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Abstract

:

Electroslag remelting is a process extensively used to produce metallic ingots with high quality standards. During the remelting operation, liquid metal droplets fall from the electrode through the liquid slag before entering the liquid pool of the secondary ingot. To better understand the process and help to optimize the operating condition choice, a 2D axisymmetric multiphase model of the slag domain has been developed using a two fluid Eulerian approach. During their fall, droplets hydrodynamic interactions are calculated thanks to an appropriate drag law. Influence of droplets on the electromagnetic field and on the slag hydrodynamics is discussed, as well as their heat exchange with the slag. Even with a small volume fraction, the droplets influence is noticeable. The present investigation shows that small droplets have a large influence on the slag hydrodynamics, due to a great momentum exchange. However heat transfer is more influenced by large drops, which are found to be relatively far from the thermal equilibrium with the slag phase.
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1. Introduction


Electroslag remelting (ESR) is a leading process to produce alloys for applications requiring high metallurgical quality. For example, aeronautics, energy or tooling demand a reduced macro- and meso-segregation and a good inclusion cleanliness. These requirements may be achieved thanks to remelting operations. A schematic representation of the electroslag remelting process is presented in Figure 1. A primary ingot, also called the electrode, is immersed into a liquid slag. This slag is composed of calcium fluoride and various oxides such as lime, alumina or magnesia. Electric current is supplied to the process and is dissipated into Joule heating as it flows through the slag, since the latter is a highly resistive medium. Heat is transferred to the electrode, which then melts gradually, forming a liquid film underneath the electrode. From this liquid film, liquid metal drops form and fall through the slag. Liquid metal is collected into a copper mold cooled by a water circuit. The growing secondary ingot is constituted of a solid part, a mushy zone, and a melt pool where the liquid metal drops are falling. A comprehensive description of the process has been made in particular by Hoyle [1].



Remelted ingot quality is linked to the solidification conditions, such as the local solidification time for example [2]. Another way to assess ingot quality is to examine the liquid pool shape and depth. Melt pool profile depends on the magnitude and distribution of heat transfer at the boundaries of the ingot. Heat is extracted at the bottom and at the lateral bounds—the copper mold being continuously cooled—while heat is supplied through the slag/ingot interface. Previous work showed that drops are the main enthalpy carrier, whereas conductive transfer at the slag/liquid pool interface represents less than 20% of the total heat input to the ingot [2,3].



Studying the influence of operating conditions on the ingot quality using a trial and error approach is hindered by the cost of such remelting operations, the complexity of the process and the intricacy of in-situ measurements. Then, in order to better understand the energy transfer during the electroslag remelting, numerical modeling became the tool-of-choice. The first 2D models based on the resolution of coupled transfers were monophasic and covered only some parts of the process [4,5,6,7], and then were improved to comprehensively describe the entire process [8,9,10,11].



Later, the development of 3D multiphasic models [12,13,14,15,16,17] made the study of the liquid metal drop formation and behavior achievable. Such models are then very useful to better understand the mass and energy transfers; however their very high computational cost prevents a wide application.



A few 2D diphasic models of the electroslag remelting process were developed, based on the volume of fluid (VOF) method to track the interfaces between slag and metal [18,19,20,21,22]. Considering the drop behavior, such a 2D approach can be used if only one droplet is formed toward the axis, which can be the case for laboratory scale ESR. Thereby, these models are unsuitable to study industrial geometries as multiple droplets are formed under the electrode [12].



Whereas a 2D axisymmetric approach is adequate to model ingot solidification [24], an accurate simulation of drop behavior requires a three-dimensional model. Nonetheless, implementing an extensive description of drop behavior within a comprehensive 2D axisymmetric model of the electroslag remelting process could be a great improvement. Characterizing the enthalpy content of the liquid metal drops, their distribution and velocities, the computation of energy transfers to the melt pool would be more accurate, and thus the assessment of the expected final ingot quality would be better.



For instance, Weber et al. [8] compared the liquid pool profiles simulated using their comprehensive 2D axisymmetric model to those obtained from an industrial Ni-based alloy remelted ingot. Two main stages composed this experiment: the first half of the electrode was remelted using a low melt rate and a low current, and then a higher melt rate was achieved using a higher electric current. Operating conditions are given more in details in the original publication.



Figure 2 reproduces the ingot structure, with seven pool profiles marked by the addition of nickel balls. The calculated pool profiles are overlaid: dashed lines locate the liquidus isotherms and dotted lines the solidus. The first four calculated pool profiles are in excellent agreement with the observation. The next ones are in fairly good agreement, but the shape is not entirely complied with. As the melt rate is higher during this part of the remelting, droplets may have more influence on heat distribution and hydrodynamics. An improved description of energy transfer, especially by the drops contribution to the melt pool, could make the simulation more accurate.



With this in mind, the present work—inspired by a previous study made by Kharicha et al. [25]—addresses the development of a two-fluid average model in a 2D axisymmetric frame. This model is then used to study the influence of drop fall on hydrodynamics and heat transfer during electroslag remelting.




2. Model Description


A 2D axisymmetric thermo-magnetohydrodynamic model has been developed at Montanuniversitaet (Leoben, Austria) and at the Institut Jean Lamour (Nancy, France), in close collaboration with Aubert & Duval company (Les Ancizes, France). It is based on a two-fluid Eulerian approach to model the diphasic flow. Liquid slag constitutes the continuous phase, through which falling liquid metal droplets are dispersed.



This section presents the constitutive equations of the model. Subscript s refers to the continuous phase (the slag), m to the dispersed phase (the liquid metal) and mixt to the mixture data.



2.1. Electromagnetism


Electromagnetic phenomena are of great importance in the electroslag remelting process since the heat source is created by an electric current flowing through the slag. The four Maxwell equations, which govern these electromagnetic phenomena, can be reduced to a single one when the displacement current is negligible: the induction equation. Assuming that the process is axisymmetric, the electromagnetic field B is purely azimuthal. Therefore, using cylindrical coordinates (r, θ, z), the induction equation reduces to Equation (1):


    ∂  B θ    ∂ t   +  ∂  ∂ z    (   1   σ  m i x t    μ 0      ∂  B θ    ∂ z      )  +  ∂  ∂ r    (   1   σ  m i x t    μ 0     1 r    ∂  (  r  B θ   )    ∂ r      )  = 0  



(1)




where μ0 is the magnetic permeability of free space, and σmixt is the mixture electrical conductivity per cell.



This equivalent conductivity per cell σmixt depends on the volume fraction of liquid metal αm. It is here calculated using the Equation (2), derived by Maxwell assuming small spheres dispersed in a medium of distinct electrical conductivity [26]:


   σ  m i x t   =    σ s   (   2   σ m    +  1   σ s    − 2  α m   (   1   σ m    −  1   σ s     )   )     2   σ m    +  1   σ s    +  α m   (   1   σ m    −  1   σ s     )     



(2)




where σs and σm are the electrical conductivities of the liquid slag and liquid metal.



To account for the time periodicity of the alternating current supplied to the process, the phasor notation is used. For instance, the phasor of the electromagnetic induction is given by Equation (3).


    B θ  =    B θ   ˜   e  j ω t           with        B θ   ˜  =  B  θ , m a x    e  j φ     



(3)




where j2 = −1, ω is the pulsation and φ the phase.



Once the magnetic field has been computed, electric current density J is determined using Ampère’s circuital law (4).


   J ˜  =  1   μ 0    ∇ ×  B ˜   



(4)







The power generated by Joule Heating and the Lorentz forces are computed using Equations (5) and (6). They are accounted for as source terms respectively in the heat transfer and the momentum equations.


   Q  J o u l e   =  1  2 σ   R e  (   J ˜  ·    J ˜    c o n j u g a t e      )   



(5)






   F  L , r   = −  1 2  R e  (   B ˜       J z   ˜    c o n j u g a t e    )      a n d      F  L , z   =  1 2  R e  (   B ˜       J r   ˜    c o n j u g a t e    )   



(6)







Following Leenov and Kolin’s discussion of the electromagnetokinetic effect [27], Lorentz Forces (Equation (6)) acting on the drops are multiplied by 3/2. This coefficient accounts for a MHD force due to the pressure gradient created in the fluid by the interaction of the electric current and the magnetic field. In the slag phase, and where the liquid metal does not form drops, Equation (6) remains unchanged.




2.2. Continuity and Phase Fraction Equations


The continuity equation for the dispersed phase (7) is solved to compute the volume fraction αm of liquid metal. υm is the metal velocity vector.


   ∂  ∂ t    (   α m   ρ m   )  + ∇ ·  (   α m   ρ m   v m   )  = 0  



(7)







The slag volume fraction αs is then deduced using the relation αs + αm = 1, which is a consequence of the mixture continuity Equation (8).


   ∂  ∂ t      (   α m   ρ m  +  α s   ρ s   )  + ∇ ·  (   α m   ρ m   v m  +  α s   ρ s   v s   )  = 0  



(8)








2.3. Hydrodynamics


One set of momentum equations is solved per phase. The two phases are considered as an interpenetrating continuum and share a unique pressure field  P . The momentum equation for the continuous phase (the slag) is written below (Equation (9)). A similar equation is solved for the liquid metal dispersed phase.


   ∂  ∂ t    (   α s   ρ s   v s   )  + ∇ ·  (   α s   ρ s   v s  ·  v s   )  = −  α s  ∇ P +  α s   ρ s  g + ∇ ·    τ =   s  +  F  B o   +  R  m s   +  F L   



(9)







The shear rate tensor    τ =   , or viscous stress tensor, accounts for the diffusive momentum transfer. The buoyancy force FBo follows the Boussinesq approximation. The source term Rms represents the interphase momentum exchange, and is developed according to Equation (10).


   R  m s   =    C D  R  e p    24      ρ m   A i    6 τ    (   v m  −  v s   )   



(10)







  R  e p  =    ρ s   |   v m  −  v s   |   d p     μ m      is the drop Reynolds number, μ the dynamic viscosity, Ai is the interfacial area concentration, τ is the drop relaxation time constant, and CD is the drag coefficient.



During the electroslag remelting operation, droplets are formed within a wide size range, typically lying between 1 and 10 mm [28]. However, in the present study, the liquid metal dispersed phase is characterized by a unique drop diameter dp.



At an intermediate Reynolds number, drop behavior can deviate from the one of a rigid sphere. As shown by the experiments performed by Hu and Kintner [29], when the drop diameter is increased, the drag coefficient raises from the standard drag curve. This may be the result of internal fluid circulation inside the drop, or interfacial oscillations.



From these results and Loth’s analysis [30], an accurate drag function is proposed, based on the evaluation of an increment of the drag coefficient compared to the ideal solid sphere case, and bounded by the case of a highly deformable drop.



The drag coefficient is thus given by Equation (11) [30]:


   C D  =  C  D , W e → 0   + Δ  C D *     (   C  D , W e → ∞   −  C  D , W e → 0    )   



(11)




  W e   is the Weber adimensional number   W e =    ρ m   v 2   d p   γ   , where γ is the slag/metal interfacial tension.    C  D , W e → 0     represents the drag coefficient of an ideal sphere, and is estimated thanks to Clift and Gauvin (Equation (12)) [31]:


   C  D , W e → 0   =   24   R  e p       (  1 + 0.15   R  e p  0.687    )  +   42   1 + 4.25     10  4  R  e p  − 1.16      



(12)







   C  D , W e → ∞     is the drag coefficient of a strongly deformed drop, for which the result of Davies and Taylor modified by Moore is used (Equation (13)) [31]:


   C  D , W e → ∞   =  8 3  +   14.24   R  e p     



(13)







As no fit for the drag increment   Δ  C D *    has been found for drops, the expression given by Loth for bubbles is chosen (Equation (14)) [30]:


  Δ  C D *  = tanh  (  0.0038    (  W e R  e p  0.2    )    1.6    )   



(14)







Figure 3 represents the drag curve obtained, compared to the experimental drag coefficients determined by Hu and Kintner [29]. The chosen drag function respects the trend highlighted by the observation.




2.4. Heat Transfer


One enthalpy h transport equation is solved for each phase. Convection and conduction are taken into account. The enthalpy equation solved for the slag phase is given by Equation (15):


   ∂  ∂ t    (   α s   ρ s   h s   )  + ∇ ·  (   α s   ρ s   v s   h s   )  = ∇ ·  (   α s   λ s  ∇  T s   )  +  Q  m s   +  Q  J o u l e    



(15)




where λ is the thermal conductivity.



Qms represents the interphase heat exchange, and is computed as stated in Equation (16):


   Q  m s   =  h  m s    A i     (   T m  −  T s   )   



(16)







Interfacial heat transfer coefficient is estimated from Ranz and Marshall’s correlation (Equation (17)):


  N  u p  =    h  m s    d p     λ s    = 2.0 + 0.6 R  e p  1 / 2   P  r  1 / 3    



(17)




where   N  u p  =    h  m s    d p     λ s      is the Nusselt number and   P r =    c p    s   μ s     λ s      is the slag Prandtl number.




2.5. Calculation Domain, Boundary Conditions and Resolution


The computational domain is schematically shown in Figure 4, while the process dimensions and operating conditions for the industrial-sized reference case studied are given in Table 1. The domain covers the whole slag bath and includes the lower part of the electrode and the upper part of the ingot. The immersed tip is considered flat and does not suffer any morphology change during the simulation. Solidification of the ingot is not considered.



Slag–ingot interface is not explicitly represented: the slag and upper ingot are within the same resolution zone, where the two fluids (slag and metal) form a continuum. This interface is then located by means of the liquid metal volume fraction field.



A source of liquid metal drop, related to the melt rate, is distributed homogeneously under the horizontal electrode–slag interface.



Boundary conditions are summarized in Table 2. The radiative heat loss is calculated using Stefan–Boltzmann law, assuming an emissivity of 0.9 and an external temperature of 1000 K. Regarding the electromagnetic boundary conditions at c., d. and e., Ampère’s circuital law (18) is applied:


     B θ   ˜  =    μ 0  I   2 π r    



(18)







The CFD commercial software ANSYS Fluent is used to solve the coupled transfers of momentum and enthalpy. Electromagnetic field is calculated using User Defined Functions (UDF) written in C language and loaded with ANSYS Fluent solver. The multiphase coupled scheme is used for pressure-velocity coupling. First order upwind is used for spatial discretization of the flow. For time discretization, the implicit scheme is applied. The 2D mesh contains 28,845 quadrilateral cells, among them 25,545 covering the zones 2 and 3 (see Figure 4). A pseudo steady state is obtained; results are then time-averaged during 40 s. This represents around 60 h of computation, using a time step of 5 × 10−4 s, with a 3.30 GHz CPU.




2.6. Material Properties


Physical properties of the materials, needed as model input data, are presented in Table 3, along with their values in this study, corresponding to the remelting of a low-alloyed steel using a standard 70/15/15 type slag.





3. Results and Discussions


3.1. Drop Fall Influence


In this section, the model is applied to two cases. The first one does not consider the fall of liquid drops through the slag, in order to be similar to usual monophasic 2D axisymmetric simulations. For the second case, the fall of 5 mm drops through the slag is considered.



The time-averaged liquid metal volume fraction fields are plotted in Figure 5 for both cases. Liquid metal drop source is distributed evenly under the electrode. Within the slag, falling drops lead to small liquid metal volume fractions: around 5 × 10−4 in the zone where drop acceleration is negligible. Since the calculated drop terminal velocity is around 0.38 m·s−1, these 5 mm drops have a residence time of about 0.45 s, which explains the small volume fractions obtained.



As reported by various studies using monophasic models [5,7,9], slag motion is driven by the combination of Lorentz forces and buoyancy. The thermal buoyant circulation is caused by the lateral cooling, and is seen as a clockwise motion on Figure 6a. The Lorentz forces, generated as the electric current flows through the slag, create a vortex under the electrode, and are visible as a counter-clockwise loop in Figure 6.



The fall of liquid metal droplets seems to amplify the electro-vortex under the electrode. Thermal loop driven by lateral cooling is obviously identical, as no drops are falling in this region. The smaller vortex driven by Lorentz forces in the annular zone remains also the same.



Regarding the electromagnetic field, no change is noticeable. Actually, equivalent electrical conductivity is very close to the slag one because of the low liquid metal volume fraction. For example, where the volume fraction is around 5 × 10−4, the average electrical conductivity calculated using Maxwell Equation (2) is 250.3 Ω−1·m−1, while the slag electrical conductivity is 250 Ω−1·m−1. Hence, current density is the same in both cases, and consequently, the slag experiences similar Lorentz forces. This is particularly noticeable on the small counter-clockwise loop in the annular zone.



As illustrated in Figure 7, temperature distribution within the slag is quite similar in both cases, the hotter region is located underneath the electrode tip. For the case considering the drops fall, the hot zone is extended because of the wider electromagnetic recirculation loop.



It is interesting to look at the temperature difference between slag and drop and the drop overheat fields, as shown in Figure 8. Drop overheat is defined by T − Tliquidus. The drops are first heated by the slag when they fall through the hotter region, and then are cooled as they reached the cooler bottom part of the slag cap. Finally, they are overheated by around 100 to 120 K when they enter the melt pool. One can also notice that drops of 5 mm and larger diameter are not in thermal equilibrium with the slag, as illustrated in Figure 8b. This represents a fairly new finding, as thermal equilibrium has been generally assumed throughout the literature.




3.2. Influence of Drop Diameter


3D simulations highlighted than liquid metal droplets exhibit a wide size range [15,28]. During an ESR operation, some slag were taken from the region between the slag and ingot and a 7 mm metal drop has been found [28], supporting the hypothesis that drop diameter may lie between 1 and 10 mm. As one unique diameter is set in the model, several simulations have been performed to investigate separately the influence of each drop size on the hydrodynamics and heat transfer.



A change in the drop diameter first affects the drop terminal velocity. For instance, reducing the diameter from 10 to 5 mm, then to 1 mm, decreases the terminal velocity from 0.41 to 0.38 m·s−1, then to 0.10 m·s−1. Hence, the residence time increases to nearly 2 s for the smallest drops. This explains the higher volume fraction calculated in the latter case, as presented in Figure 9a. This figure also reveals that droplets trajectory is not anymore purely axial, as it is for larger drops. In fact, droplets near the electrode corner are deviated toward the axis by the strong Lorentz forces (see Figure 10a), and this motion is also maintained by the slag flow in this zone. Resulting drop radial velocity is plotted in Figure 10b.



The 5 and 10 mm drops here acquire a quite similar terminal velocity. The drag law used in this model (Equation (11)) reflects the speed reduction due to the drop deformation and its internal circulation. Both phenomena are more significant for the 10 mm drops, thus their terminal velocity remains within the same range as for drops with a diameter 2 times lower (which are 8 times lighter). The volume fraction fields for 5 and 10 mm drops are then similar, except in the zone where acceleration is nonzero.



Considering large drops (5 and 10 mm diameter, Figure 11b,c), slag hydrodynamics is quite similar to the case where the drop fall is not considered (Figure 6a). As the metal volume fraction is small and homogeneously distributed, these big drops does not have a strong influence on slag motion.



In opposite, in the case of smaller drops—here 1 mm diameter (Figure 11a)—the slag hydrodynamics is greatly modified. The flow loop governed by electromagnetic forces seems to be predominant. The electrical conductivity of the mixture is around 251 Ω−1·m−1, so electromagnetic field is mostly the same as for other cases. As shown by Figure 12, Lorentz forces calculated for the case with 1 mm droplets are sensibly similar than in the single phase case. A small increase around 0.5% is predicted in the region where the electro-vortex intensifies. Nevertheless, as electromagnetokinetic effect is introduced is the model (factor 3/2 on the drop’s Lorentz force), these droplets get higher momentum in the radial direction. This additional momentum is then transferred to the slag by a mechanism of drag interaction. The electro-vortex is then strengthened by the presence of small droplets, not because of a change in the electromagnetic field (almost the same), but only because of hydrodynamic interactions.



These results indicate that in addition to natural buoyancy and Lorentz forces, the momentum interaction with the dispersed droplet phase has to be considered in order to predict accurately slag behavior.



The size of the drops also affects the heat exchange: small droplets are almost in thermal equilibrium with the slag, while larger ones are not, as illustrated in Figure 13. Slag temperature distribution is similar in these three cases, so the maximum overheat is reached for the smallest droplets. However, during their fall in the bottom part of the slag cap—which is cooler—these small droplets also lose more quickly their overheat, while bigger drops remain hotter than the surrounding slag. Hence, 10 mm drops bring more enthalpy to the melt pool than 1 mm drops. Drop overheats are compared in Figure 14.



As already stated, in most engineering models of the ESR process, the enthalpy provided to the liquid pool by the drops is computed considering that they are in thermal equilibrium with the slag right above the interface. The cases presented here point out that this assumption is not verified for large droplets, which remains hotter than the slag above the melt pool.





4. Conclusions


A 2D thermo-magnetohydrodynamic diphasic model based on a Euler–Euler approach has been developed to study the behavior of liquid metal drops falling through the slag bath during electroslag remelting. This method is suitable to simulate full-scale operations, which is not the case for 2D axisymmetric models using the VOF technique.



This study highlights new insights, which are valuable to improve the description of heat and momentum transfer in a comprehensive model of the ESR process:




	
Small drops have a strong effect on the flow, not because of a change in electromagnetic field, but due to their great momentum exchange with the slag;



	
Large drops have a more important effect on heat transfer, and are found quite far from thermal equilibrium with the slag;



	
Small metallic droplets transfer efficiently their momentum to the slag hydrodynamic. In opposite, slag hydrodynamic remains relatively unaffected by the presence of larger droplets, which release their momentum inside the liquid metal pool.








Thermal equilibrium between drops and slag and the fact that hydrodynamics is mainly driven by buoyancy and Lorentz forces are classic assumptions used in engineering models of electroslag remelting. It may be necessary to reassess them for some cases.
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Figure 1. Schematic representation of the electroslag remelting process. 
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Figure 2. Experimental (black) and simulated pool profiles (red), reproduced from reference [23]. 
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Figure 3. Comparison of the proposed drag curve (a) and the experimental data of Hu and Kintner (b), reproduced from reference [29] with permission. 
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Figure 4. Schematic representation of the computational domain. 






Figure 4. Schematic representation of the computational domain.



[image: Metals 10 00490 g004]







[image: Metals 10 00490 g005 550] 





Figure 5. Liquid metal volume fraction fields (time-averaged) without drops (a) and considering the drops falling through the slag (b). Normalized velocity vectors of the liquid metal drops are plotted in black on (b). 






Figure 5. Liquid metal volume fraction fields (time-averaged) without drops (a) and considering the drops falling through the slag (b). Normalized velocity vectors of the liquid metal drops are plotted in black on (b).



[image: Metals 10 00490 g005]







[image: Metals 10 00490 g006 550] 





Figure 6. Slag phase velocity magnitude and normalized slag velocity vectors (time-averaged) for the case without drops (a) and considering the drops fall (b). 
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Figure 7. Temperature distribution of the slag phase (time-averaged) for the case without drops (a) and considering the drops fall (b). 
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Figure 8. Drop overheat (a) and temperature difference between the drops and the slag (b) (time-averaged) for the 5 mm falling drops. 
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Figure 9. Liquid metal volume fraction (time-averaged) considering the fall of 1 mm (a), 5 mm (b) and 10 mm (c) liquid metal drops. 
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Figure 10. Magnitude of Lorentz forces and vectors (a) and radial velocity of 1 mm diameter liquid metal drops (b) (time-averaged). 
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Figure 11. Slag phase velocity magnitude and normalized slag velocity vectors (time-averaged) considering the fall of 1 mm (a), 5 mm (b) and 10 mm (c) drops. 
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Figure 12. Difference of Lorentz forces (in %) between the case with 1 mm droplets and without droplets. 
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Figure 13. Temperature difference between drops and slag (time-averaged) considering the fall of 1 mm (a), 5 mm (b) and 10 mm (c) drops. 
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Figure 14. Drop overheat (time-averaged) considering the fall of 1 (a), 5 (b) and 10 mm (c) drops. 
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Table 1. Geometry and operating conditions of the reference case.
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	Electrode Radius (m)
	0.215



	Inner mold radius (m)
	0.265



	Electrode immersion depth (m)
	0.015



	Electrode–ingot distance (m)
	0.157



	Droplet diameter (mm)
	1; 5; 10



	Electrode melt rate (kg.min−1)
	10



	Electric current intensity (kA)
	15
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Table 2. Summary of the boundary conditions.
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	Boundary 1
	Description
	Electromagnetic
	Hydrodynamic
	Thermal





	a.
	symmetry axis
	Bθ = 0
	free slip
	no flux



	b.
	top of the calculation domain
	no flux
	-
	no flux



	c.
	vertical electrode wall
	Ampère’s circuital law (18)
	-
	-



	d.
	slag surface
	Ampère’s circuital law (18)
	free slip
	radiative heat transfer



	e.
	slag-mold and mold-ingot interface
	Ampère’s circuital law (18)
	no slip
	slag liquidus temperature



	f.
	bottom of the domain
	no flux
	no slip
	metal liquidus temperature



	g.
	vertical immersed electrode wall
	coupled
	no slip
	metal liquidus temperature



	h.
	horizontal immersed electrode wall
	coupled
	no slip
	metal liquidus temperature







1 Boundary nomenclature refers to Figure 4.
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Table 3. Physical properties of the liquid metal and slag needed by the model, obtained from references [25,32,33] and CALPHAD computation (Thermo-Calc, TCFE9).
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	Physical Property
	Liquid Metal (Low-Alloyed Steel)
	Liquid Slag (70/15/15 Type)





	Dynamic viscosity η (kg·m−1·s−1)
	0.006
	0.008



	Density ρ (kg·m−3)
	6940
	2765



	Liquidus temperature (K)
	1763
	1733



	Thermal expansion coefficient β (K−1)
	1.1 × 10−4
	7.5 × 10−5



	Thermal conductivity λ (W·m−1·K−1)
	30
	35



	Specific heat capacity Cp (J·kg−1·K−1)
	690
	1380



	Electrical conductivity σ (Ω−1·m−1)
	106
	250











© 2020 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/).
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