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Flow field in slab continuous casting mold driven by electromagnetic stirring under submerged entry nozzle clogging
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In order to clarify the characteristics of a molten steel flow with or without the electromagnetic stirring under SEN clogging condition, a physical modeling system, which uses liquid mercury as the analog to simulate the flow of liquid steel in the continuous casting mold, has been developed. The liquid mercury velocity is measured by Ultrasonic Doppler velocity meter. The experiment results show that the SEN clogging will destroy the asymmetric of the flow in the mold and the uniform of the velocity in front of the initial solidifying shell. They will result in some products quality questions in the following process. The electromagnetic stirring is helpful to modify the flow field in the mold because the symmetry of the flow field can be optimized. If EMS current increases, the flow field will become more asymmetric and uniform.

Introduction

Submerged entry nozzle (SEN) Clogging is a serious problem to the slab continuous casting of steel because it has great influence on the fluid flow and product quality. Electromagnetic Stirring (EMS), an efficient way to modify the liquid steel flow field in the mold, has attracted many researcher's attitudes [1][2][3] . How and what style EMS can achieve the best liquid flow field and the best product quality when SEN clogging occurs is still an open problem.

In this research, a physical modeling system, which uses liquid mercury as the analog of liquid steel in the slab continuous casting mold has been developed in order to clarify the characteristics of a molten steel flow with and without EMS under SEN clogging condition. The liquid mercury velocity is measured by ultrasound Doppler velocimetry. A physical model using mercury is set up, whose architecture and dimension of main parts are showed in Fig. 1. In this system, mercury can be circulated by a electromagnetic pump from the mold bottom and flow up to the tundish. Mercury flow back to the upper zone of the mold via the Submerged Entry Nozzle (SEN). The SEN is designed as single-side clogged and the clogging ration is defined as the clogging area to the whole exit port area, see in the Fig. 1, such as non-clogging, 10% clogging, 25% clogging and 50% clogging. Experiments are operated under 0.4 m/min casting speed equal to the prototype mold of 0.89 m/min, and the up-points of the nozzle exit ports is located 34 mm below the liquid metal free surface in the mold. The vertical and horizontal velocity in the mold is measured by means of the ultrasound Doppler velocimetry (UDV) [4,5] in the measurement area showed in Fig. 1.

Experimental

Experimental Results and Discussion

The measured flow field of the front 1/4 plane without electromagnetic stirring is showed in Fig. 2. When the SEN is not blocked, the flow field in mold is an standard double roll structure and the maximum jet velocity is about 0.1m/s (Fig. 2 During slab continuous casting the free surface is very important to control the velocity of liquid metal flow under the mold flux. If the velocity of this area is too high, the possibility of mold flux entrapment will increase. Otherwise if the velocity of this area is too slow, the heat carried by hot liquid metal may be not enough to melt the mold flux which may lead to worse lubrication and worse surface quality. Based on lots of industrial practices,, it is estimated that the reasonable upper and lower limit of molten steel velocity are about 0.326 m/s [6] and 0.1 m/s [START_REF] Thomas | Fluid flow in the mold[END_REF][START_REF] Kubota | [END_REF] , respectively. According to similarity principle, the reasonable velocity zone of the liquid mercury near the free surface ranges from 0.044 to 0.15 m/s in the model mold. Fig. 3 shows the velocity of the flow fluid 2mm below the surface calculated from the measurement data by mathematical interpolation. It can be seen that the velocity near the surface is still reasonable when the clogging ration are 10% and 25%. But when the clogging ratio is 50%, the velocity on the non-clogging side increases above the upper limit while the velocity on the clogging side decreases below the lower limit. Fig. 4 gives the measured flow field when the EMS currents are 40A and 60A without SEN clogging. Compared with the flow structure showed in Fig. 2, it can be seen that EMS destroyed the typical double-roll flow structure totally. In the right part of the mold the jet flow throughout the nozzle is accelerated while in the left part the jet is braked partially and changes its flow direction. We can imagine that the flow can realize a horizontal circulation under the horizontal electromagnetic stirring force.

Fig. 5 gives the measurement flow field both the front and the back 1/4 plane when the EMS current and SEN clogging ratio are 40A and 50%, respectively. Compared with Fig. 4, it can be found that the electromagnetic stirring structure keeps the same, but the SEN clogging change the discharges quantity of liquid metal between clogging side and nonclogging side, which will lead to a different flow velocity.

In order to take both clogging effect and EMS effect into account and evaluate the flow field modification quantitatively, a new index S, called symmetric index, is introduced. And it is defined as:

   1 min( , ) max( , ) S n n i V U V U (1) 
Where V is the velocity of one measurement point in the back 1/4 plane (for example, point A showed in Fig. 5 (c)) and U is the velocity of the corresponding point in the front 1/4 plane (for example, point A showed in Fig. 5 (c)), the two points are Centro symmetrical about the nozzle. Velocity of all the 45 points in every measurement area showd in Fig. 5 x It is obvious that when the SEN is non-clogging, the S index is equal to 1 with EMS or without EMS. Fig. 6 show the relationship between "S index" and SEN clogging rate. It is comprehensible that the S index decreases when the clogging ration increases. EMS can improve the S index in most of the clogging situations, so it is helpful to maintain the good slab quality to a certain degree. But how to obtain the best optimized flow field by EMS when SEN is clogged is still a open question, which needs a further and systematic study.

Conclusions

Physical model experiments are performed to simulate the flow field in slab continuous casting mold with EMS under submerged entry nozzle clogging condition. The influence of the degree of clogging and the current intensity of EMS on the symmetric degree of flow field are considered.

The experiment results show that under SEN clogging condition the flow in the mold is asymmetric and the velocity is not uniform in front of the initial solidifying shell, which are harmful to the products quality. The electromagnetic stirring is helpful to optimize the flow field in the mold because the symmetry of the flow field can be improved along with the increasing EMS current. 
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 1 Fig.1 Schematic of experimental system

  Submerged Entry Nozzle with inner diameter 16mm and outer diameter 25mm and two sides rectangle exit ports with the size of 16mm (Height) × 12mm(Width). SEN immersion depth 34mm and Nozzle exit angle is 15 °. (a) Nonclogging. (b) 10% clogging. (c) 25% clogging. (d) 50% clogging.

  (a)). But if the SEN is clogged, see in Fig.2 (b), jet velocity of the left clogging decreases and the up circulation disappears while the velocity of the non-clogging right side increases, but the neutral symmetry in the mold decreases.
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 23 Fig. 2. The influence of SEN clogging ratio on flow field in the mold without EMS (a) Non-clogging, (b) 50% clogging.
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 45 Fig.4. Flow field of front 1/4 plane under different stirring current with SEN non-clogging (a) 40A Current, (b) 60A Current.
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 6 Fig.6. The relationship between S index and SEN clogging rate
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