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Abstract. The electrode change technology is used to produce very large heavy ingots in which a 
number of electrodes are remelted one after another during the ESR process. Preparing the new 
electrode for remelting requires a certain period of time when the electric current is stopped 
(power off). Here, CFD simulation is used to study the behavior of a large scale ESR process 
during the electrode change (power off). Firstly, the electromagnetic, temperature, and turbulent 
flow fields in the process before electrode change are modelled. Mold current and thermal effect 
due to shrinkage of ingot is considered in the model. Then, a transient simulation is performed and 
the response of the system to the power off is continuously tracked. It is observed that the pool 
profile of ingot is preserved before and after electrode change. Details of the flow and temperature 
distributions during electrode change are presented in the paper.     

1. Introduction 

Nowadays, the demand for very large heavy ingots (> 100 tons) through ESR process is increased 
especially in chemical, oil and gas industry. Producing a large ingot by ESR process is quite a long 
process that might take several days. Manufacturing a large ingot requires electrode change 
technology in which several smaller electrodes are remelted to produce one big ingot. Special care 
must be taken to avoid internal and surface defects during electrode change due to power interruption 
in the system. 
     The entire electrode change procedure is divided to three steps. Firstly, within a very short time    
(< 5 min), the electric power is turned off, and a new preheated electrode is prepared to replace the 
remelted last one. Secondly, the electric power is again turned on. Consequently, the temperature of 
the new electrode rises to reach the melting temperature. Finally, the melt rate increases until reaching 
the target melt rate. As stated by Holzgruber [1], no traceable change in ingot internal composition 
was observed during the power interruption. However, Matushkina [2] reported slight defects of 
surface during electrode change. Jackson [3] monitored thermal field in mold using thermocouples to 
analyze heat balances across the ingot during power interruption. It was observed that solidification 
occurred much more rapidly at the pool periphery rather than in the ingot center. It was also found that 
gross changes in structure and composition of ingot are not expected unless power interruption lasts 
for too long.  



 
 
 
 
 
 

     There are only few reports available on this topic. As such, further investigation is required to 
clarify the influence of power interruption on the process. It is a very first attempt to model electrode 
change based on CFD simulation. Here, a numerical study is conducted in which the interaction 
between the turbulent flow, heat, and electromagnetism are taken into account. The model includes the 
effect of interface motion between molten slag and melt pool. A short collar mold ESR process is 
studied in which the system behavior is continuously tracked. Formation of surface defects is not 
explicitly modeled. The thickness of slag skin is kept constant during the whole simulation. This 
assumption is based on the industrial measurement of skin thickness in plant trial for our case study 
where a uniformly thin layer is observed along the whole ingot.  
     Here only results including details of velocity and temperature fields regarding to the first step of 
electrode change procedure (power off) is presented. The melt pool profile is used as an indicator of 
the internal quality of ingot. Furthermore, variations in heat fluxes through boundaries are discussed.  

 
 
2. Model 
A 2D axisymmetric computational domain with a short collar mold is considered [4]. The 
computational domain includes electrode, mold, slag, and ingot. The Finite Volume Method (FVM) is 
used to model turbulent flow, temperature, and electromagnetic fields.  The A-ϕ formulation is applied 
to compute the electromagnetic field in the whole domain where ϕ is the electric scalar potential and A 
denotes the magnetic vector potential ( BA


 ). Details of A-ϕ method applied to solve the 

electromagnetic field for ESR process were described by Kharicha [5]. Note that, the electric current is 
allowed to cross the slag skin layer entering into the mold before electrode change (power off) [6-9]. 
After computing the magnetic field (B), the Lorentz force and Joule heating are calculated and added 
as source terms to momentum and energy equations. 
     The flow field in slag and melt pool is calculated. The drag resistance of the dendritic mushy zone 
to the flow is taken into account using the well-known Blake-Kozeny permeability model [10]. Using 
the previously described model for droplets as mass, momentum, and energy carriers, the impacts of 
falling droplets are taken into account [11]. Furthermore, the model includes the movement of slag and 
melt pool interface.   
The turbulence is modeled using Scale-Adaptive Simulation (SAS) approach. The advantage of model 
is the resolution of turbulent spectrum in unstable flow conditions such as interface movement [12].  
The temperature field is modeled by solving an enthalpy (h) conservation equation: 
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Where (λ) is thermal conductivity, (ρ) is density, (u) is velocity, (T) is temperature, (Q) is Joule 
heating, and (SLH) is the source term for treating latent heat released by solidification of the ingot: 
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     In Eq. 2, (L) is latent heat of fusion, (us) denotes the casting velocity and (f) is the liquid fraction. A 
constant thickness of slag skin (~ 5 mm) is assumed for the whole simulation. A combined convection-
radiation condition is considered for slag free surface where the emissivity coefficient is 0.8. 
Furthermore, formation of air gap between slag skin layer and mold due to shrinkage of ingot is 
modeled. For the latter, the contact between slag kin and mold wall is empirically assumed to be lost 
once the temperature at mold wall becomes 100 K lower than alloy solidus temperature. At the contact 
region the heat is conducted through slag skin to the mold. Otherwise, a combined radiation- 
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convection condition is used to model heat transfer through the air gap. Therefore, a fully coupled 
simulation is performed including the effect of mold current and the thermal effect of solidifying ingot 
shrinkage. A summary of parameters used in the simulation is described in Table 1. 
 

   Table 1. A summary of parameters used in the simulation. 
Mater. properties Slag Steel  Operation parameters  
Density (kg.m-3) 2440 7000  Ingot diam. (m) 1.979 
Viscosity (Pa.s) 0.01 0.0062  Elec. diam. (m) 1.1 

Specific heat (J.kg-1) 1255 500-800  Ingot length (m) 1.245 
Liq. therm. cond. (W.m-1.k-1) 1.5-5 25-40  Slag height (m) 0.307 
Sol. ther. cond. (W.m-1.k-1) 0.5 16  Melt rate (kg.hr-1) 2200 

Ther. exp. Coeff. (K-1) 0.0001 0.00011  RMS current (kA) 46 
Liquidus temp. (K) 1715 1773  Freq. (Hz) 0.2 
Solidus temp. (K) 1598 1668  Power (MW) 2.407 

Liq. e. cond.  (ohm-1.m-1) 180 8.8x105  Elec. change time (s) 175 
Sol. e. cond.  (ohm-1.m-1) 15 8.8x105    

 
     First, the process is simulated before electrode change, and temperature, velocity, and 
electromagnetic fields are obtained. Afterwards, the following conditions are imposed on the system 
during the first step of electrode change (power off). The electric current is stopped flowing through 
the system, thus the Lorentz force and Joule heating are vanished. The electrode melting is ceased (no 
droplets), and subsequently the casting velocity is changed to zero. Additionally, the whole slag 
surface is considered to be exposed to the air.  
 
 
3. Results and discussions 
Figure 1 shows the modeling results of process before electrode change (power interruption) including 
magnetic flux density, current density, velocity, temperature, turbulence kinetic energy, and turbulence 
effective thermal conductivity. The generated power in the process is slightly oscillating around the 
average value (~ 2.4 MW) due to interface movement. As shown in Figure 1(a), a portion of electric 
current (~ 5%) enters to the mold in slag zone then returns to ingot through the contact region (mold 
and melt pool). The standing height (liquid metal in direct contact to mold) is influenced by the mold 
current [11, 13]. The flow and temperature distributions are shown in Figure 1(b). The flow is rotating 
clock-wisely (converging flow) under the edge of electrode in the slag zone that indicates the Lorentz 
force is dominant. However, the flow is governed by thermal buoyancy and droplets impact in the bulk 
of liquid melt pool. Stronger flow under the shadow of electrode is due to the effect of droplets that 
bring momentum and thermal energy to melt pool. Furthermore, the movement of slag-melt pool 
interface certainly intensifies the flow in the liquid melt pool [14]. The maximum elevation of 
interface is observed to be around 7 mm in the simulation. Kharicha [15] reported a maximum 
elevation of 30 mm for a smaller scale ESR system (Diam. ~ 0.6 m). Nevertheless, with the increase of 
system size, the current density which is proportional to the inverse of square of diameter decreases in 
the domain. As such, a smoother movement of interface is expected. Additionally, the temperature 
distribution and isolines of solid fraction (indicating pool profile) are shown in Figure 1(b). The 
temperature field is relatively uniform in the melt pool and slag indicating rigorous mixing in the 
system. The slag is very hot under the shadow of electrode where the current density and subsequently 
released Joule heating is high. The distributions of turbulence kinetic energy and turbulence effective 
thermal conductivity are shown in Figure 1 (c). The turbulence kinetic energy is as notably strong in 
melt pool as in the slag region. Strong turbulence in liquid melt pool has been also reported by 
Kharicha [16-17] after simulation of the electrode melting in a fully coupled 3D simulation. It must be 
noted that a region of intense turbulence is created at upper part of melt pool because of interface 
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movement. As shown in Figure 1 (c), the effective thermal conductivity of slag can dramatically 
increase (~ 150 W.m-1.K-1) in the bulk due to strong turbulence. Therefore, the energy transfer is 
efficiently increased, and it leads to relatively uniform temperature in the slag. However, the 
turbulence is damped near the walls and slag-melt pool interface where the effective thermal 
conductivity of slag is in the same magnitude of the molecular thermal conductivity (~ 5 W.m-1.K-1).  
Snapshots of flow, temperature, and solidification during the first step of electrode change (power off) 
are illustrated in Figure. 2. The pool profile is slightly influenced near the mold wall where the cooling 
rate is large. However, the flow distribution is totally altered. The clock-wise rotating vortex under the 
edge of electrode (converging flow) disappears in slag zone. During power interruption, the flow is 
completely driven by buoyance force results in counter-clock wise rotation of flow (diverging flow) in 
the slag. Furthermore, the magnitude of velocity decreases in the bulk as the time proceeds whereas 
the flow is still strong near the mold wall due to thermal buoyancy. The temperature response is 
observed to be much slower than flow response to the power interruption. Based on the simulation 
result, a minor impact on the pool profile is observed during power interruption.  
     The heat loss through the slag free surface and mold normalized by their magnitudes before power 
interruption is plotted against time as shown in Figure. 3. The amount of heat loss through the mold (~ 
0.9 MW) remains almost constant since the thickness of slag skin is invariable. However, the heat loss 
through slag free surface (slag-air interface) during electrode change is notably larger compared to the 
value before power interruption (~ 0.8 MW). The heat loss through slag free surface is intensified at 
the beginning of power interruption due to increase in contact area between slag and air. As time 
proceeds, the temperature of slag at free surface decreases. Consequently, the convective-radiative 
heat loss at slag free surface is decreasing. Afterwards, increase in heat loss through slag-air interface 
is observed once again. Because of thermal buoyancy, the colder liquid slag on the slag-air interface 
sinks whereas hot liquid slag moves toward the free surface. This behavior of flow is clearly 
demonstrated in Figure 2(e-f). 
     According to our investigation, it is even possible to solidify slag at the free surface. Nevertheless, 
it is highly unlikely that solidified slag layers float on the surface because of having higher density 
compared to the liquid slag. Most probably, the floating solidified slag pieces sink into the hot slag 
bath where they remelt once again. 
     Note that the entire electrode change procedure is not only the first step (power off). The procedure 
also includes heating of the new electrode until reaching melting temperature (second step) and 
remelting of the electrode until reaching the target melt rate (third step). Generally, those steps take 
much longer time (~ 30 min) compared to the first step (power off). During second and third steps, 
operation conditions of process such as input power or melt rate are dynamically changing. Further 
investigations are required to explore the behavior of the process during second and third steps. 
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Figure 1. (a) Left: contour of magnetic flux density, Right: contour of electric current density (red 
arrows show direction of electric current), (b) Left: vectors of velocity, Right: contour of temperature 
overlaid with isolines of solid fraction, (c) Left: contour of turbulence kinetic energy, Right: contour 
of  turbulence effective thermal conductivity in slag and melt pool. 
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Figure 2. Snapshots of dynamic change of thermal and velocity fields at different times during power 
off: (a) t= 10 s, (b) t= 40 s, (c) t= 80 s, (d) t= 120 s, (e) t= 150 s, (f) t= 175 s, Left: vectors of velocity, 
Right: contour of temperature overlaid with isolines of solid fraction. 
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Figure 3. Normalized heat loss through slag-air interface and mold wall is plotted versus time during 
the first step of electrode change (power off).  
 
 
4. Summary 
Producing a large ingot by ESR process requires electrode change technology in which a number of 
smaller electrodes are remelted one after another. The electrode change procedure is divided into three 
steps. Firstly, the electric power is turned off (power off), and the end of remelted electrode is replaced 
by a new preheated electrode. Secondly, the electric power is turned on again, and the new electrode is 
heated to its melting temperature. Finally, the new electrode is continuously remelted until reaching 
target melt rate. Here, the influence of power interruption on a large scale ESR process during the first 
step of electrode change (power off) is studied using CFD simulation tool. A 2D axisymmetric 
computational domain is considered where the slag-melt pool interface is allowed to move. The 
interactions between turbulent flow, electromagnetic, and temperature fields are considered. The 
current is allowed to flow through the short collar mold used in the process. Additionally, the thermal 
effect of shrinkage of ingot is taken into account in the model. The behavior of system during 
electrode change including details of flow, and temperature distributions as well as heat loss through 
boundaries are discussed. Generally, the pool profile is used as an indication of ingot internal quality. 
Therefore, preserving the original pool profile before and after power interruption is a symptom of 
maintaining ingot quality. According to simulation results, changes in pool profile of ingot are 
insignificant during the short period of electrode change (power off). The current study included only 
the first step of electrode change procedure. Further investigations are required to explore the behavior 
of process during second and third step of electrode change procedure. 
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