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Abstract: The electroslag remelting (ESR) process has
been effectively applied to produce high grade special
steels and super alloys based on the controllable solidi-
fication and chemical refining process. Due to the diffi-
culties of precise measurements in a high temperature
environment and the excessive expenses, mathematical
models have been more and more attractive in terms of
investigating the transport phenomena in ESR process. In
this paper, the numerical models for different ESR pro-
cesses made by our lab in last decade have been intro-
duced. The first topic deals with traditional ESR process
predicting the relationship between operating parameters
and metallurgical parameters of interest. The second
topic is concerning the new ESR technology process
including ESR with current-conductive mould (CCM),
ESR hollow ingot technology, electroslag casting with
liquid metal(ESC LM), and so on. Finally, the numerical
simulation of solidification microstructure with multi-
scale model is presented, which reveals the formation
mechanism of microstructure.

Keywords: electroslag remelting, mathematical models,
transport processes, solidification structure

Introduction

Electroslag remelting is widely applied in manufacture of
high grade special steels and super alloys with the char-
acter of high cleanliness, homogenous composition and
compact structure which have been used in many indus-
trial fields such as aerospace, aviation, energy, ship
building, electronics, petrochemical industry, heavy
machinery, transportation and so on. [1-3]. Figure 1
shows a schematic of the ESR process. The passage of
an AC or DC current from the electrode to the water-
cooled base plate results in Joule heating within the
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highly resistive calcium fluoride-based slag, which is
enough to melt the electrode in the form of metallic
drops. The drops travel through the slag and gather in
the water-cooled mold where they solidify. Fine solidifi-
cation structure with low macro/micro segregation is a
main advantage of ESR.

Low productivity, high power consumption, pollution
of the environment due to CaF, and macro/micro segre-
gation in large-scale ESR ingots with high alloy are the
main shortcomings of traditional ESR process, which
could be improved by optimizing traditional ESR process
and developing new ESR processes. Given the high costs
and the difficulties of precise measurements in a high
temperature environment [4], it is impracticable to study
the effects of parameters on the final ingot quality by trial
and error. Hence, the alternative of using mathematical
models to investigate the ESR process has gained more
and more attention. Over the past decades, many math-
ematical models have been developed to study the mass,
momentum and heat transfer phenomena in ESR process.

Sun and Pridgeon [5] obtained the temperature dis-
tribution of the ingot using a transient heat transfer
model excluding the fluid flow in molten metal pool.
Hence, the model has some limitations in predicting
pool profile and could only be as a reference.

Carvajal and Gerger [6] improved the Sun and
Pridgeon’s model with a parabolic shaped profile of tem-
perature imposed on the slag/pool interface, and
assumed the heat transfer coefficient at the ingot/mould
interface varying with the axial position. The model
acquired satisfactory results compared with measured
data, which was a significant progress.

Dilawari and Szekely [7, 8] originally developed a
mathematical model to represent the electromagnetic
field and fluid flow in ESR system, and compared the
industrial scale and laboratory scale ESR process simul-
taneously. However, the pool profile was assumed in
advance due to the absence of heat transfer.

Choudhary etal. further developed the Dilawari’s
model [9]. The pool profile was obtained by solving
energy conservation equation with the assumption that
the effect of convection in metal pool on heat transfer
was taken into account by the effective thermal conduc-
tivity. The predicted pool profile was in agreement with
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Figure 1: Schematic sketch of electroslag remelting.
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the measured result. Besides, the relationship between
the key metallurgical parameters of interest and opera-
tion parameters was also studied. In order to validate
model the flow of mercury in a horizontal trough through
which a current was being passed via two electrodes was
observed [10]. The velocity field obtained by the photo-
graphic technique agreed well with the computed results.

Ferng etal. also developed an integrated numerical
model to compute the electromagnetic field, flow and
heat characteristics inside ESR units where the pool pro-
file was determined by an iterative process. Above all, the
flow and turbulent mixing in liquid pool was firstly cal-
culated, which was not considered in previous papers. In
addition, the authors compared the effects of power sup-
ply type on the flow pattern and found that the calculated
velocity distribution in slag was similar for both AC and
DC power, but a secondary loop zone appeared at the
slag/metal interface when AC power was applied [11].

Kharicha et al. predicted the heat flux from the melting
interface into the electrode by solving a 1D Stefan problem
[12, 13], and found that the coupling between the Joule
heat release and melt rate was extremely unstable. Hence,
the model was modified based on the dynamic mesh
technique, the feeding rate of electrode was adjusted
with the immersion depth. Besides, the effects of electric
conductivity and thermal conductivity of slag on the melt
rate and shape of electrode tip were investigated.

Fezi and Yanke et al. developed a continuum mixture
model for conservation equations in both slag and metal
coupled with a multicomponent alloy solidification
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model to study the macrosegregation in production of
alloy 625. The melt rate was calculated with a 1D heat
conduction model, and the growth of ingot was taken
into account by a moving mesh technique. They con-
cluded that processing ingot with a low current and
small ingot size contributes to reduce the macrosegrega-
tion. Furthermore, they applied a modified volume of
fluid to investigate the formation and melting of slag
skin, and indicated that the variable slag skin thickness
affects melt rate and sump depth [14, 15].

Wang et al. established a 3D transient mathematical
model to study the coupled physical fields in electroslag
remelting process. The electromagnetic field varied dyna-
mically with the phase distribution was investigated
using the MHD module, and showed that the Lorentz
force tended to block the motion of the metallic droplet.
Besides, a thermodynamic and kinetics module was con-
tained in the numerical model to study the desulfuriza-
tion behavior in ESR process, the results indicated that
the maximum calculated removal ratio could reach up to
71% [16, 17].

Some other researches are summarized as following:
Jiang etal. studied the distribution of electric potential
and Joule heat in ESR system [18, 19]. Wei et al. discussed
the influence of slag component and electrical para-
meters on the ESR process [20, 21]. Liang et al. considered
the effects of applied frequency of AC on the current
density distribution and Lorentz force using the
MeltFlow [22]. Weber etal. developed a comprehensive
model validated by a comparison between the experi-
mental and calculated pool profile, which could be used
to predict the behavior of an ESR operation [23]. Dong
et al. investigated the electroslag casting solid ingot with
liquid metal and multi-electrodes electroslag remelting
process using mathematical model [24, 25].

This paper aims to introduce our numerical simula-
tion results in traditional and new electroslag remelting
technology, which are given through several examples as
below. Besides, the outlooks for numerical simulation of
ESR process have been proposed.

Mathematical model and validation
for electroslag remelting process
Mathematical model

The numerical simulation of electroslag remelting
involves with the coupled calculation of multi-physical
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field, the governing equations of transfer phenomena are
described as follows [26]:
Maxwell equations:

Vxke- 0 (1
VxH=] Q)
V-B=0 3)
V-J=0 )

Where, E is the electric field intensity, V/m; H represents
magnetic field intensity, A/m; B is the magnetic flux
density, T; J is the current density, A/m?

The Lorentz force is defined as follows:

1?'=f><§ (5)

The Joule heat density is expressed as:

1= =
Q=-J-] (6)
o
The conservation equation of mass is:

op CN
4V (pF)=0 @)

The conservation equation of momentum is:
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Where F is the Lorentz force, N/m>. Mo is the effective
viscosity, Pa - s.
The conservation equation of energy is:

2 (H)+ V- (pVH) =V - (kaVT)+Q O

where Q is the Joule heat density, W/m>. keg is the
effective thermal conductivity, Wm™K™.

Determination of boundary conditions

The boundary conditions for electromagnetic field are
derived from the Ampere circuital theorem [7], which is
applicable to all models in this paper.

The determination of the boundary conditions for
fluid flow equations is according to literatures [27], such
as the no-slip condition for the solid/liquid interfaces
and free-slip condition at the free surface(slag/air
interface).

The boundary conditions for temperature field are
determined by the experiment or calculation. Mitchell
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measured the temperature profile of copper mould
using thermocouple [28], Fernando calculated the heat
transfer coefficient of the lateral side of ingot on the basis
of the heat balance [6]. In this paper, our boundary
conditions are from literatures [9].

Validation of mathematical models

Model validation is a key step in model development [4].
However, it is difficult to observe the transfer phenom-
ena directly due to the opaque molten slag and obtain
precise measurements in a high temperature environ-
ment, and mathematical models are validated only by
indirect methods.

At present, the general method to validate models is
comparing the calculated pool profile with that of mea-
surement [16]. However, it’s hard to section large scale
ingots longitudinally, and the method is not suitable for
heavy ingots.

Regarding the heat transfer predictions, the tempera-
ture in slag bath and molten metal pool is measured by
the thermocouple and compared with the computed
results. Nevertheless, it could not be used in a close
system such as the protective gas electroslag remelting.

Selected simulation examples

Numerical simulation of traditional ESR
Numerical simulation of steady state ESR process

The remelting process is unstable during the ramp-up
region and subsequently maintains quasi-steady state
until the ingot height reached the magnitude of the
ingot diameter. In order to simplify the process of solu-
tion, the characteristic of axisymmetry is assumed for the
model. The calculation domain includes the electrode,
slag and ingot. Figure 2 shows the geometry model, the
detailed model assumptions and boundary conditions are
described in the reference [29]. The radius of electrode
and mould are 0.34m and 0.475m respectively, the slag
composition of 60 %CaF,+ 20 %Al,05+20 %Ca0 is used
to remelt Cr5 steel with the 50 Hz AC power.The main
results obtained with this model are presented there.
The effects of melt rate on the pool profile and local
solidification time (LST) are also studied for optimizing
the process parameters.
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Figure 2: Sketch of the geometry model.

Figure 3 shows the electromagnetic field, velocity and
temperature distribution in ESR process. The voltage
drop across the slag is dominated since the electric con-
ductivity of slag is much smaller than ingot. It is clearly
seen that the current is restricted to the surface of elec-
trode and ingot resulting from the skin effect, and the
distribution of magnetic field intensity is similar with that
of the current. The Lorentz force is predominated in the
radial direction, towards the axisymmetry, with a max-
imum value at the corner of the electrode. There are two
different vortexes in the slag where the maximum velo-
city is 0.039 m/s, the Lorentz forces drive the flow in the
counter-clockwise direction under the electrode, and the
clockwise vortex is driven by the buoyance near the
mould wall. Figure 3(g) displays the temperature profile
in the ingot and the mushy zone width. A primary ana-
lysis of ESR process is gained through the solution of
model, which provides the guidance for the determina-
tion of process parameters.

Figure 4 shows the effects of melt rate on the LST,
metal pool depth and maximum mushy zone width. The
maximum metal pool depth and mushy zone width
increase with the melt rate increasing, but the LST has
a minimum at the specified melt rate. A reasonable range
of melt rate could be obtained through analyzing the
relationship between LST and melt rate.
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The effects of parameters on steady ESR process

The steady model is employed to optimize process para-
meters directly linked to the ingot quality. The parametric
study has been carried out with the quasi-steady state model
to explore the effects of current frequency, slag height, elec-
trode immersion depth and fill ratio on the ESR process,
which provides a basis for optimizing the process parameters.

Figure 5 indicates the effect of AC current frequency
on the direction of lorentz force. The direction of lorentz
force is towards the axisymmetry at the slag side of the
slag/pool interface for both 0.5Hz and 60 Hz. However,
the direction of lorentz force is altered for 60 Hz at the
metal side of the slag/pool interface, it is horizontal and
downward [30].

The metal pool becomes deeper with the slag
height decreasing when the same input power is used
shown in Figure 6(a) [31]. The high temperature zone of
slag moves downward when the electrode immersion
depth increases, which gives rise to a deeper metal
pool, as shown in Figure 6(b). A shallow metal pool
could be obtained by increasing the fill ratio shown in
Figure 6(c), and it contributes to a uniform temperature
field as well.

Numerical Simulation of transient state ESR process

The quasi-steady state model could not present the varia-
tion of physical field. Hence, it is necessary to develop a
transient mathematical model including the growth of
ingot, and reveals the variation of pool profile with
ingot height.

Figure 7 displays the evolution of temperature distri-
bution and pool profile. During the start-up region, a heat
flow regime is imposed on the base plate resulting in a
shallow pool profile. The radial heat transfer becomes
gradually predominated with the ingot height increasing,
and the metal pool depth increases continuously until the
process reaches quasi-steady state resulting in a U-shaped
pool profile. The variation of pool profile is in accordance
with the experience in practice.

Numerical simulation of new ESR technology
Electroslag continuous casting technology
In order to obtain excellent solidification quality, a low

melt rate is preferred in the traditional electroslag remelt-
ing process, however, it limits the production efficiency.
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Figure 3: Field variations of electromagnetic quantities, velocity, and temperature in a steady-state ESR process. (a) Electric potential
(b) Current density (c) Magnetic intensity (d) Electromagnetic force (e) Velocity distribution in slag bath (f) Temperature distribution in slag

bath (g) Temperature distribution in ingot.
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Figure 4: Relationship between melting rate and LST, metal pool
depth and mushy zone width.

Therefore, electroslag continuous casting technology is
developed successfully at the institute of Ferrous
Metallurgy of Northeastern University combining with
some new technologies such as bifilar mode, electrode

changing and on-line cutting, which is characterized by
high melting rate and low costs. Figure 8 shows the
sketch of the electroslag continuous casting process
with bifilar mode.

A 3D comprehensive mathematical model is devel-
oped to study the fluid flow and temperature distribution
coupled with the electromagnetic field. The computation
domain contains electrodes, slag bath and ingot, and the
detailed model assumptions and boundary conditions are
described in the literature [32].

A high temperature zone located between two elec-
trodes is displayed in Figure 9, which also shows the
maximum velocity at the corner of electrodes is
0.034m/s. Since the high temperature zone is far away
from the metal pool, the melt rate could be further
increased compared with that of traditional ESR process.
Figure 10 displays the shape of metal pool and the tem-
perature profile in ingot.

In order to obtain better understandings of electro-

slag continuous casting process, the numerical
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Figure 5: Influence of the AC current
frequency on the direction of the Lorentz
force (a) 0.5Hz, (b) 60 Hz.
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Figure 8: Sketch of the electroslag continuous casting process with
bifilar mode.
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simulation has been carried out. The simulation results
could be used to determine the primary operation para-
meters which are employed to produce the WOMo3Cr4V
high speed steel successfully as shown in Figure 11(a),
as seen from Figure 11(b), the billet owns a smooth
surface.

Electroslag remelting large slab ingot

The large slab ingot produced by ESR is characterized
by the compact structure, homogeneous composition
and excellent performance. At present, The WUYANG
steel company has the world’s largest bifilar mode elec-
trode ESR furnace of 50 tons. Figure 12 shows the sketch
of electroslag remelting large slab ingot with bifilar
mode.
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Figure 11: Electroslag continous casting
billet (a) and surface quality of billet (b).
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Figure 12: The sketch of electroslag remelting slab ingot.

A mathematical model for electroslag remelting large slab
ingot with bifilar mode is developed to investigate the
electromagnetic field, fluid flow and heat transfer. The
calculation domain includes the slag bath and ingot, the
detailed model assumptions and boundary conditions are
shown in the literature [33].

Figure 13 shows the distribution of velocity and tem-
perature at different sections. The maximum temperature
decreases gradually with the section changing from x = Om
to x = 0.6m, and the high temperature zone moves down-
ward. Besides, the maximum velocity locates between two
electrodes at the section of x = 0.6 m.

Figure 14 displays the temperature profile of ingot.
The low temperature zone occurs at the corner of slab
ingot with a larger cooling rate, and the center of ingot
has the maximum temperature. The high temperature
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Figure 14: Temperature field distribution of slab ingot. (a) Narrow
surface (b) Mid surface (c) Borad surface.

zone of bifilar mode electrode ESR furnace in slag locates
between the electrodes, which is favorable to form a
shallow pool profile and build the high grade ingot.

The common solidification defects such as double
skin, ripple and macrosegregation affect the yield of
ingot, which results in the increase of production costs.
In order to control solidification quality of large slab
ingot, the numerical simulation is carried out to optimize
process parameters of electroslag remelting large slab
ingot with bifilar mode, which is favorable to acquire
excellent solidification quality as shown in Figure 15.

Electroslag casting with liquid metal
Electroslag casting with liquid metal (ESC LM) is an advance

technology of electroslag metallurgy based on the current
conducting mould(CCM) using liquid metal directly instead
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Figure 13: Temperature field and velocity field distribution of different slag sections.
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Figure 15: Electroslag remelting large slab ingot with bifilar mode.

of the consumable electrode, which could reduce the pro-
duction cycles and costs. ESC LM technology could be
applied to manufacture composite roll, hollow or solid
ingot, and so on. Figure 16 is the sketch of ESC LM for
producing composite roll.

Roll
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_pool Water-cooled
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Figure 16: Sketch of ESC LM process for producing composite roll.
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A steady mathematical model for the electromagnetic
field, fluid flow and heat transfer has been developed to
investigate the transfer phenomena in the ESC LM pro-
cess. The calculation domain contains slag, roll core and
composite lawyer, the required modeling equations and
boundary conditions implemented in FLUENT via UDF
are illustrated in the literature [34]. Besides, the effects
of voltage and pouring temperature on the process are
analyzed.

Figure 17 shows the distribution of current density,
Joule heat, velocity and temperature in the slag bath.
The maximum electric current density occurs at the
bottom of current conducting mould through which the
current flows, and the maximum Joule heat density also
appears there. There are two different vortexes, the
counter-clockwise flow occupies the bulk of slag, and
the clockwise flow is driven by buoyance near the lat-
eral wall. The high temperature zone locates at the
upper slag bath, which is favorable to form a shallow
metal pool and improve the quality of composite layer.

The effects of operation voltage on the temperature
distribution of composite roll are shown in Figure 18.
The maximum temperature in slag increases with the
operation voltage, and it results in a deeper metal pool
as well.

Figure 19 shows the sketch of electroslag casting
hollow ingot with liquid metal. A 3D quasi-steady
state mathematical model for producing hollow ingot
by ESC LM has been developed to explore the fluid
flow and heat transfer phenomena coupled with the
electromagnetic field. The calculation domain includes
slag bath and ingot, and the specific governing equa-
tions and boundary conditions are displayed in the
literature [35].

Figure 20 displays the flow of slag bath, two vortexes
locate at the upper of the slag, the counter-clockwise flow
occupies the bulk of slag bath, and the flow tends to be
clockwise near the external mould wall driven by buoy-
ance. The maximum velocity located at the inner mould
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Figure 17: Distributions of parameters value of slag bath. (a) Current density, A/m? (b) Joule heat, W/m? (c) Velocity, m/s (d) Temperature, K.
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Figure 18: Temperature distributions in roll billet under different
operating voltages. (a) 34V (b) 36V (c) 38V.
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Figure 19: Sketch of electroslag casting with liquid metal of hollow
ingot.

wall is 0.072m/s. The temperature distribution in the slag
bath is shown in Figure 21, the temperature distribution
of upper slag bath is relatively uniform while a large
temperature gradient occurs at the vicinity of slag/pool
interface.

Electroslag casting with liquid metal is a new tech-
nology in the metallurgy field, and there are little pub-
lished literatures about the process research and
corresponding mathematical model development. The
simulation results contribute to strengthen the under-
standings of transfer phenomena occurred in the ESC-
LM process, and guide the determination of operation
parameters.
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Figure 20: Velocity vectors distribution in slag pool for ESC LM
hollow ingot.
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Figure 21: Temperature distribution in slag pool for ESC LM hollow
ingot.

Electroslag remelting hollow ingot

The solid ingot is usually applied to manufacture large
cylindrical forgings with a long process, and the cracks
easily take place during the process of repetitive forging
and heating. Using the hollow ingot as raw materials for
producing large cylindrical forgings is attractive, which
could shorten process and improve forging vyield.
Electroslag remelting hollow ingot process provides a
new method for manufacturing hollow ingot. Figure 22
shows the sketch of electroslag remelting hollow ingot.
A 3D mathematical model has been developed for
electroslag remelting hollow ingot to investigate the
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Figure 22: Sketch of electroslag remelting hollow ingot.

electromagnetic field, fluid flow and heat transfer.
The calculation domain includes electrodes, slag bath
and ingot, the detailed governing equations and bound-
ary conditions are presented in the literature [36].
Besides, the effects of slag height, electrode immersion
depth on the metal pool depth are also studied with the
model.

Figure 23(a) shows the distribution of magnetic
induction intensity. It distributes as a clock-wise loop
at the surface of ingot and electrodes, and reaches its
maximum at the surface of electrodes. As seen from
Figure 23(b), the temperature of B-B plane is higher
than that of A-A plane due to the nonuniform arrange-
ment of electrodes. Figure 23(c) shows the temperature
distribution of hollow ingot, the temperature of inner
surface of mould is higher than that of external surface,
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which indicates that the position of the end of solidifi-
cation is close to the inner mould side.

Figure 24(a) shows the effects of slag height on pool
profile, the metal pool depth decreases monotonically
with the increase of slag height due to more heat energy
being taken away by cooling water. Figure 24(b) shows
that the metal pool depth increases with the electrode
immersion depth, hence a shallow electrode immersion
depth is recommended to improve solidification quality
of hollow ingot.

The leakage of slag and liquid steel and inner mould
hold death due to solidification shrinkage are the most
faced problems in the production of electroslag remelting
hollow ingot, the reasonable process parameters are the
key to manufacture hollow ingot successfully. The opti-
mization parameters derived from the simulation results

T,K
574.753
695.859
816.965
1038.07
1259.18
1480.28

1701.39

1996.2!

()

Figure 23: Distribution of parameters value in ESR, (a) Magnetic fluxdensity, (b) Temperature distribution of slag, (c) Temperature

distribution of ingot.
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Figure 24: The effect of parameters on the molten metal pool, (a)slag height, (b) electrode immersion depth.

Figure 25: Electroslag remelting hollow ingot in plant.

are employed to produce the P91 seamless steel pipe
shown in Figure 25.

Numerical Simulation of Solidification
Structure

A 3D transient mathematical model of the solidification struc-
ture evolution for electroslag remelting ZGO6Cr13Ni4Mo steel

has been established with the coupled moving boundary and
CAFE method, the pool profile from the beginning to the
steady state is studied. Besides, the transition of equiaxed
grains to columnar grains has been revealed [37]. The model
is validated by experimental results, and it could be
employed to provide a theoretical foundation for optimizing
the process parameters.

Figure 26 is the evolution of solidification structure for
electroslag remelting ZGO6Cr13Ni4Mo steel. During the
start-up region, the molten metallic droplets drop on the
surface of mould bottom, a layer is rapidly and strongly
chilled under the effect of cooling water shown in
Figure 26(a). With the ingot growing, a large axial tem-
perature gradient forms at the ingot bottom where the
columnar grains appear, and the metal pool also becomes
deeper, as shown in Figure 26(b). The latent heat releases
continuously at the solidification front as solidification
process proceeds, the columnar grains grow with a pre-
ferred orientation with respect to the vertical shown in
Figure 26(c). The pool profile maintains invariant when
the process reaches steady state, which indicates that the

Figure 26: Solidified structure formation process in ESR of ZG06Cr13Ni4Mo ingot. (@)t = 590 s (b) t = 2,019 s (c)t = 4,038 s(d) t = 6,514 s

(e)t=28,076s(ft=9,767s(g)t=10058s (h)t= 10,208 s.
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melt rate and solidification rate approximate balance in
Figure 26(d). At the last stage, the heat flux loses its
direction, the equiaxed grains begin to form within the
remaining molten metal, as shown in Figure 26(e). At the
end of solidification, the columnar grains grow downward
from the top of the ingot due to the heat preservation effect
of slag, as shown in Figure 26(f)-(h).

Figure 27 shows the comparison of solidification
structure of solid ingot between the simulation and
experiment [37]. The columnar grains occupy the bulk
of ingot with a preferred orientation, and the fine
equiaxed grain occurs at the center of ingot. The mor-
phology of the dentrite, pool profile and the growth
direction of grain agree well with the experiment.

w9/ |
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Figure 27: Comparison of solidification structure between simulation
and experiment. (a) Simulation (b) Experiment.

Figure 28 shows the comparison of solidification structure
of hollow ingot between the simulation and experiment
[38]. The measured metal pool depth, the cylinder height,
and the grain growth angle are 50.5mm, 14 mm, and 46°,
respectively, whereas the calculated results are 53 mm,
14 mm and 46°.

Figure 29 shows the effects of melt rate on the solidifi-
cation structure [38]. The heat transferred to metal pool by
metallic drops is dominant, and the cooling conditions
sustain invariant, hence the metal pool depth and cylind-
rical height increase with the melt rate Besides, the growth
direction of grains tends to be radial when the melt rate
increases because the radial heat transfer is enhanced
within a deeper metal pool.
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(b)

Figure 28: Comparison of solidification structure between simula-
tion and experiment. (a) Simulation (b) Experiment.

(b)

Figure 29: Solidification microstructure with different melting rate.
(@ v = 0.067mm/s (b) v = 0.083mm/s (c) v = 0.092mm/s

Numerical modeling of droplet formation

Firstly, A 2D steady state mathematical model of ESR is
established [39], the fluid flow and heat transfer equa-
tions are solved simultaneously coupled with the
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electromagnetic field which is incorporated in FLUENT
via UDF. The calculation domain includes electrode, slag
bath and ingot. Then, a 2D transient mathematical model
coupled with VOF model which is used to trace the move-
ment of drops is developed to predict the shape and melt
rate of electrode, the calculation domain contains slag
bath, air and electrode. The initial condition of the tran-
sient model is derived from the results of steady state
model. Besides, the effects of voltage and interface ten-
sion on the formation and departure of droplets are also
investigated.

Figure 30 shows the formation of droplet, the elec-
trode tip melts firstly where the Joule heat reaches the
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maximum value, and its sharp corner gradually disap-
pears. Two tiny droplets located at the corner of electrode
moves along the surface of electrode tip to the center,
and then merge into a larger droplet. As the droplet
grows up to the critical size, it will depart from the
electrode tip.

Figure 31(a) is the effects of voltage on droplet for-
mation. In the same period, higher voltage gives rise to
more Joule heat in the slag, hence the amount of molten
liquid metal increases. The formation of droplet is also
affected by the slag/metal interface tension. As the inter-
face tension increases, the diameter of droplet is signifi-
cant increased shown in Figure 31(b).

[

Figure 30: The process of droplet
formation.

Figure 31: The droplet formation with
different parameters, (a) Voltage,
(b) Interface tension.

1.4N/m t=2.05s
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Conclusions and outlooks

Researchers have made a lot of efforts in terms of mathe-
matical models of traditional ESR process. In order to
develop a practicable model, the reasonable assumptions
are necessary due to the complexity of ESR. At the begin-
ning, the pool profile was obtained from solving the heat
transfer equation without considering the flow in metal
pool. Afterwards, a quasi-steady state model with the sim-
plified assumptions was employed to investigate the
coupled multi-physical field. At present, a multiphase flow
model and dynamic mesh technique have been applied to
investigate the transfer phenomena in ESR. The computed
results agree well with the experiment, which provide effec-
tive guide for the determination of process parameters.

The new ESR technology has been developed based
on the current conducting mould which brings new chal-
lenges for the numerical simulation of ESR. Researchers
of special steel metallurgy laboratory at Northeastern
University have made lots of efforts in terms of numerical
simulation of electroslag remelting slab ingot, hollow
ingot and electroslag casting with liquid metal, which is
contributed to understand the transfer phenomena in the
new ESR technology.

A remarkable progress of mathematical model during
ESR process has been achieved by many researchers in
the world. It should be further developed in following
respects.

1) The coupled calculation of multi-scale model. This
will need the combination of process parameters,
macro-scale model(multi-phase, multi-physics field),
meso-scale model(nucleation and growth of grains),
micro-scale model(dendritic growth), which could be
employed to optimize process parameters.

2) Simulation of the formation of air gap. The air gap
was dealt with an empirical hypothesis in most lit-
eratures, a model of combining finite volume method
(FVM)and finite element method(FEM) considering
the solidification characteristic and mechanism of
ingot should be developed to predict the formation
of air gap for guiding the design of mould.

3) Pressurrized electroslag remelting(PESR) is a new
technology, which is only industrialized in Germany
and Austria, the simulation of PESR is not reported
so far.

4) 1In order to avoid shrinkage cavity at the end of
remelting, the current decreases progressively. The
effects of hot topping operation on the quality of
ingot need to be studied.
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5) The model is quite sensitive to material data (eg.
Thermo-physical properties of steel and slag) and
process parameters (current, melt rate, and so on).
It is meaningful for numerical simulation of ESR
process to obtain more precise physical properties
and process parameters.

It is likely that many of these domains will see significant
advancement in the near future with the development of
numerical simulation and the understanding of this pro-
cess deepening.
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