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Abstract

:

The task of the tundish is to supply and distribute the molten steel with the similar temperature and the similar inclusion mass concentration to the continuous casting mold. But it is difficult for the asymmetric tundish to accomplish this task. Thus, the scheme about the asymmetric turbulence inhibitor and the baffle wall with guided holes is proposed to optimize the tundish. In order to have a deep insight into the metallurgical behavior in the asymmetric tundish, numerical simulation is applied to describe the fluid flow, the heat transfer, RTD (residence time distribution) curve, and inclusion collision aggregation behavior. Numerical results show that the predicted temperature and inclusion concentration agree with the industrial experimental data. In the asymmetric two-strand tundish, the asymmetric turbulence inhibitor and the baffle wall with guided holes can extend the mean residence time at the left outlet, reduce the temperature difference between the two outlets, and prompt the inclusion removal rate at the left outlet.
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1. Introduction


As the last refractory reactor, the tundish plays important roles in refining and distributing molten steel to the continuous casting mold. In order to realize such an aim, many flow control devices, such as weirs, dams, impact pads, gas curtains, baffle wall, and turbulence inhibitors have been applied to change the fluid flow, and heat and mass transfer in the tundish [1,2,3].



In most steelmaking factory, the ladle shroud is placed in the middle of the tundish, so the fluid flow and heat transfer is symmetric in the tundish. But there are some asymmetric two-strand tundishes in China for some historical reasons, and they have their own metallurgical characteristics. In order to exploit the equipment potential, it is necessary to propose some effective measurements to obtain the quasi-symmetric field in the asymmetric tundish without changing tundish structure. In other words, the optimized tundish should ensure that the molten steel at different tundish outlets has similar temperature and similar inclusion mass concentration.



During the process of optimizing the tundish structure, water model, numerical simulation, and industrial experiment are three effective methods. They have their own advantages and disadvantages.



(1) Water model is the most popular approach for studying the fluid flow, the heat transfer, and the inclusion behavior [4,5,6,7,8,9,10] in the tundish because of low cost, convenient operation, and safety. But usually, only one dimensionless number (Froude number) is applied to satisfy the similarity criterion, so the experimental data cannot give an accurate description of metallurgical phenomena in the tundish.



(2) Numerical simulation is a more and more popular method to have a deep insight into the metallurgical phenomena because it can give detailed information about the metallurgical process [11,12,13,14,15,16,17,18,19,20]. But some assumptions are applied in the mathematical model in order to simplify the governing equations.



(3) Industrial experiment is the most effective method to study metallurgical behavior [21,22,23]. But the high-temperature environment, high costs, and less data limit its application.



In the present work, a three-dimensional numerical simulation is applied to give the quantitative analysis for the original and optimized tundish at first. The key factors include the flow field, the temperature field, the RTD (residence time distribution) curve, and the inclusion field, as shown in Figure 1. Then, an industrial experiment is conducted to evaluate the metallurgical characteristics in the original tundish and optimized tundish.




2. Tundish Description


Figure 2 gives the geometry of the original and optimized tundish. This is a two-strand asymmetric tundish. The ladle shroud is close to outlet 1, and is far away from outlet 2, and the turbulence inhibitor is just below the ladle shroud. The original tundish consists of a circular turbulence inhibitor and two dams, and the optimized tundish has an asymmetric rectangle turbulence inhibitor and two multi-hole baffle walls. The geometric and physical parameters for the model tundish are described in the Table 1.




3. Mathematical Model


3.1. Assumption


(1) The molten steel is an incompressible Newtonian fluid, and the fluid flow in the tundish is at a stable state.



(2) The free surface is flat in the tundish.



(3) The inclusion is identified as a sphere.



(4) The effect of inclusion on the fluid flow is negligible because the inclusion mass fraction is too low.



(5) The inclusions are removed once they touch the tundish wall or the slag layer.



(6) Inclusion phase is treated as a continuous phase.



(7) Brownian collision among inclusions is too weak to be considered.



(8) There is no chemical reaction in the tundish.



(9) The heat transfer and the inclusion collision aggregation are at the stable state.




3.2. Fluid Flow, Heat Transfer and Solute Transport


The fluid flow, the heat transfer, and the tracer transport in the tundish can be described as the following equations [24].


∇⋅u→f=0,



(1)






∇⋅(ρu→fu→f)=−∇p+ρg→+∇⋅[μeff(∇u→f+(∇u→f)T)]+β(T0−T)ρg→,



(2)






∂(ρCpT)∂t+∇⋅(ρTu→f)=∇⋅(λeff∇T),



(3)






∂(ρφ)∂t+∇⋅(ρu→fφ)=∇⋅(ρDeff∇φ),



(4)




where u→f is the velocity of molten steel, ρ is the density of liquid, g→ is the gravitational acceleration vector, p is the pressure, μeff is the effective viscosity coefficient, Cp is the heat capacity, T is the temperature of liquid, Deff is the effective diffusion coefficient, φ is the tracer mass concentration, T0 is the reference temperature, the turbulent viscosity μeff is determined by the standard k-ε two equations model, β is the coefficient of thermal expansion.



During the numerical simulation, a volume of 200 milliliter tracer is introduced as a whole and is injected into the tundish through the ladle shroud by pluse form, and the tracer concentration at two tundish outlets is recorded continuously. In this way, the curve of tracer concentration at the outlet against the time is the residence time distribution (RTD) curve. During the calculation, the physical parameters of the tracer are the same as those of the molten steel. And the classic combined [24] model is applied to analyze the RTD curve and to give the plug zone (Vpv), the well-mixed zone (Vmv), and the dead zone (Vdv) of the tundish.




3.3. Inclusion Collision–Coalescence Model


The inclusion mass and population conservation model [25,26,27], which are verified by the industrial experiment [26] are applied to describe the inclusion collision-aggregation in the tundish.


∇⋅(ρfu→CC)=∇⋅(ρfDeff,C∇C),



(5)






∇⋅(ρfu→NN)=∇⋅(ρfDeff,N∇N)+SN,



(6)




with Deff=D0+μt/ρfSct.



In Equation (6), the source term SN is related to the inclusion collision–coalescence in the molten steel [27].


SN=Sturb+SStokes=2.6α(πρfεμ1)0.5N2r*3+10963πg→Δρμ1N2r*4,



(7)




where r*=3C4πN3 is the characteristic inclusion radius, u→C and u→N are the inclusion slipping velocity, C is the inclusion volume concentration, N is the inclusion number density, D0 is molecular diffusion coefficient, μt is the turbulence viscosity, Sct is the turbulent Schmidt number, SN is the source of inclusion number density, μ1 is the kinematic viscosity, ε is the turbulence dissipation rate.




3.4. Boundary Conditions


The boundary conditions for the fluid flow are listed as follows:



(1) No-slip condition is applied at the tundish wall, and the scalable wall function method is applied near the wall.



(2) The free-slip condition is applied at the free surface.



(3) The full-developed condition is applied at the tundish exit.



The other boundary conditions can be found in Table 2, Table 3 and Table 4.




3.5. Numerical Solution


ANSYS CFX software (Version 11.0, ANSYS, Pittsburgh, PA, USA, 2008) is applied to solve these partial differential equations in order to obtain the flow field, the temperature field, the tracer field, and the inclusion field. The calculation domain is covered by about 200,000 hexahedral grids. The convergence criteria is that the normalized residual for variables should be less than 10−5. Figure 3 gives the numerical solution process.



(1) The fluid flow model and the heat transport model are coupled to obtain the flow field and the temperature field.



(2) On the basis of the known flow field, the tracer transport equation is solved to obtain the RTD curve.



(3) On the basis of the known flow field, the inclusion collision–coalescence model is solved to obtain the spatial distribution of inclusion volume concentration, inclusion number density, and inclusion characteristic radius.





4. Results and Discussion


This tundish is an asymmetric tundish. Figure 4 shows that the ladle shroud is not in the middle of the two outlets and is close to the left outlet (outlet 1). In order to describe the physical field in the tundish clearly, it is necessary to define two specified cross sections, shown in Figure 4. Section A-A (Y = 0), which passes through the center line of the ladle shroud and the center line of the tundish outlet, is the longitudinal symmetrical plane of the tundish, and section B-B (Y = 0.14), which passes through the center line of the guide hole of the baffle wall and is parallel to the section A-A, is the longitudinal cross plane.



4.1. Fluid Flow


Figure 5 shows that the velocity field in the original tundish has the following characteristics: (1) There is a vortex on both sides of the ladle shroud. The left vortex is circular and the right vortex is elliptical, because the ladle shroud is close to the left dam and is far away from the right dam. (2) The fluid bypasses the dam and forms a big recirculation zone above outlet 1. (3) The velocity of molten steel at the free surface at the left side of the ladle shroud (maximum velocity is 0.06 m/s) is greater than that at the right side of the ladle shroud (maximum velocity is 0.04 m/s) because of the longer distance between shroud and right dam.



Figure 6 gives several new flow characteristics in the optimized tundish: (1) There are asymmetric vortices on both side of the main stream from the ladle shroud in the turbulence inhibitor, and the right vortex is bigger than the left vortex, because the centerline of ladle shroud is at the left side of the centerline of the turbulence inhibitor. (2) The fluid flow near the left outlet is similar to that near the right outlet because of the isolation of the baffle walls. (3) The steel stream from the ladle shroud impinges on the bottom of the turbulence inhibitor, and then flows upwards to the free surface. (4) The asymmetric rectangle turbulence inhibitor changes the flow distribution on the left and right sides of the ladle shroud. Specifically, the flow rate of molten steel on the right side of the turbulence inhibitor is greater than that on the left side. Such a flow distribution by the asymmetric turbulence inhibitor can force the quasi-symmetry of the flow field in the asymmetric tundish.




4.2. RTD Curve


Figure 7 gives the RTD curves for the original and optimized tundish. For the original tundish, the difference of maximum concentration between the two outlets is 89.9%, but the difference falls by 20.8% for the optimized tundish.



Table 5 gives the analysis result of RTD curve for the original and optimized tundish. It has the following features. (1) The dead volume fraction is negative for the outlet 2 in the original and optimized tundish, because it is meaningless to calculate the plug volume, the well-mixed volume, and the dead volume at each outlet in the multi-strand tundish [31]. (2) The mean residence time at each outlet is the key to estimate the similarity of fluid flow among strands [31]. The mean residence time of 352.4 s at the outlet 1 in the optimized tundish is 36.8 s greater than 315.6 s at the outlet 1 in the original tundish. And the difference of the mean residence time between the two outlets falls by 10.0%, from 203.8 s to 183.5 s after optimization. (3) The difference of the minimum residence time of 98 s between the two outlets in the optimized tundish is 40 s more than of 58 s in the original tundish, and the difference of the maximum time between the two outlets in the optimized tundish of 167 s is 100 s less than that in the original tundish.




4.3. Heat Transfer


Figure 8 and Figure 9 give the following features about the temperature field in the original tundish and optimized tundish. (1) In the original tundish, the temperature gradient on both sides is greater than that between the two dams because of the insufficient isolation of a low dam. In the optimized tundish, the temperature gradient on both sides is less than that between the two baffle walls because of the effective isolation of baffle wall. (2) Because of the shorter distance between the ladle shroud and the left outlet, the temperature of 1864.9 K at the left outlet in the original tundish is 6.8 K greater than 1858.1 K at right outlet in the original tundish. (3) In the optimized tundish, the temperature of 1863.8 K at the left outlet 1 is only 4.5 K greater than 1859.3 K at right outlet 2, because the asymmetric rectangle turbulence inhibitor changes the flow distribution of molten steel at the left and right sides of the ladle shroud.




4.4. Inclusion Field


Figure 10 and Figure 11 show that the inclusion volume concentration in the original and optimized tundish has the following features: (1) The inclusion volume concentration is asymmetric in the original and optimized tundish. (2) The inclusion volume concentration gradually decreases from the ladle shroud to the tundish outlet, because the inclusions in the molten steel are removed by the tundish wall and the slag layer continuously. (3) The inclusion volume concentration on the left side is greater than that on the right side because there is a longer distance between the ladle shroud and the right outlet and the inclusions have more time to float up and to be removed. (4) The optimized tundish can reduce the difference of inclusion between the right outlet and the left outlet. The inclusion volume concentration of 209.25 ppm at the left outlet is greater than the 139.16 ppm at the right outlet in the original tundish. And the inclusion volume concentration of 194.57 ppm at the left outlet is greater than 145.59 ppm at the right outlet in the optimized tundish.



Figure 12 and Figure 13 show that the inclusion characteristic radius in the original tundish and optimized tundish has some remarkable features: (1) The inclusion characteristic radius increases gradually when the fluid flows from the ladle shroud to the tundish outlet due to the collision aggregation among the inclusions. (2) In the region between the dam (or the multi-hole baffle wall) and outlet, the inclusion in the lower part is bigger than that in the upper part, because the bigger inclusions in the upper zone have more chances to be removed by the slag layer, and the smaller inclusions in the lower zone have more chances to be removed by the tundish wall. (3) The inclusion characteristic radius above the right outlet is greater than that above the left outlet, because the inclusions on the right side of the ladle shroud have more chances to collide aggregate. (4) The inclusion characteristic radius at the left outlet is less than that at the right outlet for the two tundish.



Figure 14 and Figure 15 show that the inclusion number density in the original tundish and optimized tundish has some features: (1) The inclusion number density decreases gradually when the fluid flows from the ladle shroud to the tundish outlet because some inclusions are removed by the slag layer or the tundish wall. (2) In the region between the two dams (or the two multi-hole baffle walls), the inclusion number density in the upper part is greater than that in the lower part, because the molten steel near the free surface is the fresh molten steel, and the inclusion number density is high in the fresh molten steel. (3) The inclusion number density above the outlet is less than that in the region between the ladle shroud and the dam (or the baffle wall), because the new big inclusions come from the collision aggregation among the inclusions, and the big inclusion is removed by the slag layer and the tundish wall. (4) The inclusion number density at the left outlet is less than that at right outlet, because the inclusion has more chances to be removed at the region between the ladle shroud and the right outlet.




4.5. General Discussion


Figure 4, Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15 show that the fluid flow, the heat transfer, and the inclusion distribution are asymmetric because the ladle shroud is not placed in the middle of the original and optimized tundish. In this way, it is necessary to realize the quasi-symmetry distribution in the current asymmetric tundish. In this guidance, the optimized tundish adopts two measurements. (1) Taking the centerline of the ladle shroud as the reference point, the square turbulence inhibitor has a small outlet at the left side and a large outlet at the right side in the optimized tundish. (2) Two baffle walls with the same guide-holes are applied to reduce the asymmetric effect of the ladle shroud on the transfer behavior on both sides of the optimized tundish.



Table 5, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15 show that there are smaller differences of the mean residence times and the temperatures, and the inclusion size between two exits decreases in the optimized tundish. Such simulation results indicate that the optimized scheme can decrease the asymmetric distribution of physical parameters in the original scheme. Thus, industrial trial is proposed to verify the above ideas.



Table 6 and Table 7 give the industrial result, the related tundish is shown in Figure 16. The temperature difference between two outlets is up to 8.7 °C in the original tundish and is around 6 °C in the optimized tundish, but the predicted temperature difference is 6.8 °C in the original tundish and 4.5 °C in the optimized tundish. Several reasons lead to the difference between the predicted value and the experimental data. (1) There is measurement error for the temperature measurement by the thermocouple. (2) The values of the heat loss in Table 4 come from the literature, not the actual value in the current tundishes. (3) There are some assumptions in the mathematical model.



Figure 10 shows that the inclusion removal rate is only 30.25% at the left outlet and 53.61% at the right outlet in the original tundish. Thus, it is necessary to increase the inclusion removal rate at the left outlet. Figure 11 shows that the inclusion removal rate is 35.14% at the left outlet and 51.47% at the right outlet in the optimized tundish.



Table 8 indicates that the inclusion mass concentration at outlet 1 in the optimized tundish is less than that at outlet 1 in the original tundish, and the inclusion mass concentration at outlet 1 is greater than that at outlet 2 in the original tundish.





5. Conclusions


(1) In the asymmetric two-strand tundish, decreasing the difference of the mean residence time between the two outlets can reduce the temperature difference effectively.



(2) The mean residence time of 352.4 s at the left outlet in the optimized tundish is 36.8 s greater than the mean residence time of 315.6 s at the left outlet in the original tundish. And the difference of mean residence time between the two outlets falls by 10.0% from 203.8 s to 183.5 s.



(3) In the original tundish, the temperature of molten steel at the right outlet is less than that at the left outlet. The asymmetric turbulence inhibitor and the baffle wall with guided holes can reduce the difference of the temperature of molten steel between the two outlets effectively.



(4) In the original tundish, the inclusion removal rate at the right outlet is greater than that at the left outlet. The asymmetric turbulence inhibitor and the baffle wall with guided holes can prompt the inclusion removal rate at the left outlet in the optimized tundish.
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Figure 1. Optimize the physical field for an asymmetric tundish. 
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Figure 2. Tundish structure (all dimensions are in mm). 
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Figure 3. The numerical solution process. 
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Figure 4. Characteristic sections in the tundish. 
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Figure 5. Fluid flow in the original tundish. 
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Figure 6. Fluid flow in the optimized tundish. 
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Figure 7. RTD (residence time distribution) curves in the tundish. 
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Figure 8. Temperature field in the original tundish. 
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Figure 9. Temperature field in the optimized tundish. 
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Figure 10. Inclusion volume concentration distribution in the original tundish. 
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Figure 11. Inclusion volume concentration distribution in the optimized tundish. 
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Figure 12. Characteristic inclusion radius in the original tundish. 
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Figure 13. Characteristic inclusion radius in the optimized tundish. 
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Figure 14. Characteristic inclusion number density in the original tundish. 
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Figure 15. Characteristic inclusion number density in the optimized tundish. 
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Figure 16. Industrial tundish. 
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Table 1. Parameters in the model tundish.






Table 1. Parameters in the model tundish.





	Parameters
	Model Tundish





	Number of strand
	2



	Length of upper longitudinal side (mm)
	7128



	Length of lower longitudinal side (mm)
	6780



	Length of lower width side (mm)
	1007



	Length of upper width side (mm)
	590



	Tundish depth (mm)
	1000



	Volume flow of inlet (m3/s)
	0.012



	Diameter of inlet (mm)
	140



	Diameter of outlet (mm)
	80



	Diameter of guided holes (mm)
	165



	Distance between guided holes (mm)
	285
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Table 2. Boundary conditions of inclusion [25,26].






Table 2. Boundary conditions of inclusion [25,26].





	Parameter
	C
	N





	Inlet
	C0
	N0



	Outlet
	∂C∂n=0
	∂N∂n=0



	Tundish wall and free surface
	FCc+FCd
	FNc+FNd
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Table 3. Initial and boundary condition for tracer transport.






Table 3. Initial and boundary condition for tracer transport.





	Time
	Inlet
	Wall
	Outlet
	Free surface





	t = 0
	ϕ=ϕ0
	∂ϕ∂n=0
	∂ϕ∂n=0
	∂ϕ∂n=0



	t > 0
	∂ϕ∂n=0
	∂ϕ∂n=0
	∂ϕ∂n=0
	∂ϕ∂n=0
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Table 4. Physical parameters and boundary conditions [28,29,30].






Table 4. Physical parameters and boundary conditions [28,29,30].





	Parameter
	Value





	Free surface heat loss (W/m2)
	75,000



	Bottom heat loss (W/m2)
	8000



	Wide wall heat loss (W/m2)
	4000



	Narrow wall heat loss (W/m2)
	4000



	Channel wall heat loss (W/m2)
	8000



	Thermal conductivity of liquid steel (W/(m·K))
	41



	Heat capacity of liquid steel (J/(kg·K))
	750



	Inlet velocity (m/s)
	0.773



	Inlet temperature (K)
	1873



	Density of liquid steel (kg/m3)
	(8523 − 0.8358T)



	Coefficient of thermal expansion of liquid steel (1/K)
	0.0001



	Viscosity of the molten steel (kg/(m·s))
	0.0061
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Table 5. Fluid flow characteristics in the original and optimized tundish.






Table 5. Fluid flow characteristics in the original and optimized tundish.





	
Tundish

	
Time (s)

	
Δtmin

	
Δtmax

	
Δtav

	
Volume Fraction (%)




	
tmin

	
tmax

	
tav

	
tmin2 − tmin1

	
tmax2 − tmax1

	
tav2 − tav1

	
Vd

	
Vm

	
Vp






	
Original outlet 1

	
54.0

	
105.0

	
315.6

	
58

	
267

	
203.8

	
29.2

	
53.0

	
17.8




	
Original outlet 2

	
112.0

	
372.0

	
519.4

	
−16.5

	
62.2

	
54.3




	
Optimized outlet 1

	
69.0

	
194.0

	
352.4

	
98

	
167

	
183.5

	
20.9

	
49.6

	
29.5




	
Optimized outlet 2

	
167.0

	
361.0

	
535.9

	
−20.2

	
61.0

	
59.2
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Table 6. The measured temperature of molten steel at different outlets in the original tundish.






Table 6. The measured temperature of molten steel at different outlets in the original tundish.





	
Temperature Measurement

	
TOutlet1 (°C)

	
TOutlet2 (°C)

	
TAverage−Outlet1 (°C)

	
TAverage−Outlet2 (°C)

	
ΔT = TAv−1 − TAv−2 (°C)






	
The first casting

	
1583

	
1570

	
1568.7

	
1560

	
8.7




	
1590

	
1576




	
1562

	
1558




	
1560

	
1557




	
1561

	
1550




	
1562

	
1551




	
1563

	
1558
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Table 7. The measured temperature of molten steel at different outlets in the optimized tundish.






Table 7. The measured temperature of molten steel at different outlets in the optimized tundish.





	
Temperature Measurement

	
TOutlet1 (°C)

	
TOutlet2 (°C)

	
TAverage−Outlet1 (°C)

	
TAverage−Outlet2 (°C)

	
ΔT = TAv−1 − TAv−2 (°C)






	
The first casting

	
1560

	
1552

	
1560

	
1553

	
7




	
1562

	
1552




	
1557

	
1555




	
The second casting

	
1549

	
1545

	
1548.5

	
1543.5

	
5




	
1547

	
1546




	
1549

	
1540




	
1549

	
1543
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Table 8. Inclusion weight in steel by sample-electrolysing method.






Table 8. Inclusion weight in steel by sample-electrolysing method.





	The Sample
	Original Sample Weight (kg)
	Residual Sample Weight (kg)
	Electrolytic Sample Weight (kg)
	Inclusion (mg) 80–140 μm
	Inclusion (mg) 140–300 μm





	Outlet 1 in original tundish
	1.34
	0.31
	1.03
	0.6
	0.7



	Outlet 2 in original tundish
	1.47
	0.44
	1.03
	0.4
	0.7



	Outlet 1 in optimized tundish
	1.33
	0.31
	1.02
	-
	0.2











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
2689 L 4299 .

—

o= ki s |
' i
b

1T
500
4‘-‘—
]

B

1000

e

H + B | 4110 .

QOutlet 1

Outlet ZH

(a) Original tundish





media/file26.jpg
Py 100 110 120 130 140 150 160 170180 190 200 210 20 230 240

(a) A-A Section





media/file8.jpg
B-B (Middle of guide hole)

(Outlet 1)

A-A (Symmetry plane)





media/file34.jpg
\

I

----q H

Nl0%m's 06 13 19 26 33 40 46 53 60 66 73 80 87 93 100

(a) A-A Section

Nel0%m's 06 13 19 26 33 40 46 S3 60 66 73 S0 87 93 100

(b) B-B Section





media/file21.jpg
[ T T

Clopmy 139 150 161 171 152 193 204 214 225 23 247 25 208 2 20
(b) B-B Section





media/file13.png
0.5m/s

P A wr el
o EEII NN
s Sy

(a) A-A Section
0.5m/s

VNN oo

\

20801\

' 908 VAN Nt

)
b

0000008083000 088888

N A

130000 %NNNNNS § 2 7P 0 smrre.

Velocity(m/s): 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15

(b) Free surface





media/file31.png
r*(um): 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0

(a) A-A Section

17.02\ /7/ % '
)
—~—

r*(um): 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0
(b) B-B Section






media/file27.jpg
G 100 110 120 130 140 150 160 170 180190 200 210 220 20 240

(b) B-B Section





media/file12.jpg
Velostye): 001 002 003 004 005 006 007 008 009 010 011 012 013 014 015

(b) Free surface





media/file3.jpg
1624

1624 H

170, 230 '\F =
b 2
K 3

636 3 i

(b) Optimized tundish





media/file18.jpg
[l

;184 1SS IBST 1858 1SS0 ISG1 ISG2 I3 INGS ISG6 1363 189 IS0 IST2 ISTS

(a) A-A Section

T 1581855 INST IBSS 18S9 1861 1862 1863 1865 1366 1865 19 18O 1372 1873

(b) B-B Section





media/file9.png
(Outlet 1)

B-B (Middle of guide hole)

(Outlet 2) |






media/file22.png
C(ppm): 139 150 161 171 182 193 204 214 225 236 247 258 268 279 290

(a) A-A Section





media/file14.jpg
Concentration

40x10°

3.0x10°

20x10°

1.0x10%

0.0

T

original tunsib-outlet 1
original tunsih-outlet 2

optimized tunsih-outlet 1
optimized tunsih-outlet 2

2500





media/file35.png
Nx10"/m*; 1.3 19 26 33 40 46 53 60 6.6 73 80 87 93 100

(a) A-A Section

\ 2.6

‘//

/

( ;

Nx10"m’: 0.6 13 19 26 33 40 46 53 60 66 73 80 87 93 10.0

(b) B-B Section





media/file20.jpg
[EEmEmEm———— ]

139150 161 171182 193 204 204 225 236 247 255 268 279 20

Clopm
(a) A-A Section





media/file28.png
. Q .
S 139 /IZ
— % ' .
) T %

18.0

T T
BN

r*(um): 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0

(a) A-A Section





media/file23.png
C(ppm): 139 150 161 171 182 193 204 214 225 236 247 258 268 279 290

(b) B-B Section






media/file5.png
1624 T 1624

337
549

321

(b) Optimized tundish





media/file36.jpg
(@) optimized tundish (b) original turbulence inhibitor  (c) optimized turbulence inhibitor





media/file15.png
4.0x10°

3.0x10°

2.0x10°

Concentration

1.0x10°

0.0

original tunsih-outlet 1

----- original tunsih-outlet 2
-------- optimized tunsih-outlet 1
——————— optimized tunsih-outlet 2

Time(s)

2500





media/file19.png
1866

1863L s,
.

T(K): 1854 1855 1857 1858 1859 1861 1862 1863 1865 1866 1868 1869 1870 1872 1873

(a) A-A Section

\
¢ 1872
5
1869 1870 7
1868 %
2 1866
95

853,
1863

N
(T T T T T

T(K): 1854 1855 1857 1858 1859 1861 1862 1863 1865 1866 1868 1869 1870 1872 1873

(b) B-B Section






media/file2.jpg
2689 H 4299

g e

7

1000

T 4110

] ]|
(a) Original tundish






media/file32.jpg
[T T
H N0 06 13 19 26 33 40 46 S3 60 66 73 K0 K7 93 104

(a) A-A Section

NaIm) 06 13 19 26 33 40 46 53 60 66 73 K0 87 93 100

(b) B-B Section





nav.xhtml


  metals-09-00855


  
    		
      metals-09-00855
    


  




  





media/file11.png
WA
7iit

N

- e % i S ¥ o S e w0

e
-
-

'
-

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.30 0.50 0.80 1.00

Velocity(m/s)

(a) A-A Section

0.5m/s

"
L

L) ﬁ

(21
R,\«\::,//
ik d A »r/v/.rv ,
A

\

AREYY>
VP
»41\:\

[ <4

PEIIIISE848
et L S X XX X XY

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15

Velocity(m/s)

(b) Free surface





media/file6.jpg
k- ¢ eqution

(ot sy | i | emprare || vy e e )
o
e

Inclusion Mass Conservation equation





media/file24.jpg
161178 152 195 204 204 25 236 247 258 268 279 20

() A-A Section

Clppmy 139 150 161 171 182 193 204 214 225 236 247 258 268 279 290

(b) B-B Section





media/file29.png
18,
D

r*(um): 10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 24.0

(b) B-B Section

11% 14.9 15.0 :
100 %Ma
D 2 OB Lol
u MO\ ({59\ 19,9
L





media/file1.png
Symmetry circular
turbulence inhibitor

Symmetry dams

Flow, Temperature,
RTD, Inclusion

1

[ Numerical simulation ]

1

Original tundish H Optimized tundish

l

[ Industrial experiment ]

'
[Temperature and Inclusion}

'/

%,

Asymmetric rectangle
turbulence mhibitor

N

,

8

Symmetric bafile walls
with guided holes

~

o






media/file37.png
(b) original turbulence inhibitor (c) optimized turbulence inhibitor





media/file10.jpg
(a) A-A Section
0.5m/s

=

ety 001 002 003 008 005 006 007 008 09 010 011 012 013 014 015

(b) Free surface





media/file7.png
[ k — & equation ]—

[ Continuity equation

} Flow Field

3

[ Momentum equation ]—

[

Tracer transport
equation

\

y

v

Temperature Field I—[ Energy conservation equation J

Inclusion Population
Conservation equation

RTD Curve

Inclusion Field |——

]__

—[Inclusion Mass Conservation equation ]






media/file33.png
N(x10"/m'): 0.6 1.3 19 26 33 40 46 53 60 66 73 80 87 93 100

(a) A-A Section

1°9\ ﬂ:?

N(x10“m’: 06 13 19 26 33 40 46 53 60 66 7.3 80 87 93 10.0

(b) B-B Section





media/file16.jpg
TS 1SS 18S9 1861 1862 1563 1865 1866 IG5 18G9 INT0 182 1873
(a) A-A Section

TR 1861 152 1863 1865 16 INGS 1869 IS0 1872 1873

(b) B-B Section





media/file17.png
\\\ 1857
&

1859

T(K): 1854 1855 1857 1858 1859 1861 1862 1863 1865 1866 1868 1869 1870 1872 1873
(a) A-A Section

T(K): 1854 1855 1857 1858 1859 1861 1862 1863 1865 1866 1868 1869 1870 1872 1873

(b) B-B Section





media/file30.jpg
0120 130 140 150 160 170 180 190 200 210 20

Fmy: 100

(2) A-A Section

|

gy 100 110 120 130 140 150 160 170 150 190 200 210 220 230 20
(b) B-B Section





media/file25.png
C(ppm): 139 150 161 171 182 193 204 214 225 236 247 258 268 279 290

(a) A-A Section

V{( §§§ &

C(ppm): 139 150 161 171 182 193 204 214 225 236 247 258 268 279 290

(b) B-B Section






media/file0.jpg
Flow, Temperature,

Asymmetric recangle
ibitor

Symmetric bafle walls
it guided holes

Industral experiment

Temperature and Inclusion






