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Abstract
Transport phenomena including the electromagnetic, concentration of ions, flow, and thermal fields in the electroslag

remelting (ESR) process made of slag, electrode, air, mold, and melt pool are computed considering tertiary current

distribution. Nernst–Planck equations are solved in the bulk of slag, and faradaic reactions are regarded at the metal–slag

interface. Aiming at exploring electrochemical effects on the behavior of the ESR process, the calculated field structures

are compared with those obtained using the classical ohmic approach, namely, primary current distribution whereby

variations in concentrations of ions and faradaic reactions are ignored. Also, the influence of the earth magnetic field on

magnetohydrodynamics in the melt pool and slag is considered. The impact of the polarity of electrode, whether positive,

also known as direct current reverse polarity (DCRP), or negative, as known as direct current straight polarity (DCSP), on

the transport of oxygen to the ingot of ESR is investigated. The obtained modeling results enabled us to explain the

experimental observation of higher oxygen content in DCSP than that of DCRP operated ESR process.
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List of symbols
A Magnetic vector potential, V s m-1

Aelectrode Electrode area, m2

B Magnetic field, T

Be Earth magnetic field, T

b Tafel slope, V

c Concentration of each ion, mol m-3

C? Concentration of cations, mol m-3

C- Concentration of anions, mol m-3

D Diffusion coefficient of each ion, m2 s-1

E Electric field, V m-1

F Faraday constant, A s mol-1

FL Volumetric Lorentz force, N m-3

Fr Radial Lorentz force, N m-3

Fx Axial Lorentz force, N m-3

Fh Tangential Lorentz force, N m-3

FLP Poloidal Lorentz force, N m-3

FLh Toroidal Lorentz force, N m-3

g Gravity constant, m s-2

h Enthalpy, J kg-1

I Imposed electrical current, A

j Electric current density, A m-2

jr Radial current density, A m-2

j0 Exchange current density in Tafel equation, A

m-2

k Boltzmann constant, m2 kg s-2 K-1

n[O] Normalized amount of oxygen

N Total flux of each ion, mol m-2 s-1

p Pressure, Pa

Qj Joule heating, W m-3

R Universal gas constant, J K-1 mol-1

ri Ion radius, m

t Time, s

T Temperature, K

T0 Reference temperature, K

Tm Melting temperature, K
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u Velocity vector, m s-1

ruT Transpose of velocity gradient tensor, s-1

uP Poloidal velocity, m s-1

ur Radial velocity, m s-1

ux Axial velocity, m s-1

uh Toroidal velocity, m s-1

X Dimensionless distance

z Charge number of each ion

b Thermal expansion coefficient, K-1

bs Slag thermal expansion coefficient, K-1

bm Metal thermal expansion coefficient, K-1

k Thermal conductivity, W K-1 m-1

ks Slag thermal conductivity, W K-1 m-1

km Metal thermal conductivity, W K-1 m-1

q Density, kg m-3

q0 Reference density, kg m-3

qs Slag density, kg m-3

qm Metal density, kg m-3

l Viscosity, kg s-1 m-1

ls Slag viscosity, kg s-1 m-1

lm Metal viscosity, kg s-1 m-1

l0 Magnetic permeability, H m-1

u Electric potential, V

g Overpotential, V

r Electrical conductivity, S m-1

rSlag Electrical conductivity of slag, S m-1

rElectrode Electrical conductivity of electrode, S m-1

rCrucible Electrical conductivity of crucible, S m-1

rAir Electrical conductivity of air, S m-1

r� Divergence operator, m-1

r Gradient operator, m-1

1 Introduction

Electroslag remelting (ESR) as a secondary metallurgical

process is extensively used to purify metal and special

alloys such as steel and nickel-based alloy. The impure

metal/alloy electrode, immersed in a molten slag, is elec-

trically heated through Joule heating. The electrode remelts

to form droplets. They pass through the slag to reach the

melt pool, where the solidification occurs in a water-cooled

mold to build the clean, high-grade ingot [1]. The process

comprises numerous phenomena, including heat transfer

with phase change in the melting of the electrode or the

solidification of ingot, the interaction among the flow and

electromagnetic fields known as magnetohydrodynamics

(MHD), and the mass transfer of chemical species.

Contributions of mass transfer in ESR are identified in

the refinement of the alloy [2–4], removal and precipitation

of nonmetallic inclusions in the slag and melt pool [5, 6],

and chemical and electrochemical reactions in the slag

[7, 8]. Several electrochemical (faradaic) reactions take

place at slag–metal or slag–mold interfaces to purify the

alloy. The CaF2-based slag in ESR, typically made of

CaF2, CaO, and Al2O3, is inherently an electrolyte.

Thereby, faradaic reactions of several elements, such as Ti,

O, S, Fe, Ca, and Al, were reported [7]. The electro-

chemical transport of ions like Ca2?, Al3?, Fe2?, F-, and

O2- plays a pivotal role in the electrical behavior of the

slag and consequently in the performance of the process

[7–9]. Different contributions of electrochemistry during

direct current (DC) operation of ESR were reported as

follows: higher melting rate of the electrode with positive

polarity as known as direct current reverse polarity (DCRP)

than that with negative polarity as known as direct current

straight polarity (DCSP) [10–12], higher oxygen content in

the ingot of DCSP than that of DCRP [13, 14], higher

oxygen content in the ingot using CaF2–Al2O3 slag than

that using CaF2–CaO [15], and formation of a thick layer of

iron oxide (FeO) under the tip of the electrode in DCRP-

operated ESR [14, 16].

The thermodynamic and kinetic models were suggested

to study chemical and electrochemical reactions in ESR

[17–19] considering primary current distribution, whereby

the electrical resistance of the slag is determined through

Ohm’s law. Customarily, primary, secondary, and tertiary

current distributions were introduced to study electro-

chemical systems [20]. Ohm’s law is also applied in sec-

ondary current distribution, where the effect of faradaic

reaction of the reactant (electrode kinetics) is considered

assuming a uniform concentration field of all involving

ions in the electrolyte [20, 21]. Tertiary current distribution

accounts for both electrode kinetics and the non-uniformity

of ion concentration field. The electrolyte behaves in

accordance with Nernst–Planck equations subject to the

approximation of electro-neutrality. The slag in ESR is an

electrolyte where the field structures, such as electromag-

netic, concentration of ions, thermal, and flow fields, are

greatly influenced by the distribution of electric current

density.

Herein, we propose a model considering tertiary current

distribution in the ESR process. Transport phenomena in an

ESR system made of the electrode, slag (electrolyte), air,

melt pool, and mold are calculated. The computational

domain is shown in Fig. 1. The electromagnetic field is

calculated in the entire system. The thermal field is cal-

culated in the slag, mold, and melt pool, whereas the flow

is modeled in the slag and melt pool. Distributions of

concentration of ions in the bulk of slag, CaF2–25 mass%

CaO, are computed. Faradaic reactions at the metal–slag

interface are modeled following Tafel law [20, 22].

Another calculation is performed considering the widely

used classical ohmic approach (X) (primary current dis-

tribution) in ESR [23]. A comparison is made between the
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obtained results through the classical approach and the

presented model in this study to explore the impact of

electrochemical effects on field structures in the ESR

process. Based on our modeling results, we put forward an

explanation for the phenomenon, namely higher oxygen

content in the ingot of DCSP than that of DCRP [13, 14], in

the ESR process.

2 Modeling

All symbols used in this paper are described in ‘‘List of

symbols’’. All governing equations, Eqs. (1) through (13),

related to the flow, thermal, electromagnetic, and concen-

tration of ion fields are listed in Table 1, and they will be

further described in this section.

For the sake of simplicity and to avoid extra complexity,

several assumptions are made as follows:

(i) The movement of slag–melt and slag–air interfaces is

not modeled so that those interfaces remain stationary.

(ii) The solidification of the metal in the melt pool as

well as remelting of the electrode and consequently drip-

ping droplets through the slag is not taken into account in

the model.

(iii) Chemical reactions like generation/recombination

that may occur in the bulk of molten slag are not included

in the model. The electrolyte (molten slags) is assumed to

be entirely dissociated at the elevated temperature of the

process ([ 2000 K). Therefore, all molecules of the slags

split into ions as follows:

CaF2 ! Ca2þ þ 2F� ð14Þ

CaO ! Ca2þ þ O2� ð15Þ

(iv) Both Ca2þ and Fe2þ can participate in faradaic

reactions at the cathode. In fact, Ca2þ and Fe2þ compete to

gain an electron at the cathode. The standard reduction

potential and consequently the priority of gaining electron

are higher for Fe2þ than that of Ca2þ [20]. Herein, we

ignore this priority; thus, any available cation (Fe2þ or

Ca2þ) reacts at the surface of the cathode. This assumption

helps us to simplify the problem further. The electric cur-

rent delivered from/to slag to/from metal at cathode/anode

can be modeled considering only one of the cations.

Herein, only faradaic reactions related to iron are included

in the model as follows: oxidation of iron at the anode

(Fe ! Fe2þ þ 2e) and reduction of iron at the cathode

(Fe2þ þ 2e ! Fe). Correspondingly, it is also sufficient to

solve the transport equation of one cation (here Fe2þ)

considering that the initial concentration of Fe2þ is

equivalent to that of Ca2þ. Additionally, transport equa-

tions of anions (F�;O2�) must be solved to calculate the

electric current density field in the bulk of slag. The latter

Fig. 1 Configuration of computational domain and boundaries

Table 1 Governing equations of flow, magnetic, concentration of

ions, and electric current density fields

Flow field

oq
ot þr � quð Þ ¼ 0 (1)

o quð Þ
ot þr � quuð Þ ¼ �rpþr � l ruþruT

� �� �
þ

q0gbðT � T0Þ þ j� B

(2)

Thermal field

o
ot ðqhÞ þ r � quhð Þ ¼ r � ðkrTÞ þ j � E (3)

Magnetic field

r � A ¼ 0 (4)

r� 1
l0
r� A

h i
¼ j (5)

B ¼ r� A (6)

Electric current density and ion concentration fields

r � j ¼ 0 (7)

j ¼ �rru (in metal) (8)

j ¼ F
P

i

ziNi (in slag)

i ¼ Fe2þ;F�;O2� (9)

Ni ¼ uci � Dirci � ziDiFru
RT ci

i ¼ Fe2þ;F�;O2� (10)

oc
Fe2þ
ot ¼ �r � NFe2þ

(11)

oc
O2�
ot ¼ �r � NO2� (12)

zF�cF� ¼ � zFe2þcFe2þ þ zO2�cO2�½ � (13)
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will be further elucidated after introducing governing

equations related to the concentration of ions in Sect. 2.1.

(v) The formation of cathodic/anodic electric double

layer results in a potential drop at the metal–slag interface

that is implicitly modeled through Tafel equation: j ¼ j0e
�g

b

[20]. The required parameters for Tafel equation, which

describes the relationship between the overpotential/po-

tential jump and electric current density, as shown in

Fig. 2a, at the anode and cathode were extracted from Ref.

[16]. The potential jump (\ 0.1 V) aids to make a rela-

tively uniform distribution of the electric current density

along the metal–slag interface, although that is negligible

compared to the total applied potential (* 20 V) in the

process.

(vi) Diffusion coefficient has a decisive impact on the

transport of ion. It is dependent on several parameters such

as temperature, pressure, electrolyte composition, radius,

and valency of ion [24]. As recommended in Ref. [24] for

ESR slags, we use Eyring relationship (D ¼ kT
2rils

) to obtain

the diffusion coefficient as a function of slag temperature,

slag viscosity, and ion radius. Of note, the viscosity of the

slag in this study is also dependent on temperature

(ls ¼ 9:217� 105e�0:00878T ) [24]. Indicatively, diffusion

coefficients of involving ions are plotted against tempera-

ture in Fig. 2b.

(vii) Any plausible electronic conduction within the bulk

of slag is ignored [25]. Thus, the electric current is carried

only by the movement of ions.

(viii) The solutal buoyancy force originated in the spa-

tial variation in the ion concentration field is ignored.

However, the thermal buoyancy force and Lorentz force

originated in the interaction between the electric current

density and the self-induced magnetic field are taken into

account.

(ix) The bulk of slag always remains electrically neutral

[20]. The bulk electro-neutrality condition is mathemati-

cally expressed as:
P

i

zici ¼ 0; i ¼ Fe2þ; F�;O2�.

(x) In the present study, the numerical model is con-

figured based on experimental measurements of Mitchell

and Beynon [16]. The experiment was conducted using a

particular mold in which the inner surface was painted by

boron-nitride to ensure that no electric current flows

through the mold at slag–mold and melt–mold interfaces.

Thus, the electric current was only collected from the base

plate. Following their experiment, no mold current is

considered in our model.

The induced magnetic field is dominantly in the azi-

muthal direction. Herein, the influence of the earth mag-

netic field on the flow is also considered. Therefore, a 2D

axisymmetric swirl model is applied on a 2D axisymmetric

computational domain which is illustrated in Fig. 1.

2.1 Governing equations

All governing equations to calculate transport phenomena

are listed in Table 1. Equations of continuity, Eq. (1), and

momentum, Eq. (2), are solved to determine the flow field.

Source terms in momentum equation are Lorentz force

(FL ¼ j� B) and thermal buoyancy force, which is cal-

culated considering Boussinesq approximation. The inter-

action between the earth magnetic field and the radial

component of current density creates the Lorentz force in

azimuthal direction [26] that is included in our model

(FLh ¼ jrBe).

No-slip boundary condition is used at all boundaries

except the slag–air interface where the free-slip condition

is assigned. The flow in the air zone is not calculated.

The thermal field is calculated considering the enthalpy

conservation equation through Eq. (3). The source term in

Fig. 2 Fitting curves of total overpotential against amount of imposed electric current density (a) and diffusion coefficients of involving ions

against temperature considering Eyring relationship (b)
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Eq. (3) is Joule heating (Qj ¼ j � E). Common thermal

boundary conditions are assigned as follows [23, 27, 28].

The radiation boundary condition with the emissivity of 0.8

is considered at the slag–air interface. The melting tem-

perature of the electrode (1811 K) made of pure iron is

assigned at electrode tip–slag and electrode edge–slag

interfaces. The liquidus temperature of slag (1725 K) is set

at following boundaries on the slag/melt side: slag–mold,

melt–mold, and mold bottom. They are conjugate walls

where the slag skin is implicitly modeled considering a

constant thickness (* 1 mm). Thus, the heat transfer

coefficient of 500Wm�2 K�1 is assumed at slag–mold,

melt–mold, and mold bottom on the mold side. The heat

transfer coefficient at the mold bottom and the mold–water

interface is assigned to 7000Wm�2 K�1. Furthermore, the

two sides of the wall for the slag–melt interface are ther-

mally coupled. The thermal field is not calculated in the air

and electrode zones.

The A� u formulation, Eqs. (5) and (6), considering

Coulomb gauge, Eq. (4), is utilized to determine the elec-

tromagnetic field [28–30]. The magnetic permeability is

assumed to remain constant in the entire domain. Magni-

tudes of radial and axial components of magnetic vector

potential are set zero at mold bottom and mold–water

interface. The flux of magnetic vector potential is zero at

the electrode top, air top, and mold top. Continuity of

magnetic vector potential is considered at all interior

boundaries.

Ohm’s law is applied in the entire domain, including air,

electrode, melt pool, and mold, whereas Nernst–Planck

equations, Eq. (9) through Eq. (13) as listed in Table 1, are

utilized to determine electric current density field in the

slag considering tertiary current distribution [31]. The

conservation of electric current density, Eq. (7), is solved.

The electric current density in the slag is obtained using the

total mass flux of all involving ions through Eq. (9). The

total mass flux of each ion, Eq. (10), including advection

flux, diffusion flux, and electro-migration flux, is taken into

account. The total flux of each ion must be conserved as

described mathematically by Eqs. (11) and (12). The

imposition of the bulk electro-neutrality as described in

assumption (ix) helps us to calculate the concentration field

of the non-reacting F� through Eq. (13). Of note, aiming at

comparing the results with the classical ohmic approach

extensively used to calculate electric current density in the

slag [23], one calculation is also performed considering

Ohm’s law in the slag.

Boundary conditions of electric potential and concen-

tration of ions are interdependent [31]. The total mass flux

of non-reacting ions (F�;O2�) is zero at all boundaries

enclosing the slag. The mass flux of ferrous ion (Fe2þ) is
assigned at the electrode tip–slag, electrode edge–slag, and

slag–melt interfaces as follows: j ¼ �zFe2þFNFe2þ . The

positive sign is used for the anodic boundary, and the

negative sign is used for the cathodic boundary. The mold

current is ignored as described in assumption (x) so that the

mass flux of ferrous ion is set to zero at the slag–mold

interface.

The magnitude of electric potential at the top of the

mold is zero. The flux of electric potential (electric current

density) at electrode top is specified (j ¼ � I
Aelectrode

) to

ensure an equal amount of electric current density flows

through the system regardless of the condition of the slag

electrical conductivity. The positive sign is used if the

electrode is anodic, and the negative sign is used if the

electrode is cathodic. The electric potential at the interface

between slag and anode/cathode is assigned using Tafel

law as described in assumption (v) to account for the

electric double layer formation and, consequently, the

overpotential [31]. The relationship between overpotential

and current density is plotted in Fig. 2a. Simple regression

analysis helps us to obtain the parameters of Tafel law. The

experimental measurements are reproduced from Ref. [16].

Anodic and cathodic boundaries are electrode tip–slag,

electrode edge–slag, and slag–melt interfaces. At all other

interior boundaries, the continuity of the electric field is

assigned.

2.2 Other settings

Mitchell and Beynon [16] conducted a series of experi-

ments in an ESR apparatus to measure the overpotential

and the amount of transferred oxygen to the ingot. The 2D

axisymmetric swirl model is configured based on their

study [16]. The computational domain including bound-

aries and regions is shown in Fig. 1. The electrode with the

diameter of 3.18 cm was immersed with a depth of 1 cm

into the slag made of CaF2–25 mass% CaO. The length of

the slag cap on the ingot was 4 cm. The electrode was

made of iron, and subsequently, an ingot made of iron with

the diameter of 5.5 cm was produced. Only 2 cm of the

melt pool at the top of the ingot is included in the model to

ensure that the full coupling of phenomena at the slag–melt

interface is calculated. Details of the experiment are

described in Ref. [16]. A very fine mesh with a total of 0.2

million volume elements was generated. We used the

commercial software, FLUENT-ANSYS v. 14.5, to

implement modeling equations with the help of user-de-

fined functions. The software utilizes the finite volume

method (FVM) to precisely model transport phenomena

[32]. Within the framework of FVM, mass conservations of

all ions are automatically satisfied. Considering the pseudo-

transient computation technique, transient calculations are

made to obtain steady-state results, subject to further
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evaluations. All parameters used in our calculations are

listed in Table 2.

3 Results

3.1 Electromagnetic field

The distribution of electric current density and conse-

quently the self-induced magnetic field creates the Lorentz

force that drives the flow in both the slag and melt. As

shown in Fig. 3, a comparison considering the computed

electric current density and magnetic fields is made

between processes under different operating conditions,

such as electrode anodic (?), electrode cathodic (-), and

the classical ohmic approach (X). For the latter, the

slag electrical conductivity (550 Sm�1) is independent of

thermal and concentration fields. Thus, the electrochemical

effects on the field structures are ignored. On the other

hand, the electrochemical effects significantly influence the

field structures, such as the electric current density field as

shown in Fig. 3a and the magnetic field as shown in

Fig. 3b. As described in assumption (v), no mold current is

considered. The direction of the electric current is always

from the anode to the cathode, as shown in Fig. 3a. Of

note, the direction is undistinguished in the ohmic approach

as electrode polarity is ignored. The peak of electric current

density is observed under the shadow of the electrode when

the electrode is anodic. In contrast, the peak is observed on

the edge of the electrode when the electrode is cathodic or

when ignoring the electrochemical effects for the ohmic

approach. The intensity of electric current density decrea-

ses from the slag/metal bulk center toward the mold. The

peak value of the magnetic field exists on the lateral wall of

the electrode, as shown in Fig. 3b. A region of an intense

magnetic field within the bulk of slag under the shadow of

the electrode is also observed when the process runs con-

sidering an anodic electrode.

Table 2 Parameters used in our calculations

Parameter Unit Value

l0 H m-1 4p 9 10–7

R J K-1 mol-1 8.314546

g m s-2 9.81

F A s mol-1 96,485

k m2 kg s-2 K-1 1.38 9 10–23

I A 991

rFe2þ m 0.76 9 10–10

rF� m 0.13 9 10–9

rO2� m 0.14 9 10–9

Tm K 1811

Be T 5 9 10–5

rElectrode S m-1 8 9 105

rCrucible S m-1 4 9 107

rAir S m-1 10–10

rSlag S m-1 Calculated

qs kg m-3 2650

ls kg s-1 m-1 Calculated

qm kg m-3 6980

lm kg s-1 m-1 0.006

bs K-1 0.00005

bm K-1 0.00014

ks W K-1 m-1 10

km W K-1 m-1 35

j0 A m-2 8600 and 8940

b V 0.044 and 0.087

zFe2þ – ? 2

zF� – - 1

zO2� – - 2

Di ði ¼ Fe2þ;F�;O2�Þ m2 s-1 Calculated

Fig. 3 Magnitude and streamlines of electric current density (a) and
magnetic field (b)

E. Karimi-Sibaki et al.

123



3.2 Velocity field

The distribution of Lorentz force field, F ¼ Fr;Fh;Fxð Þ,
governs the velocity field. The strength of Lorentz force in

the melt pool is determined by the interplay between the

electric current density and the magnetic fields, including

the self-induced and earth magnetic fields. As shown in

Fig. 4a, an intense Lorentz force exists in the poloidal

direction (FLP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
r þ F2

x

q
) under the shadow of elec-

trode when the electrode is anodic. Therein, both magnetic

field and electric current density are strong. Lorentz force

is globally directed toward the center of the ingot in the

poloidal plane. Unlike the calculated distribution of force

for the classical/ohmic approach, the force bends down-

ward adjacent to the slag–melt interface considering elec-

trochemical effects. The interaction between the earth

magnetic field and the radial component of electric current

density gives rise to the toroidal part of Lorentz force

(Fh ¼ FLh) as shown in Fig. 4b. The peak value is

observed near the edge of electrode. In the bulk of slag and

melt, the toroidal Lorentz force is minimal due to the lack

of radial current density when the ohmic/classical approach

is considered. In contrast, a notable amount of toroidal

Lorentz force near the slag–melt interface, where the

electric current density bends, is observed considering

electrochemical effects.

The distribution of velocity force field, u ¼ ur; uh; uxð Þ,
is analyzed considering the poloidal velocity

(uP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2r þ u2x

p
) and toroidal velocity (uh). Regardless of

the polarity of the electrode, an intense electro-vortex flow

with the peak value in the bulk of slag under the shadow of

the electrode in the poloidal plane is predicted. The ohmic

approach also predicts a relatively similar electro-vortex

flow pattern, as illustrated in Fig. 4c. Note that equisized

vectors are used to indicate the direction. Surprisingly, the

presence of a weak axial magnetic field such as the one

from earth (5� 10�5 T) gives rise to a flow in the toroidal

direction. As shown in Fig. 4d, the flow pattern considering

the ohmic approach differs from the pattern considering the

electrochemical effects. The positive value means that the

vector points inward, whereas the negative value means

that the vector points outward in the toroidal plane The

classical approach predicts an intense toroidal flow under

the shadow of the electrode and a weak toroidal flow in the

bulk of the melt pool. Conversely, a strong toroidal flow

exists in the melt pool considering electrochemical effects.

3.3 Thermal field

The Joule heating (j � E) as described in Eq. (3) (see

Table 1), is supplied to heat the slag of the process.

Accordingly, the electric current density field has a

Fig. 4 Poloidal Lorentz force (a), toroidal Lorentz force (b), poloidal
velocity (c), and toroidal velocity (d)
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decisive role in the distribution of Joule heating. Assuming

ohmic conduction in the slag, the maximum amount of

Joule heating is released near the edge of the electrode, as

illustrated in Fig. 5a. On the other hand, a remarkable

amount of Joule heating is observed in the vicinity of the

slag–melt interface considering electrochemical effects. Of

note, the amount of Joule heating is negligible in the

electrode, ingot, and mold due to the low electrical resis-

tance of the metal. As shown in Fig. 5b, the region where

the flow recirculates matches the hottest area in the slag

zone. A substantial part of generated heat in the bulk of

slag is transferred through the mold wall to the cooling

water. Additionally, a small amount of electric current

flows adjacent to the mold wall to generate Joule heating.

Thus, the temperature notably decreases from the bulk of

slag toward the region near the mold wall.

3.4 Concentration field

The ensemble behavior of cations and anions is discussed

in this section. The only cation considered in this study is

ferrous ion (Fe2þ), and anions are F� andO2�. The cation

concentration field, including the charge number (2Fe2þ) is
shown in Fig. 6a. It is anticipated that cations always

accumulate near the cathode. Contrastingly, a high con-

centration of the cation is near the electrode when the

electrode is anodic, whereas cation piles up near the slag–

melt interface when the electrode is cathodic. The electric

current is delivered from/to slag to/from metal by faradaic

reaction of ferrous ion. Consequently, an enormous amount

of ferrous ion is injected into the slag at the electrode–slag

interface for the anodic electrode or at the slag–melt

interface for the cathodic electrode. In other words, the

faradic reaction of ferrous ion determines the concentration

field of cations in the ESR process. On the other hand, the

absolute value of the concentration field of anions

ð�F� � 2O2�) is governed by electro-migration of anions,

as shown in Fig. 6b. Therefore, anions accumulate near the

anodic electrode, whereas they move toward the slag–melt

interface when the electrode is cathodic. The electrical

conductivity of the slag considering electrochemical effects

is dependent on the concentration of ions and thermal

fields, rSlag ¼
P

i

z2i DiF
2

RT ci, whereas a uniform concentration

field and a uniform electrical conductivity are assumed in

the ohmic approach [20]. Apparently, a non-uniform

electrical conductivity is predicted in the slag considering

electrochemistry, as shown in Fig. 6c. The peak value of

electrical conductivity is observed in the region where the

flow recirculates at elevated temperature. Despite a rela-

tively uniform concentration of ions in the bulk of slag,

especially near the vortex, the temperature and conse-

quently the diffusion coefficients of ions are significant.

The total applied potential of 20 V was reported during

the experiment from the apparatus designed by Mitchell

and Beynon [16]. However, the predicted potential drop in

the classical approach (* 24 V), anodic electrode

(* 12 V), and cathodic electrode (* 14 V) differs from

the reported experimental value. Possible sources of the

discrepancy are ignoring the movement of interfaces,

assumption (i), ignoring the incomplete dissociation of

molecules to ions, assumption (iii), and uncertainties on the

experimental setup such as the shape of the electrode tip,

the immersion depth of electrode, and the height/volume of

the slag cap. Nevertheless, the variations in the calculated

potential drop are associated with dissimilarities in the

calculated electrical conductivity of the slag, as shown in

Fig. 6c.

4 Discussion

Mitchell and Beynon [16] designed the laboratory scale

ESR process, as shown in Fig. 1, to study the influence of

electrochemical reactions at the metal–slag interface and to

explore the refining mechanisms. In the experiment, the

anodic electrode is tantamount to the DCRP condition,Fig. 5 Joule heating in slag zone (a) and temperature field (b)
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while the cathodic electrode represents the DCSP condi-

tion. They reported a higher oxygen content in the final

ingot using DCSP than that using DCRP [16]. This

observation was numerously reported during the operation

of the DC electroslag remelting process [13–16].

The calculated concentration field of oxygen is illus-

trated in Fig. 7a. As anticipated, oxygen as an anion

migrates toward the anode. Thereby, the concentration of

oxygen near the ingot top surface is higher in DCSP than

that of DCRP. The oxygen is afterward provided to the

ingot at the slag–melt interface through the discharge

reaction as follows: O2� � 2e ! ½O�. To identify the

amount of final oxygen in the ingot, the oxygen concen-

tration along the slag–melt interface is plotted as shown in

Fig. 7b. Scales for normalization are the concentration of

the oxygen in the bulk of CaF2–25 mass% CaO slag on the

y-axis and the radius of ingot on the x-axis. The available

oxygen on the interface is precipitated as inclusions in the

ingot. Evidently, the oxygen concentration along the

interface using DCSP is approximately one order of

Fig. 6 Concentration of cations (a), concentration of anions (b) and
electrical conductivity (c)

Fig. 7 Concentration field of oxygen ion (a) and normalized amount

of precipitated oxygen across slag–melt interface (b)
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magnitude higher than that using DCRP. The concentration

of oxygen smoothly decreases from the center of the ingot

toward the wall considering DCSP. Contrastingly, the peak

value of oxygen concentration is observed near the mold

wall (surface of ingot). A relatively high amount of oxygen

is also observed near the center.

The presented model in this study was successfully

verified [11, 12, 21, 31]. However, the quantitative mea-

surements of oxygen content along the ingot surface have

not been reported due to difficulty in measurements at

elevated temperature (* 2000 K) and opacity of materials

during the ESR process. Nevertheless, this study helps us

shed light on the role of electrochemical effects on MHD in

slag/metal and the refining mechanism, especially for the

oxygen during DC-operated ESR. Herein, we proposed an

explanation for a phenomenon, namely higher oxygen

content in the final ingot for the ESR process using DCSP

than that using DCRP.

5 Conclusions

The polarity of the electrode and the modeling approach

(tertiary or primary) significantly influence the electric

current density field and consequently the electro-vortex

flow field in ESR. The calculated toroidal flow in the melt

pool is minimal considering the ohmic approach.

Anions (F�;O2�) can reach and accumulate near the

anode (either electrode or slag–melt interface depending on

the polarity of electrode). The electro-migration can sur-

pass the advection of anions for the anodic electrode as

known as DCRP. The electro-migration is assisted by

electro-vortex flow for the cathodic electrode as known as

DCSP.

Unexpectedly, an enriched region of cation near the

anode (either electrode or slag–melt interface depending on

the polarity of electrode) is observed due to an enormous

injection of Fe2þ into the slag. Despite a relatively uniform

concentration of ions in the bulk of slag, the peak of cal-

culated electrical conductivity exists near the vortex where

temperature and subsequently the diffusion coefficients

reach their peak values. Eventually, the modeling results

enable us to put forward an explanation for the experi-

mental observation of higher oxygen content in the ESR

ingot using DCSP than that using DCRP.
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