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Arc melting is one of the commonly-used melting methods in modern material
manufacturing. The present study established a numerical model coupling the electric
arc plasma, solid melting, and liquid flow together to simulate the steel ingot melting
process using the electric arc. The direct current electric arc behavioral characteristics with
varying arc length generated by the moving electrode were analyzed based on the
validated model. The effects of both the initial arc length and the dynamic electrode
movement on the steel ingot melting efficiency were studied. A potential method was also
proposed to apply the established model in simulating the electric arc furnace scrap
melting. The study reveals that a reasonable and stable arc length can provide higher
instantaneous heat flux and current density and reduce the arc dissipation, meanwhile
balance the electrode consumption rate and melting efficiency to achieve the highest
economic benefit. In addition, the dynamic electrode movement during the melting
process maintains the original arc performance near the ingot top surface, which also
results in a positive impact on the melting efficiency.

Keywords: arc melting, electrode movement, heat transfer, electric arc furnace, computational fluid dynamics

INTRODUCTION

Arc melting is an electro-thermal processing method that utilizes electrical energy to generate electric
arc plasma to melt down the target material. The arc melting of metal and alloy is a critical subset of
such applications (Backer and Szekely, 1987). Compared with other melting approaches, the electric
arc plasma is capable of efficiently melting solid material with a high melting point or hardness
without introducing impurity, which produces high-quality liquid metal or alloy meeting the
different requirements for product performance (Sames, 2015). This technology is therefore a
widely-used melting method in modern material manufacturing.

Generally, using the electric arc for the solid material melting involves the ionization of the gas
molecules, the generation of the high-temperature arc, the interaction between the arc and the
exposed solid surface, the heating and melting of the solid material, and the impingement and
stirring of the arc to the molten liquid. Thus, the system includes the gas phase, liquid phase, solid
phase, and arc plasma, with the volume fraction of each phase constantly changing during the entire
process (Apelian et al., 1983). Due to the complexity of such a multi-physical process, some models
(Dowden and Kapadia, 1994; Yin et al., 2007) only focused on the electric arc plasma region and
considered the top surface of the solid instead of the entire solid region so that the arc heat transfer
characteristics can be studied by analyzing the heat flux on that surface. Although those models
provided a good basis for the simulation in the arc region, the solid heating and melting behavior
cannot be predicted. In contrast, some other studies (Lago et al., 2004; Tanaka et al., 2004; Li et al.,
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2017) simulated the heating process of the solid material but
ignoring the phase changing or liquid flow. Meanwhile, part of
models (Wu et al,, 2009; Zhang et al., 2011) introduced the
pressure and thermal intensity generated by the electric arc
plasma through specific boundary conditions to achieve the
consideration of the arc. Thus, the model only included the
solid region and the electric arc plasma itself was ignored.
These studies provided compromise solutions to simulate the
arc melting, but the complete numerical prediction of such a
process has not been achieved in essence. Only a few studies (Jian
and Wu, 2015; Pan et al., 2016) considered both the electric arc
and the dynamic melting process at the same time, but the models
focus on the local melting behavior in a small region of the
workpiece, like the keyhole plasma arc welding. As for the study
of the melting process of full-scale solid materials, there is still a
lack of corresponding numerical prediction and analysis.

In fact, the arc plasma, the solid phase, and the liquid phase
occurring in the system will continuously interact and affect
each other throughout the melting process of entire solid
material. Moreover, the flow characteristics of molten liquid
under high-temperature and high-pressure conditions further
change the heat transfer mechanism and microstructure of the
solid material, thereby leading to different surface deformation
and melting behavior, which should not be ignored. Thus, it is
necessary to develop a fully-described mathematical arc
melting model to simulate both the electric arc plasma and
the solid melting and dynamically predict the states of each
phase in the system, which helps to clearly understand the
complete physical process and the numerical modeling
methodology. Furthermore, it is also of great significance to
provide practical guidance of efficiently preparing high-quality
molten liquid in the future.

To sum up, the main purpose of this paper is to establish a
self-consistent mathematical model coupling the electric arc
plasma, solid melting, and liquid flow together to simulate the
entire solid material melting using the electric arc. The present
study focuses on modeling the steel ingot melting, which will
be helpful in investigating the electric arc furnace (EAF) scrap
melting in the future. The stationary direct current (DC)
electric arc modeling and the arc-solid steel interface heat
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transfer and force interaction modeling were validated
respectively against the experimental data to prove the
accuracy of the model. The analysis was first conducted on
the DC electric arc behavioral characteristics with varying arc
length generated by the moving electrode. Afterward, the
model was utilized to dynamically predict the entire steel
ingot melting using the electric arc, which includes the
continuous phase changing of solid steel, the surface
deformation of steel ingot, and the close interaction
between phases. The study further attempted to evaluate the
effects of the initial arc length on the melting efficiency and
tried to provide useful guidance for industrial manufacturing.
In particular, the model was also implemented to simulate the
steel ingot melting with the dynamic electrode movement and
made the corresponding comparison to the model without the
electrode movement. The study further discussed the
feasibility of simulating the EAF scrap melting and
proposed a potential method to apply the current model in
such a simulation. Preliminary simulation results of the scrap
melting in the lab-scale furnace using this potential method
were also presented.

MATHEMATICAL MODEL

Problem Description and Simulation

Domain

The solid steel ingot is melted in the apparatus shown in
Figure 1A. The electrode is inserted from the top of the
apparatus to generate a DC electric arc at the electrode tip,
melting the steel ingot from top to bottom. The molten liquid
steel will flow down the surface of the steel ingot and
accumulate at the bottom of the crucible. The apparatus is
allowed to connect with the outside atmosphere, and the
working gas can be supplemented or escaped through the
electrode hole on the top of the apparatus. There is a heat
insulation layer around the crucible to prevent heat loss and
enhance the melting efficiency. Both the crucible and the steel
ingot are cylindrical, and the diameter (W) and height (H) of

A Electrode Hole

" Electrode

Solid
Steel Ingot

| Crucible : o
"I~ Insulation

‘ — Supporter

FIGURE 1 | (A) Schematic diagram of the lab-scale arc melting furnace. (B) Computational domain for steel ingot melting by the electric arc.
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the inner crucible are 0.04 and 0.03 m, respectively, while the
diameter (w) and height (h) of the steel ingot are 0.02 and
0.015 m, respectively. The electrode with the diameter (d) of
0.00454 m can move up and down on its axis as needed. The
arc length (1) is originally set to be 0.01 m. Figure 1B shows the
simulation domain considered in the present study, which only
includes the inner profile of the electrode and the crucible. Due
to the axial symmetry of the current physical problem, only
half of the geometry in Figure 1B is adopted, and the entire
simulation is solved based on the cylindrical coordinate system
(r, x) whose origin is located at the center of the electrode tip.
The structured mesh has applied to the entire simulation
domain, whose total cell number is 454,000 determined
after the mesh sensitivity study.

Model Assumptions

In order to conduct the simulation of steel ingot melting by
electric arc plasma with the affordable computational time and
relatively good accuracy, the following hypotheses are adopted
to derive the numerical model in the present study: 1) the arc is
considered to be the DC electric arc and is axisymmetric in the
2D configuration (Lago et al., 2004; Tanaka et al., 2004; Li et al.,
2017); 2) the arc is optically thin and in local thermodynamic
equilibrium (LTE) meaning the temperatures of the electron
and heavy particles are very close, which has been proven to be
true throughout most of the arc region (Lago et al., 2004;
Tanaka et al., 2004; Wu et al., 2009; Zhang et al., 2011; Jian and
Wu, 2015; Pan et al., 2016; Li et al., 2017); 3) the effects of heat
dissipation due to the viscosity are neglected in all phases
(Lowke, 1979); 4) the fluids for both the gas phase and the
liquid steel phase are treated as an incompressible Newtonian
fluid and the corresponding flows are assumed to be the
turbulent flow solved by the standard k-epsilon model (Pan
et al,, 2016); 5) the Boussinesq’s hypothesis is applied to
consider the buoyancy-driven liquid steel flow; 6) the steel
vaporization is ignored.

Governing Equations
According to the aforementioned hypotheses, a set of

governing equations utilized to describe the system
including the gas phase and the steel phase (solid steel and
liquid steel) is given as follows. The equation set is based on the
volume-of-fluid method, which is capable of capturing the gas-
steel free surface deformation and the fluid flow during the
melting. Different dynamic and thermal coefficients are
applied in different phases, and the equation set is solved in
every computational cell of the simulation domain in order to
obtain the continuous flow field variables for all phases. The
governing equations adopted in the simulation are given below
and the flow chart of the comprehensive computational fluid
dynamics (CFD) model can be found in Figure 2.

The volume fraction conservation equation can be expressed
as:

a(aqpq) +l a(rocqpqvq,,) . a(aqpqvq,x)
ot r or ox

=0 (1)
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where ag, p,, and v, are the volume fraction, the density, and the
velocity vector component of phase g (gas or steel), respectively. It
should be noted that the sum of the volume fractions in all phases
is always unity, ie, Yo jag = L.

The axial and the radial momentum conservation equation are
given as:

9(pvx)  10(rpvivs) 9(pv2)

ot r or ox
B Bp+ 0 5 oV, +1 0 avx+6v,
T 0x ox “ ox r or s or 0x
+pg + ViR" + Spup + Spia + Sss (2)

dpw)  10(p7)  D(pvn)
ot r or ox

_ ap+1a ) ov, +a av,+avx
T or ror ”‘ar ox “ ox oOr

+ VR + Sy + Sy (3)

where p and y are the pressure and the viscosity, respectively; S,
is the additional source term equal to pgB(T— Th), which is for
the consideration of the buoyancy force of liquid steel in the
anode region; S,, and S,y are another two additional
momentum source terms for the arc modeling and the surface
force modeling, respectively, which will be illustrated in the later
section; R* is the coefficient of the momentum sink, which is used
to distinguish the anode region. The expression of R* can be
defined as:

0 (inarc plasma region)

_M (inanode region) @
(X +e)

R" =

and C,,;, is the mixture zone constant; e is a coefficient with a
small value to prevent zero occurring in the denominator; 1 is the
liquid volume fraction dependent of phase temperature T, which
can be written as:

0 (T < Ts,s[eel )
T- Ts steel
A Tl,Steel — TS,S!eel ( s,steel < < I,Steel) (5)
1 (T 2 Tl,steel)

and T e and T, are the solidus temperature and the liquidus
temperature of the steel phase.
The energy conservation equation can be expressed as:

2(pT) 1 2 T) (o)

o r or ox
10 T 15} oT
= ; E (quj’g) + a (kgj‘a) + Se,L + Se,a + Se,ht (6)
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FIGURE 2 | Flow chart of the CFD model.

where T is the temperature; C, is the specific heat; k. is the
effective thermal conductivity; S., and S, are the
additional energy source terms, which will be defined in
later sections; S, is the explicit latent heat term, which is
equal to:

0 (in arc plasma region)
Sw=q Lot (inanode region) @
C, ot 8

where L is the latent heat for the steel ingot melting.

Frontiers in Materials | www.frontiersin.org

4 October 2020 | Volume 7 | Article 576831


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Chen et al.

Direct Current Electric Arc Plasma

Another set of equations needs to be solved to obtain the
electromagnetic field based on the theory of the magneto
hydrodynamics, so that the DC electric arc plasma can be
predicted in the model. The calculation of the electrical current
density component takes the following forms:

7 =0E (8)
where o is the electrical conductivity of selected working gas; E is
the electrical field intensity dependent on the gradient of the
electrical potential V, which is given by:

E=-vv )

The self-induced magnetic field calculation is generally

referred to the Biot-Savart formula, however, Ampere’s law

can also be employed to roughly measure the azimuthal

magnetic induction in an axisymmetric model. The
corresponding expressions can be written below:

B=VxA (10)
B _0A OA (11)
T 9x  or

where A, and A, are axial and radial vector potential
components, respectively. The determinations of the
vector potential components are given in Eqs 13 and 14
listed below.

The current continuity equation is defined as:

AT A W
ror\” or ) Tax\"ox ) T
And the axial and the radial vector potential equations can be
expressed as:
10,94, 0 (oA __ (13)
ror\ or ax\ox ) T W
l E % + 2 % = —u.i + ﬁ (14)
ror\ or ax\ox )T R

where y, is the magnetic permeability in the medium.

By solving the above set of equations, the Lorentz effect and
the arc heating effect can be included by two additional source
terms in corresponding governing equations, which are
written as follows:

Sm,u = TBG (15)

2+ Skgf.0T 0T
ea = _ T 5 | x5 r_ | = Or 1
Se o +212 Jax+]ar S (16)

where kg is the Boltzmann constant; e is the elementary electric
charge; S, is the radiation heat loss. The first term on the right-
hand side of Eq. 16 represents the heat generated by the Joule’s
effect and the second term is referred to the electronic
enthalpic flux.

Steel Ingot Melting by Arc

Arc-Steel Ingot Interaction at Interface

Interface Tracking

In order to define a sharp interface between arc plasma region and
anode region, a new variable 5 is introduced in the present study:

1
=70

where ts is the threshold used to distinguish the cell belongs to the
anode region or arc plasma region, that is,  will be unity if the cell
is an anode cell. Therefore, the interface can be represented using
the normalized gradient of 4, which is written as:

— Vg |1 (interface)
v _|Vr/|+e_ 0 (notinterface)

(as > ts)

(as < ts) (17

(18)

Heat Transfer at Interface
During the steel ingots arc melting process, there exists a low-
temperature sheath on the surface of the arc and steel ingots,
where the plasma arc temperature, particle density, and
voltage have large gradients, resulting in the plasma not
meeting the LTE assumption (Tanaka et al., 2004). The
presence of a low-temperature sheath causes the electron
temperature to be different from the heavy particle
temperature, thus the electron temperature and the heavy
particle temperature cannot be defined by a unified
temperature value. Meanwhile, such a sheath also has a
significant impact on the distribution of the arc current
density on the surface of the steel ingot and the heat
transfer between the steel ingot and the arc. Therefore, the
special treatment of the boundary layer is required in the
model. The present study adopted the LTE-diffusion
approximation to deal with the above-mentioned low-
temperature sheath (Lowke and Tanaka, 2006; Jian and Wu,
2015), and considers the thermal effect of the arc to the steel
ingot surface by adding the additional energy source at the
interface for each phase (Tashiro et al., 2011). Generally, the
heat transfer mechanism from the arc to the steel ingot surface
is mainly composed of three parts: the electronic heat, the
conduction heat, and the surface radiative heat. Among them,
the electronic heat is caused by the steel ingot surface receiving
the electrons from the electrode tip and releasing a large
amount of heat.

The aforementioned heat transfer mechanism at the
interface can be mathematically expressed as (Pan et al,
2016):

| keff (Ta - Ts) 4
. en™ Gen=qrn = | J |¢+ S —ek, T (arcplasmaside)
et ke (T~ T,) (anodeside)
B/ —
1)
(19)

where g, is the electronic heat; gy, is the conduction heat; g, is
the surface radiative heat; ¢ is the work function of steel ingot;
T, and T, are the interface temperature for arc and steel,
respectively; ¢ is the interface thickness; ¢ is the emissivity
of steel ingot.
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Surface Force at Interface
In addition to the gravity, the buoyancy force, and the
electromagnetic force, there has extra four surface forces
that need to be discussed and further considered about
their effect at the interface, which includes the surface
tension, the Marangoni shear stress, the arc plasma shear
stress and the arc pressure. It should be noted that the last
force, i.e. the arc pressure, has already included in the model
by solving the corresponding momentum equations described
above. Thus only the first three forces need additional
treatment.

The surface tension pressure py at the interface is mainly due
to the surface curvature, and its direction is normal to the local
free surface, and its value can be calculated by (Brackbill et al.,

1992):
N
7
ps=—y|V- . (20)
7]
where y is the surface tension coefficient; 7 is the normal vector
to the local free surface.

The Marangoni shear stress 7, is caused by the existence of
the temperature gradient, and its direction is tangential to the
local free surface, and its value can be estimated by (Fan and
Kovacevic, 1999):

_ oy oT

Tms_ﬁﬁ (21)

where 5 is the tangential vector to the local free surface.

While the arc plasma shear stress r7,, is estimated
according to the interface velocity on the arc plasma side
and further applied on another side of the interface, i.e. the
anode side, and its value can be calculated as follows (Hu and
Tsai, 2007):

ov

57 @2

Tas = ‘H
By adding the above surface forces as a volumetric source term
Sm,sf to the momentum conservation equation in the appropriate
direction, the force interaction at the interface can be predicted as
desired.

Electrode Movement

Except for using the stationary electrode position, the present
study also includes the moving electrode to generate the
electric arc with varying arc length for the steel ingot
melting, which is one of the common operations in the arc
melting manufacturing. In order to achieve electrode
movement in the model, a layering dynamic mesh was used,
and the integral form of all conservation equations mentioned
above in the dynamic mesh needs to be rewritten as follows for
a general scalar ¢ on an arbitrary control volume V whose
boundary is moving (ANSYS Inc., 2011):

%Jp(pdV + Jp¢<7 - 7g) dA = erp dA + Js¢dv (23)
\4 eA% oV \%4
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where %/ is the flow velocity, %, is the mesh moving velocity, I is
the diffusion coefficient regarding different conservation
equations, and Sy is the source term of a general scalar ¢.

By adopting the layering dynamic mesh, the electrode can
move up and down on its axis at the assigned proper mesh
moving velocity.

Material Properties and Boundary

Conditions

The material properties adopted in the present study are listed in
Table 1 and they are all referred to the published literature. The
properties given in the form of references in the table are
temperature-dependent values, which were added to the solver
by interpolation for the simulation. In addition, some properties
of the steel ingot, such as viscosity, specific heat, thermal
conductivity, are also temperature-dependent, which were
added in the same way to the solver. Other parameters
utilized in the model are all given in Table 2.

The detailed boundary conditions for the simulation domain
are indexed in Table 3. It should be noted that a commonly-used
free-burning DC arc configuration was adopted in the present
study to melt the steel ingot. The operating current is 200 A and
the working gas is argon and assumed to be at atmospheric
pressure. The corresponding current density distribution
expression for this type of arc can be written as follows (Hsu
et al., 1983):

](r) = ]max exp (_br) (24)

where . is the maximum current density, which can be
approximated based on the experimental measurement of the
radius of the hottest part (the “white-hot”), and use the following
equation to calculate:

1
max = 25
J 2nr} 25)

where 7, is aforementioned “white hot” radius, and normally
takes 0.00051 m for the 200 A arc. And b is a constant, which can

TABLE 1 | Material properties in the model.

Parameters Symbol Values for arc Values for steel
plasma ingot (SUS304)
(argon)

Density p Boulos et al. (2013) 7,200 kg/m®

Viscosity u Jian and Wu (2015)

Specific heat Cp

Thermal conductivity k

Radiation heat loss S, Cressault (2001) —

Solidus temperature Tssteel — 1670 K

Liquidus temperature T steel 1723 K

Latent heat L — 245,000 J/kg

Electrical conductivity o Boulos et al. (2013) 770,000 S/m

Work function ¢ — 4.65V

Surface tension y — 1.2 N/m

coefficient

Initial temperature T 1,000 K 1,000 K
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TABLE 2 | Other parameters in the model.

Parameters Symbol Values
Mixture zone constant Crmix 108
Constant coefficient € 0.001
Magnetic permeability Ho 1.26 x 10 H/m
Boltzmann constant ks 1.38 x 10723 /K
Elementary electric charge e 16x107'°C
Interface threshold ts 0.95
Interface thickness 8 0.00015 m

be calculated by integrating the current density in radial direction
using the expression given below:

I=2n JbR[j(r)rdr (26)
0

where R, is the arc conduction radius (cut-off radius), and
normally takes 0.003 m for the evaluation.

MODEL VALIDATION

Validation of Direct Current Electric Arc

Plasma

As the arc is the main heat source for the steel ingot melting,
the accuracy of the arc simulation needs to be proven first.
Otherwise, the subsequent melting results will be meaningless.
The stationary DC electric arc modeling is validated against
the temperature measurement of the arc column published in
reference. The current validation simulation only includes the
electric arc plasma region, i.e. the steel ingot is not considered
for the simplification purpose. Figure 3A presents the
temperature distribution of the free-burning plasma arc
using argon as a working gas. For a 200 A-current arc, the
highest temperature located just below the electrode tip can
reach up to 22,000 K, while the middle of the arc column
maintains a high temperature around 10,000 K. A typical bell
shape of the arc plasma can be observed, which is mainly due to
the strong impingement and dispersing of the arc plasma jet on
the anode surface. Thus, the high temperature gradually
spreads along the centerline of the plasma jet and the
strong diffusion of the temperature also occurs in the radial
direction. The simulation results were compared with the
isotherms measured by Hsu et al. (1983). The isotherms range
from 11,000 to 21,000 K and the temperature distribution is in a
fairly good agreement with the experimental data, whose
percentage error is estimated to be less than 5%.

In addition to the isotherms of the arc plasma, the axial
velocity distribution and the velocity contour are also plotted
in Figure 3B to compare with other research works (Freton et al.,
2000; Lago et al., 2004). The velocity contour indicates that the
velocity of the arc plasma jet maintains concentrated and has a
slight diffusion in the radial direction. In the plotted axial velocity
distribution, it can be seen that the arc plasma accelerates
dramatically just below the electrode tip and reach extremely
fast to the maximum velocity at 0.0008 m. Then the arc plasma

Steel Ingot Melting by Arc

TABLE 3 | Boundary conditions for the simulation domain.

Variables BC CcD DF AF AB BE
oT oT oT oT oT oT )

T (K) E:O a=O 5:0 v Ea:o 3,500 (at tip)
)% oV ov oV oV

V (voltage) 570 0 570 &70 5&70 Eq. 24
ou

v (m/s) 3 0 - - — — —

velocity decays smoothly from 0.0008 to 0.0088 m until it touches
the anode surface. The current simulation results have a good
agreement with the published simulation results by other research
groups, which further demonstrates the model accuracy in the
present study.

Since the current physical problem is axisymmetric, only half
of the geometry in Figure 1B is adopted and the entire set of
equations is solved in 2D based on the cylindrical coordinate
system (r, x). For the consideration of the potential future
application, the current 2D electric arc modeling was further
enhanced to the 3D and corresponding validations were also
conducted. The only difference is 3D electric arc modeling is
based on the Cartesian coordinate system (x, y, z). Figure 4A
compares the isotherms of 2D and 3D configuration showing
fairly good consistency. With the validated 2D electric arc
modeling as illustrated above, the 3D electric arc modeling
was indirectly validated. The minor mismatching of the
temperature distribution at the domain centerline may be due
to the slight difference of the mesh in two simulations. Figure 4B
also compares the 2D and 3D axial velocity of the electric arc,
whose overall distributions are in line with each other. In
summary, 2D modeling based on the cylindrical coordinate
has the same prediction of the electric arc as that for 3D
modeling based on the Cartesian coordinate. Both 2D and 3D
model has been validated in the present study.

Validation of Steel Melting
With the validated electric arc modeling, the subsequent

melting validation can be conducted. The published
experimental and simulation data of the keyhole plasma arc
welding process (Jian and Wu, 2015) was employed to validate
the accuracy of the local arc-steel heat transfer and force
interaction prediction during the steel workpiece melting so
that those mechanisms can be further applied on the arc
melting simulation of the entire steel ingot. The simulation
domain and operating conditions were all modified accordingly
based on the reported experimental setup, while the heat
transfer and force interaction mechanism in the model were
kept the same.

During the melting process, the heat transfer continuously
happens at the arc-solid interface, so that the solid workpiece
can be efficiently melted beneath the electric arc. Meanwhile,
the force interaction between the arc and the liquid steel results
in the liquid steel to be pushed away immediately by the high-
velocity and high-pressure plasma jet, thus the keyhole solid
surface is exposed again. The exposed solid surface can further
absorb the heat from the electric arc triggering the melting
again. This phenomenon occurs repeatedly throughout the
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entire process leading to a keyhole created inside the
workpiece until it penetrates the entire workpiece. Locally,
the steel ingot melting using the electric arc has a similar
mechanism. Figure 5A compares the simulated steel
workpiece melting with both experimental measurement
and simulation data reported by Jian and Wu (2015). The
dashed line represents the measurement position of the
keyhole solid surface profile, and the solid line is the
corresponding simulation results obtained by the group,
and the temperature contour of the steel workpiece is the
result predicted by the present model. From the comparison
with the reported data, the present model gives a good
prediction of the keyhole solid surface profile, which
matches the measurement data and simulation results given

by Jian and Wu (2015). The overall error is less than 10%,
which further proves the accurate prediction of the heat
transfer and force interaction in the model.

Moreover, by modifying the corresponding material
properties, the model also has the ability to predict the
melting process of other types of metal using electric arc
since the overall heat transfer and force interaction
mechanism stays the same between the arc and the metal.
Figure 5B shows another validation simulation using
aluminum as the workpiece based on the experiment
reported in Pan et al. (2016). The validation was still
conducted by comparing the keyhole solid surface profile in
the workpiece to prove the melting prediction to be correct.
From the figure, the current simulation results and the reported
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FIGURE 4 | (A) Comparison of 2D and 3D simulated isotherms. (B) Comparison of 2D and 3D velocity distribution at the domain centerline.
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experimental data given in the figure can well match with
each other.

RESULTS AND DISCUSSIONS

Arc Characteristics With Dynamic Electrode

Movement

The investigation of the electric arc with varying arc length due to
the electrode movement is of great significance for the industrial
applications. Maintaining the arc length within a certain range by
moving the electrode will help to stabilize the arc, thereby
obtaining better arc performance and achieving higher arc
melting efficiency. Generally, the sensor calculates the current
arc length by detecting the variance of the impedance in the solid
material and returns the signal to the controller for consequent
action if the arc length changed. For example, if the solid surface
collapses due to melting, the arc length will be elongated
accordingly and the impedance value will change as well. In
this case, the controller will move the electrode downward to
shorten the arc length and ensure the arc length return to the
preset value to meet the requirement of the production. This
process is a continuous regulation process, meaning the arc
length is changing dynamically. Thus, it is necessary to have a

Steel Ingot Melting by Arc

better understanding of the detailed arc characteristic during this
period for better controlling. The present study aims to conduct a
quantitative analysis of the effect of dynamic variation of arc
length on the arc itself and the melting of the anode surface to
provide practical guidance for the operation.

For the simplification purpose, the simulation domain
adopted in this section includes the electric arc plasma and
the top surface of the solid steel ingot (the anode surface). In
order to observe the characteristics of the arc, it is only after the
electric arc plasma is generated and stabilized that the electrode
begins to move up and down along its axis at a constant velocity.
The electrode descends continuously at 0.001 m/s between 0 and
7 s, then changes the direction of movement and lifts up with the
same velocity until the end of the simulation. Figure 6 shows the
dynamic effect of varying arc length due to electrode movement
on the arc characteristics. From Figures 6A,B, as the electrode tip
gets closer to the anode surface, the reducing arc length makes the
entire arc column be greatly compressed. As a result, the arc loses
its original bell shape and the high-temperature area beneath the
electrode tip expands. Such conclusions can be observed from the
11,000 K isotherm and the 21,000 K isotherm in the temperature
contours. Under the premise of the same arc operating
conditions, the energy released due to the ionization of the gas
between the electrode tip and the anode surface needs to diffuse
outward in the radial direction based on the conservation of
energy if the vertical space is reduced, thus the surrounding gas is
rapidly heated up and the high temperature region becomes an
M-shaped distribution. Figure 7A shows the near-wall gas
temperature at the electrode surface during the dynamic
descent of the electrode. It can be seen that when the tip-
anode vertical distance reduces from 0.01 to 0.003 m, the
average temperature increases along the line monitor to reach
up to 10,000 K, which may result in great consumption of
electrode itself in the practical production. As the electrode
turns to move upwards from 7 to 15s, the arc gradually
returns to the bell shape. At the last moment of the
simulation (14-15s), the electrode is lifted up over the
original arc length leading the entire arc to be stretched. In
reality, such an operation increases the resistance of the arc
and cools down the arc, which can be reflected from the
shrinking of the 11,000 K isotherm and the 21,000 K isotherm
in Figure 6C.

Furthermore, the dynamic effect of the arc on the anode
surface under varying arc length is further studied. The arc
performance is evaluated by analyzing the area-averaged heat
flux, pressure, and current density on the anode surface. The
changes in these variables over time are shown in Figure 7B.
From the figure, the electrode descents to the lowest point in
about 7 s. During this time, the area-averaged heat flux, pressure,
and current density on the anode surface all show an exponential
increase or decrease, and values of those variables reach the peak
at around 7 s. The extremely high heat flux and current density
significantly enhance the heat conduction between the arc and the
anode surface and the generation of a large amount of electronic
heat on the anode surface, causing the solid material to have the
intensive melting. Meanwhile, the arc also applies a high pressure
on the anode surface resulting in the liquid steel being blown
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away, thereby exposing a new molten solid surface to participate
in a new round of melting. Although the short arc length will
greatly increase the melting efficiency of the arc based on the
previous discussion, the ambient gas surrounding the electrode is
more easily heated to the high temperature due to the
compression of the arc column. Thus, the electrode
consumption rate also increases at the same time. For a long
arc, the arc resistance value and the active power consumption are
greater, which in turn leads to the reduction of the arc melting
efficiency and the poor stability of the arc. Therefore, maintaining
a relatively reasonable and stable arc length will balance the
electrode consumption rate and melting efficiency to achieve the
highest economic benefit.

Steel Ingot Melting With Stationary

Electrode
This section first analyzes the melting of a steel ingot using the
electric arc under the condition of a fixed electrode position. An

initial arc length of 0.01 m is used for the arc ignition. The
simulation results of the entire steel ingot melting are shown in
Figure 8. At the beginning of the melting stage, the electric arc
contacts the ingot top surface in the form of a bell shape and
transfers a large amount of heat to it. The heat is Gaussian-
distributed from the surface center outwards, thus the entire steel
ingot follows the melting sequence from the center to the outside
and from the top to the bottom. The red area in the contours
represents molten liquid steel. From the first three contours, the
high-velocity and high-pressure plasma jet hits the liquid steel
that just melted and accumulated in the surface depression,
causing it to splash or flow to the edge of the ingot and
further drip from its side surface. Since the side surface of the
steel ingot is not directly heated by the arc, it still maintains a
relatively cold condition. The high-temperature liquid steel
dripping along the surface or gathering at the bottom of the
crucible transfers its heat to the cold side surface and cools down
and solidifies again. Furthermore, as the steel ingot melts, the arc
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melting efficiency gradually decreases with the arc length
increasing. The above two main factors directly cause the solid
volume of the steel ingot to decline in a fluctuating manner during
the melting process. On the other hand, as the liquid steel is
pushed away by the plasma jet, the solid ingot top surface is
exposed allowing it to be further melted. The rest of the surface
that is still covered by the high-temperature liquid steel melts due
to the heat conduction between the solid and the liquid. The
above process will be repeated at the beginning and middle
melting stages until the remaining solid part is fully immersed
in the liquid steel. The last two contours show that the remaining
steel ingot is having the in-bath melting. During this period, the
main method for the in-bath melting is through the forced
convection, that is, the high-temperature liquid steel in the
bath is stirred by the strong impact of the electric arc and
keeps transferring heat to the immersed solid. The electric arc
only heats the liquid steel on the surface of the liquid steel bath.

Based on the above discussion, the effect of the initial arc
length on the steel ingot melting rate can be further explored. The
positions of the fixed electrode are adjusted downward by 0.0025
and 0.005 m, respectively, so that the initial arc lengths can be set
to 0.0075 and 0.005 m, respectively. The melting rate is analyzed
by comparing the remaining volume of the solid steel ingot,
whose results are shown in Figure 9. All three melting curves
show a fluctuating decline due to the repeated melting and
solidification of steel. The initial arc lengths of 0.01, 0.0075,
and 0.005m correspond to the melting times of 4.4, 5.6, and
6.4s, respectively. Two identical descending heights of the
electrode position reduce the melting times by 12.5 and 21.4%,
respectively. Therefore, the initial arc length has a great impact on

the steel ingot melting rate. The three temperature contours given
at 2 s illustrate that the smaller initial arc length can provide
higher instantaneous heat flux and current density, and effectively
avoid the accumulation of liquid steel in the surface depression
(red area), thus more surface can be directly contacted with the
arc to achieve the layer-by-layer melting. Such melting behavior
greatly accelerates the overall melting efficiency of the steel ingot,
which is consistent with the conclusions discussed before.
Therefore, in an actual production, it is recommended to
shorten the initial arc length to effectively reduce the arc
dissipation and to enhance the arc performance acting on the
solid surface, thereby improving the melting efficiency of the
steel ingot.

Steel Ingot Melting With Dynamic Electrode

Movement
This section further considers the steel ingot melting using the
electric arc under the dynamic moving electrode. In the cases
of using the fixed electrode position, the arc length increases as
the height of the steel ingot decreases. According to the
previous discussion, longer arc length largely elevates the
arc resistance and is not conducive to the stability of the
arc, which may easily cause the arc extinction and have a
certain impact on the stability of the entire electronic system.
Generally, moving the electrode downward based on the
melting rate to ensure a relatively stable arc length is one of
the widely-accepted solutions in the actual operation and the
most common example is the electrode bore-in during the
melting stage in EAF. So far, there is no relevant literature
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FIGURE 9 | Effect of initial arc length on steel ingot melting efficiency with stationary electrode.

known to the authors that has reported the numerical
modeling of melting the steel ingot using the electric arc
under the dynamic moving electrode. Thus, it is necessary
to conduct further research on this. In the present study, the
dynamic mesh is employed to achieve the electrode movement
in the model. The electrode descend is assumed to be at a
constant velocity of 0.0015 m/s downward in the simulation.
The results are shown in Figure 10A. The distance between
the electrode tip and the ingot top surface is maintained near
the given value of the initial arc length during the entire
melting stage. The relatively stable arc length enables the
electric arc to sustain good thermodynamic characteristics,
so that the arc can keep its original bell shape and melt the
surface of the steel ingot with higher heat flux. Under the

premise that the initial arc length is 0.01 m, as shown in
Figure 10B, the case with the dynamic electrode movement
reduces the melting time from 6.4 to 4.8 s, which has a total
reduction of 25%.

Figures 11A,B show the axial temperature and velocity
distribution at 0.0005 m above the ingot top surface with
and without considering the dynamic movement of the
electrode. Since the steel ingot itself continuously melts, the
position of the ingot top surface also continuously declines.
Thus, 0.0005 m mentioned in the present section is the relative
distance from the ingot top surface at the current moment.
Both figures show instantaneous temperature and velocity
distributions at 0.5, 1.5, and 2.5 s for comparison. From the
charts, the case considering the dynamic electrode movement
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FIGURE 10 | (A) Steel ingot melting using electric arc with dynamic moving electrode. (B) Comparison of steel ingot melting efficiency with and without dynamic

B

1.0
& — No Electrode Movement
ED 08 -+ — With Electrode Movement
TE
?n 9 0.6 +
280
54
w
wE 04 |
£S5
<
£ 02+
=4

0.0 + } f }

0.0 2.0 4.0 6.0 8.0
Time (s)

Frontiers in Materials | www.frontiersin.org

12

October 2020 | Volume 7 | Article 576831


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Chen et al.

is able to maintain a relatively stable arc length, and the
temperature and velocity distribution at the three plotted
moments are concentrated and have a similar distribution
and numerical range. On the contrary, for the case where the
dynamic electrode movement is not considered, the
distribution of instantaneous temperature and velocity
reaching the ingot top surface is very different from each
other. A large reduction can be found for both curves as the
arc length continues to increase. According to the data given in
Figure 11B, the average peak temperature decreases up to
2000 K per second and the average peak velocity decreases up
to 40 m/s per second meaning the original arc performance
cannot be maintained in the sequent arc melting, which results
in a significant negative impact on the melting efficiency.

Application to Electric Arc Furnace Scrap
Melting

The numerical model used in the present research can provide a
basis for the subsequent simulation of EAF scrap melting. In the
steelmaking process of EAF, different types and shapes of scrap
are charged into the furnace to form a scrap stack. The electrode is

Steel Ingot Melting by Arc

inserted through the electrode holes to strike an arc in-between
the electrode tip and the scrap surface to generate a large amount
of heat for the scrap melting. Locally, the EAF scrap melting
mechanism is similar to the steel ingot melting mechanism
considered in the present study. The most obvious difference
is that the scrap stack is a porous structure with certain voids
inside, which allows the liquid steel dripping through it, while the
steel ingot is a solid structure and the liquid steel can only flow on
the solid surface. In fact, the model adopted in this research is
based on the fixed grid method and volume-of-fluid method to
simulate the melting and solidification of solid materials. The
specific method to eliminate the movement of the solid phase is
by adding the corresponding momentum sink to the momentum
equation. However, since the gas-liquid-solid three phases share a
single momentum equation, eliminating the movement of the
solid phase will cause the flow of any other phase in the grid to be
eliminated as well. Therefore, the solid steel ingot region cannot
be directly processed as a porous structure by modifying the
volume fraction in the corresponding grid. This section presents a
potentially feasible method to build a steel ingot stack with voids
to achieve a porous structure similar to the EAF scrap steel stack.
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The present study adopts the discrete element method to
simulate the process of charging each steel ingot in the
domain and the data of the final steel ingot distribution is
imported into the CFD solver as the initial steel ingot stack, as
shown in the first contour in Figure 12. Based on this method, a
steel ingot stack composed of a pure solid region and a pure gas
region can be obtained and the porosity of the steel ingot stack
can be calculated according to the pure solid region volume and
the pure gas region volume. The follow-up works can consider
more steel ingot shapes in line with the actual situation in
addition to the cube used in the current study. It should be
noted that the domain considered in the current simulation is still
a laboratory-scale crucible rather than an industrial-scale EAF,
and electrode movement is also included. The sequent melting
simulation of the steel ingot stack is similar to the results shown in
previous sections. As the electrode dynamically moves down, the
steel ingot stack will gradually melt from inside to outside and
from top to bottom. The only difference is that the liquid steel
flows through the voids to the bottom and eventually gathers at
the bottom to form a liquid steel bath, as shown in the last three
contours in Figure 12, which is similar to the scrap melting
behavior in industrial EAF.

CONCLUSION

The present study established a numerical model to dynamically
simulate the entire steel ingot melting process using the electric
arc, which includes the continuous phase changing of solid steel,
the surface deformation of steel ingot, and the close interaction
between phases. The stationary DC electric arc modeling and the
arc-solid steel interface heat transfer and force interaction
modeling were validated respectively against the experimental
data, which proved the model accuracy. The relevant researches
were conducted based on the validated model and the following
conclusions were made:

1. The DC electric arc behavioral characteristics with varying arc
length generated by the electrode movement was analyzed,
which reveals that maintaining a reasonable and stable arc

length will balance the electrode consumption rate and
melting efficiency to achieve the highest economic benefit.

2. The effect of the initial arc length on the melting efficiency was

studied, which demonstrates that the smaller initial arc length
can provide higher instantaneous heat flux and current density
and reduce the arc dissipation, meanwhile effectively avoid the
accumulation of liquid steel in the surface depression thus more
surface can be directly contacted with the arc to achieve the
layer-by-layer melting, which greatly improves the overall
melting efficiency.

3. The entire steel ingot melting process using the electric arc
under the dynamic moving electrode was simulated, which
illustrates that the case considering the dynamic electrode
movement can maintain the original arc performance near
the ingot top surface in the sequent melting of the steel
ingot, which results in a positive impact on the melting
efficiency.

4. A potential method was proposed to apply the current model
in simulating the EAF scrap melting. The preliminary
simulation results of the scrap melting in the lab-scale
furnace using this potential method were given.
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