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content in the metal pool is shown to increase with time, 
while the content in the slag layer is decreased. In order to 
effectively remove the oxygen in the metal, one more posi-
tive electrode, which is more likely to react with the oxy-
gen, is proposed to be added in the unit.

Graphical abstract  Distributions of the electric stream-
lines and the phase distribution at 151.25 s with a current 
of 1800 A
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List of symbols
A⃗	� Magnetic potential vector/V s m-1

B⃗	� Magnetic flux density/T
c	� Mass percent of oxygen
c0	� Coefficient in Eqs. (10) and (12)

Abstract  Electro-slag refining process is widely 
employed in steel industry for the production of special 
alloys used in ocean, aeronautics, and nuclear industries. 
Because of the adverse effect on the ductility of metal, it is 
critical to remove oxygen in the process. This study estab-
lished a transient three-dimensional (3D) coupled math-
ematical model for understanding oxygen transport behav-
ior in the electro-slag refining process. The finite volume 
method was invoked to simultaneously solve mass, momen-
tum, energy, and species conservation equations. Using 
the magnetic potential vector, Maxwell’s equations were 
solved, during which the obtained Joule heating and Lor-
entz force were coupled with the energy and momentum 
equations, respectively. The movement of metal–slag inter-
face was described through the application of the volume 
of fluid (VOF) technique. Additionally, an auxiliary met-
allurgical kinetic module was introduced to determine the 
electrochemical reaction rate. An experiment was then con-
ducted to validate the model, where the predicted oxygen 
contents agreed with the measured data within an accept-
able accuracy range. Oxygen redistribution in both fluids is 
clarified: its transport rate at the metal droplet–slag inter-
face is approximately one order of magnitude larger than 
that at the metal pool–slag interface. Further, the oxygen 
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D	� Diffusion coefficient of oxygen/m2 s
E	� Internal energy of mixture phase/J m3

F	� Faraday law constant/C mol
F⃗e	� Lorentz force/N m3

F⃗s	� Solute buoyancy force/N m3

F⃗t	� Thermal buoyancy force/N m3

I	� Current/A
⇀

J	� Current density/A m2

k	� Mass transfer rate/kg m3 s
kT	� Effective thermal conductivity/W m−1 K−1

L	� Latent heat of fusion/J kg
ṁ	� Melt rate/kg s
n	� Number of electrons entering in the reaction
n⃗	� Unit normal vector
p	� Pressure/Pa
QJ	� Joule heating/W m3

R	� Gas constant/J mol−1 K−1

S	� Source term in Eq. (8)
T 	� Temperature/K
t	� Time/s
v⃗	� Velocity/m s-1

x, y, z	� Cartesian coordinates

1  Introduction

The metallurgical industry has widely employed electro-
slag refining technologies to increase the production of 
special steels for applications in ocean, aeronautics, and 
nuclear industries [1]. Figure 1 displays a schematic of the 
electro-slag refining process. During this process, a con-
stant direct current is passed from the metallic positive 
electrode to the negative baseplate, creating Joule heating 
in the highly resistive calcium fluoride-based molten slag, 
the large amount of which is enough to melt the positive 
electrode. A film of the molten metal is then created at the 
anode tip, while a droplet is gradually formed within the 
continuous melting process. The dense metal droplet sinks 
through the less dense slag, forming a liquid metal pool 
in a water-cooled mold. During the refining process, the 
consumable electrode keeps moving downwards, therefore 
maintaining the circuit’s running [2].

Due to oxygen’s adverse effect on the ductility of metal 
products, its removal is one of the most important tasks in 
the electro-slag refining process. Electrochemical oxygen 
reactions in the reactor take the following two forms:

At the metal droplet–slag interface, the electrons flow 
from slag to metal. Therefore, the oxygen ions enter into 

(1)Metal droplet−slag interface: O2−
slag → Ometal + 2e

(2)Metal pool−slag interface: Ometal + 2e → O2−
slag.

the metal droplet as oxygen atoms, after losing two elec-
trons, and result in oxygen pick-up in the droplet. However, 
the electrons migrate from metal pool to slag at the metal 
pool–slag interface, where oxygen atoms in the metal pool 
capture two electrons and shift into the slag in the ionic 
state. The oxygen content in the metal pool is therefore 
reduced. Consequently, final oxygen concentrations in the 
metal are determined by these two reactions [3, 4]. Moreo-
ver, the movement of oxygen ions or atoms during melting 
has been found to be the rate-limiting step when compared 
with reaction rate. Oxygen transport during the refining 
process is supposed to be dramatically affected by coupled 
physical fields, including the electromagnetic field, flow 
pattern, and thermal behavior [5].

Several previous experiments were conducted to illus-
trate oxygen redistribution in the metal and in the slag 
[6–9]. The obtained results confirm that the mass transfer 
coefficient immensely depends on current density at the 
two slag–metal interfaces, as well as the two fluids’ motion. 
Unfortunately, the information obtained from these experi-
ments was limited due to the opaque reactor and the harsh 
environment. Moreover, the electric current, velocity, and 
temperature fields were unknown. However, given the dif-
ficulty of performing experiments on a real device, along 
with the continuous increase of computation resources, 
numerical simulation is an adequate way to provide useful 
insights into oxygen transport in this process. Prior efforts 
have been made to numerically investigate electromag-
netism, two-phase flow, and temperature distribution dur-
ing the electro-slag refining process [10–13]. The current 
induces a magnetic field, while the interaction between 
the magnetic field and the current gives rise to an inward 

Fig. 1   Schematic of electro-slag refining process used in steel indus-
try
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Lorentz force. The slag and metal are driven to flow under 
the combined effect of Lorentz and buoyancy forces. In a 
prior study, Josson et al. proposed a new coupled computa-
tional fluid dynamic (CFD) and kinetic module to describe 
the sulfur transfer between the slag and the metal in a gas-
stirred ladle [14]. A metallurgical kinetic module was used 
to represent the desulfurization mechanism. The CFD mod-
ule solved relevant thermodynamic parameters affected by 
the flow and temperature fields, including sulfide capac-
ity and oxygen activity. In another study, Danilov used a 
3D mathematical model to demonstrate ion migration due 
to electrochemical reaction and particle dissolution [15]. 
A homogeneous mixture model and species conservation 
equation defined the redistribution of the ion concentra-
tion in the reactor. Moreover, a charge balance equation 
described the current density profile. Sen et al. established 
a two-dimensional mathematical model for electrochemi-
cal magnetohydrodynamics [16]. In order to observe the 
kinetics of the heterogeneous electrode reactions, the But-
ler–Volmer module was used to obtain the faradaic current 
density. They also studied the interplay of Lorentz force, 
convection, and redox species concentration distribution.

As discussed above, the oxygen transport induced by 
the electrochemical reaction in the electro-slag refining 
process remains unclear. Few attempts have been made 
to numerically investigate oxygen transport coupled with 
electromagnetic, velocity, and temperature fields. For these 
reasons, the authors were motivated to create a transient 
3D comprehensive model that would understand oxygen 
transport between the metal and the slag. A metallurgical 
kinetic module was used to solve the electrochemical reac-
tion, while the physical fields were simultaneously taken 
into consideration. Finally, an experiment was conducted to 
properly validate the model.

2 � Mathematical model

2.1 � Assumptions

In order to maintain a reasonable computational time, this 
study’s model relied on the following assumptions:

1.	 The domain included the slag and the metal, while 
atmosphere was disregarded [17].

2.	 The two fluids were incompressible Newtonian fluids. 
The slag and metal densities were a function of temper-
ature, and the slag’s electrical conductivity depended 
on the temperature. Other metal and slag properties 
were assumed to be constant [2].

3.	 Solidification behavior was not taken into account [18].
4.	 The slag and the metal were assumed to be electrically 

insulated from the mold [12].

5.	 The electrons participating in the reaction were 
assumed to be provided by the current. Thermochemi-
cal reactions between the oxygen and active elements, 
such as aluminum, manganese, and silicon in the metal, 
were not included.

6.	 Oxygen in the slag was all provided by the metal 
through mass transport. The original oxygen in the slag 
was ignored.

2.2 � VOF approach

We employed a VOF approach to track the movement of 
the slag–metal interfaces by solving a scalar field in the 
whole domain [12]:

where α represents the volume fraction and was updated at 
every time step. Meanwhile, the properties of the mixture 
phase, including electrical conductivity, density, and vis-
cosity, were related to the volume fraction:

The continuum surface force model was used to describe 
the surface tension force between the metal and the slag.

2.3 � Fluid flow and heat transfer

The continuity and time-averaged Navier–Stokes equations 
were used to describe the turbulent movements of the metal 
and the slag [17]:

where F⃗sand F⃗t are the solutal and the thermal buoyancy 
forces, respectively, as determined by the Boussinesq 
approximation.

According to prior studies, the movement of slag and 
metal was, in most areas, under fully developed turbu-
lence, and under weak turbulence in other areas [2, 10, 
11]. For this paper, the standard k–ε turbulence model was 
developed for flows with a high Reynolds number, but did 
not meet the situation we encountered. However, with an 
appropriate treatment of the near-wall region, the RNG k–ε 
turbulence model is able to capture the behavior of flows 
with lower Reynolds numbers. Hence, in the present work 
turbulent viscosity is computed via the RNG k–ε turbulence 

(3)
𝜕𝛼

𝜕t
+ ∇ ⋅

(
v⃗𝛼

)
= 0,

(4)𝜙̄ = 𝜙m𝛼 + 𝜙s(1−𝛼).

(5)
𝜕𝜌̄

𝜕t
+ ∇ ⋅

(
𝜌̄v⃗
)
= 0

(6)
𝜕
(
𝜌v⃗
)

𝜕t
+ ∇ ⋅

(
𝜌v⃗ × v⃗

)
= −∇p + ∇ ⋅

[
𝜇
(
∇v⃗ × ∇v⃗T

)]

+ F⃗st + F⃗e + F⃗s + F⃗t
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model. An enhanced wall function was also invoked herein 
to work with the RNG k–ε turbulence model.

The energy conservation equation, shared between the 
two fluids, was [19]

where  E represents the internal energy of the mixture 
phase, which was solved based on the two phases’ specific 
heat and temperature.

2.4 � Mass transfer of oxygen

Oxygen convection and diffusion in the melt was described 
by [14, 20]

The equation was then established in the slag and in the 
metal, respectively. Both equations were solved simultane-
ously. The source term S indicated oxygen’s mass transfer 
rate at the slag–metal interface. In order to satisfy mass 
conservation, the source terms in both equations were 
numerically equal but opposite in sign.

2.5 � Kinetic module

An auxiliary metallurgical kinetic module was used to esti-
mate the reaction rate [9]:

Metal pool–slag interface:

Depending on the oxygen transfer direction, the source 
term had either a positive or a negative sign. We assumed 
that the source was positive when the oxygen moved from 
the metal to the slag. According to this migration pattern, 
the source was positive at the metal pool–slag interface and 
negative at the metal droplet–slag interface.

2.6 � Electromagnetism

The current density distribution, required in Eqs.  (9) and 
(11), was obtained by solving the electrical potential φ 

(7)
𝜕(𝜌̄E)

𝜕t
+ ∇ ⋅

(
v⃗𝜌̄E

)
= ∇ ⋅

(
kT∇T

)
+ QJ ,

(8)
𝜕(𝜌̄c)

𝜕t
+ ∇ ⋅

(
𝜌̄v⃗c

)
= ∇ ⋅ (𝛼D∇c) + S.

(9)Metal droplet-slag interface: S = −
nkF

RT

|||
J⃗
|||

(10)k = c0D
0.5

(
�
�

�s

)0.25

.

(11)S = +
nkF

RT

|||
J⃗
|||

(12)k = c0D
0.5

(
�
�

�m

)0.25

from the current continuity equation and the Ohm’s law 
[10, 21]:

At the same time, the magnetic potential vector was 
introduced to solve the magnetic field:

Therefore, Ampere’s law ∇ × B⃗ = 𝜇0J⃗ could be rewrit-
ten as a Poisson equation:

The magnetic field was obtained by combining Eqs. (15) 
and (16). Lorentz force and Joule heating were then 
expressed as:

2.7 � Boundary conditions

At the inlet, a varied mass flow rate was adopted, which 
was determined by the Joule heating [11]:

where ξ represents the power efficiency. Since power effi-
ciency varies based on the operation conditions, it was dif-
ficult to estimate its exact value. A reasonable power effi-
ciency was obtained from the reviewed literature, but was 
then adjusted according to the conditions of our experi-
ment [22]. A no-slip condition was applied to both the wall 
and the bottom. On the top surface, zero shear stress was 
adopted.

A constant oxygen mass percent, equal to the oxy-
gen content in the electrode used in our experiment, was 
supplied at the inlet. Using a zero-flux condition, we did 
not allow the oxygen to flow out through the wall or the 
bottom.

To simplify the consideration of metallic anode melt-
ing, the molten metal’s temperature at the inlet was given 
by a parabolic profile. This profile was characterized by 
an approximate 30 K superheat and a peripheral boundary 
temperature close to the metal’s liquid temperature [23]. 
We applied equivalent heat transfer coefficients to the top 
surface, wall, and the bottom.

We imposed a zero potential at the bottom while apply-
ing a potential gradient at the inlet [21]:

(13)∇ ⋅ (𝜎̄𝜑) = 0

(14)J⃗ = −𝜎̄∇𝜑.

(15)B⃗ = ∇ × A⃗.

(16)−∇2A⃗ = 𝜇0J⃗.

(17)F⃗e = J⃗ × B⃗

(18)QJ =
J⃗ ⋅ J⃗

𝜎̄
.

(19)ṁ =
𝜉QJ

L
,

(20)
��

�z
= I.
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We assumed the top surface and wall to be electrically 
insulated [10]:

The magnetic flux density was continuous at the top sur-
face, inlet, and the bottom, and it was negligibly small at 
the wall [10]:

Top surface, inlet, and bottom:

Wall:

where Ax, Ay, and Az are the magnetic potential vectors 
along the x-, y-, and z-axes, respectively. Table 1 lists the 
detailed physical properties and geometrical and operating 
conditions.

3 � Numerical treatment

We used the commercial software ANSYS-FLUENT 12.1 
to run the simulation. Using an iterative procedure, the 

(21)
𝜕𝜑

𝜕||n⃗
||
= 0.

(22)Ax = Ay =
�Az

�z
= 0

(23)Ax = Ay = Az = 0,

governing equations for electromagnetism, two-phase flow, 
heat transfer, and solute transport were integrated over each 
control volume and solved simultaneously. Through user-
defined functions, we implemented the introduction of the 
magnetic potential vector, as well as the development of the 
kinetic module. The widely used SIMPLE algorithm was 
employed for calculating the Navier–Stokes equations. We 
discretized all the equations by the second-order upwind 
scheme to ensure higher accuracy. Before moving on to the 
next step, the iterative procedure continued until all nor-
malized unscaled residuals were less than 10−6. Due to the 
metal droplet’s falling, the metal pool’s height was prone 
to increasing with time. To consider the computational 
domain growth, a dynamic mesh was therefore adopted. 
The control volumes’ top row spawned a new row once it 
was 1.25 times the height of the other rows. We thoroughly 
tested the mesh independence. Three families of structured 
meshes were generated, with the respective sizes of 2, 4, 
and 7 mm. After a typical simulation, the velocity and tem-
perature of some points in the domain were carefully com-
pared. The deviation of simulated results between the first 
and second mesh was about 4 pct, while it was approxi-
mately 10 pct between the second and third mesh. Further-
more, the value of y +  within the grids adjacent to the wall 
was equal to ~1. Therefore, considering the high expense of 
computation, we retained the second mesh to use through-
out the rest of this work. Figure  2 shows the mesh at its 
initial state. Due to the complexity of the coupling calcu-
lation, we kept a small time step to ensure that the above 
converge criteria were fulfilled. Using 8 cores of 3.40 GHz, 
the calculations for a typical case took approximately 610 
CPU hours.

Table 1   Physical properties of metal and slag and the geometrical 
and operating conditions

Parameter Value

Physical properties of metal
Reference density, kg/m3 7200
Viscosity, Pa·s 0.0061
Latent heat of fusion, kJ/kg 270
Thermal conductivity, W/m·K 30.52
Specific heat, J/kg·K 752
Electrical conductivity, Ω−1·m−1 7.14 × 105

Magnetic permeability, H/m 1.257 × 10−6

Thermal coefficient of cubical expansion, 
K−1

1.1 × 10−4

Physical properties of slag
Reference density, kg/m3 2800
Viscosity, Pa·s 0.025
Thermal conductivity, W/m·K 10.46
Specific heat, J/kg·K 1255
Electrical conductivity, Ω−1·m−1

ln � = −6769∕T + 8.818

Magnetic permeability, H/m 1.257 × 10−6

Thermal coefficient of cubical expansion, 
K−1

5.4 × 10−4

Geometry
Electrode diameter, m 0.055
Mold diameter, m 0.12
Slag pool height, m 0.06
Initial metal pool height, m 0.005

X Y

Z

Wall

Inlet

Top surface

Bottom

Fig. 2   Mesh and boundaries
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4 � Experiment

We carried out an experiment using a mold with an open-
air atmosphere as displayed in Fig. 3. The mold was pro-
duced by the copper, and its inner diameter, height, and lat-
eral wall thickness were 120, 600, and 65 mm, respectively. 
In the experiment, the mold and the baseplate were cooled 
by the water. The electrode was the AISI 201 stainless steel 
bar with a 55 mm diameter. The slag was composed of 70 
mass % calcium fluoride and 30 mass % alumina, and the 
thickness of the slag layer remained constant at 60 mm. The 
current used in the experiment was 1800 A, and the direct 
current flowed from the electrode to the baseplate. Dur-
ing the experiment, we used a syringe and a quartz glass 

tube to obtain samples from the slag and the metal, respec-
tively. After cooling, the oxygen content in the samples was 
measured by an oxygen and nitrogen analyzer (LECO, St. 
Joseph, MO, USA).

5 � Results and discussion

At the beginning of the simulation, a 60-mm slag and 5-mm 
metal layers without oxygen were observed. The metal con-
taining 0.024% oxygen entered the domain from the inlet 
once the computation was started. The above initial oxygen 
content was supposed to be equal to the oxygen mass per-
cent in the electrode used in our experiment. The solidifi-
cation, ignored in our simulation, would affect the oxygen 
content in the metal. In order to eliminate this influence, 
the total time of the simulated process was controlled to 
be within 240 s, and during this time, the solidification did 
not yet occur in the experiment. Besides, the metal drop-
let periodically dropped down during the process, and the 
growth and detachment of the droplet could be observed in 
each cycle. The change of the oxygen content however was 
less obvious at the early stage, and thus we chose to display 
the results at the later period.

Figure  4 illustrates the electric current streamlines and 
phase distribution with a current of 1800  A at 151.25  s. 
Once the current enters the domain, it spreads around 
and then flows downward. The metal significantly influ-
ences the current’s movement due to its higher electrical 
conductivity. It can be seen that the current streamlines 
are distorted when traveling through the metal droplet. 
The current within the droplet flows mainly parallel to the 
axis, somewhat converging in the droplet’s upper part and 
diverging in the lower part.

Fig. 3   Experimental device

Fig. 4   Distributions of the elec-
tric streamlines and the phase 
distribution at 151.25 s with a 
current of 1800 A 0.9
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Figure 5 shows the flow pattern and temperature distri-
bution. We can observe a clockwise circulation in the slag 
layer in the wall’s vicinity. The heat in this area is likely 
reduced by the cooling water, resulting in the sinking of 
colder slag. Simultaneously, the inward Lorentz force along 
with the falling droplet creates a counterclockwise cell at 
the slag’s center.

The slag around the inlet generates more Joule heating 
due to a higher current density and larger electrical resist-
ance. The slag located at the top layer is therefore much 
hotter, with a highest temperature of approximately 2150 K. 
The hotter slag, in turn, would heat the colder metal droplet 
during the falling process. Thus, the slag’s temperature in 
the middle is lower.

The temperature of the metal is lower than that of the 
slag due to a lower Joule heat. Cooling water at the wall 
and the bottom extracts a large amount of heat. Metal at 
the outer layer is therefore colder than metal at the inner 
layer. The temperature difference drives the metal along 
the slag–metal interface toward the outer edge and, from 
there, down along the wall. At the base of the pool, the 
metal flows back to the center and then turns up toward the 
slag–metal interface.

Figures 6 and 7 indicate the distribution of the oxygen’s 
mass percent in the metal and the slag at different time 
instants. Oxygen transport behavior can be found at the 
two slag–metal interfaces. The upper one is the metal drop-
let–slag interface and the lower one is the metal pool–slag 
interface. As stated above, electrons’ movement directions 
at both interfaces are opposite. Oxygen ions in the slag typ-
ically become atoms and go into the metal droplet when the 
electrons travel through the metal droplet–slag interface. 
Hence, the oxygen content in the metal droplet increases. 
As shown in Fig. 6a, the metal closest to the droplet tip has 

a higher oxygen concentration. When the droplet grows, 
the oxygen in the slag is continuously transferred into the 
metal. In Fig. 6b, the oxygen content in the lower part of 
the droplet is approximately 1.2 times higher than its origi-
nal content. Additionally, the oxygen transfer is supposed 
to be accelerated during the formation of the droplet. This 
is because the specific surface area tends to increase, while 
the current density around the droplet becomes higher. 
When the droplet hits the metal pool–slag interface, the 
oxygen spreads out in the metal pool. Its distribution is 
then controlled by the flow pattern shown in Fig. 6d. At the 
metal pool–slag interface, the oxygen atoms in the metal 
pool would capture two electrons and enter into the slag in 
ion status, resulting in an oxygen content drop. The oxygen 
concentration in the metal pool is therefore determined by 
the oxygen concentration in the droplet as well as the trans-
port rate at the metal pool–slag interface.

In the slag layer, the minimum oxygen content is found 
in the slag around the droplet, possibly due to the transport 
behavior that is indicated in Fig. 7. The content gradually 
rises when the slag layer’s outer side expands. Moreover, 
the slag close to the metal pool–slag interface contains 
more oxygen, which comes from the metal pool.

According to the above findings, we may conclude 
that the final oxygen content in the metal and the slag is 
determined by the two transfer rates. Fig.  8a, b illus-
trates the transfer rates of the two interfaces at 151.16  s. 
At the metal droplet–slag interface, a negative trans-
fer rate is found, while a positive rate is observed at the 
metal pool–slag interface. Moreover, the rate at the upper 
interface is approximately one order of magnitude higher 
than that at the lower interface. This can be attributed to 
the significant influence on the lower interface’s rate by 
the current density, as shown in Fig.  9. It is obvious that 

Fig. 5   Distributions of the flow 
streamlines and the temperature 
at 151.25 s with a current of 
1800 A
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the current density at the metal droplet–slag interface is 
about an order of magnitude larger than that at the metal 
pool–slag interface. The negative transfer rate is suppos-
edly larger than the positive one; as a result, the amount 
of oxygen carried by the droplet is larger than that lost 
through the metal pool–slag interface.

Figure 10 demonstrates the evolution of oxygen concen-
tration in time at point 1. Clearly, the final oxygen concen-
tration in the metal pool increases over time. We also meas-
ured the oxygen content of point 1 in the experiment. The 
variation tendency of the two results is the same, but the 
measured values are slightly larger. Actually, some active 
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Fig. 6   Evolution of oxygen concentration in the metal with time when the current is 1800 A: a 150.53 s, b 151.16 s, c 151.25 s, and d 151.49 s
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elements in the metal droplet such as aluminum, silicon, 
and manganese would react with the oxygen in the slag dur-
ing its falling due to the drop of Gibbs free energy. Hence, 
the oxygen would be brought into the metal pool, result-
ing in an increase of the content. These chemical reactions 
however were ignored in the simulation.

Figure 11 shows the oxygen concentration variation at time 
points 2 and 3. As expected, the content of these two points 
has a decreasing trend. A reasonable agreement between the 
experimental results and the simulated results is obtained. In 
practical, a few amount of aluminum oxide in the slag would 
be decomposed into dissolved aluminum and oxygen under 
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Fig. 7   Evolution of oxygen concentration in the slag with time when the current is 1800 A: a 150.53 s, b 151.16 s, c 151.25 s, and d 151.49 s
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the effect of the high temperature. The dissolved aluminum is 
then easy to react with the oxygen in the air. With the influ-
ences of these two aspects, the measured data are greater than 
the simulated data we were able to obtain.

The obtained results indicate that the oxygen in the 
metal could be barely removed by the current in the elec-
tro-slag refining process. Due to the opposite direction of 
the electrochemical reaction, the oxygen removed from 
the metal pool would reenter the metal droplet. Therefore, 
we propose to add one more positive electrode in the unit, 
which is more likely to react with the oxygen. As a result, 
oxygen in the slag would shift into the more active elec-
trode rather than the metal droplet, and thus oxygen can be 
effectively taken away. Detailed research would be imple-
mented in our next work.

6 � Conclusions

This study established a transient 3D coupled mathemati-
cal model to study oxygen transport behavior in the elec-
tro-slag refining process. The finite volume method was 
used to simultaneously compute the mass, momentum, 
energy, and species conservation equations. The Joule heat-
ing and Lorentz force were fully coupled through solving 
Maxwell’s equations with the assistance of the magnetic 
potential vector. The movement of the metal–slag inter-
face was described using the VOF approach. Moreover, an 
auxiliary metallurgical kinetic module was introduced to 
determine the electrochemical reaction rate. In the course 
of this study, an experiment was conducted to verify the 
proposed model. Given the obtained results, the predicted 
oxygen contents match with the measured data within an 
acceptable range of accuracy. The oxygen ions in the slag 
are transferred into the droplet as atoms through the metal 
droplet–slag interface. Meanwhile, the oxygen atoms in the 

Fig. 8   Mass transfer rate between the slag and the metal with 1800 A 
current at 151.16 s: a metal droplet–slag interface and b metal pool–
slag interface

Fig. 9   Current density distribu-
tion with a current of 1800 A at 
151.16 s
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metal pool capture two electrons and become oxygen ions, 
which then travel through the metal pool–slag interface. 
The negative transfer rate at the metal droplet–slag inter-
face is approximately one order of magnitude larger than 
the positive one at the metal pool–slag interface. Therefore, 
the oxygen content in the metal pool exhibits an increasing 
trend, with the content in the slag exhibiting a decreasing 
trend, particularly with prolonged time. In order to effec-
tively remove the oxygen in the metal, one more positive 
electrode, which is more likely to react with the oxygen, is 
proposed to be added in the unit.
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