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Introduction

The modern trends of continuous casting are characterized by tendency to increase in productivity of CCM's strand at synchronous approaching of ingot section to geometry of final wares and improvement of quality of castings. Available data indicates that conventional methods and equipments for continuous casting of steel have reached their technical limits [1,[START_REF] Flick | 7 th European Continuous Casting Conference[END_REF]. Further progress can be provided at using innovative solutions based on application in CCM the combined electromagnetic fields for influence on liquid steell in tundish, mold, and secondary cooling zone. However such complex approach causes refinement of requirements both to operating parameters and to functional modes of MHDdevices and their interactions at pouring and forming of ingot. The accumulated experience and "know-how" in this field confirms that electromagnetic processing of materials and magnetohydrodynamics allows expand continuous casting technology, and increase the effectiveness and competitiveness of products.

Results

The main concept offered to solve the above-mentioned problem based on principle of low metal head pouring of steel from tundish into the mold. For implementation of such concept, it also provides using complex electromagnetic systems. They should provide solutions for other important tasks which are necessary to ensure the effective operation of CCM. In particular, it is concerning to control the temperature and hydrodynamics of steel in tundish, in mold and in liquid metal bath of casting ingot. There is proposed to combine in one CCM the functionality of magnetodynamic tundish (MD-T) [START_REF] Dubodelov | 5 th International Symposium of Electromagnetic Processing of Materials[END_REF] and special complex electromagnetic stirrer [START_REF] Buryak | 3 rd International Symposium of Electromagnetic Processing of Materials[END_REF]. Moreover, in some cases, it is necessary to use original MHD-systems for dispersed pouring of steel into mold (especially at casting of thin slabs). There were compared the conditions of ingot formation at conventional methods of continuous casting and low metal head pouring from tundish into mold. In particular, it was used the mathematical modeling in ANSYS package (main performer is PhD V. Buryak, MHD Department of PTIMA NASU) to study the effect of casting speed on formation conditions of continuous cast ingot. The calculation was performed for the process of casting of round steel billet by diameter 300 mm. The first step is to evaluate process changing of liquid steel hydrodynamics in CCM mold according to linear speed of melt stream (Fig. 1). As can be seen on Fig. 1a, high linear velocity of flow (3 m/sec) causes deep penetration of stream into melt bath in mold. Also there was sizeable length of high energy action of submerged stream and high intensity of secondary flows. Structure of stream at low linear speeds (0.5 m/sec, Fig. 1b) had changes fundamentally. In particular, both depth of stream penetration and length of stream core reduce significantly. It is very important that secondary flows are more branched and they have less intensity. These flows spread on volume of mold and keep their maximum intensity in center of mold. As it is shown, the most unfavorable conditions of heat-removing of poured steel in the mold are at maximum liquid metal head (Fig. 2c). Using low head values (Fig. 2a) does not promote to conditions of effective heat-removing too. At the same time, option on Fig. 2b for this case is an optimum, as it provides heat-removing on height of mold and there is no danger to moving stream of superheated steel outside of mold.

It is well known conditions of formation of solid crust have the special importance for stability process of continuous casting of steel. These conditions are largely dependent from temperature molten steel and hydrodynamics in the mold. Also it is necessary to take into account the impact of mold oscillations on solid crust. For evaluation of these factors, the solid crust formation has been studied on physical model (scale 1:1). As modeling agent, there was used camphene (2.2-dimethyl-3-methylene-bicyclogetan). This material as well as steel is solidifying with formation of dendrites. It has allowed simulating the processes and phenomena occurring in the "mushy" (twophased) zone. Fig. 3 shows formation of oscillation traces at modeling. Fig. 3a shows camphene crust with two oscillation traces formed on intensively cooled wall. It is determined that solidification of solid crust occurs on arc-shaped surface of liquid meniscus. After overflow, this crust creates the edge that entrains into the body of forming ingot. During further solidification, the edge can be either submelted or broken by liquid forced flows as it is shown on Fig. 3b. Broken part of the edge is melting or moving to lower melt layers where it can be caught by growing branches of dendrites (Fig. 3c) and can provoke occurrence of interdendritic cracks. Generally, the solid crust growth in mold on length of ingots occurs fast (0.5-1.0 mm/sec). It depends on several factors, including features of circulating flows in liquid pool of mold. They can be rather asymmetric. In combination with fluctuations of ingot's withdrawal rate (e. g., due to response of break-prevention system) this can lead to fluctuations of solidification rate in different parts of ingot's surface in mold. As result, this promotes the possibility of so-called "waves" at inner surface of ingot along solidification front (Fig. 4). Fig. 4: General view of the inner surface of ingot forming in mold (samples selected from ingot after break) Such evolution at solid crust growth in mold can be considered as one of main causes for origin of hot horizontal cracks and break outs under the mold. At our opinion, the reduction of rate fluctuations of solid crust growth can be reached at low head pouring of molten steel into mold in combination with electromagnetic stirring. This stirring process should realize such melt circulation mode which provides temperature averaging inside mold and prevents either submelting or erosion damage of crust. Moreover, it should be considered the negative influence of mold oscillation. The implementation of principle of low head pouring of steel from tundish into mold does not preclude the application of electromagnetic stirrer. Such device is called as complex electromagnetic stirrer, and it has developed by one of report's authors [START_REF] Buryak | 3 rd International Symposium of Electromagnetic Processing of Materials[END_REF]. However, its functional application changes considerably. In this case, there is not necessary to use main part of electric power of stirrer for braking the high-speed melt stream and meniscus stabilization (waves' suppression). The task will be confined mainly to creation of moderate azimuthal electromagnetic stirring of molten steel in mold for temperature averaging and amplification of acoustic waves' energy directed into the depth of liquid pool of solidified ingot. In this case, along with pulsations moving metal stream keeps rotational motion [START_REF] Kolesnichenko | 5 th International Symposium of Electromagnetic Processing of Materials[END_REF]. The mechanism of this phenomenon has been previously studied by the authors [START_REF] Kolesnichenko | 5 th International Symposium of Electromagnetic Processing of Materials[END_REF] and it is the resonance effect (coincidence of frequencies generated by complex electromagnetic stirrer and natural oscillations of liquid metal bath). The amplitude of pressure near the bottom of bath is in 4-5 times higher than pressure at meniscus. It provides the high intensity of liquid phase pulsations at solidification front along the whole length of solidifying ingot. This motion changes fundamentally the phase transformation mode and causes morphological transformation. At that zone of ultrafine crystals fills the whole cross-section of continuously cast ingot and eliminates cavities, porosity, and carbon saturation of ingot's center. Such processing deletes the conditions for growth of large columnar crystals, which are the cause of intergranular defects (segregation, cracks, porosity). In practice, such result was observed for medium and high carbon steels especially. The effectiveness of low head pouring of steel into mold was confirmed under natural conditions. At that metal pouring via magnetodynamic tundish was simulated by switching of complex electromagnetic stirrer at "braking mode". It provides the reduction of liquid steel speed poured into mold from 4-5 m/sec to 0.15-0.20 m/sec. As result hydrodynamics in mold changes significant and disturbances of molten steel on the meniscus was reducing. Due to stabilization of crust formed in mold the heat flow through the walls of mold increases on 10-18%. Also, there are decreasing the backgrounds for capture from meniscus of nonmetallic inclusions, especially large oxide, and their entrainment into ingot's depth by intense vortex flows [START_REF] Wang | [END_REF]. Researches conducted by the authors have shown that presence of inclusions in cast ingot leads to appearance of internal macrocracks during hot rolling. At the same time, this is difficult to detect such inclusions in cast ingot, as their quantity is sufficiently small in steel [START_REF] Sahai | Technology for Clean Steel Production[END_REF][START_REF] Zhang | [END_REF]. Example of location and size of large inclusions (70-100 m) cracks at surface is shown on Fig. 5. Generally, the combined use of low head pouring of steel into the mold and combine electromagnetic stirrer switched in special modes will provide: flexibility at control of hydrodynamics and temperature during casting; -guaranteed presence of liquid steel inside mold for heat-removing; forming the stable solid crust; due to stabilization of meniscus, prevention of capture from this zone of non-metallic inclusions and particles of slag-making mix; preferential growth of equiaxed crystals and eliminating of irregularities at distribution of carbon in different zones of steel ingot (carbon content in ingot's center without electromagnetic stirring is in 1.32-1.36 times more than its content in peripheral areas. For ingots which had casting with electromagnetic stirring it consists 1.07-1.12 times). Also significant positive effect at application of combine electromagnetic stirrer marked consists in suppression of microporosity (Fig. 6), which took place in ingots without electromagnetic stirring. Area of such pores is depth of 15-50 mm from surface of billet. Application of electromagnetic stirring had reduced quantity of micropores in 120-180 times.

Liquid metal head

Practically it provides required characteristics of billets for subsequent rolling [START_REF] Anast | 6 th European Conference on Continuous Casting[END_REF]. Suppression of microporosity at electromagnetic stirring should be considered as confirmation of fact melt circulation flows formed in CCM mold extend deep into liquid pool. 
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 12 Flow field of liquid steel at pouring from conventional tundish at high liquid metal head (a) and from magnetodynamic tundish at low liquid metal head (b) (both longitudinal and cross sections of ingot)As result at decreasing of linear speed of steel, there are creating the more favourable conditions for retention of formed crust integrity and for melt retention in the area of mold for remove the overheat of liquid steel. At the same time, there was made the calculation of temperature field in steel ingot at pouring from tundish with different values of low metal head and constant mass flow rate (Fig.2) (head of works is Head of Mathematical Modeling Department Dr. Sc. M. Tarasevich, PTIMA NASU). a b c Temperature fields in the solidifying ingot at continuous casting of steel with different liquid metal head in tundish at constant mass flow rate
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 3 Forming of oscillation traces and solid crust
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 5 Fig. 5: Large non-metallic inclusions on the border of crack (steel Grade 1004)

Fig. 6 :

 6 Fig.6: Some examples of microporosity in the CC ingot from high carbon steel Conclusion So, the proposed concept of low head pouring and original MHD-devices for its realization in modern continuous casting technologies allows improving the quality and productivity of process.