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Abstract

:

Tundish with channel-type induction heating is one of new technologies adopted widely in China by the steel industry in the recent years, which can supply a constant liquid steel temperature control for the sequenced continuous casting process. For a five-strand tundish with induction heating in service, a kind of novel bifurcated split channel has been designed to solve the poor consistency of temperature and fluid flow for each strand that occurs with the conventional straight channel-type. The temperature distribution and fluid flow behaviors under the two structure modes were compared numerically by an electromagnetic-heat-flow multi-physics field coupling model. The results show that the maximum temperature difference between each strand outlet of the tundish can drop to less than 4 °C upon using the bifurcated channel, as compared to 10 °C under the original straight channel mode. According to the simulated results, case FK-A0 has been chosen as the optimized structure for industrial application. It has been verified through temperature measurements during the casting operation that the novel bifurcated split channel can improve the consistency of steel temperature for every strand of the tundish. The average temperature difference between the edge strand and the middle strand is 4.25 °C lower than the original straight channel, resulting in an upgraded metallurgical effect for the induction heated tundish.
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1. Introduction


Special steels are key materials for engineering equipment manufacture, with strict requirements in the refining and casting process for the control of uniformity and purity [1,2]. As we know, the superheat of molten steel during the continuous casting is an important factor affecting the cast structure of steel semi-products and their quality consistency of different strands [3,4,5,6], while the tundish plays a crucial role in the casting process. Presently, T-shaped multi-strand tundish is widely adopted for billets casting during the production of special steel long products. Therefore, the stability of the molten steel temperature during sequence casting and the consistency of the casting temperature for the different strands are the key factors to evaluate the overall metallurgical behavior of the tundish. However, the superheat degree of molten steel in conventional tundish frequently fluctuates up to 10 °C or more due to heat loss in both the ladle and tundish during continuous casting. For a multi-strand tundish, an irrational flow control device will result in poor consistency in the casting temperature between each strand [7,8,9]. For this reason, the heating and temperature control technology has been given considerable attention for the improvement of tundish metallurgy [10,11,12]. Industrial practices show that tundish heating technology is an effective means to stabilize the casting temperature and realize continuous casting at constant casting speed in recent years [13,14,15]. As of now, there are two main temperature control measures for tundish through heat compensation of the power input: one is plasma guns, and the other is channel-type induction heating. The latter has been rapidly adopted in China in the past five years by the steel industry, owing to its service advantages of heating efficiency, working stability and lower noise, as compared with the former. Based on the electromagnetic induction principle, the induced current is generated in the molten steel moving through the channel, then produces joule heat to compensate its temperature drop from the final stage of a pouring ladle [16,17,18]. With the constant steel temperature in tundish, the casting operation under a given constant speed can be realized as well. However, it has also been noticed that the fluid dynamics and heat transfer behavior of molten steel in that tundish are much different from those of the traditional tundish due to the setting-up of induction channels and the behaviors of electromagnetic force and joule heat, so new requirements are put forward for the current channel structure and refractory life used in the induction heating tundish.



Originally, the induction heating tundish was invented by Ueda et al. [19] in 1984, and it was applied in Japan for special steel casting around 1990s. The application results show that the function of induction heating can not only reduce the superheat of molten steel, but also improve the cleanliness of molten steel and the surface quality of rolled steels [16,17]. Up to date, nearly all the induction heating tundishes employ single or dual channels, and most of them use a straight through type of channel structure. Additionally, there have been some mechanism studies on the flow field, temperature field and inclusion removal behavior with the induction heating tundish; however, most have utilized single strand or two-strand tundish as the investigated objects [20,21,22,23]. For example, Wang et al. [23] conducted a numerical simulation on a single strand tundish with the channel induction heating and pointed out that there is an upward flow at the exit of the channel due to thermal buoyancy, which changes the flow pattern of molten steel and promotes the temperature distribution more uniform in the tundish under the heating condition. For a two-strand tundish with twin channel induction heating, Yang et al. [24] found that there is a downward flow of molten steel at the exit of the channel after heated, and thermal buoyancy does not play a leading role compared with electromagnetic force and gravity. Xing et al. [25] investigated the impact of the channel inclination angle of a single-strand tundish on the flow of molten steel and found that when the inclination angle is 0°, there is an upward flow at the exit of the channel, while when the channel is inclined downward by 4° and 8°, the molten steel at the exit of the channel first descends and then rises. As a result, different researchers obtained various results due to the differences of tundish structure and channel design.



As is well known, a multi-strand continuous casting machine is generally adopted for long-product production of special steels. To ensure the stability and consistency of product quality, the temperature of molten steel and the temperature difference between different strands in tundish is required to be under strict control, while the temperature is closely related to the flow behavior of molten steel in tundish [26,27]. For the induction heating tundishes with the straight channel, many investigations have been performed by changing flow control device such as dams, weirs and turbulence inhibitors and setting optimal heating parameters to improve its flow and heat transfer behavior [28,29,30,31,32,33,34].



For a practical application, a five-strand induction heating tundish has been studied in the present paper to make the most advantage of its metallurgical behavior through an innovative channel design. It has been found that with an original conventional straight channel, the molten steel out of the channel mainly flowed to the edge of the tundish, resulting in the temperature difference measured between the edge strand and the middle strand was as high as 7–14 °C. In this situation, we should have to increase the actual casting temperature to avoid freezing of liquid steel during casting, which will limit the function of induction heating. For this consideration, the present study innovatively proposes a bifurcated split channel, which is supposed to improve the induction heating, fluid flow and temperature distribution behavior in the tundish. By establishing an electromagnetic-heat-flow multi-physics coupling model, the influence of both the bifurcated split angle of the channel and heating power on the flow, heat transfer of molten steel in the tundish has been studied and compared with the conventional straight channel. With a remarkably improved metallurgical behavior proven by industrial production, the study is expected to supply a novel design idea and application case for upgrading the channel-type induction heating tundish specially for quality steel production.




2. Mathematical Models


2.1. Geometric Model and Meshing


The tundish consists of a pouring chamber, two induction heating channels and a discharging chamber as shown in Figure 1. The molten steel from ladle flows into the pouring chamber through a ceramic nozzle, and then passes through the two channels to the discharging chamber, where it can be heated in need for an increased temperature by the induction coils. To simplify numerical simulation, half of the five-strand tundish, namely, 1st strand (Outlet1) to 3rd strand (Outlet3) are studied in the present work based on its symmetric geometry. Figure 1a illustrates the tundish with conventional upward inclined straight channels for heating by electromagnetic induction, which is named as straight channel case S0 in the modeling study. Then, a novel bifurcated channel is designed as shown in Figure 1b, where “Channel out1” represents the main channel same as the conventional straight one, 3° upward inclined; while the furcated “Channel out2” is introduced towards the middle area of discharging chamber with different inclination angles, which are named as split channel FK cases.



The induction heater consists of an iron core and a wounded induction coil, which is installed on the channel during service time of the tundish (not shown in the figure). The geometrical dimensions of the tundish for modeling are summarized in Table 1. For Channel out2, three split channel cases FK-A0, FK-A5 and FK-A15 are predetermined with an upward inclination angle 0°, 5° and 15°, respectively. As shown in Figure 2, the computational domains are discretized by using about 780,000 tetrahedral grids for S0 case and 800,000 for FK cases. The investigated sections for numerical analysis in these cases are illustrated in Figure 3, in which Plane 1, Plane 2 and Plane 3 represent the sections passing through the center of the three outlets of tundish, the “Channel out1” and “Channel out2”, respectively. The study plan for numerical analysis is given in Table 2.




2.2. Mathematical Modeling Assumptions


The following assumptions are adopted for the numerical simulation: (1) molten steel is an incompressible viscous fluid; (2) the influence of slag layer is ignored, and the top molten steel exposed to air is treated as a free surface; (3) the viscosity, permeability and thermal conductivity of molten steel are constant values, but the density against temperature is taken into account; (4) the molten steel will be polarized and magnetized immediately upon under the operation of electromagnetic field; and (5) the influence of displacement current is ignored.




2.3. Governing Equations


The electromagnetic field is calculated by the Maxwell equations during induction heating operation. The flow field is calculated by jointly using the continuity equation, the Navier–Stokes equation and the standard kε, and the energy equation is resolved to reveal the temperature field. The diffusion of tracers in the tundish is solved based on the mass transfer equation [20,29,34].



2.3.1. Control Equations of the Electromagnetic Field




  ∇ ·   D →   = q  



(1)






  ∇ ·   B →   = 0  



(2)






    J →   +   ∂   J →     ∂ t    =  ∇  ×  H →    



(3)






  ∇  ×  E →  = −    ∂   B →     ∂ t    



(4)






    J →  = σ (  E →  +   v →   ×  B →  )   



(5)




where    D →    is electric flux density,      C · m     − 2     ;    B →    is magnetic flux density, T;    J →    is induced current density,      A · m     − 2     ;    H →    is magnetic field intensity,      A · m     − 1     ;    E →    is electric field intensity,      V · m     − 1     ; σ is the conductivity of molten steel,    Ω   − 1       · m     − 1     ; v is the motion velocity of molten steel,      m · s     − 1     .




2.3.2. Fluid Dynamics and Heat Transfer Equations


(1) Continuity equation



The continuity equation is also called the mass conservation equation. It must be obeyed when the fluid moves, which is expressed as:


    ∂ ρ   ∂ t    +    ∂    ( ρ v   i  )   ∂  x i     = 0   



(6)




where ρ is density of molten steel,      kg · m     − 3     ;    v i    is velocity of molten steel in i direction,      m · s     − 1     ; xi is coordinate in i direction, m.



(2) Momentum equation



The momentum equation is to study the relationship between the change of momentum and the external force acting on the fluid when the fluid is in motion.


   ∂  ∂ t   (  ρ  v →   )   +   ∇ · (    ρ  v →   v →   ) = − ∇   ·   p + ∇ · (   μ  e f f   (  ∇ ·  v →   )  )   +   ρ  g →    +      F t   →   



(7)




where p is pressure, Pa; μeff is effective viscosity,      kg · m     − 1       · s     − 1     ; g is acceleration of gravity,      m · s     − 2     ;      F t   →    is the source term of additional force, including thermal buoyancy and electromagnetic force,      N · m     − 3     .



(3) Turbulence equation



Numerical simulation methods for turbulent motion mainly include Direct Numerical Simulation (DNS), Reynolds Average Navier-Stokes (RANS) and Large Eddy Simulation (LES). Among them, the two-equation model (kε model) in the RANS method is widely used in engineering for its less calculation and good accuracy. It is expressed as:


  ρ   ∂ k   ∂ t    + ρ    ∂    ( k v   i  )   ∂  x i     =   ∂  ∂  x i    (    μ  e f f      σ k      ∂ k   ∂  x i       )   +   G   k  −    ρ  ε  



(8)






  ρ   ∂ ε   ∂ t    + ρ    ∂    ( ε v   i  )   ∂  x i     =   ∂  ∂  x i    (    μ  e f f      σ k      ∂ ε   ∂  x i       )   +   C     1 ε     ε k   G k  −    C  2 ε   ρ    ε 2   k   



(9)






   G k       =   μ   t    ∂  v j    ∂  x i    (   ∂  v i    ∂  v j     +    ∂  v j    ∂  v i    )  



(10)






   μ  e f f        =   μ + μ   t     = μ + ρ C   μ     ε 2   k   



(11)




where k is turbulent kinetic energy; ε is turbulent energy dissipation rate; Gk is source term of turbulence energy; μ and μt are dynamic and turbulent viscosity coefficients, respectively, kg·m−1·s−1; C1ε, C2ε, Cμ, σk and σε are constants given by Launder and Spalding [35], and their values are taken 1.44, 1.92, 0.09, 1.0 and 1.3, respectively.



(4) Electromagnetic induction equation



The magnetic induction equation (MHD) derived from Ohm’s law and Maxwell’s equation can be used to describe the interaction between the magnetic field and the molten steel, which is numerically coupled with the fluid flow model.


    ∂  b →    ∂ t    + (  v →  ·  ∇  )   ·    b →  =   1   μ σ     ∇ 2    b →  + ( (     B s   →   +  b →  )   ·    ∇  )   ·    v →    − (  v →  ·  ∇  ) ·     B s   →   



(12)







The electromagnetic force is calculated by:


    F →  =  J →    ×   (     B s   →   +  b →  )   



(13)







The current density can be expressed as:


    J →  =   1 μ  ∇    ×   (     B s   →   +  b →  )   



(14)




where    b →    is the induced magnetic field by the motion of molten steel; μ is the magnetic permeability of molten steel, H·m−1;      B s   →    is external applied magnetic field;    F →    is electromagnetic force,      N · m    − 3    .



(5) Energy equation



The energy equation is used to solve the temperature distribution of molten steel in the tundish.


    ∂  ( ρ h )    ∂ t    +    ∂    ( ρ v   i   h )    ∂  x i     =   ∂  ∂  x i       ( k    e f f     ∂ T   ∂  x i     )   +   S   



(15)




where h is enthalpy,   J ·   kg   − 1    ; keff is effective thermal conductivity,      W · m    − 1   ·  K  − 1    ; T is temperature, K; S is the joule heat by the eddy loss of molten steel under the action of a magnetic field.



(6) Species transport equation



Species transport equation is used to simulate the transmission of the tracer in the molten steel, and the RTD curve is obtained to reflect the flow characteristics of the molten steel in the tundish.


    ∂  ( ρ C )    ∂ t    +    ∂    ( ρ v   i   C )    ∂  x i     =   ∂  ∂  x i       ( ρ D    e f f     ∂ C   ∂  x i    )  



(16)




where C is component volume concentration; Deff is component diffusion coefficient, taking default value 2.88 × 10−5 m2/s.





2.4. Boundary Condition and Solution Method


The boundary conditions for calculating the flow and heat transfer of tundish with the induction heating are set as follows. An insulation boundary condition is applied to the coil when calculating the electromagnetic field with a given eddy loss for the tundish. A related velocity is used at the inlet of the tundish, and its value is determined by the casting speed and the cross section of the billet castings. The inlet temperature of molten steel is set as 1800 K. An outflow boundary condition is applied to the tundish outlets, and the flow rate of each outlet is set as the same. The top of the tundish is free surface without shear stress; the solid wall is set as a no-slip boundary and a standard wall function has been adopted for the description of near wall region. Additionally, the heat loss of the tundish is caused by heat radiation and conduction. The parameters of molten steel, the boundary condition of the flow and the values of heat flux are shown in Table 3.



To solve the fluid flow and heat transfer of the tundish, the ANSYS (Version 19.2, ANSYS Inc., Pittsburgh, PA, USA) ICEM CFD software is first used to mesh the model, then the grid file is imported into the ANSYS Fluent software to calculate the temperature field and flow field. The SIMPLE algorithm is used for pressure-velocity coupling in the momentum equation. The convergence residuals are set to be less than 10−6 for energy equation and to be 10−4 for the other equations. When the flow field is converged to steady state, the solver is converted to the transient state to solve the transient tracer dispersion. The injection time of tracers at the inlet is set as 1 s. After that, its concentration variation with time is computed at the outlet plane of the tundish to obtain the residence time distribution (RTD) curve of tracers. The calculation time is set as 3000 s.



The coupling process of induction heating is illustrated in Figure 4. The Maxwell equations are solved by ANSYS MAXWELL finite element software to obtain magnetic field data, then these data are applied to the steady-state result of the tundish through the MHD module in the ANSYS Fluent software to calculate the electromagnetic force and joule heat. The electromagnetic force is added to the momentum equation as a source term, and joule heat is added to the energy equation. A multi-physics coupling model of electromagnetic-heat-flow is established to simulate the induction heating process. The multi-physics coupling numerical simulation achieved by MHD module is widely reported in metallurgical field, but it is less applied to the induction heating tundish.



In the previous studies, joule heat and Lorentz force are usually calculated by finite element software, which are then applied to the fluid model in ANSYS Fluent software by interpolation [22,23,34]. However, the fluid flow and heat transfer have not been considered when calculating joule heat and Lorentz force in this method. In the present work, we use the MHD module in Fluent to describe the transient flow of the molten steel under electromagnetic induction and to calculate the additional magnetic field generated by the fluid motion. This should be more accurate.





3. Results and Discussion


3.1. Grid Independence Test


As well-known, the number of the grids in numerical simulation has a great influence on the final result. Too few grids will affect calculation accuracy, while too many grids will increase calculation time and cost. Therefore, it is necessary to choose the suitable number of grids. As shown in Table 4, 606,244, 779,156 and 3,718,389 grids are designed for case S0, and 487,767, 808,426 and 3,096,045 for case FK-A0, respectively. Under the same boundary conditions and parameters, the temperature at three reference points as illustrated in Figure 5 are calculated and compared at different number of grids, and the results are listed in Table 4. The three reference points are respectively set at the center of the channel exit section for S0 case and that of “Channel out1” for FK-A0 case, and 0.5r and 0.75r from the center of the channel, where r is the radius of the channel. It can be seen that with the increase in the number of grids, their temperatures change little. It indicates that the calculation accuracy can be met when the number of grids is 700,000~800,000. Therefore, the S0 case chooses 779,156 tetrahedral grids and FK cases choose about 800,000 for the following studies.




3.2. Model Validation


According to the metallurgical reaction engineering theory, the residence time distribution (RTD) of the tracer can be expressed by E(t) [28,29]. The abscissa t (unit s) is transformed into a dimensionless time θ = t/τ, thus the dimensionless E curve is transformed into   E  θ     =   τ  ·  E ( t ) /    ∫  0 ∞   E ( t ) d t   , where τ is the theoretical average residence time of fluid in the reaction vessel (unit s). The RTD curves of the mathematical simulation and hydrodynamic modeling with a scale of 1:3 for the Outlet1 to Outlet3 of case FK-A0 are compared in Figure 6 when the induction heating is turned off. It is seen that their shapes and consistence among strands is very similar, although the values for time and concentration vary a little due to the differences of physical characteristic of tracers in water modeling and mathematical calculation.



The electromagnetic field model is verified by the experimental results of Vives and Ricous [36], where an induction heating furnace model was established in the experiment, and the electromagnetic field distribution in the furnace was measured with liquid Hg as the medium. This model was similar to the structure of the channel induction heating tundish. The iron core was sleeved on the channel and a circulating induction current was formed inside the heating furnace to heat the metal Hg. In the present work, the model with the same size as the reference [36] is constructed and the same current parameters are applied. The vector distribution of the magnetic field on the Z = −20 cm channel section and the magnetic induction intensity in the Y direction are calculated. The comparison between simulation calculation and experiments is illustrated in Figure 7 and Figure 8. The similar magnetic field distribution and the magnetic induction intensity within the error tolerance certify the reliability of the electromagnetic field model established.




3.3. Electromagnetic Field and Joule Heat Distribution in Case S0 under Heating Power 1000 kW


The magnetic field distribution in tundish for the case S0 is shown in Figure 9. It is mainly distributed in the heating channel and the areas near the entrance and exit of the channel, while the magnetic field intensities in the pouring chamber and the discharging chamber are below 0.02 T. The magnetic field intensity near the channel wall is greater than that at the center of the channel. It respectively reaches 0.18 T on the right channel wall and 0.12 T on the left channel wall, while it is only 0.06 T at the center of the channel due to “Kelvin skin effect”. The right wall has slightly bigger magnetic field intensity than the left as it is close to the heating coil, which generates “proximity effect”. Figure 10a is the vector distribution of the magnetic field intensity in the cross section of channel. It is eccentrically distributed in the channel section, and the magnetic field intensity near the channel wall is greater than that at the center of the channel. As shown in Figure 10b, the electromagnetic force is unevenly distributed and also points to the eccentric position of the channel, its “pinch effect” makes the conductive molten steel with a higher density constrict toward the center of the channel, while the non-conductive inclusions with a lower density swimming toward the wall of the channel under the action of electrophoretic force opposite to the direction of the electromagnetic force (the force generated by the gradient of the electromagnetic force) and then attaches to the wall of the channel to be removed from molten steel. Meanwhile, because of the pinch effect and eccentric electromagnetic force, the flow of molten steel in the channel is accelerated, and produces rotating in the channel and its exit, which will promote the homogenization of molten steel temperature, probably prolong the move path and increase the chances of collision, growth and floating removal of suspended inclusion particles as well.



Figure 11 illustrates the distribution of joule heat in the tundish. Similarly, it is mainly distributed in the heating channel, thus the molten steel is thermally compensated herein. When the heated molten steel flows into the discharging chamber, the temperature of the molten steel in the entire tundish is enhanced. The temperature on the right wall of channel is higher than that on the left as the heater is close to the former side.




3.4. Comparison of Flow Field and Temperature Field in Tundish for Case S0 with and without Induction Heating


The flow field and temperature field of a tundish are important assessment indexes for its metallurgical effect. For a multi-strand tundish, the key is to suppress a short-circuit flow, and improve the flow consistency and reduce the temperature difference between different strands. The induction heating is not turned on at the beginning stage of pouring operation as the temperature of molten steel is high enough. It usually works in the middle and late stages of pouring when the temperature of molten steel drops to a certain degree due to heat losses. The flow and heat transfer in tundish are obviously various with and without induction heating. Therefore, the two practical pouring conditions should be considered comprehensively for a good design of the induction heating tundish. In this part, the flow and heat transfer characteristics of molten steel in the tundish are compared under different operating conditions for the case S0, and the influence of induction heating on the metallurgical effect of the tundish is revealed as well.



Figure 12 is the comparison of the flow field in the tundish when induction heating is turned off and turned on for 200 s at 1000 kW. Our previous studies show that the difference of molten steel in flow and heat transfer behaviors in the early stage of heating is bigger than in the late stage [29], thus take 200 s for comparison. When it is turned on, the flow velocity of molten steel in the entire tundish including the pouring chamber, channel and discharging chamber is all bigger than that it is turned off. The flow velocity in the channel is above 0.5 m/s, which is about twice as when it is turned off, and the molten steel shows a spiral movement trend, this is because that the molten steel in the tundish is subjected to eccentric electromagnetic force as shown in Figure 10 after the induction heating is turned on. This flow mode will increase the contact probability of the inclusions in the molten steel with the channel wall, which accordingly enhance the adsorption of wall on the inclusions. The pinch effect produced by electromagnetic force will also increase the collision probability of inclusions. However, more stringent requirements are put forward for channel refractory, as this flow mode will probably increase the erosion of channel.



It is also seen from Figure 12 that the molten steel goes directly to the front wall of the tundish after flowing out of the channel. Due to bigger flow velocity from electromagnetic force, the corrosion of molten steel on the tundish refractory will also intensifies, and accordingly the cleanliness of molten steel may worsen. In addition, the short-circuit flow is easily formed at the Outlet1, because the channel exit of the case S0 is biased toward the Outlet1 and the molten steel flows out from here firstly. The Outlet3 is located in the middle of the tundish, far from the exit of the channel, thus the molten steel will arrive late, which is easy to form the dead zone herein. This is verified by the RTD curve shown in Figure 13, where tmin, tpeak and tav represent the respond time of molten steel, the peak time and the actual average residence time, respectively. They are obtained according to the method in Reference [37].



From Figure 13, the response time of Outlet1 is obviously shorter than that of Outlet3 whether with or without induction heating. As a result, the flow consistency of different strands in tundish is poor. As is well known, the temperature field of a tundish is closely related to its flow field, which a poor flow consistency will result in a large temperature difference and billet quality difference between strands. This explains why the temperature difference reaches 7 to 14 °C in the actual tundish operation. It can be seen by comparing Figure 12a,b, the flow in the middle area of the tundish will be improved after induction heating is turned on, since the up-rising flow at the exit of channel is more obvious under the action of joule heat, and the flowing of molten steel on the top of tundish is more active. From Figure 13b, Outlet2 shows the close response time of molten steel to Outlet1, which is 31 s and 22 s, respectively. Additionally, the difference of response time between Outlet1 and Outlet3 reduces from 70 s (142 − 72 s) to 50 s, compared with Figure 13a. The electromagnetic force makes part of the molten steel to move downwards with the increasing flow velocity as shown in Figure 12b, which results in the response time of molten steel shortened under induction heating.



The velocity vector in the longitudinal section of channel for case S0 without and with induction heating is shown in Figure 14. From Figure 14a, the flow velocity of molten steel in the channel is about 0.3 m/s and directs to the channel exit when the induction heating is turned off. The molten steel has an upward tendency after flowing out of the channel and produces a circulating flow above the channel exit due to the upward inclination (3°) of the channel and the effect of thermal buoyancy. As shown in Figure 14b, after induction heating for 200 s, the velocity of molten steel in the channel is significantly increased and the overall flow field is more active. Due to the eccentric electromagnetic force, the molten steel in the channel rotates and flows forwards, and its flow velocity near the wall of the channel is as high as 0.5 m/s.



Figure 15 shows the comparison of velocity vector in the plane passing through the center of all the outlets with and without the induction heating. The velocity and flow field of molten steel are also various under different working conditions. After the induction heating is turned on, the flow velocity between the Outlet1 and Outlet2 is significantly greater than that between the Outlet2 and Outlet3, which will shorten the residence time of molten steel in the two outlets and it can be read from the RTD in Figure 13.



Figure 16 illustrates the comparison of temperature field in the plane passing through the center of all the outlets. When the induction heating is turned off, the temperature of the three outlets is 1796, 1794 and 1794 K, respectively, and the maximum temperature difference between them is 2 K. The stratification of temperature is obvious on the plane, but the maximum temperature difference is about 2.5 K, and the high temperature region occurs in the upper left part of the tundish because the channel exit points to the Outlet1 located in the edge region of the tundish and there is an upward flow. When the induction heating is turned on for 200 s, the temperature is obviously increased as shown in Figure 16b. The temperature near the Outlet1 is increased from 1796 to 1806 K, and the temperature of Outlet2 is increased to 1798 K. The maximum temperature difference of three outlets reaches 10 K, which is close to the measured data (7–14 K) by the steel plant. Due to the channel structural limitations, the high-temperature molten steel out of channel does not have sufficient kinetic energy to flow to the middle region and it is concentrated on the edge of the tundish. The enlargement of the temperature difference between these outlets will affect the consistency of the strand casting quality, as the different temperature means the difference in superheat degree of molten steel which will lead to the formation of varied solidification structure. Additionally, a higher superheat of casting operation has to be maintained to avoid the freezing and clogging of molten steel near Outlet3, which will restrict the induction heating function of the tundish.



From the overall analysis of the fluid flow and temperature fields given above, the induction heating by the straight channel can compensate the temperature of molten steel but may lead to a larger difference in flow velocity and temperature between strands, which will probably result in the differences in the cleanliness of molten steel and the quality of castings in the early period upon power on. For this reason, a split channel strategy is proposed in the present study to improve the overall metallurgical behavior for each strand.




3.5. Flow Field and Temperature Field of Tundish When Using Split Channel


3.5.1. Comparison of Flow Field between Three Split Channel Schemes upon Heating for 200 s at 1000 kW


Figure 17 shows the three-dimensional streamline contour of the three bifurcated split channel cases with the angle of “Channel out2” being 0°, 5° and 15°, respectively, upon heating for 200 s, indicating that the flow of molten steel in the tundish using split channel is obviously different from that using the original straight channel. Part of the molten steel flows from the “Channel out2” to the middle region of the tundish (near the Outlet3) after being heated in the induction channel, which can activate the flow in the middle region and reduce the dead zone of the entire tundish. Meanwhile, the velocity of the molten steel in the “Channel out1” is decreased due to the diversion effect of the “Channel out2”. As a result, the short-circuit flow at the Outlet1 will be improved and the impingement of molten steel on the front wall refractory of the tundish reduced, which is beneficial to improve the cleanliness of molten steel and the service life of refractory.



Comparing the three bifurcated cases, the streamline of “Channel out2” in the case FK-A15 is higher than the other two because of bigger inclination angle, which is above the liquid level of the tundish. This phenomenon will probably result in the entrapment of cover slag into the molten steel as a source of exogenous large-size inclusions.



Figure 18 illustrates the velocity vector of molten steel in the plane passing through the center of all the outlets (left) and through the main channel plane (middle) and the split port (right) upon heating for 200 s at 1000 kW. The average flow velocity on the free surface is calculated from five reference points as signed in the Figure 18. Comparing Figure 15b and Figure 18, due to the split port, the flow of molten steel in the middle region of the tundish is effectively activated, and the flow velocity herein is increased, while that near the Outlet1 is reduced, thus the consistence between strands is improved. Additionally, due to the decrease in the velocity of molten steel from “Channel out1” compared with Figure 15b, its washing and erosion on the front wall of the tundish will abate accordingly. The inclination angle upwards for “Channel out2” in split channel schemes is 0°, 5° and 15°, respectively. The surface velocity between Outlet2 and Outlet3 in the case FK-A15 is larger (the average value 0.18~0.2 m/s) and the molten steel flowing out of the “Channel out2” has a tendency to impinge the free surface. Therefore, considering the uniformity of the flow field and the risk of cover slag entrapped, the case FK-A0 is believed to be optimal.




3.5.2. Comparison of Temperature Field in Split Channel Schemes upon Heating for 200 s


Figure 19 compares the temperature distribution of the three split channel cases in the plane passing through the tundish outlets when heating for 200 s at 1000 kW power. Except for a little high-temperature molten steel with 1807 K at “Channel out1” (see the red part), the temperature differences, whether between outlets or in the whole observed plane, are significantly lower in the split channel cases than in the S0 case as in Figure 16b, and the temperature is more homogeneously distributed from 1801 to 1806 K, except for the exit of channel. The maximum temperature difference between outlets and that in the entire plane in the FK-A0 case is only 2 and 4 K, respectively; they are 4 and 6 K in the FK-A5 case, and 3 and 5 K in the FK-A15 case. While the differences both reach 10 K in the S0 case, and the temperature is distributed between 1796 and 1806 K. Obviously, the more homogeneous the temperature distribution is, the more consistent solidification structure and casting quality between different strands will be achieved. Therefore, the split channel structure is also better than the straight channel structure from the view of temperature distribution. In addition, the difference in temperature field between three split cases can also be seen from Figure 19, which the temperature of case FK-A0 distributes generally more even due to its smaller inclination angle in “Channel out2”.



Figure 20 shows the temperature contours of split channel cases in the vertical planes passing through the main channel (left), i.e., “Channel out1” in Figure 1, and through port (right, “Channel out2”) upon heating for 200 s at 1000 kW. The temperature distributes between 1802 and 1806 K when the molten steel flows out from the main channel into the discharging chamber, which is lower than that in the S0 case shown in Figure 16b as some higher temperature of molten steel is diversified by “Channel out2”. The temperature of “Channel out2” plane distributes between 1801 and 1804 K, only a slight difference with “Channel out1” plane, and its temperature is above the S0 case, indicating the split channels are advantageous over the straight channel in the temperature homogeneity. Comparing the three split cases, the temperature distribution of the case FK-A5 is the most even in the main channel plane, while the case FK-A0 distributes most evenly in the port plane. The inclination angle of “Channel out2” in case FK-A0 is 0°. When the molten steel flows out of the “Channel out2”, part flows upwards due to thermal buoyancy, and the other flows downwards under the action of gravity, thus the distribution of molten steel is relatively even. While in the case FK-A15 with inclination angle of 15°, most high-temperature molten steel is directly transferred to the liquid level, and its part heat will be dissipated in the tundish cover slag, which should be the reason of the relatively larger low-temperature region for this case.



It can be also seen from Figure 20 that the temperature is obviously layered in the main channel. It increases from channel entrance to exit, which is in agreement with the reference study [34].



Combining the flow field with temperature field analyzed above, the split channel schemes can effectively improve the consistence of flow and temperature of molten steel in the tundish, in which the case FK-A0 is advantageous over the other two for the investigated five-strand tundish. Thus, it is chosen for the following studies. Firstly, its heating rate is compared with the case S0, then the influences of heating powers (800, 1000 and 1200 kW) on the flow of molten steel and temperature distribution are investigated.





3.6. Comparison of Heating Process between Cases FK-A0 and S0 at 1000 kW


Figure 21 compares the local temperature-rising curves against heating time from Outlet1 to Outlet3 in tundish between the cases S0 and FK-A0 at 1000 kW heating power. The temperature rises quickly before 1000 s, then decays from 1000 s to 2000 s. In the initial heating stage, the temperature difference between the three outlets in the case FK-A0 is obviously smaller than that in the case S0, and there is almost no temperature difference between Outlet2 and Outlet3 for the case FK-A0 during the heating process. With the extension of heating time, the temperature difference between outlets is reduced for both FK-A0 and S0 cases. When heating for 200 s, the maximum temperature difference is 10 K for the case S0, while it is only 2 K for the case FK-A0. In the case S0, the molten steel flowing out of the channel cannot reach to the Outlet2 and Outlet3 in a short time, so the temperatures of the two outlets are lower than that of Outlet1. In the FK-A0, the molten steel flowing out of the spilt channel can reach each outlet at the close time, so their temperature difference is small. With the extension of heating time, the temperature of the molten steel in the entire tundish increases. Therefore, not only the temperature difference between the inside and outside of the channel is reduced, but also that between outlets.



As a result, the structural optimization of the induction heating tundish can improve the temperature consistency between different strands, and the effect is particularly obvious in the initial stage of heating operation.




3.7. Effect of Heating Power on Flow and Temperature Distribution for Case FK-A0


Because of a predetermined superheat required for different steel grades, the heat to be compensated in tundish is usually different. Even for the same steel grade, the required heating power is also possibly different due to the difference of actual ladle temperature. The heating power will affect the flow and temperature of molten steel in the tundish and even the inclusion removal.



Figure 22 shows the velocity vector of molten steel in the planes passing through the center of all outlets (left), the main channel (middle) and through the split port (right) for the case FK-A0 at different heating powers. The average flow velocity in a channel section is calculated from three reference points as signed in the Figure 22. From the left figure that with the increase of heating power, no obviously different flow field was observed in the tundish, except for a slightly increased high-speed area between Outlet2 and Outlet3. The high-speed area can be explained as the stronger “pinch effect” in the channel due to the increasing electromagnetic force under a relatively large heating power. The middle figure indicates that the flow velocity of molten steel in the channel slightly increases with the increasing power, from 0.4 to 0.45 m/s at the signed planes. After the molten steel flows out of the “Channel out1”, it circulates in the near region and activates the flow field near Outlet1 and Outlet2, while the molten steel between Outlet2 and Outlet3 is activated by the circulation flow from the “Channel out2”.



Figure 23 illustrates the temperature distribution of molten steel in the plane passing through the center of all outlets for the case FK-A0 under different heating powers. With the increase of heating power, the temperature of molten steel in the tundish also increases as more joule heat is generated. Both of the temperature differences across the entire plane and that between outlets are increasing. When the heating power is 800 kW, except for the small area at the exit of “Channel out1” where the temperature is slightly higher (about 1806 K), the temperature of other parts is 1800–1803 K. The temperature distribution is relatively uniform and the maximum temperature difference between outlets is 2 K. When the heating power is 1000 kW, the plane temperature is 1801–1805 K, and the maximum temperature difference between outlets is 3 K. While the heating power is increased to 1200 kW, the plane temperature reaches 1802–1807 K, and the maximum temperature difference between outlets is also 3 K. Comparing the temperature distribution under the three heating powers, high-power heating will lead to a more complicated temperature distribution and a relatively poor uniformity. In addition, high heating power will also result in a big pinch force, which probably generate discontinuous flow of molten steel during the casting process. Therefore, the power of induction heating should not be too large during operation.



Based on the above results, the appropriate heating power can be selected according to different steel grades and superheat requirements.





4. Industrial Experiments


Based on the above simulation evaluation, the case FK-A0 was chosen as one of improved channel structure to upgrade the tundish metallurgical behavior. Its installation in a steel plant is shown in Figure 24.



A high carbon wire rod steel, 1070 (C 0.65–0.75%, Mn 0.60–0.90%, p < 0.040% and S < 0.050%) in ASTM standards, has been used for casting test. The local steel temperatures of the 1st and the 3rd strands were measured by thermocouples under the conditions of using the prototype straight channel case S0 and the improved bifurcated channel FK-A0. With induction heating rate of 1.5 °C/min for a constant 20 °C superheat control, the 300 mm × 390 mm bloom strand was cast under a given speed of 0.61 m/min. The temperature differences of the 1st and the 3rd strands before and after the improvement were compared in Table 5. It is seen during the casting process that the average and maximum temperature differences in the prototype straight channel tundish are 7 and 14 °C, respectively, as compared with 2.75 and 6 °C respectively by using the split channel tundish. That is to say, the use of split channel has a significant effect on improving the temperature consistence of molten steel in this tundish as revealed by numerical simulation mentioned above. With much smaller temperature difference among the outlets of tundish, the as-cast quality of the five strands will show much less difference as expected.




5. Conclusions


To make a consistent metallurgical behavior of tundish for its multi-strand castings, a novel induction heating channel has been presented and analyzed by numerical electromagnetic-heat-flow multi-physics field simulation, together with industrial casting tests. The following conclusions are drawn:




	(1)

	
Induction heating can increase the temperature of molten steel and flow velocity in the tundish. However, the maximum temperature difference between the outlets is as large as 10 K when with a conventional simply straight channel structure.




	(2)

	
With a novel bifurcated split channel, the induction heating tundish can effectively improve the overall flow and temperature distribution for multi-strand casting. During heating operation, the temperature difference between each outlet of the tundish is obviously dropped as compared with the situation while using conventional straight channel. The maximum temperature difference between each strand outlet in its FK-A0, FK-A5 and FK-A15 cases is 2 K, 4 K and 3 K, respectively. The case FK-A0 with its diameters of “Channel out2” at 130 mm without inclination angle upwards is advantageous over the other two cases in the flow and temperature distribution of molten steel.




	(3)

	
The comparisons of temperature and fluid flow at different heating powers for the case FK-A0 suggest that the temperature increases with the increasing heating power under little changed flow field. However, an excessive heating power will lead to a relatively poor temperature uniformity in the tundish and probably a dropping flow rate in the channel due to the appearance of a large electromagnetic pinch effect. In actual production, the heating power can be chosen according to the temperature of molten steel and superheat requirement.




	(4)

	
The industrial tests show that using the split case FK-A0 can decrease the average and maximum temperature differences of molten steel between strands in tundish by 4.25 and 8 °C, respectively, as compared with the conventional straight channel. The study provides a novel design idea and application case for the upgrading metallurgical effect with channel-type induction heating tundish.
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Figure 1. Geometric models of the tundish with different channel modes: (a) S0; (b) FK. 
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Figure 2. Schematics of the model in grids: (a) Case S0; (b) Case FK-A0. 
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Figure 3. Schematics of the sections for numerical analysis: (a) Case S0; (b) Case FK-A0. 
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Figure 4. Multi-physics coupling calculation process for the induction heating tundish. MHD: magnetic induction equation. 
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Figure 5. Location of the reference point: (a) channel exit section for S0 case; (b) “Channel out1” section for FK-A0 case. 
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Figure 6. Comparison of RTD (residence time distribution) curves for case FK-A0: (a) hydrodynamic modeling experiment; (b) mathematical simulation. 






Figure 6. Comparison of RTD (residence time distribution) curves for case FK-A0: (a) hydrodynamic modeling experiment; (b) mathematical simulation.



[image: Metals 11 01075 g006]







[image: Metals 11 01075 g007 550] 





Figure 7. Numerical simulation and reference measurement results of magnetic field distribution on Z = −20 cm channel section: (a) left channel; (b) middle channel. Reprinted with permission from ref. [36]. Copyright 1991 Springer Nature. 
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Figure 8. Comparison of magnetic induction intensity in Y direction between calculated and measured values: (a) left channel; (b) middle channel. 
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Figure 9. Magnetic field intensity distribution in tundish. 
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Figure 10. Vector contour in channel cross section: (a) magnetic field; (b) electromagnetic force. 
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Figure 11. Joule heat distribution in tundish. 
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Figure 12. Three-dimensional (3D) streamline comparison of case S0: (a) without induction heating; (b) with induction heating. 
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Figure 13. Comparison of RTD (residence time distribution) curves of case S0: (a) without induction heating; (b) with induction heating. 
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Figure 14. Velocity vector in channel longitudinal section for case S0: (a) without induction heating; (b) with heating for 200 s at 1000 kW. 
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Figure 15. Velocity vector at vertical plane passing through all outlet centers of case S0: (a) without induction heating; (b) with heating for 200 s at 1000 kW. 
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Figure 16. Temperature field at the plane passing through all outlet centers for case S0: (a) without induction heating; (b) with heating for 200 s at 1000 kW. 
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Figure 17. Three-dimensional (3D) streamline contour of three split channel schemes: (a) FK-A0; (b) FK-A5; (c) FK-A15. 
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Figure 18. Velocity vectors of split channel schemes in the planes passing through the center of all outlets (left), “Channel out1” (middle) and split port (right): (a1–a3) FK-A0; (b1–b3) FK-A5; (c1–c3) FK-A15. 
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Figure 19. Temperature field in the plane passing through outlet center for different cases: (a) FK-A0; (b) FK-A5; (c) FK-A15. 
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Figure 20. Temperature field in the longitudinal planes of main channel (left) and port (right) for split schemes: (a) FK-A0; (b) FK-A5; (c) FK-A15. 
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Figure 21. Temperature rising curve of tundish outlets against heating time: (a) S0; (b) FK-A0. 
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Figure 22. Velocity vector in the vertical planes passing through the center of all outlets (left), main channel (middle) and port (right) for case FK-A0 under different heating power: (a) 800 kW; (b) 1000 kW; (c) 1200 kW. 
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Figure 23. Temperature field of the plane passing through all outlet center for case FK-A0 under different heating power: (a) 800 kW; (b) 1000 kW; (c) 1200 kW. 
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Figure 24. Improved tundish structure picture. 






Figure 24. Improved tundish structure picture.
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Table 1. Geometrical sizes of the tundish with induction heating channel.






Table 1. Geometrical sizes of the tundish with induction heating channel.





	Parameter
	Value





	Tundish capacity (t)
	40



	Molten steel depth (mm)
	900



	Inner diameter, submerged depth of long nozzle (mm)
	95,300



	Inner diameter of submerged entry nozzle (mm)
	80



	Induction channel diameter of S0 case (mm)
	130



	Induction channel length of S0 case (mm)
	1400



	Main channel length of FK cases (mm)
	1700



	Channel out1, out2 diameters (mm)
	80,130



	Height from channel center to tundish bottom (mm)
	472
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Table 2. Plan chart for numerical analysis.






Table 2. Plan chart for numerical analysis.





	Case
	Inclination Angle Upwards of Channel out2
	Flow Field and Temperature Field without Induction Heating
	Flow Field and Temperature Field with Induction Heating at 1000 kW for 200 s
	Flow Field and Temperature Field with Different Heating Power





	S0
	\
	√
	√
	×



	FK-A0
	0°
	×
	√
	√



	FK-A5
	5°
	×
	√
	×



	FK-A15
	15°
	×
	√
	×
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Table 3. Numerical simulation calculation parameters [22,23,29,34].






Table 3. Numerical simulation calculation parameters [22,23,29,34].





	Parameter
	Value





	Current frequency (Hz)
	50



	Relative permeability of iron core
	1000



	Induction coil conductivity (S·m−1)
	3.18 × 107



	Relative permeability of induction coil
	1



	Relative permeability of air domain
	1



	Conductivity of molten steel (S·m−1)
	7.14 × 105



	Relative permeability of molten steel
	1



	Inlet molten steel temperature (K)
	1800



	Density of molten steel (kg·m−3)
	8523−0.8358 T



	Dynamic viscosity of molten steel (Pa·s)
	0.0061



	Thermal conductivity of molten steel (W·m−1·K−1)
	41



	Specific heat capacity of molten steel (J·kg−1·K−1)
	750



	Surface heat flux (W·m−2)
	15,000



	Bottom heat flux (W·m−2)
	1800



	Long wall heat flux (W·m−2)
	4600



	Short wall heat flux (W·m−2)
	4000



	Channel heat flux (W·m−2)
	1200
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Table 4. Temperature of reference points with different grid numbers.






Table 4. Temperature of reference points with different grid numbers.





	
Case

	
Grids Number

	
T1/K

	
T2/K

	
T3/K






	
S0

	
606,244

	
1800.47

	
1799.51

	
1797.18




	
779,156

	
1801.12

	
1799.15

	
1796.81




	
3,718,389

	
1801.25

	
1797.78

	
1796.01




	
FK-A0

	
487,767

	
1800.84

	
1800.62

	
1799.55




	
808,426

	
1801.02

	
1800.73

	
1799.91




	
3,096,045

	
1801.17

	
1800.75

	
1799.49
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Table 5. Comparison of temperature difference between 1st and 3rd strands in two channels.






Table 5. Comparison of temperature difference between 1st and 3rd strands in two channels.





	

	
Measuring

Times (n)

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
  Average Δ T   (°C)




	
  Δ T   (°C)

	






	
Straight channel

	
6

	
1

	
6

	
3

	
8

	
9

	
14

	
9

	
7.0




	
Split channel

	
2

	
3

	
3

	
0

	
6

	
2

	
0

	
6

	
2.75
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