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Abstract: In order to reduce the air gap between ingot and
mould in the electroslag remelting withdrawal (ESRW) pro-
cess, the taper of the mould should be consistent with the
ingot shrinkage. A three-dimensional mathematical model
was developed to describe the interaction of multiple-
physical fields (Joule heat, electromagnetic field, velocity
field, and temperature field) and ingot shrinkage during
the ESRW process. The variations of material thermal and
mechanical properties, as well as the yield function with
temperature, were considered. The shrinkage behavior of
9Cr3Mo roller in the ESRW process was simulated using
the sequential coupling method. A good agreement be-
tween the calculated value and the measured value was ob-
tained in the temperature field and stress field. Numerical
results showed that maximum values of current density,
Joule heat, and electromagnetic force were at the electrode
corner of the slag bath. The direction of the magnetic flux
density was tangential to the slag bath and had a clockwise
rotation. There were two pairs of vortices and two high tem-
perature zones in the slag bath. The shrinkage displace-
ment was obtained through thermal-stress analysis. As
the distance from the mould outlet decreases, the shrink-
age displacement of ingot increases. As for the electroslag
remelting withdrawal process for 9Cr3Mo roller, the varia-
tion of the shrinkage displacement from the slag/metal in-
terface to the mould outlet was 0.0028 m. The maximum
shrinkage displacement is at the mould outlet, and the
value was 0.0089 m.
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1 Introduction

Electroslag remelting (ESR) products are characterized by
compact structure, uniform composition and superior pu-
rity. The products are widely used in the aerospace, chem-
ical, and energy industries, as well as for military and
other applications [1]. Compared with the traditional ESR,
the electroslag remelting withdrawal (ESRW) process has
many advantages, such as increased productivity, yield,
and decreased cost. Because of the large temperature gra-
dient in the ESR process, there is an air gap between the
ingot and the mould, which affects heat transfer of the in-
got in the mould. In order to reduce the air gap, an inverted
taper should be used [2]. If the mould taper is not suitable,
the process would not proceed efficiently. If the inverted
taper is too small, the heat transfer of the ingot will slow
down, and if the taper is too large, the ingot will be difficult
to demould. Leakage of molten steel and slag can also oc-
cur in serious cases when the taper is large [3]. The hydro-
static pressure of liquid steel acts vertically on the slag film
during the ESRW process. Under normal circumstances, a
slag film with molten steel wrapped inside is close to the in-
ner wall of the mould, and the slag film will not be broken
due to the internal support of the mould. However, if the ta-
per is not reasonable, the air gap between the ingot and the
mould will become larger under the action of ingot shrink-
age. When the air gap extends upward to initial solidifica-
tion shell near the slag-steel interface, the slag film will be
crushed under the action of hydrostatic pressure of liquid
steel, resulting in the leakage of steel and slag. Thus, the
optimum design of the mould taper should be consistent
with the volume change during ingot shrinkage. Therefore,
it is important to study ingot shrinkage to develop ways
to optimize the taper and minimize the leakage of molten
steel and slag. As the requirement on product quality be-
comes more and stringent steadily, more detailed and pre-
cise approaches to the production technology should be
adopted.

The temperature field is the basis of study for ingot
shrinkage in the ESRW process. It is not possible to observe
the melting and solidification process at the scene. A re-
peated trial and error method is very inefficient and expen-
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sive, so it is not suitable for system studies in ESR [4]. The
numerical simulation method is a more effective method
for studying the temperature field. In order to obtain an
accurate temperature field, it is necessary to study Joule
heat, the electromagnetic field, and the velocity field in
the ESRW process. Many scholars have studied various
mathematical models using the traditional ESR process. A.
Kharicha et al. [5] and E.Karimi Sibaki et al. [6] described
the effect of current variation in the ESR process, but their
model is a two-dimensional (2D) numerical model, so the
accuracies of the simulation results were constrained. Li et
al. [7] built a three-dimensional (3D) finite element model,
considering the skin effect of alternating current (AC), but
only the electromagnetic field and Joule heat were simu-
lated and analyzed. In order to make the results more real-
istic, some scholars [8-12] considered the effect of droplet
dripping in the ESR process. However, the study of the in-
got shrinkage and mould taper design based on 3D multi-
physics field distribution is rarely reported in the ESR pro-
cess.

The numerical simulation of the ingot shrinkage in a
2D continuous casting mould has become mature, but no
one has studied the 3D numerical model of ingot shrinkage
in the ESRW process. Thomas et al. [13] developed a CON2D
finite element model, using the elastic-viscoplastic creep
constitutive equation to calculate the stress field both in-
side and outside of ingot in continuous casting mould. Ko-
ric [14] calculated the temperature field and stress field of
the billet using two different elastomeric constitutive mod-
els. Some scholars [15, 16] studied the solidification shrink-
age of molten steel in moulds. Cai et al. [17, 18] established
atransient model of solidification heat transfer and elastic-
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1. Electrode; 2. Mould; 3. Slagbath; 4. Metalmoltebath;
5. Slag skin; 6. Ingot; 7. Molten drops: 8. Air gap;
9. Wire; 10. Transformer

Figure 1: Principle diagram of ESRW process
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plastic stress for 2D molten steel using the ANSYSTM soft-
ware, and the deformation of steel was simulated by the
indirect coupling method.

In our research, we developed a three-dimensional
numerical model for multiple-physical fields (Joule heat,
electromagnetic field, velocity field, and temperature field)
and ingot shrinkage in the ESRW process for 9Cr3Mo roller.
The multiple-physical fields and ingot shrinkage in the
ESRW process were calculated using ANSYS finite-element
analysis (FEA) software and computational fluid dynamics
(CFD) software, including the consideration of the effect of
metal droplets on the process. The ingot shrinkage rule in
the mould of the ESRW process was analyzed by shrinkage
displacement of ingot, which provides a theoretical basis
for solving the problem of leakage of molten steel and slag.

2 Numerical Model

2.1 Geometric model

In our research, the electroslag remelting withdrawal pro-
cess of 9Cr3Mo roller steel was simulated. The slag com-
position used in the ESRW process is 60% CaF,, 20%
Ca0, and 20% Al,03. The diagram of the ESRW process
is shown in Figure 1. The process includes a consumable
electrode, a slag bath, a liquid metal pool, a solidified in-
got, and a mould. In order to simplify the calculations, the
geometric model is simplified and the grid model is shown
in Figure 2. The geometrical properties, specific process pa-

Electrode
Slag bath
/ Ingot of outside
Ingot of inside the mould
the mould

/

Figure 2: Grid model of the calculation domain
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Table 1: Geometrical properties, operating conditions, physical properties of the ESRW system

Parameter Value
Geometry
Electrode (diameter / height), m 0.48/0.5
Electrode immersed depth, m 0.01
Ingot diameter, m 0.6
Ingot inside mould height, m 0.37
Ingot outside mould height, m 1
Slag (diameter / height), m 0.6/0.18
Operating conditions
Current amplitude, A 16500
Frequency, Hz 50
Physical properties of metal
Density, kg-m™ 7800
Specific heat, J-kg™1-K™! 753
Thermal conductivity, W-m~1.K™! 781K 1344 K 1572 K 1673 K 1723 K
24.18 29 31.18 31.81 30.51
Electric conductivity, Q7 1-m~! 7.14x10°
Latent heat of fusion, KJ-Kg™! 267.1
Liquidus / solidus, K 1564/1727
Magnetic permeability, H-m™! 1.26x107°
Elasticity modulus, GPa 573K 873K 1423 K 1679 K 1732K
209 178.6 71.32 2.8 2.4
Coefficient of linear expansion 576 K 986 K 1191 K 1421 K 1667 K
1.3x107° 1.4x107° 1.1x107° 1.3x107° 1.5x107°
Poisson ratio 576 K 1911 K 1625 K 1653 K 1676 K
0.2759 0.2759 0.2868 0.2998 0.3199
Yield stress, GPa 523K 1173K 1423 K 1639 K 1679 K
0.019 0.018 0.007 0.003 0.0003
Physical properties of slag
Density, kg-m~ 2594
Specific heat, J-kg™1-K™! 837
Thermal conductivity, W-m™1.K? 10.46
Liquidus, K 1668
Thermal expansion coefficient, K* 1x107%
Magnetic permeability, H-m™! 1.26x10°6
Viscosity, Pa-s~! 1623 K 1673 K 1723 K 1773 K 1823 K
0.0369 0.0225 0.0202 0.018 0.0178
Electric conductivity, @ 1-m™? 1723 K 1773 K 1823 K 1973 K
166.4 200.9 240 275
rameters, and physical parameters of materials are shown (1) The ESRW process is a quasi-steady state.
in Table 1. (2) The slag/metal interface of the ESRW is horizontal.

(3) The thermal physical properties of the slag and ingot
are related only to temperature.
2.2 Basic assumptions (4) The heat of the molten droplets is generated by the
internal heat source.
In order to make the simulation more accurate and effi-
cient, the following assumptions were made:
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(5) Neglecting the influence of creep, the thermal stress
analysis of the steel ingot is carried out by using the
thermo-elastic-plastic model.

(6) The high temperature mechanical properties of the
ingot are related only to temperature.

2.3 Governing equation

2.3.1 Equations for the electromagnetic field

The current density distribution is calculated using Am-

pere’s law, where the current displacement is ignored:

VxH=] 4]
V:B=0 2
V-J=0 3)
B =uqH (4)

The current density is determined by Ohm’s law:
J=0oE (5)

The potential distribution equation is:

V- (0V¢r) =0 (6)

The Lorentz force and Joule heating therefore are de-
scribed: N,

Q = 7 (7)

F=]xB=puq xH 8

where H is the magnetic field intensity; J is the current den-
sity; B is the magnetic flux density; y, is the magnetic per-

meability of free space; o is the electrical conductivity; E
is the electric field intensity; ¢ is the potential; Q is the
Joule heating; F is the Lorentz force.

2.3.2 Fluid-flow equations

The continuity equation and the Navier-Stokes equations

can describe the flow phenomena in the slag pool as fol-

lows:
V-v=0 9)

Pr(V-V)V==-VP+V: (Ueg-VV) +F (10)
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The effective viscosity is the sum of molecular viscosity
and turbulent viscosity, then:

e = M+ Mt (1n

The turbulent viscosity can be calculated, by the following
K — € equations:
Turbulent kinetic energy « satisfies the equation:

9 (xvj) _ 9 (Heﬁﬂ

aX]' 0xX; O¢ an (12)

‘ax,- >+G—p£

Turbulent dissipation rate ¢ satisfies the equations:

o(ev)) _ o (VEﬁE

ox; oxj \ 0oc 0x;

) + % (C1G - Cope)  (13)

an
+ —_
aXi
The relation of turbulent viscosity y; to k, € can be de-
scribed as:

ov; (av,- (14)

= Hiox \ox

2

Ut =PhCuK; (15)

where pj, is the density of molten; v is the velocity vector;
P is the pressure; .z is the effective viscosity of molten-
metal; F is the body force; y; is the turbulent viscosity; Cy,
C, are constant in the k¥ — € model; G is the generation
term for turbulent kinetic energy; ox, o are the Prandtl
Numeral for the equation of k and €; Cj, is the dissipation
rate constant. The model constants were assigned the val-
ues proposed by Launder and Spading [19].

2.3.3 Heat transfer equations

The heat transfer equation for the slag bath as follows:

pth (V'VT)=V'keﬁrVT+Q (16)

Because the flow phenomenon of a metal molten bath
is very complex, heat transfer of the bath can be simpli-
fied as conduction heat transfer, and the heat-transfer phe-
nomenon can be described by an effective heat-transfer co-
efficient. The heat-conduction equation can be described
as:

2 2 2
pdCPdVZ% =Aq (% + 37; + %) +qq  (17)

Where Cp is the heat capacity at a constant pressure; kg is
the effective thermal conductivity of the slag pool; Q is the
joule heat generated by the current; A, is the coefficient of
thermal conductivity; v is the drawing speed; d stands for
different regions, and d = I, m, s, where [ is the metallic
bath, m is the mushy zone, and s is the solidified ingot.
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2.3.4 The thermo-elastic-plastic constitutive equations

The plastic processing is quite complicated in the thermo-
elastic-plastic model. When the ingot enters the plastic
state, there is no one-to-one correspondence between
stress and strain. Strain not only depends on the current
stress state, but it also depends on the entire loading his-
tory. It is impossible to establish the full relationship be-
tween the final stress and the strain, so the incremental
theory must be used to establish the incremental relation-
ship between stress and strain that is reflected in the load-
ing history [20].

Considering the influence of temperature and strain
rate, the total strain increment from the elastic-plastic the-
ory is

{de} = {dee + dep + deg} (18)

Where € is the total strain; €. is the elastic strain; €y is the
plastic strain; €y is the thermal strain.

The elastic strain obeys Hook’s law. Considering the
changes in the material parameters with temperature and
strain rate, the incremental form is

o[Dc] "
00

{dee} = [De] t {do} + {0} de (19)

-1
. a[D‘{]
0&
According to the plastic flow rule of correlation, the
plastic strain increment is

{0} dé

oF
(dep} - d/\{%} (20)

The thermal strain increment is
{deg} = {a} db 21

Similarly, the yield function F should also consider the
effects of temperature, strain rate, and the work hardening
parameter K. The mathematical expression is

F=F{o},K, 0,8 (22)

2.4 Calculation method and boundary
conditions

2.4.1 Calculation method

Based on the size of the electroslag furnace, a three-
dimensional (3D) geometric model was developed. The fi-
nite element mesh is divided by the mapping principle. Ac-
cording to the mathematical model and the process param-
eter table, the boundary conditions and initial conditions
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are applied to the whole system. The current density and
Joule heat distribution of the whole system are calculated
by thermoelectric coupling analysis unit (solid 69). The cal-
culation results for the current density are introduced into
the electromagnetic analysis unit (solid 97) to calculate the
magnetic flux density and the electromagnetic force distri-
bution of the whole system. Finally, the Joule heat is taken
as the heat source and the electromagnetic force is taken
as the driving force into the ANSYS CFX program. Using
the CFX fluid-solid conjugate heat transfer module and the
standard k-e model, the velocity field and the temperature
field are calculated. In the calculation of the stress anal-
ysis, the simulated ingot temperature field results are in-
troduced into the thermal stress analysis unit. The ingot is
subjected to thermal stress analysis. The flow chart of the
calculation method is shown in Figure 3.

Initial and boundary
conditions

—

Compute current
density

Convergence
criterion satisfied?

v Compute stress field
Compute Joule JMpule Sess e

heat

Output temperature
field

Convergence
criterion satisfied?

Convergence
riterion satisfied?

Compute electromagnetic
force and magnetic flux
density

.| Compute velocity field
" and temperature field

Figure 3: The flow chart of the calculation method

2.4.2 Electromagnetism and fluid flow

A consumable electrode is introduced into the current, and
the bottom of the ingot is defined as zero potential. The
magnetic induction intensity of the ESRW system is re-
strained. The slag/electrode interface, the slag bath side
wall, and the slag/metal interface have no-slip boundary
conditions. The slag /air interface has a free slip boundary
condition.
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2.4.3 Heat transfer and thermal stress

The consumable electrode is immersed in the slag bath
as the liquidus temperature of the electrode. Radiation
heat transfer and convective heat transfer between the slag
bath and the air are simplified to the effective thermal con-
ductivity.

The heat transfer between the slag pool and the mould
conformed to the following equation:

qcon = hcon (T = Tw) (23)

The heat transfer of the ingot surface in the mould con-
formed to the following equation:

oT
ox

The heat transfer of the outside ingot surface of the
mould conformed to the following equation:

oT
ke@ = hoc (T— Tc)

The thermal conductivity of the outside ingot surface
of the mould is divided into two parts, convective heat con-
duction and radiant heat conduction:

ke = hcav (T - TW) (24)

(25)

hoc = hoca + hocb (26)

Where hcon is the thermal conductivity between the slag
bath and the mould; ke is the thermal conductivity of the
ingot; hcov is the comprehensive thermal conductivity be-
tween the ingot side and the mould.

The heat-transfer boundary conditions used in the
model are as follows. The heat transfer coefficient be-
tween the air and the electrode was 25.1 W-m !-K™1. The
heat transfer coefficient between the air and slag was 985
W-m 1.K~!. The heat transfer coefficient at the side of
the slag bath was 1352 W-m™!-K~. With increasing dis-
tance between the slag/metal interface and the outlet of
the mould, the heat transfer coefficient of ingot sides de-
creased linearly from 271 to 8 W-m™!-K™1. The ingot sides
outside the mould was 6 W-m™-K~! [21]. The metal mate-
rial obeyed the Von Mises yield criterion, and the ingot sur-
face was a free surface.

3 Simulation results analysis and
validation

3.1 Electromagnetic field and Joule heat

Figure 4 shows the potential distribution of the longitu-
dinal section in the ESRW. Because the slag bath is the
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largest resistance, most of the voltage-drop occurs in the
slag bath. The electrode immersed in the slag bath has the
largest potential gradient. The potential of the slag/metal
interface approached zero.

Uursv

0

5.77778
11.5556
17.3333
L1111
28.8889
34,6667
40.4444
46.2222

]

BECOROCNN

Figure 4: The potential distribution of longitudinal section of the
ESRW

Figure 5 shows the current density distribution of the
longitudinal section in the ESRW. The current flows into
the electrode and flows out of the ingot from top to bottom.
The current density distribution in the electrode and ingot
area is more regular. Because the electrical conductivity of
the slag bath is much less than for the electrode and ingots,
the current density changes rapidly in the slag bath. When
the current flows into the slag bath, it is redistributed. The
current density of the electrode corner in the slag bath has
the highest value of 378078 A-m™2. Figure 5 also verifies the
distribution of the potential in the slag pool. Therefore, the
electrode corner is the main heating zone for the electrode
melting in the slag bath.

Figure 6 shows the Joule heat distribution in the slag
bath. The Joule heating depends on the distribution of the
current density and the electrical conductivity of the mate-
rials, so the Joule heating of the electrode and the ingot are
smaller than the Joule heating of the slag bath. Because of
the maximum current density near the electrode corner in
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Figure 5: The current density distribution of longitudinal section of
the ESRW
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Figure 6: The Joule heat distribution in the slag bath
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Figure 7: The magnetic flux density distribution of cross section in
the slag bath

DE GRUYTER

F/N

.199E-05
.150E-03
.298E-03
.445E-03
.593E-03
.741E-03
.889E-03
.001037

.001185

.001332

ANOCRETEN

Figure 8: The electromagnetic force distribution in (a) the cross-
section and (b) the longitudinal section of the slag bath

the slag bath, the Joule heat of the electrode corner in the
slag bath has the highest value of 0.596x108 W-m™3.
Figure 7 shows the magnetic flux density distribution
of cross section in the slag bath. The direction of the mag-
netic flux density is tangential to the slag bath and has a
clockwise rotation. Its direction and the direction of the
current density correspond to the right-hand rule. The mag-
netic flux density is the smallest at the center of the slag
bath, where the value is 0.52x107* T. It is noted that the
magnetic flux density increases from the center to the pe-
riphery in the slag bath. The maximum value is 0.013 T.
Figure 8 shows the electromagnetic force distribution
in the cross-section and the longitudinal section of the
slag bath in the ESRW system. Figure 8 (a) shows that
the electromagnetic force points to the center of the slag
bath. Figure 8 (b) shows that the electromagnetic force
is tangential direction to the current density and follows
the left-hand rule for the direction of the current density
and the direction of the magnetic flux density. The electro-
magnetic force is divided into two components in the ax-
ial and radial directions near the electrode corner of the
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slag pool. The electromagnetic force becomes smaller and
smaller in the radial direction, reaching a minimum value
of 0.199x10™ N. The maximum value near the electrode
corner is 0.001 N.

3.2 Velocity field

Figure 9 shows the velocity distribution of the longitudinal
section of the slag bath in the ESRW system. There are two
pairs of vortices, a pair of large ones at the center of the slag
bath under the electrode and another pair of small ones
near the electrode corner. The large vortices have a counter-
clockwise rotation due to the influence of the Lorentz force
and the metal droplets dripping traction. The small vor-
tices have a clockwise rotation due to the effects of buoy-
ancy and temperature gradients. The calculated vortices
are O to 0.08 m-s~! in the slag bath. The maximum value
and the minimum value occur close to the central axis of
the slag bath and near the center of the vortices.

v/ (msTh)
7.999e-002

5.999e-002

3.999e-002

2.000e-002

0.000e+000

Figure 9: The velocity distribution of longitudinal section of the slag
bath

3.3 Temperature field and shape of the
molten-metal pool

Figure 10 shows the temperature distribution of the longi-
tudinal section in the ESRW system. Due to uneven distri-
bution of the current density in the slag bath and the flow
of the slag, the temperature field is distributed unevenly in
the slag bath. There are two high temperature zones (1990
K) that are found on both sides of the central line in the
slag bath. This is mainly due to two factors. First, the speed
of the center of the large vortices is small in the slag bath,
so the slag will not spread out and lose its heat. Second,
the metal droplets absorb the heat of the slag in the slag
pool, so the high temperature zones of the slag bath move
to the nearby center of the vortices. The temperature closer
to the electrode is lower than in the slag bath. Because the
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Figure 10: The temperature distribution of longitudinal section of
the ESRW system

0.05 -
—a— solid line
—e— liquid line
0.00
-~ -0.05 +
-0.10
-0.15 S O S|

-01 0.0 0.1 0.2 0.3
X/Im

Figure 11: The shape of metal pool in longitudinal section of the
ESRW process

slag pool is cooled by the mould, the temperature gradient
is large at the sidewall of slag.

Figure 11 shows the shape of the molten-metal pool for
the temperature field in the ESRW system. Figure 10 and 11
show that the metal droplets carry a large amount of heat
into the molten-metal pool, the temperature is high in the
middle of ingot. The ingot cools near the mould, so the tem-
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perature gradient of ingot surface increasing distance from
the center, and the faster heat transfer leads to lower the
temperature. The molten-metal pool has the appearance of
a “bowl”. The ingot is air cooling outside the mould, so the
temperature gradient of the ingot is small. Figure 11 shows
that the depth of the liquidus line is 0.12 m and the depth
of solidus line is 0.20 m. The maximum depth of the two-
phase region is 0.08 m.

The experiment using the ESRW process (Current am-
plitude 16500 A, Frequency 50 Hz, Electrode immersed
depth 0.01 m, slag height 0.18 m) for producing an ingot of
9Cr3Mo roller was done by using the slag system with 60%
CaF,, 20% Ca0, and 20% Al,03 and the technological pa-
rameters listed in Table 1. It was very difficult to measure
the surface temperature of the ingot in the mould, so the
surface temperature of the ingot outside mould was mea-
sured by an HY63 infrared thermometer. Figure 12 shows
the temperature-measured position on the ingot surface.
Figure 13 shows the comparison of the numerical simula-
tion values and the actual measured values of the surface
temperature of the ingot, which shows that the calculated
values are in good agreement with the measured values.

Figure 12: Line of the ingot surface for measuring temperature
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Figure 13: The calculated temperature and the measured tempera-
ture of the ingot surface below the mould outlet
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Figure 14: () The shrinkage displacement of longitudinal section of
the ingot and (b) ingot shrinkage curve in the mould

3.4 Numerical simulation and model
validation of ingot shrinkage

Figure 14(a) shows the shrinkage displacement of the lon-
gitudinal section of the ingot in the mould. Figure 14(b) is
a shrinkage curve drawn from the shrinkage displacement
of the left side surface of the ingot. Figure 14(a) shows that
the shrinkage displacement of the ingot increases gradu-
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Figure 15: The comparison between the measured values (A, B, C, D,
E) of the shrinkage displacement of the ingot at the mould outlet for
different furnace times and calculated value (F) of the ESRW

ally from the center of ingot to the surface. Figure 14(b)
shows that the variation of the shrinkage displacement
between the slag/metal interface and the mould outlet is
0.0028 m. Figures 14(a) and 14(b) show that as the distance
from the mould outlet decreases, the shrinkage displace-
ment of the ingot increase. The maximum value of the
shrinkage displacement is about 0.00894 m at the mould
outlet. Due to cooling effect of the mould, the surface tem-
perature of the ingot is lower than the center, so the shrink-
age in the boundary layers is greatest. Closer to the ingot
axis, the change of shrinkage displacement is consider-
ably slower. This results from the variation of the thermal
flux. On account of rapid shrinkage at the corners of ingot,
the gap increases sharply, and hence the thermal flux is
sharply reduced. In turn, it slows the shrinkage and the
gap begins to slowly decrease in mold cross section.

To verify the accuracy of the simulation results of in-
got shrinkage, shrinkage displacement of five electroslag
ingot under the same process conditions as Table 1 were
measured. Figure 15 shows the comparison between the
measured values (A, B, C, D, E) of the shrinkage displace-
ment of the ingot at the mould outlet for different furnace
times and the calculated value (F) of the ESRW (Current
amplitude 16500 A, Frequency 50 Hz, Electrode immersed
depth 0.01 m, slag height 0.18 m) for the same working con-
ditions. The calculated value is in good agreement with the
measured values.

4 Conclusions

(1) The potential drop is the greatest in the slag bath.

The maximum values of the current density, the
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Joule heating, and the electromagnetic force are
found near the electrode corner in the slag bath. The
magnetic flux density increases from the center to
the periphery in the slag bath.

(2) The velocity field has two pairs of vortices in the
slag pool, a large pair with counterclockwise rota-
tion, and another small pair with clockwise rotation.
There are two high temperature zones in the slag
bath, which are distributed on both sides of the cen-
tral line in the slag bath.

(3) The shrinkage displacement of the ingot increases
gradually from the center of the ingot to the surface.
As the distance from the mould outlet decreases, the
shrinkage displacement of ingot increases. The max-
imum shrinkage displacement is at the mould outlet,
and the value was 0.0089 m
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