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� The first 3D model to study multiphysics in an industrial ESRR process.
� The MHD, thermal, and solidification in the ESRR are investigated.
� The impact of formation of the slag skin on the electric current path is analyzed.
� A fairly symmetric melt pool profile of the billet ingot is observed.
� Modeling results are verified by experiments.
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This paper presents a numerical model (3D) incorporating multiphysics for an electroslag rapid remelting
(ESRR) process of industrial scale. The electromagnetic field is calculated in the whole system including
the electrode, molten slag, ingot, graphite ring, and mold; the interaction between the turbulent flow and
electromagnetic field is calculated for all fluid domains (molten slag and melt pool); the thermal field is
calculated in the molten slag, ingot and mold. The solidification of the billet ingot and the formation of
solid slag skin layer along the T-mold are considered as well. The formation of the skin layer adjacent
to the T-mold can remarkably impact the electric current path in the whole system. The modeling result
indicates that no skin layer would form on the graphite ring, as the local electric current density is very
high. In contrast, a thick slag skin layer forms along the inclined part of the T-mold, blocks the electric
current path there. Those modeling results are verified by experiments. A typical non-axis symmetry
flow/thermal field in the slag region, which has been observed in-situ from the slag surface during oper-
ation, is predicted. Detailed analyses of the quasi-steady state results of flow/thermal fields are presented.
A symmetric melt pool (profile of the solidifying mushy zone) of the ingot is predicted, which agrees with
the experiments.

� 2017 Published by Elsevier Ltd.
1. Introduction

The electroslag remelting (ESR) is widely used for further purifi-
cation of special steels after the primary extraction and refining
operations. It is a method of refining a consumable metal electrode
through a molten slag as heated electrically [1]. Nowadays, the
conventional ESR process can be slightly modified to manufacture
ingots with different characteristics. As such, numerous industrial
processes were developed. The most well-known among them are
ESR with multiple electrodes [2,3], ESR with electrode change tech-
nology [4], current conductive mold (CCM) [5], Pressure-ESR
(PESR) [6], ESR for hollow ingot [7,8], and electroslag rapid remelt-
ing (ESRR) [9].

A Schematic of ESRR is shown in Fig. 1(a). A T-shape mold, with
an embedded graphite ring to collect the electric current, is used.
The key concept of ESRR is to combine the high production effi-
ciency of continuous casting technique with the high ingot quality
of ESR process. The conventional ESR process has a drawback of
low production efficiency.

Based on industrial praxis, the melt rate (in kg/h) of electrode in
conventional ESR is strictly chosen as a portion of (0.6–1) ingot
diameter (in mm). As such, production of ingots with diameter
lower than 400 mm through ESR is very limited (very low melting
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Fig. 1. (a) Schematic of the ESRR process and the configuration of its computational domain. The graphite ring is placed on the mold wall a few centimeters below the slag
free surface. The electromagnetic field is calculated in the whole domain including electrode, slag, graphite ring, current collector, T-mold and billet ingot. The
thermal/solidification field is calculated in the slag, mold, and ingot. The velocity field is calculated in the slag and ingot. (b) A cross-section of the ESRR process is shown to
mark different material regions and corresponding interfaces/boundaries. The calculation is performed in the full 3D.
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rate) and uneconomical despite of their wide application area. On
the other hand, this ratio for the ESRR can be increased to 3–10,
namely ca. 10 times higher [10].There are only a few monographs
available discussing about the ESRR process. A comprehensive
description of the process was given by Holzgruber [9]. Alghisi
et al. [11] reported the first ESRR process with the continuous cast-
ing concept using automatic manipulator at the beginning of this
century. Nowadays, the on-going research on the ESRR process
focuses on the optimization of the T-shape mold. The overall
energy loss through the mold is still high, and it must be reduced
[12].

Experimental analysis and measurements are impossible for the
ESRR process during operation because of high degree of opacity of
materials at the elevated temperature of the process (�1900 �C).
Actually, simulation is nowadays the only way to get insight into
the invisible phenomena. Therefore, the industry can directly ben-
efit from the numerical simulation, e.g. to minimize the failure
rate, to improve the technology, and to increase productivity. No
numerical model for the ESRR has been reported. Here, we propose
a comprehensive model to incorporate the multiphysics such as
electromagnetic, thermal/solidification, and flow fields. The elec-
tromagnetic field is calculated in the whole system including the
electrode, molten slag, ingot, graphite ring, and mold. The interplay
between the electromagnetic field with the turbulent flow in
the molten slag and melt pool regions is taken into account. The
thermal field is calculated in the molten slag, ingot and mold.
Furthermore, the model includes the formation of solidified slag
layer near the T-mold as well as the solidification of the billet
ingot. Details of the analyses for the flow, electromagnetic, and
thermal/solidification fields are presented. Experimental results
regarding to the marked melt pool profile are used to validate
the model. The main goal is through the numerical modeling to
obtain fundamental understanding of the ESRR process, hence to
aid engineers to optimize the process design and operation
parameters.
2. Modeling

2.1. Governing equations

The ESRR process involves a wide range of physical phenomena
such as heat transfer with phase change (solidification/melting),
and the interaction between flow and electromagnetic field known
as magnetohydrodynamics (MHD). Customarily, the Finite Element
Method (FEM) is used to solve the governing equation of the elec-
tromagnetic Field [13,14]. The fluid flow, heat transfer and solidifi-
cation are simulated using the well-known Finite Volume Method
(FVM). For that purpose, the commercial CFD software, FLUENT
ANSYS v.14.5, is employed. Some special modeling equations (e.g.
to model solidification) are implemented using User-defined-
functions (UDF). Over last decade, numerous models were devel-
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oped for the conventional ESR process. The model features as the
base for the present investigation were actually verified with
experimental results for the standard ESR processes of different
sizes [15–19]. From modeling point of view, the major difference
between the standard ESR and ESRR processes is the configuration
of the mold.

Dealing with governing equations of the flow, heat transfer, and
electromagnetism in all details of full 3D domain requires enor-
mous computational resources [15,20,21]. For instance, a 3D calcu-
lation of the slag region including effects of slag-pool interface
movement, formation, departure, and dripping of droplets (by
melting the electrode) through the slag for an industrial ESR ingot
(600 mm) took six months on a multi-CPU high performance com-
puter cluster (24 cores) for a duration of only five seconds [20]. As
such, for the ESRR model, following assumptions are made to allow
the 3D calculation feasible:

(i) The electromagnetic field is calculated independently from
the thermal and flow fields. In other words, one-way cou-
pling is assumed in which only the electromagnetic field
impacts thermal/flow field.

(ii) At the top edge of the billet ingot, where the metal is still in
liquid state or the as-solidified shell is still ‘soft’, an ideal
contact with the mold is assumed. After that, the as-
solidified shell shrinks away from the mold and the ingot-
mold contact gets lost to form an air gap. This air gap is trea-
ted by considering an effective heat transfer coefficient [15].
The height of the contact zone (�3 cm) is predefined.

(iii) The moving fluid-fluid interface is not calculated explicitly.
The interface between slag and melt pool is assumed to be
stationary. The formation and motion of the melt droplets
by melting the electrode is not tracked, hence the influence
of droplets on the global electromagnetic field is ignored.
However, the impact of the droplets on the momentum,
energy, and mass transfer is implicitly modeled as source
terms in corresponding conservatin equations [22,23].

The amount of mass/momentum/energy sources of droplets in
the melt pool are assumed to decrease in a linear manner from
the slag-pool interface to end of an impact depth (k). The value
of k can be estimated using direct numerical simulation of
droplet-liquid interface splash phenomena or by the experiment.
Here, we assumed that the sizes of droplets are constant (�1
cm). Correspondingly, the impact depth is estimated to be ca. 15
cm [23]. Therefore, the volumetric mass source of droplets (M
(z)) as a function of the vertical position (z), direction of gravity,
in the pool is given by

MðzÞ ¼ 2 _m
kAimpact

1� z
k

� �
ð1Þ

where ( _m) is melt rate of electrode, (z) is the z-coordinate value rel-
ative to the slag-pool interface in the melt pool, and (Aimpact)
denotes the area where droplets enter to the pool. The latter is
equivalent to the electrode area since the droplets are assumed to
enter the pool under the shadow of electrode.

After computing the mass source of droplets (M), one can sim-
ply obtain the momentum source in the melt pool (Muimpact) con-
sidering that (uimpact) is the terminal velocity of droplets (�0.35
m�s�1). Similarly, the energy source of droplets in the pool is
defined according to: M�CpTimpact , where (Timpact) is the calculated
average temperature of slag-pool interface in the impact area,
and (�Cp) is the average heat capacity of metal droplets (�820
J�kg�1�K�1).

The momentum/energy source terms to model the impact of
droplets in the slag zone under the shadow of electrode are also
considered. Note that, droplets absorb energy/momentum in the
slag zone, and they release energy/momentum in the melt pool.
Therefore, the amounts of energy/momentum sources of droplets
in the slag zone must be equal to those in the melt pool but oppo-
site in the sign in order to satisfy the energy/momentum conserva-
tions [22,23].

Illustratively, a cross-section of the ESRR process is shown in
Fig. 1(b), marking different material regions and corresponding
interfaces/boundaries.

2.1.1. Electromagnetic field
The A-/ formulation is employed to calculate the electromag-

netic field [13,14], where / is the electric scalar potential and A
!

denotes the magnetic vector potential. The method is very robust
and accurate to model the current path including mold current
and eddy current. The electric scalar potential is obtained by solv-
ing the conservation equation of electric current:

r � j
!
¼ 0: ð2Þ

The current density ( j
!
) includes two parts:

j
!
¼ �rru� r @ A

!

@t
: ð3Þ

The first right-hand-side (RHS) term of Eq. (3) is the imposed
electric current, as calculated from the electric scalar potential by
considering the electric conductivity of material (r). The second
RHS term describes the effect of eddy currents.

The magnetic field (B
!
) is computed by solving the equation of

magnetic vector potential that is expressed as:

B
!
¼ r� A

!
; ð4Þ
while j
!
¼ r� 1

l0
r� A

!� �
�r kp

l0
r � A

!� �
: ð5Þ

Here, the Coulomb gauge (r � A
!
¼ 0) is used to obtain a unique

solution [14]. The displacement currents are ignored and the mag-
netic permeability (l0) is assumed to be constant

(4p� 10�7J �m�1 � A�2).
The second RHS term of Eq. (5) is included as a penalty function

term in an ad-hoc manner to enforce the zero divergence of the
magnetic field [24–26]. The value for penalty factor (kp) must be
chosen as small as possible, typically in the range between zero
and one, to quickly drive the linear system toward the divergence
free solution [26].

Finally, Lorentz force (F
!

L) and the Joule heat (Q) are explicitly
computed and added as source terms for the momentum and
energy conservation equations respectively.

F
!
L ¼ j

!
� B

!
; ð6Þ
Q ¼ j j
*

j2
r

: ð7Þ

The required boundary conditions for electric scalar potential
and magnetic vector potential (axial, radial, and tangential compo-
nents) are assigned [18]. A condition of free of eddy currents for
surrounding region is considered (�three times larger than mold
diameter), where the magnitude of vector potential is set to zero.
Therefore, continuity of electric and magnetic potentials is applied
at all interfaces between zones. A value of zero for electric scalar
potential as well as magnetic induction flux is applied at ingot
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bottom, and top of current collectors. The magnetic induction flux
is zero for electrode top, whereas the flux of electric potential is
prescribed [26].

2.1.2. Thermal field and solidification
The temperature field is calculated by solving an enthalpy (h)

conservation equation:

@

@t
ðqhÞ þ r � ðq u

!
hÞ ¼ r � ðkeffrTÞ þ Q þ S: ð8Þ

where q denotes the density, u
!
the velocity of the liquid-solid mix-

ture, keff the effective thermal conductivity including the effect of
turbulence, and S is the source term for treating the solidification
latent heat. It includes two parts:

S ¼ � @

@t
ðqfLÞ � qLu

!
srf l: ð9Þ

Hear, us is the casting velocity and fl denotes the liquid volume
fraction. L is the heat of fusion. The steel is treated as an effective
binary Fe-C alloy system, and the alloy element C is very diffusive
in both liquid and solid. Therefore, lever rule [27] is employed to
calculate the liquid volume fraction as a function of temperature,

f l ¼
1 T > T liquidus

1� ðT liquidus � TÞ=ððT f � TÞð1� kpÞÞ
� �

Tsolidus < T 6 T liquidus

0 T 6 Tsolidus

8><
>:

ð10Þ
T is temperature, Tf is the melting point of solvent (1811 K), kp is the
partition coefficient (0.35), Tliquidus and Tsolidus are the liquidus and
solidus temperatures of the alloy.

The thermal field is calculated in the slag, mold and ingot
region, thus appropriate interfacial heat transfer conditions must
be assigned between those zones. A comprehensive description
of required thermal boundary conditions is given in Ref. [15]. A
crust of solidified slag, called slag skin layer, forms a mold lining
which separates the molten slag from the T-mold. No slag skin
was observed during the operation between the billet and the
mold (skin thickness � 0) that is taken into account in the model.
However, the formation of solid slag layer in the T-mold is implic-
itly simulated. For that purpose, a balance of thermal resistance
and Joule heat as created in the solid skin is performed. A one-
dimensional equation for the skin layer thickness (d) along the T-
mold can be extracted [28]:

d
j2

rskin
þ Q slag � Qmold ¼ 0; ð11Þ

where (rskin) denotes the slag skin electrical conductivity, (Qslag) the
heat flux coming from the liquid slag, and (Qmold) the heat entering
to the mold.

2.1.3. Turbulent flow field
The continuity and momentum equations are solved:

@q
@t

þr � ðq u
!Þ ¼ 0; ð12Þ

@

@t
ðq u

!Þ þr � ðq u
!

u
!Þ ¼ �rpþr � ðleffðr u

!þru
!TÞÞ þ q0

� g
!
bðT � T0Þ þ F

!
L: ð13Þ

where p denotes the pressure, leff the effective viscosity, g
!
the grav-

ity, b the thermal expansion coefficient, q0 and T0 are reference
density and reference temperature for calculating the buoyancy.
Boussinesq approximation is used to model the thermal buoyancy
in the slag and melt pool regions.
The turbulence is calculated using the Scale-Adaptive Simu-
lation (SAS) model [29], which is an improved version of the
shear stress transport (SST-K-x) turbulent model [30]. The
essential feature of SAS model is an effective and accurate
near wall treatment as the model is insensitive to the grid
spacing of the near wall cells. It is believed that the accuracy
of the results using the SAS model is comparable to that of
the LES model with the advantage of lower computational
cost [29,30].

Non-slip boundary condition is applied at all boundaries in the
slag except for the slag-air interface where a free-slip condition is
applied. The flow boundary condition surrounding the ingot is sim-
ilarly no-slip except for the ingot bottom where the velocity is
specified to be the casting speed (us).

Special care must be taken to accurately model the interden-
dritic flow inside the ingot mushy zone. The interdendritic flow
is modeled based on Darcy’s law [31]. An anisotropic permeability
following Heinrich and Poirier [32] is employed.

KParallel ¼

3:75� 10�4f 2l d
2
1 0 < f l 6 0:65

2:05� 10�7 f l
1�f l

h i10:739
d2
1 0:65 6 f l 6 0:75

0:074ðln ð1� f lÞ�1 � 1:49

þ2ð1� f lÞ � 0:5ð1� f lÞ2Þd2
1 0:75 6 f l < 1:0

8>>>>>><
>>>>>>:

ð14Þ

KPerpendicular ¼

1:09� 10�3f 3:32l d2
1 0 < f l 6 0:65

4:04� 10�6 f l
1�f l

h i6:7336
d2
1 0:65 6 f l 6 0:75

�6:49� 10�2 þ 5:43� 10�2 f l
1�f l

h i0:25� 	
d2
1 0:75 6 f l < 1:0

8>>>>><
>>>>>:

ð15Þ
where d1 denotes the primary spacing of the dendrite arm
(�200 mm), and KParallel and KPerpendicular are permeability in
parallel and perpendicular directions to the primary dendrites
respectively.

Note that, primary dendrites grow in the direction of the tem-

perature gradient. Therefore, the unit vector n
!

k ¼ r! T

kr! Tk

� �
determi-

nes the parallel direction relative to the primary dendrites. As first
step, the velocity of the interdendritic melt relative to primary

dendrites must be calculated (u
!

r ¼ u
!�u

!
s). As second step, the lat-

ter is decomposed to the sum of parallel and perpendicular velocity

components (u
!
r ¼ u

!
? þ u

!
k). Then, the parallel velocity component

is calculated using the parallel unit vector (u
!

k ¼ ðu!r � n
!
kÞn

!
k). After-

wards, one can easily obtain the perpendicular velocity component

(u
!
? ¼ u

!
r � u

!
k). In a similar manner to find the parallel direction,

the unit vector in perpendicular direction can be obtained:

n
!
? ¼ u

!
?

ku!?k
. The calculated unit vectors are used to determine the

drag resistance force in parallel (Fk) and perpendicular (F?)
components,

Fk ¼ � l
Kk

ðu!r � n
!

kÞ ð16Þ

F? ¼ � l
K?

ðu!r � n
!

?Þ ð17Þ

Eventually, they are used to calculate the drag resistance force
in the mushy zone (Fp) which is added as an extra sink term in
Eq. (13) in the ingot domain.

F
!
p ¼ ðF?Þn

!
? þ ðFkÞn

!
k ð18Þ



(a)

Electrode
Upper mold

T-mold

Slag

Ingot

Graphite
ring

ve
rti

ca
l 

pa
rt

in
cl

in
ed

pa
rt

0.03

MFD
(Tesla)

1066 E. Karimi-Sibaki et al. / Applied Thermal Engineering 130 (2018) 1062–1069
2.2. Simulation setup

Following the industrial process, an alternating current (AC)
with a frequency of 50 Hz was imposed to the system. A large
uncertainty of the electric or thermal properties of the slag exists
due to the difficulty of the measurement at the elevated tempera-
ture (�2000 K) of the process. The electric conductivity of conven-
tional slags in liquid state was reported to vary in the range
between 80 and 300X�1�m�1 [33]. The electric conductivity of
the solid slag skin layer is unknown. Based on the ESRR industry
practices, nearly 90% of the current is collected in the graphite ring
and only a small portion of current (�10%) flows through the ingot.
Accordingly, the solidified slag skin layer is not a perfectly electri-
cal insulator. A laboratory measurement using impedance spec-
troscopy suggested that the skin layer during the operation at
elevated temperature (�800–1500 K) conducts electricity with
the electric conductivity in the range between 0.01 and 10X�1-
�m�1. This parameter governs the amount of the mold current
[22,34].

The thermal field in the whole process is greatly influenced by
thermal conductivity of the slag. Approximate values for thermal
conductivity of CaF2-based slags at elevated temperatures are
reported to be between 0.5 and 5 W�m�1�K�1 [35,36]. For our sim-
ulations, we considered both reported values in the literature and
the industrial measurements of material properties which are tem-
perature dependent. The averaged material properties of the slag
and steel as well as operating conditions are listed in Table 1.

A total number of 1.2 million mesh elements are used for full 3D
calculation. Transient calculation is made, but only the result of
quasi-steady state is evaluated. The calculation needs approxi-
mately one month using a multi-CPU cluster (24 cores, parallel
computing).
(b)
0.00001

Fig. 2. (a) The electric current path is shown in a cross-sectional cut. Red arrows
indicate the input/output direction of electric current. Additionally, the calculated
skin thickness along the z-coordinate of the T-mold is inserted. Samples of the as-
solidified slag were collected and shown for three different locations along the
inclined part of the T-mold. The dark grey layer indicates the slag skin layer; (b) The
3. Results

The current path in a cross-section is shown in Fig. 2(a). The
electric current tends to flow along the surface of the mold as a
result of the large electrical conductivity of the copper mold (skin
effect). Major electric current (�90%) is taken by the graphite ring,
whereas a small portion of the electric current (�10%) crosses the
ingot-mold interface and then flows toward the bottom of ingot.
Almost no current enters to the mold through the inclined part
of the T-mold where a relatively thick skin layer forms (in aver-
age � 4 mm). In contrast, a very thin layer of skin forms near the
Table 1
Parameters used for the calculations.

Material properties Slag Steel

q (kg�m�3) 2440 7000
l (Pa�s) 0.01 0.0062
cp (J�kg�1�K�1) 1255 820
k (W�m�1�K�1) liquid state 4 35
k (W�m�1�K�1) solid state 0.5 16
b (K�1) 0.0001 0.00011
Tliquidus (K) 1715 1773
Tsolidus (K) 1598 1668
r (X�1�m�1) liquid state 130 8.8 � 105

r (X�1�m�1) solid state 0.1 8.8 � 105

Operation parameters

Ingot size (mm) 165 � 165
Electrode size (mm) 332 � 265
T-mold diameter (mm) 580
Slag height (mm) 213
Melt rate (kg�h�1) 400
RMS current (kA) 16
AC frequency (Hz) 50
Power (MW) 1.0

time-averaged magnetic flux density (MFD) is shown at different cross-sections:
top-view (slag surface and electrode), front-view (big section of electrode, slag, T-
mold, and ingot), and side-view (small section of electrode, slag, T-mold, and ingot).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
graphite ring where the current density is very high. The calculated
thickness of the skin layer (Eq. (11)) as insert diagram in Fig. 2(a) is
also shown. The predicted thickness of the skin layer is validated
against the industrial observations. As predicted by the model, no
slag skin exists on the graphite ring in the practical operation. In
addition, several samples of slag skin were collected from different
locations near the inclined part of the T-mold. Photos of the sam-
ples of slag skin (dark grey region) are inserted in Fig. 2(a) which
confirm/indicate the formation of a thick skin layer (in average
� 4 mm) along the inclined part of the T-mold. The thickness of
the slag skin layer increases from the top (below the graphite ring)
toward the bottom (near the ingot) of the T-mold. Fig. 2(b) illus-
trates the time-averaged electromagnetic field in the whole sys-
tem. The electromagnetic field is very strong near the edges of
the electrode. The magnetic field is found to be stronger near the
small side of the electrode in comparison to that near the large side
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of electrode as a result of the electric skin effect. Additionally, the
strength of magnetic field is notable near the inclined part of T-
mold where significant electric current flows tangential to the
inclined part of the mold. As previously mentioned, the electric
(a)

(b)

Temp. (K)

1000

2100 Vel. (m.s-1)

0.0001

0.01

Fig. 3. (a) The thermal field in slag, mold, and ingot and iso-line of liquid fraction (fl = 0.9)
in cross-sections of the melt pool, slag, and slag free surface are also illustrated. (b) A com
the experimental result (Baumann print). The Baumann print of the pool profile is also
current cannot cross the inclined part of the mold due to formation
of a relatively thick skin layer.

The thermal/solidification and flow fields are illustrated in Fig. 3
(a). The flow is rotating (converging flow) under the shadow of
Vel. (m.s-1)

0.0001

0.4

in the ingot is shown. The magnitude (color scale) and direction of the velocity field
parison is made between the calculated pool profile using the model (fl = 0.9), and

inserted (Courtesy of Xingtai Iron & Steel Corp. LTD).
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electrode in the slag zone where the Lorentz force is dominant.
Furthermore, the slag is flowing toward the electrode at slag free
surface. Only, a small portion of electric current (�10%) enters
the ingot zone. Consequently, the Lorentz force is significantly
weaker than the thermal buoyancy and droplets impact in the melt
pool. The hot molten metal is continuously flows toward the inter-
face in the bulk of melt pool. However, the molten metal is pushed
downward near the wall of the cold mold under the influence of
strong buoyancy force.

The flow is strongly turbulent in the slag, especially under the
electrode, where a rotational flow exists. As a consequence, the
effective thermal conductivity in the slag bulk is significantly
increased (�160 W�m�1�K�1). Similarly, a turbulent flow exists in
the melt pool where the effective thermal conductivity is predicted
to be around 75 W�m�1�K�1. Therefore, both turbulence enhanced
effective conductivities and mean flow advection contribute to
the thermal field. Principally, the heat transfer is very efficient in
the melt due to rigorous mixing of the flow. Therefore, a relatively
uniform temperature field in the bulk of slag and melt pool is
observed.

The internal quality of the ingot is highly dependent on the
shape and depth of melt pool. The desired outcome is a shallow
melt pool that promotes unidirectional (upwards) solidification
of the ingot and formation of segregation-minimal alloy. Therefore,
the melt pool profile is most often used indicator for the internal
quality of the ingot [38,39]. The predicted pool profile by the model
is compared with the experiment, as shown in Fig. 3(b). In the
experiment, a postmortem analysis of the as-cast structure with
the method of Baumann print was made to mark the melt pool pro-
file. A good agreement is observed in the shape of the melt pool
between the simulation and experimental results. The major dis-
crepancy between simulation and experimental results is found
near the mold wall in the vicinity of slag-pool interface where
the progress of solidification front is overestimated by the model.
Note that, the movement of slag-pool interface is not included in
the model. The moving interface certainly intensifies the flow in
the melt that in turn enhances the global energy transfer in the liq-
uid melt pool. As a consequence, the evolution of the mushy zone
might be slowed down in the upper region of the billet.
4. Discussions

Numerous operational parameters can remarkably impact both
internal and surface quality of the final ingot. Those parameters are
the power supply, the melt rate and immersion depth of the elec-
trode, the type and volume of slag, the current ratio (ratio of gra-
phite ring current to ingot current), and the fill ratio (ratio of
electrode to ingot diameter). Some of those parameters are inde-
pendent, while some others are correlated. The selections of oper-
ational parameters are typically made empirically. These trial and
error approaches are prohibitively expensive. By using the numer-
ical model, as proposed in this work, the costly trials can be signif-
icantly minimized.

The industry targets to optimize the ESRR process by the aid of
the numerical model. The main goals are to achieve the highest
melt rate (highest production rate), a target pool depth, and a high
energy-efficient process. Both conventional ESR and ESRR are not
energy-efficient processes [40–42]. Generally, a small portion of
the input energy (�20%) is received by the electrode to achieve
the target melt rate. Significant portion of the input energy
(�50%) is lost at the slag-mold and ingot-mold interfaces through
the water-cooled mold. In addition, a notable radiation heat loss
(�20%) exists at the slag free surface. Eventually, a small fraction
of the total input energy (�10%) reaches to the bottom of the ingot.
For this purpose, the optimization must also be related to the
design of mold. It is believed that the angle of the inclined part
of T-mold can affect the overall energy loss through the mold.
The thickness and location (distance to slag free surface) of the gra-
phite ring must be carefully opted to prolong its life and to avoid
mold damage. Additionally, the electric current must be homoge-
nously collected through the graphite ring, as it is favorable to
the ingot surface/internal quality. Therefore, further modeling
efforts are still demanded.

We should also be aware of the fact that some other factors
influence the quantitative accuracy of the modeling results. For
instance, significant uncertainties exist related to physicochemical
properties of both the slag and alloy [37]. It is difficult to measure
those properties at elevated temperature, and they are strongly
dependent on temperature and composition [43]. As previously
mentioned in ‘‘ III. Results”, assuming a stationary slag-pool inter-
face influences the modeling results. Nevertheless, this assumption
is essential to reduce significantly the computational cost. For the
sake of simplicity, the height of the contact zone between ingot
and mold was predefined. This assumption may influence the pre-
dicted slope of the pool profile especially near the mold wall.
Modeling the shrinkage of the material and subsequent formation
of the air gap is quite a challenging problem [44,45]. Combined
mechanical and thermal forces which are acting on the solid ingot
must be evaluated.

Due to the high computational cost (one month of parallel com-
puting with 24 cores for each simulation run), no systematical
parameter study is performed in this paper. Although the calcu-
lated solidification pool profile of the ingot agrees with the exper-
imental one, we believe that details of the turbulent flow,
especially in the slag region, are still sensitive to the grid resolu-
tion. It is not possible to obtain a grid convergent result regarding
to the flow field based on the current computation resources. Addi-
tionally, although many other parameters such as materials prop-
erties, boundary conditions, and different option of turbulence
models were determined/chosen with our best knowledge, further
parameter studies on the sensitivity of the modeling results to
those parameters are desirable.

In spite of the model simplifications and assumptions, which
are necessary at the current stage, the proposed model provides
valuable information about the transport phenomena and solidifi-
cation in the ESRR. The insight of the process with multiphysics
nature can be analyzed quantitatively.
5. Summary

Electroslag rapid remelting (ESRR) is a secondary metallurgical
process which is used to manufacture billet ingots at high produc-
tion rate in a cost-effective way. The system includes a graphite
ring which is placed on the wall of a T-mold. The graphite ring is
served to collect the major amount (�90%) of the electric current
that flows through the whole system. Reports on this topic are
scarce. Thus, a model is demanded to get insight into the process.
For this purpose, a multiphysics model considering the computa-
tional efficiency is proposed to investigate the transport phenom-
ena in the ESRR. Calculation of the electromagnetic field
including the electrode, molten slag, graphite ring, ingot and mold
is carried out. The model takes into account the interaction
between the turbulent flow and electromagnetic field in the fluid
region. The thermal field in the molten slag, ingot and mold is com-
puted. Additionally, the solidification of the billet ingot as well as
the formation of solid slag skin layer along the T-mold is included.

Detailed analyses of formation of the slag skin layer and subse-
quently the electric current path in the whole system are pre-
sented. No skin layer forms on the graphite ring where the
current density is very high. In contrast, a thick skin layer is pre-
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dicted along the inclined part of the T-mold where a tiny amount of
current can cross the skin layer. The modeling result is evidenced
by the corresponding industry observations. The global heat trans-
fer is very efficient in the melt. As a consequence, the pool profile of
the ingot tends to become stable and symmetric. Results on the
melt pool profile are validated against the experiment.
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