the actual blowing flow rate of the ladle, and    Q A    was the indicated value of the water model gas flowmeter.




2.2.3. Slag Steel Interface Similarity


For the simulation of steel slag, the most important thing to be determined was the density. Different from the dynamic similarity, because the slag-steel interface was mainly affected by surface tension, it was necessary to ensure that the We criteria were equal besides Froude criteria, and Equation (4) can be obtained [30,31]. When the actual value was brought in, it can be known that    ρ o  = 879.53   kg/m3. According to the literature research, the density of 100# vacuum pump oil was 879 kg/m3, which was close to the calculated density. Therefore, 100# vacuum pump oil was used for the simulation of steel slag.
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where    σ  w − o     was the surface tension of water-oil,    σ  s t − s l     was the surface tension of steel-slag,    ρ o    was the density of oil,    ρ  s l     was the density of molten slag.





2.3. Experimental Characterization


2.3.1. Mixing Time


The shorter the time required for the molten pool to reach the mixed state, the better the smelting effect. Ladle refining was to drive the movement of molten steel by blowing argon bubbles at the bottom. On the one hand, it accelerated the transfer of substances in the molten steel, on the other hand, it was beneficial to the heat transfer of the molten steel and improved the temperature uniformity. Therefore, mixing time can be used as an important evaluation index for the optimization of ladle bottom blowing. In this study, the stimulus-response method was used to determine the mixing time [32]. In the experiment of the water model, it was usually considered to be in the mixed state when the response signal of a specific location was basically unchanged, and then the time from adding the tracer to reaching the mixed state can be obtained. In this experiment of argon blowing at the bottom of ladle, the tracer was saturated KCl solution, and the monitored response signal was conductivity. The DJ800 monitoring system was used to measure the conductivity of the two points and obtain the mixing time. It should be noted that before adding the tracer, argon gas was introduced into the water model for a few minutes, and the measurement was performed after the liquid flow in the container stabilized.




2.3.2. Flow Field Display


Due to the black box property of the ladle, it was impossible to directly obtain the characteristics of its internal flow field. In order to evaluate and compare flow fields, researchers had developed a variety of flow field display methods. According to different principles, it can be divided into particle tracer method and optical display method, which mainly included direct tracer injection method, wall tracer method, silk thread method, chemical tracer method, electronic control method and optical tracer method [33]. In this study, the color liquid method in optical tracer was used to study the water model of argon blowing at the bottom of ladle. After the argon was blown into the liquid and flows stably, KMnO4 solution was added to the ladle water model. At the same time, the camera was used to shoot, and the flow field under different working conditions was recorded for comparative analysis.




2.3.3. Oil Film Measurement


When ladle bottom blowing was used for refining, the steel slag would inevitably be blown away, thus forming a slag eye [34]. This might cause secondary oxidation of molten steel, and then slag entrapment, which would have a great impact on the quality of steel. Therefore, it was also necessary to pay attention to the size of slag eye and the degree of slag entrapment in the model study, so as to determine the reasonable argon blowing flow rate. Prior to this experiment, water was first added to the specified height in the plexiglass model, and then oil was added to the surface of the water to the calculated layer thickness. When the whole oil layer was calm, the gas was blown under different argon flow rate and blowing position. The camera was used to record the change of slag eye and the specific situation of slag entrapment. Finally, ImageJ was used to statistically analyze the size of slag eyes.




2.3.4. Field Sampling Analysis


The metallographic samples were prepared by hot setting using a metallographic inlay machine. Then, the metallographic samples were ground and polished by a fully automatic grinding and polishing machine. The treated specimen was observed under a light microscope to ensure that the surface was clean enough to avoid the presence of foreign objects affecting the observation results of subsequent inclusions. After the above operation, LECO oxygen and nitrogen analyzer and ASPEX automatic inclusion scanning system were used to detect and analyze the oxygen and nitrogen content and the number of inclusions.






3. Results and Discussion


3.1. Single Hole Bottom Blowing Experiment


3.1.1. Mixing Time


In the single-hole bottom blowing experiment, the mixing time at 6 positions of holes 13, 14, 1, 2, 3 and 15 under different blowing flow rates was carried out, as shown in Figure 3. It can be seen from the figure that the overall trend of the curve was downward, that is, the flow rate increased and the mixing time decreased. After careful analysis of the curve coordinate points, it can be found that within a certain range of blowing flow, the mixing time decreased rapidly, and after reaching a critical value, the decreasing trend would slow down or even increase. This showed that the air blowing rate at the inflection point of the model was 7.6 L/min. After that, the increased air blowing rate was almost used to cause the fluctuation of slag surface, rather than the mixing of molten steel, which not only affected the mixing effect, but also caused slag entrapment. It can also be found that with the distribution of the blowhole position from the center to the wall, the mixing time first increased, then decreased, and then increased. The mixing time of the single-hole blowing position within the distance of 1/2R-2/3R was smaller than that of the center position. Therefore, in the single-hole blowing experiment, if only mixing time was considered, hole 2 and hole 3 were the better choices.




3.1.2. Flow Field Display


In the flow field display experiment, the color display reagent potassium permanganate solution was added to display the flow field and qualitatively judge the flow state in the ladle. The time of each group of photos taken by the camera was 0–30 s, and the time interval was 5 s. In order to further determine the optimal scheme, the flow field of hole 2 and hole 3 at the blowing flow rate of 7.6 L/min was photographed, as shown in Figure 4. After analyzing the results of the flow field display experiment, it was found that at the 25th second, the color of the whole flow field of the two was basically uniform. However, at this time, the color of the flow field in the hole 3 scheme was slightly lighter and uniform as a whole, and there was no darker color position. On the contrary, the color in the middle of the flow field in the hole 2 scheme was darker, and the color on both sides was lighter. This showed that the mixing degree of the former was better than that of the latter.




3.1.3. Exposed Molten Steel


After the oil film was added to the water surface, the size of slag eye can be compared. Similarly, the schemes of hole 2 and hole 3 were selected to measure and make statistics on the exposed areas of slag surface under different gas flows, as shown in Figure 5. ImageJ (V1.8.0) software was used for image analysis to outline the exposed area of slag surface with different contrast, and then measure its area and calculate the equivalent diameter as the size of the exposed area of slag surface, which was drawn in Figure 6.



As can be seen from the slag surface exposed diagram of the schemes of hole 2 and hole 3 (Figure 6), the size of the slag surface exposed area increased obviously with the increase of the blowing flow rate. In hole 2 scheme, the shape of slag hole was round when the blowing volume was less than 7.6 L/min. When the blowing air volume was greater than 7.6 L/min, argon bubbles gradually began to scour the ladle wall surface, and the exposed shape became oval under the influence of the wall surface. Under this flow rate, the ladle wall had an impact on the flow. Hole 3 was closer to the ladle wall than hole 2. For hole 3, the slag hole was circular when the blowing air volume was less than 3.8 L/min. When the blowing air volume at the bottom of ladle was greater than 3.8 L/min, the exposed shape of liquid steel began to be affected by the ladle wall surface, and the rising argon gas stream began to further scour the ladle refractory. When the blowing flow rate was greater than 8.9 L/min, the change of slag hole was no longer obvious. The exposed area of the slag surface blown by hole 2 was slightly smaller than that of hole 3 under each blowing flow rate.




3.1.4. Bottom Blowing Slag Entrapment


During the experiment, the slag entrapment under different blowing rates was recorded by taking photos, and the two adjacent blowing rates were analyzed. The results of slag entrapment in the two blowing volumes of hole 2 and hole 3 schemes were shown in Figure 7. Under the condition of 2.5 L/min bottom blowing flow, the steel slag level was relatively calm when the hole 2 and hole 3 were blowing, and there was no obvious fluctuation on the slag surface. Under the condition of 3.8 L/min bottom blowing flow, the steel slag level of both sides fluctuated, the slag layer was blown away by argon gas flow and turned over, which was easy to be involved in the fluid. But the slag drop could rise again and return to the steel slag interface, at this time, it was only the fluctuation of the slag surface rather than the occurrence of slag entrapment. The slag entrapment trend of hole 2 and hole 3 was similar.



In the above research, firstly, the optimal blowing positions of hole 2 and hole 3 were screened out by mixing time, and the two schemes were further compared by flow field display experiment, slag surface exposure experiment and slag entrapment experiment. It was found that there was little difference in mixing time between hole 2 and hole 3, and the flow field effect was not much different, but the slag hole area of the former was smaller than that of the latter, and the scouring operation on the cladding wall was less. To sum up, it was reasonable to choose hole 2 (1/2R) for blowing in single air hole and 7.6 L/min for bottom blowing flow rate.





3.2. Double Hole Bottom Blowing Experiment


3.2.1. Mixing Time


Through the water model experiment, the mixing time of the three radii of 1/3R, 1/2R and 2/3R and the combined positions of 180°, 135° and 90° were obtained, as shown in Figure 8. In the 180° double hole scheme, the mixing time decreased with the increase of the bottom blowing volume. When the bottom blowing volume was less than 7.6 L/min, the mixing time changed significantly. When the bottom blowing volume was greater than 7.6 L/min, the change of mixing time tended to be gentle. By comprehensive comparison of the change process of the total bottom blowing volume, the mixing time of the combination of holes 1, 11 and 2, 12 was small. In the 135° double hole scheme, the mixing time also decreased with the increase of the bottom blowing volume. After the blowing volume was greater than 7.6 L/min, the mixing time changed slowly. In the 135° double hole blowing combination, the mixing effect of holes 6 and 12 was the best, and the mixing time was shorter than that of prototype holes 2 and 11. In the 90° double hole scheme, the mixing effect of holes 2, 8 and 3, 9 was better, but it was not different from the prototype when the gas volume was small. To sum up, the mixing time of 1, 11 in 180° and 6, 12 in 135° in the double hole layout was shorter than that of the prototype, which was the better scheme.




3.2.2. Flow Field Display


The flow field display experiment of double hole was the same as that of single hole bottom blowing. The duration of each set of photos taken by the camera was 0–30 s, and the interval was 5 s. In order to further determine the optimal scheme, the prototype, 1, 11 in 180° and 6, 12 in 135°, were respectively photographed in the blowing flow field of 7.6 L/min, as shown in Figure 9. By comparing the flow field display photos of the three groups of hole positions, it can be found that the colors of hole 2, 11 and 1, 11 were not completely uniform in the 25 s, and they were mixed in the 30 s. However, the color of flow field in hole 6 and hole 12 was completely uniform at the 25 s.




3.2.3. Exposed Molten Steel


Experiments were carried out on the slag surface exposure of prototypes 2, 11, 1, 11 and 6, 12 at different flow rates. The specific results were shown in Figure 10. ImageJ (V1.8.0) software was used to measure the slag surface exposure size of each scheme, and the statistical results were plotted in Figure 11.



By comparing the above three different schemes, it can be obtained that when the blowing positions were holes 1 and 11, the positions of the two bottom blowing holes were relatively close. With the increase of the blowing volume, when the blowing flow rate of the double holes was 6.3 L/min, the two holes began to connect. With the increase of the argon blowing flow rate of the ladle, the diameter of the slag hole continued to rise. When the blowing volume of the double hole bottom was greater than 8.9 L/min, the change trend of the exposed diameter of the slag surface slowed down, and the energy generated by increasing the air volume was no longer mainly consumed in the stirring of the molten steel. In the scheme of holes 6 and 12, the phenomenon of slag hole contact had not occurred, and its diameter was the smallest. During the study, it was found that when soft blowing was performed, the slag surface was kept in a slightly blown-open state to prevent the occurrence of secondary oxidation of the steel and improve the refining effect. Based on previous slag eye studies, it was determined that the argon flow rate in this state was 0.6 L/min, which corresponded to an actual flow rate of 15 L/min.




3.2.4. Bottom Blowing Slag Entrapment


The experiment of double-hole bottom blowing slag entrapment also carried out related experiments on the slag entrapment of prototypes 2, 11, 1, 11 and 6, 12 under different flow rates. During the experiment, the slag entrapment under different blowing rates was photographed step by step, as shown in Figure 12. At the bottom blowing flow rate of 2.5 L/min, there was no obvious fluctuation of steel slag interface in holes 2, 11, 1, 11 and 6, 12. However, at 3.8 L/min, the slag surface fluctuated slightly in all three schemes, but the slag fluctuating in molten steel would still float on its own. The fluctuation trend of holes 1 and 11 was more obvious than that of holes 2, 11, 6 and 12, and the latter two had almost the same fluctuation state.



In the above research, firstly, 1, 11 in 180° and 6, 12 in 135° were selected as the optimal blowing positions according to the mixing time, and the two schemes were further compared by flow field display experiment, slag surface exposure and slag entrapment experiment. It was found that the hole 6, 12 scheme was obviously better in all experiments. Therefore, it was reasonable to choose holes 6 and 12 (2/3R, 135°) and 7.6 L/min for double-hole blowing.






4. Industrial Experiment


According to the optimization results of the water model, industrial experiment was carried out after the ladle structure transformation at the production site, and the selected steel grade was 27SiMn. Sampling was carried out at the same time before and after ladle optimization. The specific sampling scheme was shown in Table 4, which was the barrel sample and the finished billet sample at different stages of LF refining.



In industrial experiment, the optimization effect was mainly evaluated by the following indicators. (1) Total oxygen content: the main form of oxygen in molten steel was inclusion, and the total oxygen content can reflect the level of inclusion in molten steel. (2) Nitrogen content: the change of nitrogen content can reflect the secondary oxidation of molten steel. (3) Number of inclusions: the number of inclusions directly represented the cleaning level of molten steel. From the perspective of the oxygen content, the refining and deoxidation process was stable and could accurately control the oxygen content. Prototype 1 and 2 were both sampling results with bottom blowing at holes 2 and 11, while optimization 1 and 2 were sampling results with bottom blowing at holes 6 and 12. From Figure 13b, it can be seen that the nitrogen content of the prototype ladle increased by 21 ppm and 24 ppm during the soft blowing process in LF refining, indicating that the molten steel had a large contact area with air during argon blowing. After optimization, the nitrogen content during the soft blowing process decreased by 2 ppm and 3 ppm, respectively, effectively reducing the secondary oxidation of the prototype. During the whole LF process, the nitrogen content slightly increased and the control became more stable. Figure 13c showed the results of automatic scanning detection of inclusions sampled in the whole process. It can be found that the inclusion surface density of ladle sampling after optimization was low whether from the whole refining process or the soft blowing process in which inclusions were mainly removed by floating up. In particular, the inclusion surface density of the billet was reduced by 11.81% on average. In conclusion, the inclusion removal effect after ladle optimization was better than that of the prototype. As seen from Figure 13d, it was observed that the problematic calcium sulfide and various aluminum-containing inclusions present in the field had almost all decreased to varying degrees. Among them, the reduction of CaS was the most significant, which indirectly reflected the effect of soft-blow optimization. The finished pipe after rolling was sampled, and the inclusion level was determined according to the standard (GB/T 10561-2005) [35]. A total of 9 heats (11 samples) were tested in the test ladle, and the inclusion detection results were all qualified.




5. Conclusions


The optimal argon blowing position and argon blowing flow rate were obtained through comparative study of various indicators of single-hole and double-hole argon blowing, and the final optimization results were verified by industrial experiment, and the following conclusions were drawn:




	(1)

	
Under the equipment conditions of this study, the optimal argon blowing position was double holes 6, 12 (2/3R), and the included angle between them was 135°.




	(2)

	
In order to obtain the best mixing effect and reduce secondary oxidation during heating and wire feeding, the argon flow rate should be 7.6 L/min (corresponding to the actual production of 180 L/min), and the argon flow rate in the soft blowing process should be 0.6 L/min (corresponding to the actual production of 15 L/min).




	(3)

	
After optimization, the content of total oxygen and nitrogen in the whole process decreased, especially in the soft blowing process, indicating that the scheme reduced the secondary oxidation of liquid steel.




	(4)

	
The surface density of inclusions in the refining process was lower than that of the prototype, especially the surface density of inclusions in the casting billet was reduced by 11.81% on average, and calcium sulfide and various aluminum-containing inclusions were reduced to varying degrees.
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Figure 1. Schematic diagram of water model experimental equipment. 
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Figure 2. (a) prototype dimensions, (b) model dimensions and (c) model physical objects. 
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Figure 3. Blending time of different blowing rates in single hole scheme. 
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Figure 4. Flow field display diagram of single hole 2 (a) and 3 (b) at 7.6 L/min blowing rate. 
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Figure 5. Slag surface exposure of single hole 2 (a) and hole 3 (b) at different blowing rates. 
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Figure 6. Slag eye diameter of single hole 2 and hole 3 at different blowing rates. 
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Figure 7. Slag entrapment behavior of single hole 2 and hole 3 under (a,b) 2.5 L/min, (c,d) 3.8 L/min bottom blowing flow. 
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Figure 8. Mixing time of different blowing volumes in the double hole (a) 180°, (b) 135°, (c) 90° distribution schemes. 
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Figure 9. Flow field display diagram of double holes 2, 11 (a), 1, 11 (b) and 6, 12 (c) at 7.6 L/min blowing rate. 
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Figure 10. Slag surface exposure of double holes 2, 11 (a), 1, 11 (b) and 6, 12 (c) at different blowing rates. 
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Figure 11. Slag eye diameter of double holes at different blowing rates. 
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Figure 12. Slag entrapment behavior of double-hole 2, 11, 1, 11 and 6, 12 at 2.5 L/min (a–c), 3.8 L/min (d–f) bottom blowing flow. 
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Figure 13. Changes in total oxygen content (a), nitrogen content (b), inclusion density (c) and inclusion type (d) of molten steel before and after optimization. 
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Table 1. Size parameters of ladle prototype and model.
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	Parameter
	Actual Dimensions (mm)
	Model Dimensions (mm)





	Ladle depth
	2830
	943.3



	Upper diameter of ladle
	2531
	843.7



	Lower diameter of ladle
	2236
	745.3



	Diameter of top surface of vent plug
	108
	36



	Height of molten pool
	2370
	790



	Thickness of slag
	63.9
	21.3
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Table 2. Position and number of blow holes at the bottom of water model.
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	Position
	Number





	1/3R
	1, 4, 7, 10



	1/2R
	2, 5, 8, 11



	2/3R
	3, 6, 9, 12



	Center of circle
	13



	1/5R
	14



	4/5R
	15
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Table 3. Blowing volume of prototype and model.
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	Prototype (L/min)
	15
	25
	35
	60
	90
	120
	150
	180
	210
	240



	Model (L/min)
	0.6
	1.1
	1.5
	2.5
	3.8
	5.1
	6.3
	7.6
	8.9
	10.1
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Table 4. Sampling position and sample type.
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	No.
	Position
	Sample Type





	1
	LF arrival
	Barrel sample



	2
	Refining for 10 min
	Barrel sample



	3
	Refining for 20 min
	Barrel sample



	4
	Refining for 30 min
	Barrel sample



	5
	Before wire feeding
	Barrel sample



	6
	After wire feeding
	Barrel sample



	7
	Soft blowing for 10 min
	Barrel sample



	8
	Soft blowing for 20 min
	Barrel sample



	9
	Continuous casting
	Billet sample
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