A General Coupled Mathematical Model of Electromagnetic
Phenomena, Two-Phase Flow, and Heat Transfer in Electroslag
Remelting Process Including Conducting in the Mold
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A transient three-dimensional finite-volume mathematical model has been developed to inves-
tigate the coupled physical fields in the electroslag remelting (ESR) process. Through equations
solved by the electrical potential method, the electric current, electromagnetic force (EMF), and
Joule heating fields are demonstrated. The mold is assumed to be conductive rather than
insulated. The volume of fluid approach is implemented for the two-phase flow. Moreover, the
EMF and Joule heating, which are the source terms of the momentum and energy sources, are
recalculated at each iteration as a function of the phase distribution. The solidification is
modeled by an enthalpy-porosity formulation, in which the mushy zone is treated as a porous
medium with porosity equal to the liquid fraction. An innovative marking method of the metal
pool profile is proposed in the experiment. The effect of the applied current on the ESR process
is understood by the model. Good agreement is obtained between the experiment and calcu-
lation. The electric current flows to the mold lateral wall especially in the slag layer. A large
amount of Joule heating around the metal droplet varies as it falls. The hottest region appears
under the outer radius of the electrode tip, close to the slag/metal interface instead of the
electrode tip. The metal pool becomes deeper with more power. The maximal temperature
increases from 1951 K to 2015 K (1678 °C to 1742 °C), and the maximum metal pool depth

increases from 34.0 to 59.5 mm with the applied current ranging from 1000 to 2000 A.
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I. INTRODUCTION

ELECTROSLAG remelting (ESR) process has been
used widely to produce high-performance alloys dedi-
cated to critical application such as hot work tool steels,
nickel base alloys, the manufacture of components in
aerospace- and land-based turbines, erc.l'! Figure 1
shows a schematic of the ESR process. The passage of
an alternating or direct current from the electrode to the
baseplate creates Joule he\ating in the highly resistive
calcium fluoride-based slag that is sufficient to melt the
electrode. The interaction between the self-induced
magnetic field and the current gives rise to the EMF.
Metal droplets sink through the less dense slag to form a
liquid metal pool in the water-cooled mold. Solidifica-
tion occurs continuously at the metal pool-solid inter-
face, and the metal pool profile is determined by a
dynamic heat and material balance. The structure and
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composition of the remelted ingot are improved by the
controlled solidification and chemical refinement, which
strongly depend on the magnetohydrodynamic (MHD)
flow and heat transfer.””

As shown in Figure 2, the radial electrical resistance
of the slag skin layer is smaller than the vertical
resistance of the metal. The electric current tends to
choose a less resistive way. We have reason to believe
that the electric current would flow to the baseplate
through the mold lateral wall.

A number of fundamental views involving experimen-
tal and numerical studies of the ESR process are presented
in the literature. Choudhary er al.’) measured the velocity
field in a room temperature model of an ESR system. Two
vortexes were observed, and the maximal velocity
increased linearly with the applied current. The thermal
behavior, however, was not included in their experiment.
Dilawari and Szekely developed a two-dimensional
(2D) axisymmetric mathematical model. The EMF, fluid
flow, and heat transfer were studied. The maximum
temperature increased from 2000 K to 2060 K (1727 °C
to 1787 °C) with the current ranging from 36 kA to
45 kA. The solidification was not studied in their work.
Ferng er al. used the numerical simulation to study the
uncoupled physical fields in the ESR unit. The solidifica-
tion was taken into account. The metal pool became
deeper with more power. Weber et al!! established a
coupled 2D axisymmetrical model, which accounts for the
MHD flow, temperature fields, and solidification. The
metal droplet behavior was not found in their work. Li
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et al built a 3D finite-element model of the process. The
electromagnetic and temperature fields were revealed.
The flow, however, was not taken into account. Kharicha
et al.® simulated the electric field in an ESR mold without
the electric insulation hypothesis. They found that the
electric current occurring through the mold could modify
the hydrodynamic.

It is hard to find a comprehensive description of the
ESR process in literature. In order to spread the
application of the ESR, a deeper understanding must
be developed. In the present work, a transient 3D finite-
volume mathematical model has been proposed for
studying the coupled electromagnetic phenomena, two-
phase flow, and temperature distribution in an ESR unit
including the conducting in the mold. Experiments are
conducted to validate the model, and the metal pool
profiles are marked by an innovative method in exper-
iments. The model is employed to investigate the effect
of the applied current on the process.
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Fig. 1-—(Color figure available online) Schematic of electroslag
remelting process.
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Fig. 2—(Color figure available online) Remelted ingot and solidified
slag in the experiment.
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II. EXPERIMENTAL PROCEDURE

Experiments have been carried out using a mold with
an open-air atmosphere as shown in Figure 3. The mold
is made by the copper. The inner diameter, height, and
mold wall thickness are 120, 600, and 65 mm, respec-
tively. The applied current used in experiments varies
between 1000 and 2000 A with a frequency of 50 Hz.
The consumable electrode is the AISI 201 stainless steel
with a 55-mm diameter. In order to mark the metal pool
profile, the electrode is divided into several pieces, and
connected through welding with pieces of high nickel
alloy as shown in Figure 3. The metal pool profiles,
therefore, are marked due to different colors. This
approach is first proposed which can mark the metal
pool profiles very well. The slag composition is com-
posed of the calcium fluoride, 75 mass pct, and the
aluminum oxide, 25 mass pct. The slag cap thickness is
kept at 60 mm. In experiments, the magnetic flux density
is measured by the Gauss Meter WTI0E, and the
temperature is measured every 10 minutes by the dis-
posable W3Re/W25Re thermocouple.>* 11!

III. MATHEMATICAL MODELING

Figure 4(a) displays the mesh model and computation
domain. In order to simplify the calculation, some key
hypotheses are made as follows:!!> !4
(a) The operation is supposed to be steady state. The

perturbation and electrode movement are neglected.

(b) The density of slag and metal is assumed to be
dependent on temperature. Besides, the effect of
temperature on slag electrical conductivity is also
included. Other properties of slag and metal are
assumed to be constant.["”!

(¢) The shape and immersion depth of the electrode
remain unchanged. In order to close the actual, the
electrode shape used in the model is determined by
the experimental photo as shown in Figure 4(b).

A. Electromagnetic Phenomena

An alternating current is used in the ESR process. The
electromagnetic field is described by Maxwell’s equa-
tions:>]

—

~ . 0D

VxH=J+ 1]
. 9B

VXE__E 2]
V-B=0. 3]

Current displacement is much lower than the electric
conduction, which is valid if the electrical conductivity is
not too small.

The constitutive equations for the electromagnetic
field are expressed as follows:
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J=oE. [6]

The electrical potential approach is employed to solve
the governing equations mentioned above.!'” It consists
in simultaneously solving the electrical potential ¢ as
well as the magnetic potential vector A4 equations. The
electrical potential equation is extracted from the
conservation of the electric current:

—

- - A
V-JzOWithJ:—a%—t—aV(p. (7]

On the other hand, the magnetic potential vector is
related to the magnetic field by

B=VxA. 8]

The electromagnetic field can be decomposed into a
time-dependent and a steady component when the
electromagnetic field is harmonic. Numerical studies
on electromagnetically driven flows show that the
alternating current period which controls the variation
period of the electromagnetic field is much shorter than
the momentum response time of the liquid metal if its
frequency is larger than 5 Hz.!"® Therefore, the time-
averaged EMF and Joule heating can be expressed as

i

L L S 7
F.=JxB and Qjoue = < [9]

B. Fluid Flow

The flow is modeled with the continuity equation and
time-averaged Navier—-Stokes equations:

dp

P4 - (pit) =0 10

P49 (o) 10)
J(pit oo o
g)tu)+v'(PﬁXﬁ) = —Vp+ueViii+ Fo+ Fy + Fy,

[11]

where F. is the EMF and F, the buoyancy force, is
determined by the Boussinesq approximation:

Fy = pBE(T — Trer). (12]

The source term ﬁp is employed to gradually block the
velocity to zero in the mushy zone as will be described
below in the next section.!'”!

The movement of the slag and metal in the ESR
process is weakly turbulent, as previously shown by
Jardy et all" The RNG k- turbulence model is used to
calculate the turbulent viscosity. The standard k—¢
turbulence model was developed for flows with a high
Reynolds number, but the RNG k—¢ turbulence model is
able to also capture the behavior of flows with lower
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Reynolds number with an appropriate treatment of the
near-wall region:

0 0 0 Ok
Py (pk) + o (pku;) = a—xjakﬂeffa—xj + Gy

[13]
+ Gy — pe — Ym + Sk

9 e ) — 2 (e 22
(9! p axi ,0 1) 8)(/ Slu’effax/
2

+ clsz(Gk + C3,Gy) — ngp% —R,+S,

[14]

An enhanced wall function is employed with the RNG
k—e turbulence model, in particular, since liquid metal
has a low Prandtl number.

The interface between the metal and slag is tracked
with the geometric reconstruction VOF approach, since
it is a robust, powerful, and extensively applied tech-
nique. An important parameter—the volume fraction of
fluid o«—is solved simultanecously everywhere in the
domain. It requires the addition of the following
conservation equation:

Ou -

8Z+V (aif) = 0. [15]
o is defined as the local fraction of the space
occupied by the component that is tracked. Basically,
when the control volume is empty (no traced fluid),
the value of o is 0. When the cell is full with the fluid
considered, the value of o is 1, and when the
interface between the fluid tracked and another fluid
cuts through the cell, o is a number between 0 and 1.
During the calculation, the fluid volume fraction in
the domain is consistent with the resolution of the
other flow quantities. Furthermore, knowing the «
field in the domain allows locating the slag/metal
interface. A single set of governing equations is
shared by the metal and slag. The local physical
properties in the governing equations are determined
by the local value of o.[172!]

In addition, the surface tension can play an
important role on the motion of metal droplet as
well as on the oscillation of the slag/metal interface.*”
The continuum surface force model is implemented to
consider the surface tension in present work. It
consists in introducing a source term in the momen-
tum equations when o is neither 0 nor 1, i.e., at the
slag/metal interface.!*”

C. Heat Transfer and Solidification

To obtain a precise prediction of the temperature
distribution and solidification in the ESR process, the
energy conservation equation of the enthalpy formula-
tion is employed:

%(pH) + V- (pl_fH) =V- (keffVT) + Ojoule- [16]

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table I. Physical Property, Geometry, and Operating Conditions of the ESR System

Parameter Value
Physical properties of metal
Density (kg/m?) 7500
Liquidus/solidus (K) 1723/1588
Dynamic 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
Electric conductivity (@' m™") 7.14 x 10°
Magnetic permeability (H/m) 1.257 x 107¢
Thermal coefficient of cubical expansion (K~!) 1 x 1073
Physical properties of slag
Density (kg/m®) 2800
Liquidus (K) 1650
Dynamic viscosity (Pa s) 0.0025
Thermal conductivity (W/m K) 10.46
Specific heat (J/kg K) 1255
Electric conductivity (@' m™") Ino = —6769.0/ —6769.0T.T + 8.818
Magnetic permeability (H/m) 1.257 x 1076
Thermal coefficient of cubical expansion (K~') 1 x107*
Geometry
Electrode diameter (m) 0.055
Ingot diameter (m) 0.12
Slag height (m) 0.06
Immersion depth of electrode (m) 0.012
Operating conditions
Current (A) 1000/1300/1800/2000
Melting rate (kg/s) 0.0078/0.0093/0.0132/0.0147
Frequency (Hz) 50
Temperature of cooling water in and out (K) 288/310
Temperature of air (K) 308
Heat transfer at the slag/mold wall (W/m? K) 355
Heat transfer at the metal/mold wall (W/m> K) 310
Heat transfer at the slag/air wall (W/m> K) 188
Emissivity of top surface of slag 0.6
Interfacial tension between slag and metal (N/m) 0.9
The Joule heating, Qjoue, appears as a source term. o (1—-£) oL
The enthalpy of metal and slag is computed as the sum F, = Amush (i — teast)- [19]

of the sensible enthalpy and the latent heat which is
released in the mushy zone:

T
H=h+fiLand h = he + / cpdT. [17]

Ther

A linear relation between temﬁerature and liquid
fraction f; is assumed as follows:** 27}
T-T,

ﬂ:nfn

. (18]

As mentioned above in Eq. [11], the velocity field
must be blocked in the solid phase with the term F,. An
enthalpy-porosity formulation was used. It treats the
mushy zone in the momentum equation as a “pseudo”
porous medium in which the porosity gradually
decreases from 1 to 0 as the metal solidifies:

METALLURGICAL AND MATERIALS TRANSACTIONS B
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In the process, the slag level is moved upward slowly
as the metal pool is filled by the falling metal droplets.
The casting velocity is very small (of the order of
1072 m/s), and therefore it was ignored in Eq. [19].2%

Source terms are also added to the equations of RNG
k—e turbulence model in the mushy and solidified zones:

2 2
oL s =)

—— Amushe-  [20]
7 7 ’

D. Metal Droplets

The metal droplet behavior is very critical to the mass,
momentum, and heat transfer in the process. Electric
current tends to follow the path of least resistance.
Therefore, the electric current density is controlled by
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the slag-to-metal ratio of electrical conductivity if the
electrochemistry is ignored. The effective EMF per unit
of volume that applies to the metal droplet, Fyq, is given
by

= 3

Om — 0s »
Fed

=p TSI B 21
2’120$+amjx [21]

The validity of the above equation is limited to
spherical droplets which is why a correction coefficient,
n, 1s introduced when nonspherical droplets are encoun-
tered. Since the EMF is oriented radially (toward the
center), it generates a pinch effect and forces metal
droplets to move inward and coalesce in the ESR
process.

The heat would be transferred from the slag to the
metal pool by metal droplets. As a result, the temper-
ature of metal droplets increases significantly during the
falling process.

E. Boundary Conditions

1. Electromagnetism

A zero potential is imposed at the inlet. A potential
gradient is applied at the outlet. A radial distribution of
the current density is considered to account for the skin
effect;13032

Irm R_Rmax

@:_Mj: _Pem [22]
0z omTR2 \ tom™/H

The mold lateral walls are described as follows:

Model excluding conducting in the mold : (Z)_(;]j =0 [23]

Model excluding conducting in the mold : g—f = Virop,
24]

where the voltage drop is measured in the experiment.

The magnetic flux density is supposed to be contin-
uous at the inlet and outlet, and negligibly small at the
mold lateral wall:["®

0A.

Inlet and outlet : 4, = 4, = e

=0 25

Wall: A, = A, = 4. = 0. 26]

2. Fluid flow

The melt rates with different applied currents are
obtained from experiments and imposed at the inlet. The
outflow is applied on the outlet. Besides, a no-slip
condition is applied on the wall where the slag and metal
are in contact with the mold. At the top surface of slag,
a zero shear stress is employed to model this free surface.
As the foregoing, the enhanced wall function is used due
to the low Prandtl number.”’
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3. Heat transfer

The temperature of the metal at inlet is given by a
parabolic profile, with an approximate 30 K superheat
and a peripheral boundary temperature close to the
metal liquidus, in order to take the melting process into
account in a simplified way.

The top surface of slag is supposed to exchange heat
with the surrounding air by natural convection as well as
thermal radiation.

The heat loss to the mold lateral wall is expressed by a
Robin condition. The heat transfer coefficient depends
on many factors. For instance, an air gap appears at the
metal/mold wall which diminishes the heat loss due to
the shrinkage. Natural convection and thermal radiation
are presented in the air gap simultaneously. Because
estimating the heat transfer coefficient can be quite

S vezi0Ze

it

KR, \"e:.‘mg Ny 4
(b) 1300 A

(d) 2000 A

(c) 1800 A

Fig. 5—(Color figure available online) Metal pool profiles and mac-
rostructure at the longitudinal section of the remelted ingot.
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complicated, an equivalent heat transfer coefficient of
the slag/mold wall and metal/mold wall is deduced from
experiments and literatures. The detailed physical prop-
erties, geometry, and operating conditions are listed in
Table [ 12425.3334]

IV. SOLUTION METHOD

The governing equations have been discretized based
on the finite-volume method. The commercial software
FLUENT is employed to solve equations. The electro-
magnetic phenomena are described by the MHD mod-
ule of FLUENT as well as user-defined functions.
Governing equations for the electromagnetic phenom-
ena, two-phase flow, heat transfer, and phase change are
solved simultaneously, with an iterative procedure. The
EMF and Joule heating are updated at each iteration as
a function of the phase distribution and incorporated
into the momentum and energy equation as a source
terms, as described previously. Before advancing to the
next time step, the iterative procedure was continued
until all normalized unscaled residuals are less than
10-%. A mesh independence study was performed. Three
meshes were considered, respectively, with 260,000,
580,000, and 830,000 control volumes. The deviation

j/Poinw

i Slag

0.25 = Point4

Point1 @

Point6 @
0.2 Point7 @
E
N
0.15
0.1

-0.05 0 0.05
X (m)

Fig. 6—Schematic of the monitor point and the line.
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of the numerical results between the first and second
mesh is about 12 pct, while the deviation between the
second and the third mesh is approximately 5 pct.
Therefore, considering the large computational times
involved, the second mesh was retained for the rest of
this paper

V. RESULTS AND DISCUSSION
A. Validation of the Mathematical Model

Figure 5 shows the macrostructure of the remelted
ingots with four applied currents. The remelted ingots
are sectioned longitudinally and then etched with aqua
regia. The solidification structure at the bottom grows
downward and laterally at the upside, because the
direction of the solidification structure is determined by
the heat flux. In the initial stage of the process, the heat
is dissipated mainly through the baseplate. However, the
longitudinal thermal resistance becomes bigger with the
growing of the remelted ingot, and the heat is extracted
mostly by the lateral wall (Figure 6).
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Fig. 7—(a) Comparison of the experimental and calculated metal
pool profiles with different applied currents and (b) comparison of
the experimental and calculated temperature, the experimental tem-
perature is obtained from point 3, point 4, point 5, and point 7, and
the calculated temperature is obtained from line 1.
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Fig. 8—Electric current field and Joule heating distribution with different applied currents at 5000 s.

Due to the high nickel alloy, the metal pool profiles
are marked clearly. The metal pool depth is approxi-
mately 33, 42, 45, and 60 mm for an applied current of
1000, 1300, 1800, and 2000 A, respectively. A shallow
U-shaped metal pool is observed with an 1000 A applied
current. The metal pool becomes deeper with the
increasing applied current. The shallow U-shaped pro-
file turns to the deep V-shaped profile gradually. When
the applied current is 2000 A, the deep U-shaped metal
pool is found. Figures 7(a) and (b) display the compar-
ison of the temperature and metal pool profiles between
the experimental measurements and numerical results.
The deviation between the measured and calculated
results is less than 5 pct. A reasonable agreement is
obtained, which indicates the reliability of the model.

B. Electromagnetic and Joule Heating Fields

Figure 8 displays the current density field (isometric
vector) and the Joule heating density distribution with

2432—VOLUME 45B, DECEMBER 2014

four applied currents at 5000 seconds. Figure 9 presents
the EMF field and the phase distribution at 5000 sec-
onds. The electric current tends to go first through the
metal which owns a higher electrical conductivity. The
current density vector near the lateral wall is oblique
rather than vertical, because a part of the electric current
passes through the mold, especially in the slag layer, and
this portion increases when more current is applied. The
current density vector becomes more oblique with the
applied current of 2000 A than that with an 1000 A
applied current. The comparison of the current density
at the lateral wall is presented in Figure 12. Addition-
ally, the skin effect cannot be observed, because the skin
effect depth is approximately 85 mm larger than the
mold radius. Due to the electrical conductivity differ-
ence, the path of the electric current is distorted at the
slag/metal interface, which gives rise to a discontinuous
EMF. This force, however, is too small to affect the
interface movement significantly. It can be inferred that
the entrapped slag phenomenon cannot be observed in
the ESR furnace.

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 9—Electromagnetic force field and phase distribution with different applied currents at 5000 s, the maximum electromagnetic force is

365 N/m?>.

The Joule heating is mainly generated by the slag.
Besides, the Joule heating density is proportional to the
current density while inversely proportional to the elec-
trical conductivity. The distribution of the Joule heating
density, therefore, is similar to that of the current density.
As observed in Figures 8(c) and (d), lots of Joule heating
occurs around the metal droplet due to the big current
density, and the distribution of Joule effect always varies
with the falling metal droplet. The maximal Joule heating
density increases with a larger applied current as illus-
trated in Figure 12. In addition, the minimal Joule
heating density is located in the outer side of the top
and bottom of the slag layer. When there is more power,
the Joule heating density at the outer side of the top of the
slag increases, while that at the bottom of the slag
decreases. The phenomenon is not observed in previous
works in which the mold is assumed to be insulated.”-*"
The electric currents in the mold and the metal droplet
make a strong effect on the ESR process, which should be
included in the model. Moreover, an appropriate applied
current should be chosen for the process in practice.
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The inward EMF generates a pinch effect on the slag
as observed in previous works.®***” Duye to the falling
of the metal droplet, the electric current as well as EMF
changes significantly. It can be seen that the EMF
around the metal droplet tends to block its motion. In
previous works, the maximum EMF is found at the top
of the slag near the outer radius of the electrode, because
the metal droplet is not considered. Here, large EMF
also appears around the droplet which affects the
residence time of the droplet in the slag.

C. Temperature Distribution

Figure 10 demonstrates the temperature distribution
with four applied currents at 5000 seconds. It should be
noted that the temperature field due to the combined
effect of the Joule heating and flow is different from the
one coming from the Joule heating alone. A large
amount of the Joule heating is carried out to the metal
pool due to the falling of the metal droplet which heats
the nearby slag. The hotter region is located in the
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Fig. 10—Temperature distribution with different applied currents at 5000 s.

midradius of the slag if we observe the right side of the
figure. Due to the flow, the upper part of the slag at the
outer side also owns a higher temperature, while a lower
heat generation is observed at the same location. An
instability of Rayleigh—Bénard type arises because of the
characteristics of the temperature distribution in the
slag, i.e., the slag closer to the electrode is colder than
the slag underneath this zone.l”! Besides, the colder slag
near the lateral wall owns a big temperature gradient
due to the strong cooling. With the increasing applied
current, the slag layer becomes hotter, and the maximal
temperature increases from 1951 K to 2015 K (1678 °C
to 1742 °C) as shown in Figure 13.

On the other hand, the shapes of the isotherms in the
metal are also affected by the applied current. The
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isotherms shapes in the metal are all parabolic in four
cases. However, the curvatures of the parabolic iso-
therms become larger when the applied current in-
creases. The heat in the metal pool dissipates rapidly
with the applied current of 1000 A. A shallow U-shaped
isotherm is obtained. The isotherms gradually become
steep V shapes, because the current increases and the
cooling remains unchanged.

D. Velocity Field and Solidification

Figure 11 shows the velocity field and the solidifica-
tion with four applied currents at 5000 seconds. Two
pairs of vortex are noticed in the slag. As observed the
right side of the figure, the heat extracted by the cooling
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Fig. 11—Velocity field and solidification with different applied currents at 5000 s, the maximum velocity is 0.07 m/s.

water results in a descending movement of the slag at the
lateral wall due to buoyancy, driving a stable clockwise
circulation. At the center of the slag, a counterclockwise
circulation is caused by the EMF and falling metal
droplets. It can be deduced that the flow in the center of
the slag is controlled by the EMF and falling metal
droplets, and the buoyancy dominate the flow closer to
the lateral wall. It is a typical flow pattern in small
laboratory scale ESR units. With more current is
applied, the flow in the middle of the slag becomes
stronger, while slower near the lateral wall. Figure 12
reveals the evolution of the maximum turbulent kinetic
energy with the applied currents.

The flow in the metal pool is different from that in the
slag. It is controlled mainly by the interfacial and
buoyancy forces rather than the EMF, because the EMF
is small in the metal pool. Two weak vortexes are shown
in the metal pool. The flow in the vicinity of solidifica-
tion front is hindered. The maximal velocity in the slag
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is around 0.07 m/s, and the velocity in metal pool is
much smaller (Figure 13).

The slag/metal interface behavior is crucial to the heat
and momentum transfer between the slag and metal
pool. The interface oscillates due to falling metal
droplets as shown in Figure 14(a). The heat and
momentum are carried out to the metal pool by metal
droplets. Figure 14(b) indicates the variation of the
turbulent kinetic energy with time at point 1. The
turbulent kinetic energy increases rapidly when the
metal droplet goes through the point. Due to bigger
metal droplets, the turbulent kinetic energy at point 1
increases with more power.

Figure 15(a) represents the deformation of the slag/
metal interface at different applied currents, and Fig-
ure 15(b) shows the evolution of the turbulent kinetic
energy with time at point 6. The interface owns a bigger
deformation with a larger applied current. The ampli-
tude of the oscillation of the turbulent kinetic energy
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Fig. 13—Comparison of the maximum temperature, maximal metal pool depth, equivalent diameter of the metal droplet, and melt rate with dif-

ferent applied currents at 5000 s.

becomes more important, and the mean value also
increases. The heat and momentum between the slag
and metal pool are transferred fully when more current
is applied. Figure 16 shows the varying of the turbulent
kinetic energy and the temperature with time at point 2.
The turbulent kinetic energy as well as the temperature
in the metal pool also fluctuates due to the falling metal
droplet. The turbulent kinetic energy and temperature
increase with bigger applied current. It can be inferred
that the metal in the pool becomes hotter and flows
more intense with the increasing applied current.

We pay attention to the metal pool profiles as
shown in Figure 11. The shapes of the metal pool
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profiles are similar to that of the isotherms. A shallow
U-shaped metal pool is formed with an 1000 A
applied current. When the applied current increases
to 1300 and 1800 A, the metal pool becomes the deep
V-shaped due to more heat and momentum. With the
applied current of 2000 A, the deep V-shaped metal
pool is broadened to deep U-shaped metal pool. The
maximal metal pool depth increases from 34.0 to
59.5 mm with the applied current ranging from 1000
to 2000 A. The defect such as macrosegregation and
gas hole would appear with a deeper metal pool.
Moreover, the deeper metal pool goes against the
axial crystallization. Therefore, the applied current of
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Fig. 14—(a) Falling metal droplet, slag/metal interface, and velocity field and (b) evolution of the turbulent kinetic energy with time at point 1
with different applied currents.

the ESR process should be designed carefully for a The experiment is performed, and a reasonable agree-
shallow U-shaped metal pool. ment between the experimental observations and numer-
ical results is obtained. The effect of applied current on
the ESR process is clarified by the model. It is the first
investigation of the coupled physical fields in the ESR

VI. CONCLUSIONS process by a 3D model.

A transient 3D finite-volume mathematical model has The principal findings are summarized as follows:

been developed to investigate the coupled electromag- 1. A part of the electric current in the slag passes
netic, flow, temperature fields, and solidification in the through the mold, and this portion increases when
ESR furnace considering the conducting in the mold. more current is applied.
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. Joule heating and large EMF appear around the
metal droplet, and the Joule effect and EMF change
as they fall. The EMF tends to block the movement
of the metal droplet.

. The minimum Joule heating density is located in the
outer side of the top and bottom of the slag. With the
increasing current, the Joule heating density at the
outer side of the top slag increases, while that at the
bottom of the slag decreases.

. The hotter region is found under the outer side of the
electrode. The upper part of the slag at the outer side
owns a higher temperature, while a lower heat gen-
eration is observed at the same location. The
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isotherms in the metal are parabolic, and the curva-
ture increases with a larger current.

. The heat extracted by the cooling water results in a

descending movement of the slag at the lateral wall
due to buoyancy, driving a stable clockwise circula-
tion. At the center of the slag, a counterclockwise
circulation is caused by the EMF and falling metal
droplets. The flow in the middle of the slag becomes
stronger and slower closer to the lateral wall when
more current is applied.

. The shapes of the metal pool profiles are similar to

that of the isotherms. The shallow U-shaped metal
pool changes to the deep V-shaped metal pool with
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the increasing current. The maximal metal pool depth
increases from 34.0 to 59.5 mm with the current
ranging from 1000 to 2000 A.
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Fig. 16—(a) Variation of the turbulent kinetic energy with time at point 2 with different applied currents and (b) variation of the temperature
with time at point 2 with different applied currents.

NOMENCLATURE

Magnetic potential vector [(V s)/m]
Mushy zone constant

Magnetic flux density (T)

Heat capacity [J/(kg K)]

1.42

1.68

0.09

Electric flux density (C/m?)
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Electric field intensity (N/C)

Electric current frequency (Hz)

Liquid fraction

Buoyancy force (N/m?)

Electromagnetic force (N/m?)

Effective electromagnetic force (N/m?)
Pressure drop (m/s)

Gravitational acceleration (m?/s)

Generation of turbulence kinetic energy due to
the mean velocity gradients (Pa s)
Generation of turbulence kinetic energy due to
buoyancy (Pa s)

Sensible enthalpy (J/kg)

Magnetic field intensity (A/m)

Enthalpy (J/kg)

Root mean square current (A)

Current density (A/m?)

Turbulent kinetic energy (m?/s%)

Effective thermal conductivity [W/(m K)]
Latent heat (J/kg)

Pressure (Pa)

Joule heating (W)

Radius (m)

Radius of the mold (m)

Additional term of dissipation rate of turbulent
kinetic energy (m?/s®)

Source term of solidification in the turbulent
kinetic energy equation (m?/s®)

Source term of solidification in the dissipation
rate of turbulent kinetic energy equation
(m?/s’)

Time (s)

Temperature (K)

Reference temperature (K)

Solidus temperature (K)

Liquidus temperature (K)

Velocity (m/s)

Casting velocity (m/s)

Voltage drop of the lateral wall (V)
Contribution of the fluctuating dilatation to
the overall dissipation rate (m?/s’)

GREEK SYMBOLS

Volume fraction of fluid

Inverse effective Prandtl number for turbulent
kinetic energy

Inverse effective Prandtl number for dissipation
rate of turbulent kinetic energy

Thermal expansion coefficient (1/K)
Electromagnetic skin thickness (m)
Dissipation rate of turbulent kinetic energy
(m?*/s%)

Correction coefficient

Magnetic permeability (F/m)

Vacuum permittivity of metal (F/m)

Effective viscosity (Pa s)

Density (kg/m?)

Electric resistance of metal (2 m)

Electrical conductivity [1/(Q m)]

2440—VOLUME 45B, DECEMBER 2014

Om
Os

¢

10.

11.

12.

18.

19.

20.
21.

22.

23.
24.

25.

30.

31.

Electrical conductivity of the metal [1/(Q m)]
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