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Abstract: A comprehensive mathematical model of electroslag remelting with two series-connected
electrodes (TSCE-ESR) was constructed based on sequential coupling method. The influence of
droplet effect on electroslag remelting process (ESR) was considered in this model. Compared with
one-electrode electroslag remelting (OE-ESR), the multi-physics field, droplet formation and dripping
behavior, and molten metal pool structure of TSCE-ESR process were studied. The results show
that during the process of TSCE-ESR, the proximity effect of the electrodes suppresses the skin
effect, and Joule heat is concentrated in the area between the two electrodes of slag pool, making
the temperature distribution of the slag pool more uniform. The heat used to melt the electrode in
the process of TSCE-ESR accounts for about 34% of the total Joule heat, which is lower than the
OE-ESR (17%). Therefore, it makes a higher melting rate and a smaller droplet size in the process of
TSCE-ESR. Compared with OE-ESR, TSCE-ESR process can realize the unification of higher melting
rate and shallow flat molten metal pool. Compared with the results without droplet effect, it is found
that in the simulation results with droplet effect, the depth and the cylindrical section of molten metal
pool increased, and the width of the mushy zone is significantly reduced, which is more consistent
with the actual electroslag remelting process.

Keywords: proximity effect; droplet; molten metal pool structure; melting rate; sequential coupling

1. Introduction

The technology of TSCE-ESR adopts the mode of two electrodes connected in series, which can
reduce the inductive reactance of short net (transformer-water cooled copper plate-water cooled
cable-electrode), improve the power factor, reduce the active power consumption of the short net, thus
greatly reducing the power consumption. It is widely used in the preparation of tool steel, die steel,
military steel, and other special alloy materials [1]. Compared with the process of OE-ESR, the current
flow direction of the TSCE-ESR process has changed. On the one hand, it will affect the heating
area of the slag. On the other hand, it will change the direction of the electromagnetic force and
the flow field of slag pool, which will have an important impact on the temperature field and the
structure of the molten metal pool, and ultimately affect the quality of the electroslag remelting steel
ingot. Therefore, the systematic study on the heating and heat-transfer mechanisms of TSCE-ESR
process is of great significance to the development of the process. In recent years, some scholars have
studied the remelting process of TSCE-ESR. For example, Wang [2] established a mathematical model
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of coupled harmonic electromagnetic equations, obtained the distribution of current density and
electromagnetic force in the process of TSCE-ESR, and analyzed the influence of frequency on current
density distribution. Li [3] established a three-dimensional finite element model of TSCE-ESR process,
and studied the influence of the ingot height on the molten metal pool. However, there are still few
systematic studies on the multi-physics field, droplet formation, and dripping behavior and molten
metal pool structure in the process of TSCE-ESR, which limits the technological development and the
improvement of product quality.

Because of the high temperature and invisibility, it is difficult to observe a series of physical and
chemical phenomena during the electroslag remelting process. In recent years, many scholars have
studied the electroslag remelting process by means of numerical simulation. Kelkar [4] established an
electroslag remelting model taking into account electromagnetic, flow, and heat transfer. He calculated
the Joule heat, flow field, and metal pool profile. Weber [5] established a two-dimensional transient
mathematical model of the electroslag remelting process, and analyzed the influence of filling ratio
on the flow field distribution. Li [6] studied the distribution of electromagnetic field, Joule heat, and
temperature field during the electroslag remelting process under the influence of skin effect. The above
studies have been able to realize the coupling of multiple physical fields to the mathematical model of
electroslag remelting. However, the electroslag remelting process involves the two phases of slag and
liquid metal, which is a typical multiphase flow problem. Obviously, the influence of droplet formation
and droplet dropping on the electroslag remelting process is still ignored in the above studies. With the
development of multiphase flow models, researchers have tried to couple multiphase flow models to
directly simulate the dripping process of droplets. Ruckert [7] used VOF (Volume of Fluid) module
to track the slag/metal (slag and metal pool) interface in order to study the droplet formation and
dripping behavior. Li [8] simulated the flow between slag and metal in the slag pool based on the
VOF algorithm, and obtained the formation and dripping process of metal droplets. However, these
studies did not take into account the effects of buoyancy and electromagnetic forces on metal droplets.
Giesselmann [9] considered the effects of buoyancy and electromagnetic force on metal droplets, but he
assumed that the effects of electromagnetic field, Joule heat and Lorentz force were independent of
each other. However, the two actually affected each other, so this simulation method would also lead
to inaccurate simulation results. Liu [10] established a mathematical model of droplet behavior of the
electroslag remelting process based on magnetohydrodynamic. The electromagnetic force and joule
heat in the process of droplet formation and dropping were studied in detail. However, the shape of
electrode tip was specified in the study and a constant mass flow was applied, while the effect of slag
temperature on the electrode melting process was ignored, so the droplet formation process could not
be reflected. In conclusion, it is difficult to find a comprehensive mathematical model to describe the
multi-physical field, droplet effect, and metal pool structure in the electroslag remelting process.

By constructing a simultaneous sequential coupling numerical model of three models, which means
a multi-physical steady-state model, a transient model of electrode melting and droplet dropping,
and a multiphase transient model of metal pool, it can be more accurate to simulate the multi-physical
field, droplet dropping behavior, and molten pool structure in the process of TSCE-ESR. In summary,
it is necessary to comprehensively simulate the electroslag remelting process considering the droplet
effect. By comparing OE-ESR process with TSCE-ESR process, the influence caused by the change of
current direction in the process of TSCE-ESR was systematically studied.

In this paper, the multi-physical steady-state model, the transient model of electrode melting and
droplet dropping, and the multiphase transient model of molten metal pool are established in the
process of OE-ESR and TSCE-ESR. The electromagnetic field is calculated by the user-defined function
(UDF), and the Joule heat and electromagnetic force are coupled to the equation by the source term to
calculate the flow field and temperature field of OE-ESR and TSCE-ESR at steady state. The steady-state
calculation results are used as the initial conditions for the transient model of electrode melting and
droplet dropping and multiphase transient model of metal pool. Then the formation and dripping
behavior of the droplets were tracked by VOF method. By using the remelting rate calculated from
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the transient model of electrode melting and droplet dropping as the inlet boundary condition of
multi-phase transient model of molten metal pool, the shape of the molten metal pool considering
the droplet effect is calculated. Based on the above methods, this paper makes a comprehensive
comparison and study on the process of OE-ESR and TSCE-ESR, and provides a theoretical basis for
the development of the process of TSCE-ESR and the improvement of product quality.

2. Mathematical Modeling

Figure 1 is a schematic diagram of the OE-ESR and TSCE-ESR. In this paper, the difference of
process between OE-ESR and TSCE-ESR is studied by establishing a two-dimensional steady-state
axisymmetric model. Figure 2 shows the computational domain models of OE-ESR and TSCE-ESR,
including electrode, slag pool, and ingot. In order to ensure that the input power and geometric
parameters of the two processes are consistent, we set the process parameters as follows. The filling
ratio of the two processes is 0.5, the electrode length is 310 mm, the mold diameter is 150 mm, the ingot
length is 360 mm, and the slag pool depth is 70 mm. In order to simplify the calculation, the following
hypothesis is proposed [11]: (1) The process of TSCE-ESR is a steady state process. (2) Ignore the
induced magnetic fields in the system. (3) The physical and chemical properties of slag are only related
to temperature.
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2.1. A. Governing Equations

2.1.1. Electromagnetic Field Control Equation

The current flows from the electrode into the slag pool to produce Joule heat. In this process,
the corresponding induction magnetic field will be generated. The electromagnetic field follows
Maxwell’s equations.

∇× E =
−∂B
∂t

(1)

∇×H = J (2)

∇ · B = 0 (3)

∇ · J = 0 (4)

The standard Reynolds number is used in the electroslag remelting process and the effect of fluid
motion on the electromagnetic field is negligible [12]. The current density is expressed as follows:

J = −σ∇φ (5)

where E is the electric field intensity, H is the electric field intensity, J is the current density, B is the
magnetic flux density, and t is the time.

2.1.2. Fluid Control Equation

In the electroslag remelting process, the fluid flow is affected by gravity, electromagnetic force,
and buoyancy. Electromagnetic force is the main factor driving fluid flow. The flow of molten slag and
metallic liquid is determined by the continuity equation and Navier–Stokes equation:

∂ρ

∂τ
+∇ · v = 0 (6)

∂ρv
∂τ

+ ρ(v · ∇)v = −∇P +∇ · (µeff · ∇v) + ρg + SS (7)

Here, ρ is the density of the fluid, v is the velocity vector, P is the pressure, µeff is the effective
viscosity of the fluid, g is the acceleration of gravity, and Ss is the source term including electromagnetic
force, buoyancy, and interfacial tension. The electromagnetic force expression is as follow:

Floc = µ0 J ×H (8)

where Floc is electromagnetic force and µ0 denotes vacuum permeability.

2.1.3. Multiphase Flow

In the VOF model, the phase volume fraction α is introduced to describe the distribution between
the appearance of slag and metal. In each control volume, the sum of the volume fractions of the terms
is equal to 1. In the VOF model, the governing equation of the volume fraction of the qth phase is
as follows:

1
ρq

 ∂∂τ (αqρq
)
+∇ ·

(
αqρqvq

)
=

n∑
p=1

(
mpq −mqp

) (9)

n∑
q
αq = 1 (10)

where, ρq is density of qth phase, αq is volume fraction of qth phase, vq is the velocity vector of the qth
phase, and mpq is the mass transferred from phase pth to phase qth.
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2.1.4. Heat Transfer Control Equation

The heat transfer during electroslag remelting determines the final temperature distribution and
solidification process. The heat transfer in the slag pool can be expressed by the following equation:

ρCp(v×∇T) = ∇×Ke f f∇T + Sl (11)

where Cp is the thermal capacity of slag, T is temperature, Sl stands for volumetric heat source with
following description:

QJ =
J · J
σ

(12)

Qj is Joule heat per unit volume, and Keff represents the effective conductivity, which can be
expressed in the following form:

Ke f f = K +
Cput

Prt
(13)

2.1.5. Governing Equation for Droplet

Assuming that the slag is stationary and the droplet is spherical, the droplet movement process
can be given by the following formula:

where, ρ is density of molten slag, U denotes the droplet velocity, rd and qd represent the radius

4
3
πr3

d(ρd + ρ)
dU
dt

=
4
3
πr3

d∆ρg−CDπr2
dρ

U2

2
(14)

and density of droplet respectively, CD is resistance coefficient, as follows:

CD =
4
3
(ρd − ρ)

ρ

grd

U2 (15)

The heat transfer characteristics from slag to droplet can be described by a single heat transfer
coefficient h and the average temperature TB of slag between the electrode and the slag gold interface.
For a single drop, the thermal balance can be written as:

4
3
πr3

dρdCp,d
dTS
dt

= 4πr2
dh(TB − Td) (16)

Here, TB is the average temperature between the slag/metal interface at the end of the electrode,
CP,d is the heat capacity of the droplet. The heat transfer equation can be calculated by the
following equation:

hrd
λ

= 0.8(rdUavρ/µ)1/2
(
CpL/λ

)1/3
(17)

where λ is conductivity of the molten slag, Uav represents the average velocity of droplet in slag pool,
L is the distance between the two electrodes.

When a droplet drops to the slag/droplets interface, the temperature can be expressed as:

Tdp = TB − (TB − Tme)e−st (18)

where
s =

3h
rdρd ·Cp,d

(19)

The amount of heat when a droplet falls can be expressed as:

Q =
.

meCp,l
(
Tdp − TL

)
(20)
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where Q represents the heat absorbed by the droplet, me indicates the electrode melting rate, Cp denotes
heat capacity of liquid steel, Tdp is the temperature of the droplet, TL represents liquidus temperature,
Tme represents the melting temperature of the electrode.

2.2. Multi-Physical Field Steady State Model Conditions

2.2.1. Electromagnetic Boundary Condition

In order to simplify the calculation, the influence of slag peel is not considered in this model [13].
Figure 3 is a schematic diagram of boundary conditions. In the process of TSCE-ESR, current flows
from one electrode to the other and back to the short-net system after passing through the slag pool.
In the slag/air interface current only has a radial component. Therefore, the magnetic field in the slag/air
interface only has an axial component [14]. The expression of current and magnetic field is as follows:

Hr = 0, Hz =
I0

2πr
(21)
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At the slag pool/mold interface, this model does not consider the current flowing into the side
wall of the mold, so the current on the two contact surfaces only flows in the axial direction, and the
magnetic field only has a radial component [15]. The expression between the current and the magnetic
field is as follows:

Hr =
I0

2
√

2πrm
, Hz = 0 (22)

Here, I0 is the initial current fed into the electrode at its upper side, which will vary in the following
iterative procedure.

2.2.2. Heat Transfer Boundary Condition

In this paper, the heat transfer at slag/air interface is complicated. Therefore, the total heat transfer
at the slag/air interface can be expressed as:

Q = Qc + Qr = h(tw − t∞)A (23)

Qc is the heat of convection heat transfer, Qr the heat transfer heat of the radiation, A the heat
exchange area, and h the comprehensive convective heat transfer coefficient, which can be expressed
by the formula:

h = hc + hr (24)

Here, hc is the convective heat transfer coefficient, hr is the convective heat transfer coefficient
equivalent to the radiation heat transfer.
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At the slag pool/crystallizer interface, the metal/crystallizer interface and the bottom of steel ingot,
the comprehensive heat transfer coefficient is relatively complex, so the measured data are adopted
and treated according to the third type of boundary conditions.

2.2.3. Flow Boundary Condition

At the slag/air interface, the friction resistance between the two is very small, so the sliding wall
boundary condition is adopted [16,17]:

∂v
∂r

= 0, vz = 0 (25)

For slag pool/crystallizer interface, metal/crystallizer interface, and ingot bottom surface, which is
considered as a non-slip wall surface:

vr = vz = 0 (26)

2.3. Transient Model of Electrode Melting and Droplet Dropping Conditions

The electrode melting model uses the temperature of the slag/droplets interface of the steady-state
model as its boundary condition, which can be expressed by the following equation:

T = Ts−i (27)

In addition, the electrode surface must be loaded with multiphase flow boundary conditions:

Vst = 1 (28)

where Ts-i is the temperature distribution of the slag/droplets interface at steady state, and Vst is the
electrode volume fraction.

2.4. Multi-Phase Transient Model of Molten Metal Pool Boundary Conditions

The mass-flow-inlet boundary condition can be introduced into multi-phase transient model of
molten metal pool boundary condition. The exit boundary condition is set to out-of-flow.

In addition, polyphase flow boundary conditions need to be defined. The upper surface of the
electrode is:

Vst = 1 (29)

The bottom of the ingot is:
Vin = 1 (30)

where, Vst is the volume fraction of steel, and Vin represents the volume fraction of solidified ingot at
the outlet boundary.

2.5. Calculation Strategy

Figure 4 is the flow chart of numerical simulation. Table 1 shows the physical parameters adopted
in this model [18–22]. The multi-physical steady-state model, the transient model of electrode melting
and droplet dropping, and the multiphase transient model of molten metal pool are established in the
process of OE-ESR and TSCE-ESR by using commercial software Fluent© (Ansys, Pittsburgh, PA, USA).
The electromagnetic field was calculated by the UDF module, and the Joule heat and electromagnetic
force were coupled to the energy equation and momentum equation to solve the flow field and
temperature field. The steady-state calculation results are used as the initial conditions for the transient
model of electrode melting and droplet dropping and the multiphase transient model of molten metal
pool. The distribution of slag and metal was tracked by VOF method. By using the remelting rate
calculated from the transient model of electrode melting and droplet dropping as the inlet boundary
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condition of the multiphase transient model of molten metal pool, the structure of the molten metal
pool considering the droplet effect is calculated.
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Table 1. Physical properties and geometric parameters for the simulation.

Parameter Value

Physical Properties of Slag
Density, kg·m−3 2850

Specific capacity, J·kg−1
·K−1 1404

Thermal conductivity, W·m−1
·K−1 10.45

Viscosity, kg·m−1
·s−1 0.01

Emissivity 0.6
Expansion coefficient, K−1 0.0001

Physical Properties of Steel
Density, kg·m−3 7200

Specific capacity, J·kg−1
·K−1 502

Thermal conductivity, W·m−1
·K−1 31.9

Steel solidus temperature, K 1723
Steel liquidus temperature, K 1693

Latent heat of solidification, J·kg−1 247,000
Process Parameters

Electrode immersion depth, m 0.02
Mold diameter, m 0.14

Electrode length, m 0.31
Slag height, m 0.07

Current, A 4000

3. Results and Discussion

Under the same input power and the same filling ratio (the ratio of electrode diameter to mold
diameter), a two-dimensional comprehensive mathematical model of the process of OE-ESR and
TSCE-ESR were established. The multi-physical field and droplet effect under the two processes are
described in terms of the metal pool structure, and the molten metal pool structure considering droplet
effect is obtained.

3.1. Electromagnetic Field

Figure 5 shows the current density distribution in the process of OE-ESR and TSCE-ESR. It can be
seen from Figure 5a that in the process of OE-ESR, after the current flows from the electrode into the
slag pool, the current is redistributed, which is mainly concentrated below the electrode. Therefore,
the current density in the central area of the slag pool is relatively large. It can be seen from Figure 5b
that in the process of TSCE-ESR, the current path is mainly divided into two types. One is that the



Metals 2020, 10, 658 9 of 25

current flows from one electrode into the slag pool, then directly into the other electrode, and finally
flows back to the short-net system. Another way is that when the current flows from one electrode,
a small amount of current will flow through the ingot, then through the slag pool, and finally back
to the short-net system. Because of the self-inductance and mutual inductance of the two electrodes,
there is a significant proximity effect on the current density distribution between the two electrodes.
Proximity effect makes the current flow along the shortest path, resulting in the current density mainly
concentrated on the inner side of the two electrodes in the slag pool, which accounts for about 44.9% of
the total current. Figure 6 shows the current density values of OE-ESR and TSCE-ESR at z = −0.31 m.
It can be seen from the figure that because of the skin effect, the current density values of OE-ESR and
TSCE-ESR reach the peak at the corner of the electrode tip. However, in the process of TSCE-ESR,
the current density value in the corner area (r = ± 0.01325) near the tips of the two electrodes is much
larger than that in the corner area (r = ± 0.05075) near the mold. Therefore, in the process of TSCE-ESR,
the proximity effect will inhibit the skin effect and becomes the main factor affecting the current
distribution in slag pool.
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It can be seen from Figure 7 that in the process of OE-ESR and TSCE-ESR, the Joule heat
distribution is similar to the current density distribution. In the process of OE-ESR the Joule heat is
mainly concentrated in the central area of the slag pool below the electrode. In the process of TSCE-ESR,
the Joule heating area is mainly located in the inner region of the two electrodes in the slag pool,
and the Joule heat power density value is much larger than other regions. In the process of OE-ESR,
the maximum power density of Joule heat is 1.07 × 109 W/m3, while in the process of TSCE-ESR,
the maximum power density of Joule heat is 2.32 × 109 W/m3, which is about twice that of OE-ESR.
Therefore, compared with OE-ESR, the Joule heat distribution of slag pool in TSCE-ESR process is
more concentrated and stronger.
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Figure 8 shows the distribution of electromagnetic forces in the process of OE-ESR and TSCE-ESR.
The direction of the electromagnetic force is perpendicular to the direction of the current, and its
magnitude depends on the magnitude of the current density. In the OE-ESR process, the electromagnetic
force is almost zero at the center line of the slag pool because of the offsetting effect of the electromagnetic
force. In the TSCE-ESR process, the current density is mainly concentrated in the inner regions of the
two electrodes in the slag pool because of proximity effect. Therefore, the electromagnetic force is
larger in the upper part of the slag pool and smaller in the periphery of the slag pool. At the same
time, because of the inhibition of the proximity effect on skin collection effect, the electromagnetic
force in the outer corner of the two electrode tips is almost zero. As can be seen from the Figure 8,
the electromagnetic force generated in the process of TSCE-ESR is much larger than that generated in
the process of OE-ESR.
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3.2. Velocity Field and Temperature Field

The temperature field in the slag pool is formed under the combined action of Joule heat and flow
field. The fluid flow in the slag pool is determined by electromagnetic force, buoyancy, and gravity,
among which electromagnetic force plays a dominant role. The flow characteristics of slag ultimately
determine the temperature distribution of slag pool. It can be seen from Figure 9a,b that in the OE-ESR
process, because of the large electromagnetic force in the corner area of the electrode tip, slag is driven
from the periphery of the electrode to the central area of the slag pool, thus there is a pair of opposite
vortices in the slag pool. The heating area of Joule heat is mainly located in the central area of the
slag pool below the electrode, and the slag flows from the center of the slag pool to the periphery,
transferring the heat from the central area to the periphery of the slag pool. At the periphery of the
vortex, the velocity is larger and the temperature is lower, while at the center of the vortex where the
velocity is slower, the temperature is higher. During the OE-ESR process, the maximum temperature of
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slag pool is up to 2010 K. According to Figure 9c, in the process of TSCE-ESR, the electromagnetic force
drives the slag to flow from the center of the slag pool to the periphery of the slag pool, thus forming a
pair of vortices with opposite directions. The area between the two electrodes in the slag pool is the
main heating area of Joule heat. The flow of slag transfers heat from the area between the two electrodes
to the entire slag pool. Therefore, it can be seen from Figure 9d that in the TSCE-ESR process, the high
temperature region is mainly located in the region between the two electrodes, with the temperature
up to 2186 K, while the temperature distribution in other regions of the slag pool is relatively uniform.
Figure 10 is surface diagram of the temperature distribution in the slag pool area during the OE-ESR
and TSCE-ESR processes. Compared with OE-ESR, the temperature distribution of the slag pool during
the TSCE-ESR process is significantly more uniform. Table 2 shows the average temperature in the slag
pool area and the radial temperature gradient at the slag/electrode interface. The table indicates that
during the TSCE-ESR process, the average temperature in the slag pool area is relatively low, which is
158.3 K lower than that in the OE-ESR process. In the process of TSCE-ESR, the temperature difference
between the axis of symmetry and the mold decreased significantly, which is 136.39 K less than that
between the axis of symmetry and the mold in the process of OE-ESR. In conclusion, compared with
the process of OE-ESR, the temperature of slag pool in the process of TSCE-ESR is relatively uniform,
the temperature gradient is significantly smaller, and the temperature difference between the axis of
symmetry and the mold is reduced, which have positive effects on the solidification of ingot.
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Table 2. Average temperature in the slag pool area and the radial temperature gradient at the
slag/electrode interface.

Process Average Temperature in Slag
Pool (K)

Radial Temperature Gradient at
Slag/Electrode Interface (K)

OE-ESR 1996.7 338.17
TSCE-ESR 1838.4 201.78
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Figure 10. Surface map of temperature distribution in slag pool. (a) OE-ESR. (b) TSCE-ESR.

3.3. Simulation Results of Droplet Formation and Dripping Process

Figures 11 and 12 show the droplet formation and dripping process in the process of OE-ESR and
TSCE-ESR. It can be seen from Figure 11 that in the process of OE-ESR, because of the effect of Joule
heat, the electrode tip corner region first begins to melt, making the electrode shape become conical
and forming two smaller droplet sources. The two smaller droplet sources gradually converge into
a larger droplet source due to the scour effect caused by the flow of molten slag, and gather at the
tip of the electrode. With the gradual increase of molten steel, when the combined force of gravity,
buoyancy, and electromagnetic force is greater than the interfacial tension, the droplet reaches a critical
size. At this time, the droplets are divided into two parts because of the effect of necking. One part of
the droplets quickly retracts to the tip of the electrode under the action of surface tension and forms
numerous small droplets in suspension. The other part of the droplets continues to move downward,
gradually changing from linear to circular. It can be seen from Figure 12 that during the TSCE-ESR
process, because the high temperature region is concentrated between the two electrodes, the metal
between the two electrodes melts first. Under the action of slag flow scouring, the droplets gather
near the center of the electrode and form the droplet source. As can be seen from the figure that the
droplets dripping process of TSCE-ESR and OE-ESR are roughly the same. However, because of the
high temperature between the two electrodes in the process of TSCE-ESR, the ambient temperature in
the droplet dropping process is significantly higher than that in the process of OE-ESR. The higher
temperature will reduce the interfacial tension. Therefore, the droplet tensile length in the TSCE-ESR
process is significantly shorter than that in the OE-ESR process. Thus, the formation time of the droplet
is shortened and the droplet falling frequency is increased. At the same time, the size of the interfacial
tension will affect the size of the droplet. Campbell [23] proposed the theoretical estimation formula of
the maximum droplet diameter:

de =

[
σd ·Hs

(ρm − ρs) · g

] 1
2

(31)
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The theoretical prediction value of droplet diameter in the process of OE-ESR is 15.1 mm and
13.47 mm in the process of TSCE-ESR. Table 3 lists the droplet diameters calculated by numerical
simulation. The average droplet diameter calculated by numerical simulation is slightly smaller than
the theoretically predicted diameter. As can be seen from the table, the diameter of a single droplet in the
TSCE-ESR process is significantly smaller than that generated in the process of OE-ESR. This is because
during the TSCE-ESR process, with the reduction of interfacial tension and the droplet formation time,
the droplet becomes relatively small. During the droplet formation and dripping process, the contact
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interface between molten metal and slag is the main area for slag/electrode reaction and removal of
non-metallic inclusions in consumable electrode [24]. Therefore, the relatively small droplets generated
during the TSCE-ESR process will increase the specific surface area of the droplets in contact with slag,
thus facilitating the removal of non-metallic inclusions and further improving the metallurgical quality.
In addition, the theoretical residence time of the droplet in the slag can be calculated by the following
calculation formula [25]: 

τ = Vt
2ζ ln

(
2−n+

√

n2−4n
2

)
n = 4

(
1−

√
e4ζl/V2

t

)
ζ =

( ∆ρ
ρm+0.5ρs

)
g

(32)

Table 3. The calculated and theoretically predicted diameter of droplets.

OE-ESR TSCE-ESR

No. Calculated
Diameter Average Theoretical

Diameter No. Calculated
Diameter Average Theoretical

Diameter

1 14.92

15.06 15.1

1 12.99

13.11 13.47
2 15.17 2 13.27
3 15.02 3 13.16
4 14.88 4 12.94
5 15.31 5 13.19

The residence time of the droplet in the slag pool of OE-ESR and TSCE-ESR was estimated to
be 0.267 s and 0.213 s, respectively. The residence time calculated by numerical simulation is 0.272 s
and 0.228 s, respectively. The difference between the theoretical calculation value and the numerical
simulation result is small, because the empirical formula does not take into account the influence of
slag flow [26]. Therefore, the rationality of the calculation results of this model can be affirmed.

Figures 13 and 14 show the velocity field and temperature field of the droplet formation and
dripping process of OE-ESR. Figures 15 and 16 show the velocity field and temperature field of the
droplet formation and dripping process of TSCE-ESR. During the dripping process, the maximum
temperature of slag pool temperature field did not change significantly. However, it has a significant
effect on the distribution of the whole temperature field in the slag pool. The temperature of the area
through which the droplets fall decreases, and a significant temperature gradient is formed. It can
be seen from the temperature field distribution diagram that during the droplet dropping processes
of OE-ESR and TSCE-ESR, the temperature field of the slag pool changes approximately the same.
However, compared with OE-ESR, the decrease of temperature in TSCE-ESR slag pool is obviously
larger. It can be seen from Figures 13 and 15 that the dripping of the droplet significantly increases
the flow velocity in the vicinity of the droplet, which is conducive to the flow of slag in the slag pool.
Compared with the flow rate of the slag pool at steady state, the maximum flow rate of the slag pool in
the process of OE-ESR increased from 0.11 m/s to 0.41 m/s, and the maximum flow rate of the slag pool
in the process of TSCE-ESR increased from 0.097 m/s to 0.46 m/s, the dripping of droplets increases
the maximum flow velocity of the slag pool by about four times. Table 4 reveals the average velocity
of the slag pool in the steady state (before the droplet drop) and the maximum average velocity in
the transient state (during the dripping process of droplet). The maximum average velocity of the
slag pool in OE-ESR transient state is 0.062 m/s, which is 19.2% higher than that in the steady state.
The maximum average velocity of the slag pool in the TSCE-ESR transient state is 0.093 m/s, which is
82.3% higher than that in the steady state. Therefore, compared with OE-ESR, the increases of overall
velocity of slag pool is more obvious in the droplet dropping process of TSCE-ESR. The interaction
between the droplet and the slag pool will promote the flow of the slag pool and facilitate the transfer



Metals 2020, 10, 658 15 of 25

of energy and mass. Formula (33) refers to the study of Hu and Kintner [27], and the motion of the
droplet in the slag pool can be determined by the following empirical formula:{

Y = (4/3)X1.275 2 < Y ≤ 70
Y = (0.045)X2.37 Y > 70

(33)

where X and Y are described as follows respectively:

Y = CdWeP0.15
d (34)

X =
(
Re/P0.15

d

)
+ 0.75 (35)

Here, Cd is dimensionless drag coefficient; We is weber number; Pd is physical property group;
Re is Reynolds number. Through Equations (33) and (35), the theoretical predicted value of the final
droplet velocity in the slag pool can be calculated. In the process of OE-ESR, the theoretical predicted
value of the final drop velocity is 0.40 m /s, and in the process of TSCE-ESR, the theoretical predicted
value of the final drop velocity in the slag pool is 0.71 /s. Through numerical simulation, the final drop
velocity of OE-ESR is 0.41 m/s, and that of TSCE-ESR is 0.74 m/s. The calculated value is slightly higher
than the theoretical predicted value, which is caused by buoyancy and slag flow.

Table 4. Average velocity in steady and transient states in slag pool.

Items OE-ESR TSCE-ESR

Average velocity of slag pool at steady state (m/s) 0.052 0.051
Maximum average velocity of slag pool at transient state (m/s) 0.062 0.093

The rate of growth (%) 19.2 82.3
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3.4. Remelting Rate and Molten Metal Pool

From the perspective of thermal equilibrium, the shape of the molten metal pool depends on the
heating and cooling methods of the steel ingot. When the steel type is fixed and the cooling condition
is basically unchanged, the shape of the molten metal pool mainly depends on the heat supply at the
slag/metal interface. Figure 17 shows the thermal equilibrium parameters in the steady state of OE-ESR
and TSCE-ESR in the whole calculation domain. The values of the heat balance can be obtained by
monitors module of fluent. The results show that in the OE-ESR process, the heat passing through
the slag/metal interface is 150 kW. In the TSCE-ESR process, the heat passing through the slag/metal
interface is 118 kW. Compared with the OE-ESR, the heat transfer at the slag/metal interface in the
process of TSCE-ESR is reduced by 32 kW, which significantly reduces the heat transfer from the slag
pool to the molten metal pool. Therefore, the molten metal pool formed during the TSCE-ESR process
is relatively shallow. The shallower molten metal pool can reduce the columnar crystal angle, which
is beneficial to obtain the crystal structure inclined in the axial direction and improve the quality of
the ingot core. Figure 18 is the profile of the molten metal pool at the steady state process of OE-ESR
and TSCE-ESR. As can be seen from the figure, compared with the “V” shaped metal pool formed in
the process of TSCE-ESR, the cylindrical section formed on the “U” shaped molten metal pool in the
process of OE-ESR is higher. This is because in the OE-ESR process, the heat transferred from metal to
mold accounts for about 29.88% of the total heat, while in the TSCE-ESR process, the heat transferred
from metal to mold is only 23.82%. Therefore, in the steady state of the OE-ESR process, because of the
larger heat flux density near the side wall, the cylinder size segment formed is correspondingly large.
The increase of cylindrical section is helpful to obtain remelting ingot with better surface quality [24].Metals 2019, 9, x FOR PEER REVIEW 18 of 25 
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At the same time, the depth of the molten metal pool can be expressed by the net heat flux at the
slag/metal interface:

Hm = a
∑

Qsm + b (36)

In the formula, Qsm mainly depends on the convective heat transfer between slag/metal, and
its heat transfer is related to the viscosity and thermal conductivity of slag, so it can be expressed
as

∑
Qsm = Qd + Qse. Qd represents the heat flow absorbed by the droplets and Qse represents the

heat flow of slag to the electrode, J/s. Qd and Qse are mainly determined by the electrode melting
rate. Therefore, the electrode melting rate can be calculated by using the thermal balance between
slag/electrode in this model, which was proposed by Choudary [28].

me
[
cp(TL − T0) + L

]
= 2π

∫ R

0
rqsedr (37)

In this equation, me is the melting rate of the electrode, kg·s−1; cp is the thermal capacity, J·kg−1
·K−1;

TL and T0 represent liquidus temperature and reference temperature respectively, K; L is the latent heat
of the metal, J·kg−1; r is radius of the electrode, m; qse is heat flux from slag to electrode, W·m−2. It can
be concluded from the formula that the melting rate is determined by the heat transfer from the slag to
the electrode. The calculation results are shown in Table 5. As can be seen from the table, compared
with the process of OE-ESR, the droplet diameter formed during the TSCE-ESR process is smaller.
Although the individual droplets formed during the TSCE-ESR process is smaller, the melting rate is
more influenced by heat transfer, frequency, and so on. As can be seen from Figure 17, the heat used to
melt the electrode accounts for 17% and 34% of the total Joule heat during the process of OE-ESR and
TSCE-ESR respectively. This makes the melting rate in the TSCE-ESR process about twice that of the
OE-ESR. Figure 19 is a schematic diagram of a molten metal pool with droplet effect. Considering the
influence of droplet, the depth of the molten metal pool of OE-ESR and TSCE-ESR increase obviously.
This is because the droplets bring more heat into the molten metal pool, so that more heat is transferred
to the slag/metal interface. Therefore, in the simulation of electroslag remelting process, the coupling
droplet effect is necessary, which is beneficial to improve the accuracy of numerical simulation results.
Although the melting rate in the TSCE-ESR process is relatively high, the depth of the molten metal
pool is still lower than that of the OE-ESR. At the same time, the width of the mushy zone is significantly
reduced relative to that before the droplet dripping. This may be because the droplet dripping promotes
the slag pool flow and changes the uniformity of the slag pool temperature. The difference is that the
cylinder section (the height of the liquid metal in contact with the crystallizer) of TSCE-ESR molten
metal pool has been increased by 10 mm while the cylinder section of OE-ESR metal pool has been
increased by only 3 mm. This is because the higher melting rate in the TSCE-ESR process is beneficial
to the formation of the cylinder section of the molten metal pool. With the increase of the cylinder
section of the molten metal pool, the surface of the remelted ingot is smoother. Therefore, it can be
concluded that the TSCE-ESR process can maintain a high melting rate and form a relatively shallow
metal pool when considering the droplet. At the same time, the height of the cylinder section of the
TSCE-ESR molten metal pool increases obviously.

Table 5. Droplet average diameter and remelting rate.

Items Average Droplet Diameter (mm) Remelting Rate (kg·s−1)

OE-ESR 15.06 0.0151
TSCE-ESR 13.11 0.0321
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3.5. Validation of Mathematical Model

In order to verify the simulation results, the electroslag remelting experiment was carried out
according to the simulation parameters. In the numerical simulation, the values of the molten metal pool
structure and the width of the mushy region can be obtained by the post-processing software Tecplot
(Tecplot, Bellevue, WA, USA). Figure 20a shows the photo of the TSCE-ESR plant experiment. In the
experiment, the current is 4000 A and the current frequency is 50 Hz. The mold diameter is 150 mm
and the height is 360 mm. The diameter of electrode is 37.5 mm and the electrode insertion depth is
10 mm. Slag system consisted of CaF2 (30%), CaO (35%), Al2O3 (20%), and MgO (15%). Figure 20b
reveals molten metal pool structure in the process of TSCE-ESR. Tungsten powder was added at the
end of the normal remelting period of the electroslag remelting process. When the remelting is finished,
the electroslag ingot was annealed at 1183 K for 10 h, and the molten metal pool structure in the
process of TSCE-ESR was obtained through cutting, sawing, grinding, and pickling. The molten metal
pool structure is measured by taking points. It can be seen from Figure 21 that compared with the
steady state metal pool structure, the molten metal pool structure coupled with the droplet effect is
more similar to the experimental measured value. Therefore, the coupling of droplet effect during the
numerical simulation process can effectively improve the accuracy of the simulation results, and it also
illustrates the rationality of the model.
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Figure 21. Comparison of molten metal pool structure between the experimental value and the
numerical value.

Figure 22 reveals the comparison of the width of mushy zone between the experimental value
and the numerical value. As can be seen from the figure, in the numerical simulation results coupled
with the droplet effect, the width of the paste zone decreases significantly, which is more consistent
with the results of actual electroslag remelting. To sum up, in the case of coupled droplet formation
and dropping, the droplet will put more heat into the molten metal pool and increase the heat transfer
efficiency of the slag/metal interface. Therefore, it makes a relatively deeper molten metal pool, showing
an increase in the cylindrical section of the molten metal pool and a decrease in the width of the paste
region. These are conducive to the numerical simulation more consistent with the actual electroslag
remelting processAll these make the actual electroslag.Metals 2019, 9, x FOR PEER REVIEW 21 of 25 
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3.6. Discussion

In previous studies, the multi-physical fields and droplet formation and dropping behavior
in the process of ESR were mostly developed independently [4–10]. However, it is worth noting
that the formation of multi-physical field, droplet behavior, and molten metal pool is a continuous
process. Droplet formation and dripping behavior interact with multi-physical field, while the
structure of molten metal pool is determined by the multi-physical field and droplet behavior. Besides,
as shown in Figure 19, the dropping of droplets will bring a large amount of heat to the molten metal
melting pool, which will produce significant changes to the molten metal pool. Therefore, in the
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numerical simulation of electroslag remelting process, it is necessary and comprehensive to consider
simultaneously the multi-physical field, droplet effect, and molten metal pool structure. As shown
in Figures 21 and 22, this will significantly improve the accuracy of the numerical simulation of the
electroslag remelting process.

During the formation and dropping of molten droplets, the full contact and interaction between
molten slag and molten steel play an important role in the removal of inclusions. In addition to
the dissolution and adsorption of inclusions by liquid slag [29], the stretching stage of the molten
droplets provides good kinetic and thermodynamic conditions for the removal of inclusions [30].
Compared with OE-ESR, because the heat used to melt the electrode in the TCES-ESR process is higher,
the droplet dropping frequency is increased, which makes TSCE-ESR form smaller and more droplets.
The production of smaller and more droplets is equivalent to increasing the specific surface area of
the droplets and increasing the contact area between liquid slag and liquid steel. This facilitates the
removal of inclusions during the TSCE-ESR process. Therefore, the refining effect of the TSCE-ESR
process is significantly higher than that of the OE-ESR process.

In the droplet effect, the melting rate is the key factor affecting the molten metal pool. Therefore,
it is very important to compare the coupling droplet effect between OE-ESR and TSCE-ESR. As shown
in Figure 17, the heat used to melt the electrode in the process of TSCE-ESR is about twice that of
the OE-ESR process, which further increases the melting rate in the process of TSCE-ESR. However,
the increased melting rate will bring more heat to the metal pool, increasing the heat transfer at the
slag/metal interface and resulting a deeper molten metal pool [24]. However, as shown in Figure 7,
the dominant role of the proximity effect causes the joule heat of TSCE-ESR to concentrate over the
slag pool, which results in a reduction in heat transfer from the slag/metal interface. Considering the
distribution of joule heat and the influence of melting rate, the heat transfer at the slag/metal interface
in TSCE-ESR process is less than OE-ESR. As shown in Figure 19, for the above reasons, this makes the
molten metal pool of TSCE-ESR shallower than that of OE-ESR. Therefore, in the process of TSCE-ESR,
the unification of high melting rate and shallow flat molten metal pool can be maintained.

As shown in Figure 19, compared with OE-ESR, the formation of a shallow flat molten metal pool
during the TSCE-ESR process can reduce the angle of columnar crystals and obtain the crystallization
structure with axial orientation. Practice has proved that the quality of axial crystallization metallurgy
is better than that of radial crystallization metallurgy [24,31]. In addition to controlling the quality
of the ingot through the structure of the molten metal pool, Flemings [32] pointed out that the ingot
structure is controlled by the local solidification time (LST), and the relationship between LST and
dendrite spacing is determined by the following formula:

LST = X/Vr (38)

log d = k1 + k2 log LST (39)

d = b(Rc)
−n = b(GVr)

−n (40)

Here, LST is the local solidification time, s; X is the distance between the solid and liquid phases,
mm; Vr is the local solidification speed, mm/s; G is the temperature gradient of the liquid phase,
K/mm; Rc is the local cooling rate, K·s−1; d is the secondary dendrite spacing, mm; k1, k2, n and b are
constants related to material properties. From Equations (38)–(40) and Figure 23, it can be seen that LST
is constrained by factors such as the width of the solid–liquid two-phase region, the local solidification
rate, and the temperature gradient of the liquid phase. LST can be reduced by reducing the width of the
solid–liquid two-phase region, increasing the local solidification time, and increasing the temperature
gradient of the liquid phase. As shown in Figure 19, compared with OE-ESR, the TSCE-ESR process
reduces the width of the liquid–solid two-phase region of the ingot core while changing the temperature
field distribution of the ingot, and improves the molten steel by reducing the crystallization angle. Both
of them can reduce LST, so the ingot quality can be effectively improved. In the actual remelting
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process, we cannot see the metal melting pool, but in the numerical simulation, LST can be obtained
according to the following equation:

LST = (zs − z1)/vc (41)
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In this formula, zs and z1 represent the position of the solidus line and the liquidus line, respectively.
Figure 24 shows the LST results of the two processes. The LST of TSCE-ESR process is obviously
smaller than that of OE-ESR, which will reduce the tendency of element segregation in the TSCE-ESR
process and be beneficial to control the improvement of ingot quality.Metals 2019, 9, x FOR PEER REVIEW 23 of 25 
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4. Conclusions

In this paper, a two-dimensional comprehensive mathematical model of the process of OE-ESR and
TSCE-ESR was established. Considering the influence of droplet behavior, the structure distribution of
molten metal pool obtained by the two processes is discussed. The main conclusions are as follows:

(1) The proximity effect of the electrodes suppresses the skin effect, and Joule heat is concentrated
in the slag pool area between the two electrodes, which makes the Joule heat more concentrated
and stronger during the process of TSCE-ESR. Compared with OE-ESR, the slag pool temperature in
the process of TSCE-ESR is more uniform, the temperature gradient is significantly smaller, and the
temperature difference between the symmetry axis and the mold decreases.

(2) The maximum average velocity in the slag pool during the droplet dropping process of OE-ESR
is 0.062 m/s, which is 19.2% higher than that in the steady state. The maximum average velocity in
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the slag pool during the droplet dropping process of TSCE-ESR is 0.093 m/s, which is 82.3% higher
than that in the steady state. Compared with OE-ESR, the overall velocity of slag pool is improved
more obviously during the droplet dropping process of TSCE-ESR. This is conducive to the transfer of
energy and mass in the slag pool and provides good thermodynamic and kinetic conditions for the
removal of non-metallic inclusions.

(3) In the process of OE-ESR, the heat used to melt the electrode accounted for 17% of the total Joule
heat. In the process of TSCE-ESR, the heat used to melt the electrode accounted for 34% of the total Joule
heat, which enabled TSCE-ESR to produce relatively small droplets at a relatively high melting rate,
thus effectively improved the working efficiency and facilitated the removal of non-metallic inclusions.

(4) Under the same input power, the heat through the slag/metal interface in the process of OE-ESR
is 150 kW, while the heat through the slag/metal interface in the process of TSCE-ESR is 118 kW. The net
heat flow through the slag/metal interface is relatively small in the process of TSCE-ESR, which makes
the molten metal pool shallower. Considering the droplet behavior, the TSCE-ESR process can achieve
the unification of higher melting rate and shallow flat molting pool, which is beneficial to obtain
the crystal structure inclined in the axial direction. Compared with the results without droplet effect,
it is found that in the simulation results with droplet effect, the depth and the cylindrical section of
molten metal pool increased, and the width of the mushy zone is significantly reduced, which is more
consistent with the actual electroslag remelting process.
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Abbreviations

E Electric Field (V·m−1)
H Magnetic field intensity (A·m−1)
J Current density (A·m−2)
B Magnetic flux density (T)
t Time (s)
ρ Density of fluid (kg·m−3)
v Velocity (m·s−1)
P Pressure (Pa)
µeff Effective viscosity of the fluid (Pa·s)
Floc Electromagnetic force (N·m−3)
µ0 Vaccum permeabilitbility (H·m−1)
Qj Joule heat per unit volume (W·m−3)
σ Electroconductibility (S·m−1)
ut Turbulent velocity (m·s−1)
U Velocity of droplet (m·s−1)
rd Radius of droplet (m)
qd Density of droplet (kg·m−3)
CD Resistance coefficient
λ Conductivity of liquid (S·m−1)
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Cp The thermal capacity of slag (J·kg−1
·K−1)

Tdp Temperature of droplet (K)
LST Local solidification time (s)
Vr Local solidification rate (mm·s−1)
Rc Local cooling rate (K·s−1)
de The Diameter of Droplet (m)
σd Surface tension (N·m−1)
ρm Density of metal (kg·m−3)
ρs Density of slag (kg·m−3)
HS Coefficient of position (1)
τ Droplet residence time in the slag pool (s)
Vt Terminal velocity (m·s−1)
We Weber number (ρm·Vt

2
·d·r·σd

−1)
Pd Physical property group
Re Reynolds number (ρm·Vt

2
·d·µ−1)

me Melt rate (kg·s−1)
T0 Reference temperature (K)
R Radius of the electrode (m)
qse Heat flux from slag to electrode (W·m−2)
TL Liquidus temperature (K)
Tme Melting point of electrode (K)
I0 Current (A)
Qc Heat of convection heat transfer (W·m−2

·K−1)
A Heat exchange area (m2)
h Heat transfer coefficient (W·m−2

·K−1)
CP,d Heat capacity of the droplet (J·kg−1

·K−1)
X Solid-liquid two-phase zone width (mm)
G Liquid temperature gradient (K·mm−1)
d Secondary dendrite spacing (mm)
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