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Plasma heating is advantageous over induction heating in the aspects of less impact on tundish design and lower maintenance costs.On the other hand, plasma heating has a lower heating efficiency of 60% compared to that of induction heating 90%. The idea of utilizing electromagnetic stirringwas numerically investigated in combination with plasma heating. With plasma heating alone, the flow in the upper part of heating chamber is dampened due to the buoyancy force caused by the large temperature gradient of plasma heating. With EMS, one rotational flow with the velocity of 0.2-0.4 m/s is created in the heating chamber, and the temperature in the heating chamber is homogenized. The temperature response time in the outlet is reduced and heating efficiency of plasma heating can be improved with EMS.

Introduction

Tundish heating has existed for almost 30 years and it shows the capability foraccurately controlling the casting temperaturevariation in the tundish. Historically, there are mainly two differing technologies being utilized for tundish heating, namely induction heating [START_REF] Asea | Tundish heating system brochur[END_REF] [START_REF] Kimura | Innovative Technologies in Continuous Casting Tundish[END_REF] and plasma heating [START_REF] Kittaka | Twin-torch type tundish plasma heater "NS-Plasma II" for continuous caster[END_REF] . Tundish heating is closely related to other aspects in tundish, such as flow control, refractory material, stirring and so on. Tundish heating has not received wide application worldwide except in Japan. A short comparison between plasma heating and tundish heating is listed below -Plasma heating is easy to install in a tundish, especially for the existing tundish where the induction heating is difficult to install.

-

The metallurgical benefits of induction heating and plasma heating are quite comparable; the temperature control can almost reach the same level with the both technologies. -Improvements of steel cleanliness has been reported with both technologies, yet with different principles. Accurate control of temperature and flow pattern in the tundish are crucial for improving steel cleanliness.

-

The heating efficiency with induction heating (90%) is generally higher than with plasma heating (60%~70%). On the other hand, the potential for improving the plasma heating efficiency is promising with appropriate stirring of the molten steel.

In this paper, Plasma heating is chosen to make further developments due to its less impact on tundish design and lower maintenance costs. Numerical simulation was made to investigate the heat transfer in the melt with plasma heating, and how to improve it with electromagnetic stirring. It has been reported of applyinggas stirring or mechanical configuration with dam/weir to improve the heat transfer of plasma heating, electromagnetic stirring is proposed in this paper due to the following advantages: -Better reliability: the stirrer has no contact with tundish melt, and can be operated independently. -Superior repeatability: flow in the tundish can be controlled to have a constant flow pattern, irrespective the melt temperature or the refractory conditions.

Case description

A 30 ton tundish was chosen for the case study, the dimension of which are shown in Fig. 1. The basic parameters are shown in Table 1. The initial inlet temperature is 1565 o C and the inlet temperature is reduced by 0.5 o C/min during one ladle cycle of 50 min. Throughput of the melt steel is 2.5 ton/min, with two outlets. The initial melt temperature in the tundish is set as 1540 o C/min, which is the same temperature as the end of the inlet temperaturefrom the previous ladle cycle. The tundish is a T-type tundish, divided into two parts as inlet chamber and outlet chamber.The weirs (two weirs in the outlet chamber, one weir between theinlet chamber and outlet chamber) form the heating chamber for plasma heating.

The two dams constrain the shortcut flow from the heating chamber to the outlets.The max heating power is set as 800 kW, heating efficiency is treated as constant 60% for all the cases and the heating power is evenly distributed on the surface area of heating chamber. One electromagnetic stirrer is mounted outside the heating chamber. Electromagnetic stirring creates one downward stirring force along the tundish wall.This stirring force agitates a rotational flow in the heating chamber, which in turn homogenizes the temperature and improves the heat transfer in the melt.

The effect of temperature on steel density is considered in the model.This is especially important due to the large temperature gradient caused by plasma heating. The electromagnetic calculation of EMS is made with Vector Field/Opera and the flow simulation is made with ANSYS/Fluent 16. Three cases are simulated as listed in Table 2. 

Simulation results

Fig2 shows the flow field in tundish with case 1, 2 and 3 at the end of ladle cycle, i.e. 50 minutes after the start of simulation.

Comparedtocases 1 and 2, it can be seen that flow speed in the upper part of the heat chamber is drastically reduced with plasma heating.The reason can be found in Fig, where it shows that the temperature in the upper part of the heating chamber is very high due to the heating-up with plasma. The highest temperature in the melting surface can be 1900 o C according the numerical simulation. The high temperature leads to the large buoyancy force, which counteracts the convection flow caused by the inlet stream from the ladle. The low flow speed will lead to a slow heat transfer from the plasma to the melt. In practice, it may mean that the heating efficiency of plasma torch can be low, and the erosion of refractory material on top of the heating chamber is increased. With electromagnetic stirring, it can be seen both in Fig. 2 and Fig that a rotational flow is created in the heating chamber.With the speed between 0.2 m/sec and 0.4 m/sec, the vertical temperature gradient in the heating chamber has almost disappeared, but the average temperature outside the heating chamber is higher. The dams stop the shortcutting flow from the heating chamber to the outlet.In practice, this can mean that the heating efficiency of plasma torch can be increased, and that the rated power of plasma heating can be reduced. The surface temperature of the heating chamber can be reduced, which can prolong the lifetime of refractory material.

Another benefit with stirring is that one can reduce the response time of the plasma heating, whichis beneficial for temperature control.

Conclusions

4.1 Plasma heating has advantagesforsimpler installations and lower maintenance costs over induction heating,although the heating efficiency needs to be improved and theconsumption of refractory material in the heating chamber reduced. 4.2 Numerical simulation was carried out to simulate the plasma heating process in the tundish.The results show that, with only plasma heating, the convection flow in the upper part of the heating chamber is dampened due to the buoyancy force caused by the high thermal gradient.This low convection rate in the heating chamber leads to a low heat efficiency ofplasma heating. One electromagnetic stirrer installed outside the tundish wallcreates a rotational flow in the heating chamber, which homogenizes temperature distribution and reduces surface temperature. This will increase the heating efficiency of plasma heating, prolong the lifetime of refractory, and reduce the response time for the melt temperature.
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 1 Fig.1: Geometry of a 30 ton tundish with plasma heating

Fig. 2 :

 2 Fig.2:Flow field in tundish with Case 1, 2 and 3

  

Table 1 :

 1 Basic parameters of numerical simulations

	Tundish capacity	30 ton	Time length of one ladle cycle 50 min
	Throughput from the	2.5 ton/min	Tundish refractory wall	150 mm
	ladle shroud		thickness	
	Inner diameter of ladle	150 mm	Tundish stainless plate	12 mm
	shroud		thickness	
	Outer diameter of ladle	250 mm	Tundish stainless steel	500 mm X 1200 mm
	shroud		window size	
	Melt height	830 mm	Air gap between stirrer and	10 mm
			stainless steel window	
	Initial temperature in	1540 o C	Density of steel	𝜌
	tundish			= 7010 + 𝑇 -1470
				• -0.883 𝑘𝑔 𝑚 3
	Starting temperature at	1565 o C	Heat flux at free surface	15 kW/m 2
	ladle shroud			
	Temperature decrease at	0.5 o C/min	Heat loss at tundish wall	3.2 kW/m 2
	ladle shroud			
	Max thermal input of	800 kW	Power of electromagnetic	60 kW
	plasma torch		stirrer	
	Heating efficiency of	60%	Frequency of electromagnetic	4.5 Hz
	plasma torch		stirrer	

Table 2 :

 2 Simulation conditions with plasma heating and EMS

		Plasma heating	EMS
	Case 1	No	No
	Case 2	Yes	No
	Case 3	Yes	Yes