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Abstract. 
The three-dimensional model was developed according to number 4 of the main trough of blast furnace at China Steel Co. (CSC BF4). The  equations and volume of fluid (VOF) were used for describing the turbulent flow at the impinging zone of trough, indicating fluids of liquid iron, molten slag, and air in the governing equation, respectively, in this paper. The pressure field and velocity profile were then obtained by the finite volume method (FVM) and the pressure implicit with splitting of operators (PISO), respectively, followed by calculating the wall shear stress through Newton’s law of viscosity for validation. Then, the operation conditions and the main trough geometry were numerically examined for the separation efficiency of iron from slag stream. As shown in the results, the molten iron losses associated with the slag can be reduced by increasing the height difference between the slag and iron ports, reducing the tapping rate, and increasing the height of the opening under the skimmer.



1. Introduction
Liquid phase separation plays a central role in a variety of production technologies [1]. It is important to reduce metal losses associated with the slag in the main trough of the blast furnace [2, 3]. Insufficient separation gives rise to technological problems in the subsequent processing of hot metal and slag in addition to the losses themselves. The trough, or main iron runner, is made of refractory material and designed to be long enough with suitable skimmer arrangements to obtain good separation of the two liquid phases of iron and slag. Depending on operating conditions, the mixture of molten iron and slag [4], which are continually tapped by the internal pressure of the blast furnace from the blast furnace hearth through a taphole, is separated by the density difference of fluids [5] in the downstream of main trough. As sketched in Figure 1(a), the separation of iron from slag proceeds as the liquids flow down the main trough; consequently, nearly complete separation is expected in the skimmer region. After separation through the skimmer arrangements, the slag is directed to subsequent slag processing facilities, and hot metal is sent to a desulphurization process prior to the steel making process [6].
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(b)
Figure 1: Schematic configuration of main trough: (a) side section and (b) cross section, used in this investigation.


A few investigations were carried out to study the fluid flow characteristics to enhance the separation efficiency. In the laminar flow regime, where Reynolds number [7] is approximately less than 0.1, the settling velocity can be expressed by Stoke’s law [8] in liquid Al during grain refinement that can be applied for the estimation of settling rate of metal droplets in the liquid slag [9]. For the case of static flow condition, the maximum velocity of droplets is a function of interfacial tension between two liquid phases, density of two liquid phases, and viscosity of continuous phase [10]. In the agitated mixing vessel, the mean diameter of droplets is a function of Weber number [11], viscosity ratio between two phases, and the geometrical factors [12]. An increase in the slag volume leads to a reduction in metal losses because of the greater pressure of the slag column on the pig iron [13]. However, there may exist a certain lower limit of the level when the slag penetration into molten iron [14] is taken into account. For separating two phases concurrent flow in a rectangular channel, the flow behavior was studied by Zhao et al. [15]. They reported that fractional height of upper phase stream (more viscous) is a function of the viscosity ratio and volume fraction of each liquid. Basically, this mechanism behavior will be applicable for the blast furnace trough system; accordingly, the interface level will be determined by the competition between gravitational force balance [16] in the trough and viscous force balance between two phases [17].
In the mold of a continuous caster [18], which is similar to blast furnace trough system, the slag entrainment mechanism has been studied. Feldbauer et al. [19] reported that there exists a critical velocity of molten steel necessary to cause slag entrainment and the velocity is a function of physical properties of fluids such as density, viscosity, and interfacial tension. Kim et al. [20] carried out a series of experiments, including changing the dimensions of the trough and various process variables such as total discharge rate from the furnace, volume fraction of each liquid, and viscosity of oil. Based on the results, the separation mechanism and the effect of each variable on the separation efficiency were identified. Furthermore, Luomala et al. [21] modeled fluid flows in the main trough of blast furnace to analyze the effects of the height difference between the slag and iron ports, the height of the bath level, and the height of the opening under the skimmer on the amount of entrained slag. As resulting from the calculation, the bigger the height of the iron layer above the opening under the skimmer, the smaller the amount of entrained slag.
As viewed from the above, the active modulation and control of the liquid phase separation are still challenge for high-temperature mixtures of iron and slag. In the present study, we aim to numerically analyze the separation efficiency of melt iron and slag in the main trough of blast furnace through the computer fluid dynamics (CFD) with the different operating conditions and main trough geometry. From the methodology point of view, an effective route to manipulate the separation of iron and slag in main trough of blast furnace depends on the geometry of trough, tapping rate, and the ratio of iron to slag in the fluids. At the present, according to our best knowledge, the computational fluid dynamics are firstly to systematically the parameters of main trough for studying the separation efficiency of molten iron from slag of blast furnace during tapping process.
2. Problem Formulation
2.1. Physical Model
The main trough of blast furnace number 4 at China Steel Co (CSC BF4) with 7200 tons/day of production capacity was modeled for the three-dimensional computational fluid dynamics (CFD) to investigate the separation efficiency of molten iron and slag in this work. As expressed in the Cartesian (, , ) system, Figure 1 shows the side view and cross section of trough with the dimension in the unit of meter. The molten iron and slag were tapped into the main trough from the taphole tilted by the angle of 10 degrees and drained out at the slag port and iron dam, respectively. In the upstream portion of the trough, a considerable amount of turbulence of the bulk molten iron and slag arises from the kinetic energy of the falling stream. It is clear that the turbulent energy is variable and depends on the discharge rate of liquid, increasing with enlarging the taphole size. The slag separated from iron while traveling along the trough equipped with the skimmer due to the density difference and flowed out via slag port. Additionally, the thermal heat transfer was considered for forced convection induced by the difference temperature of tapping stream and the vertical wall of trough as well as natural convection due to the gravity force in the normal direction. In addition, according to literature [22], Table 1 lists the physical properties of liquid in this study.
Table 1: The physical properties of liquid [21].
	

	Property	Temperature (K)	Viscosity (kgm−1s−1)	Density (kgm−3)
	

	Iron	1773	0.00715	7000
	1823	0.007	6500
	Slag	1773	0.2	2600
	1823	0.18	2000
	



2.2. Conservation Equation
For conservation equations, the following assumptions were made: (1) the chemical reaction [23], thermal radiation [24], and Marangoni effect [25] are ignorable; (2) air, iron, and slag are incompressible fluid [26]; (3) the interface of iron-slag in the taphole was kept as a horizontal surface, and slag was floated on iron because of lighter density; (4) the determination of the size of liquid droplets in another immiscible liquid was not done; and (5) the main trough of blast furnace was unattacked. Accordingly, the equations of continuity and motion were expressed in the rectangular coordinates [27] asIn (1), the mean density iswith , where  indicates the fraction of volume and  is subscript noticing phase number,  is the time,  indicates the gravity force, and  is the density of individual phase, which should be associated with the volume fraction equation [28],where  is vector differential operator, also called nabla operator [29], and  expresses the velocity vector including the velocities components of , , and , responding to , , and  direction, respectively, and the effective viscosity is , where mean viscosity was defined bywhere  is the viscosities of air, slag, and iron, respectively, denoted by phase number, , and the turbulent viscosity is , where the turbulent kinetic energy, , and energy dissipation rate, , were obtained by solving the  equations [30],where the turbulence kinetic energy due to velocity gradient [31] is  and due to the mean velocity fluctuation is , and the turbulence kinetic energy for thermal buoyancy [32] is , with thermal expansion coefficient, , subject to the momentum equation and temperature, .
In addition, conservation of energy is written aswhere the mean specific heat, , and mean heat conductivity, , were expressed in terms of volume of fluid aswhere  and  are the specific heat and thermal conductivity of individual fluid, respectively.
2.3. The Initial Condition
Under the conditions of large capacity of blast furnace equipped with multiple tapholes, interchanging tapping is done at time intervals for batch production of main trough. In the final discharging stage at first batch, the molten iron and slag cannot flow because the liquid levels are not over the iron dam and slag port, respectively, stagnating in the main trough. Figure 2 schemes the initial level of melt slag and iron in the main trough before next tapping, as . Since the pressure on both sides of skimmer, as denoted by the red start, is virtually the same, the layer thicknesses of melt slag and iron are  m and  m at the initial stage, which are calculated by (8) and (9), respectively [21].The nomenclatures used in (8) and (9) are, respectively, illustrated in the symbol list.




	
	
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
		
			
		
			
		
		
			
				
					
				
					
				
				
					
				
			
		
		
			
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
	


Figure 2: The initial level of molten slag and iron in main trough before tapping, as .


2.4. The Boundary Conditions
To simulate that the tapping stream is injected into the main trough from the taphole of blast furnace hearth and solve (1) to (6), the boundary conditions were specified as (1) the pressure which is contact surface under the atmosphere of 1 atm.; (2) the no-slip conditions were imposed, and the wall temperature is set as 1773 K; (3) the rate ratio of molten iron to slag in the taphole was 3 : 1; (4) the velocity of iron at the inlet was expressed by , with, , , and  being the unit vector at the , , and  directions, respectively, whose turbulence intensity is 3.07%. (5) The velocity of slag at the inlet was expressed by , whose turbulence intensity is 6.63%, and the liquid temperature at the inlet is 1823 K. The turbulence intensities were calculated by the formula from the documentation [33]. The velocities of molten iron and slag at the inlet were calculated from the actual tapping rate, which was assumed to be 5 tons/min of molten iron on average.
3. Numerical Solution
The Eulerian model for a multiphase flow as implemented in the Fluent 6.2 [33] was used to solve conservation equations (1)~(6) that were separated using the finite volume technique in the computational domain ranging from the inlet at the taphole to the outlet at slap port and iron dam, respectively, as sketched in Figure 1, associated with the initial and boundary conditions. Pressure-Implicit Split-Operator (PISO) [34] was applied in pressure-velocity coupling in the segregated solver to adjust the velocity fields by correcting the pressure field. The second upwind scheme [35] was chosen to separate the convection term of governing equation. Figures 3 and 4 demonstrate the computational domain and grid of blast furnace main trough, respectively. In Figure 3, the virtual space was added to aid for simulating the actual tapping stream from the taphole to the main trough of blast furnace.




	
	
		
			
			
			
			
			
			
				
			
				
			
			
				
			
				
			
				
			
			
				
				
					
				
					
			
			
			
			
			
			
			
			
			
				
			
		
		
			
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
	


Figure 3: Three-dimensional computational domain used in this study.
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(b)
Figure 4: Computational grid: (a) internal area including upstream and downstream regions and (b) close to outlet at slag port and iron dam of main trough.


The resulting numerical solution was used to calculate the wall shear stress () and separation efficiency () of molten iron from slag at slag port by (10) and (11), respectively, at steady state.where  is the normal vector.where the mass flow rate of melted iron at the slag port, , was obtained byand the mass flow rate of iron at the taphole, , was calculated byIn (10) and (11),  and  express the cross area at slag port and inlet, respectively. During computational period, the steady state was determined by the criteria, , which is defined aswhere  and  are the total mass flow rates at inlet and outlet, respectively, including the mass flow rates of molten iron and slag.
4. Results and Discussion
4.1. Validation
For the validation of computational grid, the wall shear stress profile in the -direction at the position of  m in the main trough affected by the mesh number was presented in Figure 5. As shown in the figure, the maximum wall shear stress at the distance from the taphole being about 3 m would be nearly a constant value when the mesh number is larger than 276705. Therefore, for the accuracy of the solution and saving computational time, the case C of mesh number was considered in this study.




	
	
		
			
		
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 5: Effect of the computational grid on wall shear stress in the direction of fluid flow at the high of 0.4 m in the main trough.


Figure 6 shows the effect of natural convection on the velocity vector in the cross section at the buffer region of main trough. It was clearly seen that swirl flows of melt slag and iron occur in close to wall of main trough due to buoyancy dominated by the density of fluid as function of temperature, inducing the wall shear stress on the vertical wall in the downstream of main trough, as displayed in Figure 7.




	
	
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 6: It shows the effect of natural convection on the velocity vector in the cross section at buffer region of main trough.






	
	
		
			
		
		
		
			
				
			
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
				
		
			
		
			
		
			
		
			
		
			
	


Figure 7: The wall shear stress distribution in the vertical direction in the downstream of trough.


In addition, it was found that the loss rate of molten iron from slag port varying with the flow rate of tapping stream obtained by numerical results is similar to the experimental result, whose water and oil were used to simulate the melted iron and slag, respectively, from literature [20], as shown in Figure 8. Therefore, the numerical model of this study could be applied for the sensitivity study on the separation efficiency of molten iron and slag by the different operation conditions and the geometry of blast furnace trough.




	
	
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
		
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 8: The lost ratio of iron and water from the slag port of trough varying with the velocities of molten slag/iron and oil/water obtained from (a) present study and (b) Kim et al. [20], respectively.


4.2. Effect of Discharge Rate
The discharge rates of the molten iron and slag would be significantly changed as the cast proceeds. This is mainly because the size of taphole was enlarged during tapping due to erosion of the refractory material. Figure 9 demonstrates the path line of molten iron and slag in terms of the density phase to be affected by the velocity of tapping stream near the slag port. As seen from the figure, the amount of iron trapped in the slag stream was increased with the velocity of tapping stream. When the metal droplets are under the influence of the bulk flow motion, their settling will be hindered and retention time would be shorted in the downstream of main trough. Therefore, the flow velocity of the liquids is an important factor to determine the separation efficiency of molten iron and slag, meaning that the enlarged tapping stream rate would increase the losses of molten iron at slag port.
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(c)
Figure 9: The path line of molten iron and slag in terms of the density in the tapping stream with the velocities of (a) 0.0225; (b) 0.0975; and (c) 0.1725 (m/s), respectively, near the slag port of trough.


4.3. Effect of Main Trough Geometry
The effect of main trough geometry on separation efficiency was studied by changing the high difference between iron dam and slag port and the depth of skimmer. The volume rate in main trough is considered for the geometry effect. In the main trough, the interface level of molten iron and slag was influenced by the flow velocity in each stream and the fluid dynamic balance between two phases of fluids, respectively. The molten iron lost from the slag port will be increased when the high difference between the slag port and iron dam is reduced, as shown in Figure 10, resulting from elevating the liquid level of molten iron in the downstream of main trough. Figure 11 displays that the separation efficiency of molten iron from the slag could be 100% when the height difference between iron dam and slag port is 0.2 m in this work. In contrast, when the height of iron dam is increased, the interface level will be elevated in the trough, resulting in the molten iron flowing into the slag port easily.
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(c)
Figure 10: The molten iron lost in terms of the density phase at the slag port varying with the high difference of slag port to iron dam in the main trough of blast furnace: (a) 0.2 m; (b) 0.1 m; and (c) 0.05 m.






	
	
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
		
		
			
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 11: Separation efficiency of molten iron from slag phase varying with the height difference between iron dam and slag port.


In addition, as sketched in Figure 1(a), the depth of skimmer is deeply leading to the interface level being risen and enhances the molted iron flowing into slag port. Figure 12 shows that the depth of skimmer is close to the bottom of the trough, where the turbulent kinetic energy is larger, strongly induced by the slag circulation flow in the upstream to mix the molten iron. This means that the more the skimmer is deeper to the trough bottom, the worst the separation efficiency of molten iron from slag at the slag port is. Figure 13 presents that the separation efficiency can be improved by 5.7%, while the depth of skimmer to the main trough bottom of blast furnace was changed from 0.1 to 0.3 m in the this study
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(c)
Figure 12: Cross section view of velocity vector field varying with the depth of skimmer to the trough bottom: (a) 0.1 m; (b) 0.2 m; and (c) 0.3 m, in the buffer region of main trough.






	
	
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
			
				
			
				
		
		
		
		
		
		
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
	


Figure 13: Separation efficiency of the molten iron from the slag as function of the depth of skimmer to the trough bottom of the blast furnace.


5. Conclusion
In this study, the full three-dimensional computational fluid dynamics composed from finite volume method and volume fraction equation in the present of natural thermal convection have been successfully developed to analyze the separation efficiency of molten iron and slag in the main trough of blast furnace. As resulting from the sensitivity analysis, particularly, it was evident that the lost rate of molten iron from the slag port is linearly increasing with increasing the velocity of tapping stream due to insufficient retention time of molten iron in the buffer region of main trough, and when the high difference between slag port and iron dam is less than 0.2 m, the separation efficiency of molten iron from slag could be more and more worse, resulting from elevating the liquid level of molten iron in the downstream of the trough. This suggests that the precise control of the high difference between iron dam and slag port is the priority of importance for maintaining the effectiveness of the slag and metal separation in the main trough of blast furnace during tapping process.
Symbols 
	:	The cross area at the inlet [m2]
	:	The cross area at slag port [m2]
	:	The mean specific heat [Jkg−1 K−1]
	:	The specific heat of individual fluid [Jkg−1 K−1]
	:	An empirical constant specified in the turbulence model (0.09) [—]
	:	The gravity acceleration [ms−2]
	:	The turbulence kinetic energy for thermal buoyancy [kgm2s−2]
	:	The turbulence kinetic energy due to velocity gradient [kgm2s−2]
	:	The thicknesses of molten iron layers at the initial stage [m]
	:	The distance from the skimmer bottom to the top of iron dam [m]
	:	The thicknesses of molten slag at the initial stage [m]
	:	Unit vector in the -direction [—]
	:	Unit vector in the -direction [—]
	:	The turbulent kinetic energy [kgm2s−2]
	:	Unit vector in the -direction [—]
	:	The distance from iron dam to the top of main trough [m]
	:	The depth of slag port [m]
	:	The depth of skimmer [m]
	:	Mass flow rate of molten iron at the taphole [kgs−1]
	:	Total mass flow rate of molten iron at the taphole [kgs−1]
	:	Mass flow rate of molten iron at the slag port [kgs−1]
	:	Total mass flow rate of molten iron at the iron and slag ports [kgs−1]
	:	Normal vector [m]
	:	Pressure [Pa]
	:	Index of fluid phase [—]
	:	Time [s]
	:	Temperature [K]
	:	Velocity in the -direction [ms−1]
	:	Velocity vector [ms−1]
	:	Velocity of molten iron at the inlet [ms−1]
	:	Velocity of molten slag at the inlet [ms−1]
	:	Mean velocity fluctuation [ms−1]
	:	Velocity in the -direction [ms−1]
	:	Velocity in the -direction [ms−1]
	, , :	Coordinates [m]
	:	The criteria defined by equation (14) [—]
	:	Vector differential operator [m−1].

Greek Symbols	:	The fraction of volume [—]
	:	Thermal expansion coefficient [K−1]
	:	Heat conductivity of individual fluid [Wm−1 K−1]
	:	Mean heat conductivity [Wm−1 K−1]
	:	Separation efficiency [—]
	:	The density of molten iron [kgm−3]
	:	The mean density [kgm−3]
	:	Density of individual fluid [kgm−3]
	:	The effective viscosity [kgm−1s−1]
	:	The mean viscosity [kgm−1s−1]
	:	Viscosity of individual fluid [kgm−1s−1]
	:	The turbulent viscosity [kgm−1s−1]
	:	The wall shear stress [Pa].

Subscripts	:	Phase number indicating air, slag, and iron, respectively [—].
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