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ABSTRACT: Heat and mass transfer within an electric arc furnace are strongly influenced by extreme
temperatures and complex electromagnetic fields. Variations in temperature distribution play a crucial role
in determining melt flow patterns and in the formation of stagnant regions, commonly referred to as dead
zones. To better understand the internal flow dynamics and thermal behavior of the furnace, this study
develops a multiphysics coupled model that integrates fluid heat transfer with Maxwell’s electromagnetic
field equations. Numerical simulations are conducted to systematically examine how key operational
parameters, such as electric current and arc characteristics, affect the heat transfer performance inside the
furnace. The analysis reveals that arc length is the dominant factor governing both current density and heat
distribution in the molten bath. Specifically, increasing the arc length from 200 mm to 400 mm results in
a 16.1% rise in maximum current density within the titanium slag layer, from 7128 A/m? to 8270 A/m?.
However, a longer arc also introduces higher interfacial thermal resistance, which impedes heat transfer
efficiency and leads to a significant drop in the peak temperature of the titanium slag, from 2618 K to 2125 K.
These findings underscore the dual impact of arc length on both electrical and thermal behavior, highlighting
the need for careful optimization.
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1 Introduction

Titanium, known as the “space metal” due to its lightweight and high-strength properties, has
found extensive applications in fields such as aerospace [1], biomedical [2], and petrochemicals [3].
Currently, the global titanium industry is transitioning from a single-mode market primarily
focused on aerospace to a diversified model emphasizing new areas such as metallurgical energy [4]
and carbon cycle utilization [5]. The electric arc furnace melting process is a critical step in the
production of high-titanium slag, directly impacting the quality and yield of the product. However,
the harsh environmental conditions within the high-temperature reaction zone of the furnace pose
significant challenges to comprehensive industrial testing, making experimental progress difficult.
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Therefore, to better study the detailed interactions between the electric arc and the melt, numerical
simulation, with its unique advantages, has gradually become an effective tool for researchers.

The shape of the electric arc furnace, arc characteristics, and current density distribution are
crucial factors influencing the magnetohydrodynamic heat transfer properties and the uniformity
of melt mixing, making them persistent research topics in electric arc furnace metallurgy [6-9]. As
early as 2001, Ramirez et al. [10] developed a coupled flow-heat transfer-electromagnetic model
for the melt zone in a direct current arc furnace, investigating the phenomena of melt flow and
heat transfer under the influence of different process parameters. Subsequently, Wang et al. [11]
developed a mathematical model incorporating mass, energy, and momentum balance equations
along with Maxwell’s equations to describe the heat transfer phenomena in the arc and melt
pool regions of the arc furnace. Wu et al. [12] combined experimental and numerical methods
to study the changes in arc morphology, electrostatic characteristics, arc voltage, and arc length,
revealing the arc phenomena under pressure. Karalis et al. [13] established a three-dimensional
mathematical model for fluid flow, heat transfer, and electromagnetic phenomena in the arc
furnace, their study interpreted the interaction between slag properties and heat flow within the
furnace. Ren et al. [14] developed a three-dimensional magneto-thermal-fluid simulation program
to simulate the movement of arcs under magnetic field effects. Cui et al. [15] described the influence
of the magnetic field on the velocity-temperature distribution within the furnace based on a
transient three-dimensional model, and verified the accuracy of their custom function program
using existing literature data. Their simulation results indicated that the Lorentz force is the primary
factor affecting the velocity and temperature distributions.

To further investigate arc characteristics and analyze the internal flow and heat transfer patterns
in electric arc furnaces, Dietz et al. [16] developed a power balance-based electric arc furnace model
using Monte Carlo and genetic algorithms [17]. Cui et al. [18] established magnetohydrodynamic
(MHD) equations for plasma arcs, and integrated the models of fluid flow and heat transfer with
those for arc-slag interactions. They tracked the interface properties of the molten material using
the VOF model and explored the effects of slag viscosity and arc length on interfacial motion
behavior. Yan et al. [19] employed the Euler-Lagrange method to study particle flow behavior in
plasma smelting furnaces.

Furthermore, to better couple the flow and heat transfer characteristics between the arc and the
molten pool, methods such as the equivalent heat source method [20] and the channel arc model
(CAM) [21] have been employed to simulate the heat transfer phenomena between the arc and the
molten pool. Yao et al. [22] studied the flow and heat transfer process in an electric arc furnace
using the “local thermodynamic equilibrium diffusion approximation” method, based on a unified
two-dimensional axisymmetric model of the arc coupled with the molten pool. Qian et al. [23]
combined the energy equation with Maxwell’s equations to calculate the heat transfer from the
arc to the rigid anode surface. Alexis et al. [24] studied the heat transfer between the arc and the
molten pool, considering the arc distribution and temperature field as boundary conditions.

The aforementioned research has, to some extent, revealed the characteristics of
magnetohydrodynamics and the regularity of temperature distribution within electric arc furnaces.
However, due to the complexity of the internal environment of the arc furnace, the phenomena
of flow and heat transfer during the smelting process remain difficult to fully depict. This study
aims to further explore the influence of current on the arc and temperature distribution, as well as
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to reveal the mechanism by which process parameters affect arc characteristics, by constructing a
numerical simulation model of a titanium slag electric arc furnace.

2 Methodology and Simulation Details
2.1 Model Establishment

In this study, due to the position of the graphite electrode being above the melt at the center of
the furnace body, and the simulation process focusing primarily on the electric arc and molten zone
within the furnace, the entire model was simplified into an axisymmetric model. The computational
domain was set with a height of 1000 mm and a width of 500 mm. Specific local mesh refinement
was applied to the arc region, resulting in a total of 124,964 meshes for the two-dimensional model,
with an average mesh growth rate of 1.1. The model and mesh division are shown in Fig. 1a, where
the yellow region represents the gas phase, the blue region represents the titanium slag layer (with
a liquid level height ranging from 230 mm to 280 mm), and the red region represents the iron
(molten) layer (with a liquid level height ranging from 180 mm to 230 mm).

The physical and chemical phenomena occurring inside a direct current arc furnace are highly
complex, involving the interaction of electromagnetic forces with fluid dynamics, as well as heat
transfer induced by arc discharge and chemical reactions. This study simplifies these phenomena
and defines them under specific boundary conditions. According to the volt-ampere characteristic
curve of a 30 MW arc furnace (as shown in Fig. 1b), the full-power current range is 43.3 kA to
61.2 kA, the design voltage is 490 V to 693 V, the overall resistance range is 8 to 16 m(), and the
arc length is 200 to 400 mm. The initial conditions inside the furnace are set as follows: the initial
temperature of the titanium slag and electrodes is 1850 K, the initial temperature of the molten iron
is 1450 K, the initial temperature of the furnace bottom boundary is 1400 K and the furnace wall
boundary is 306.2 K. Titanium slag and molten iron are simplified as incompressible fluids with
constant physical parameters such as viscosity and density. The physical properties of the iron
(molten) and titanium slag are shown in Table 1.
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Furnace cover — |
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refractory materials and

cooling equipment)
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Figure 1: Cont.
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Figure 1: Arc furnace settings: (a) model and mesh, (b) The voltage-current characteristic curve.

Table 1: The physical properties.

. . ) Thermal Conductivity Density Heat Capacity Electrical
Parameters Viscosity Pa-s W/(m-K) kg/m® J/(kg-K) Conductivity S/m
Gas 4.16 x 107 0.0555 0.353 1050 -
— 0.349 3.78 v
Titanium slag (interpolation estimation)  (interpolation estimation) 68452 824. 1.04 <10
0.005 41.163

Tron (molten) (interpolation estimation)  (interpolation estimation) 3796.7 12572 8888.9

2.2 Mathematical Models
2.2.1 Fluid Model

The high-temperature arc jet causes the gas inside the furnace to be in a turbulent state [25].
Gas, titanium slag, and iron (molten) inside the electric arc furnace are treated as incompressible
fluids, with the effect of molecular viscosity considered negligible. In this study, the Realizable
k-¢ equation is employed as the fundamental governing equations for the fluid, which builds
upon the Reynolds-Averaged Navier-Stokes (RANS) equations by incorporating equations for
turbulent kinetic energy and turbulence dissipation rate [26]. The turbulence model is employed
to characterize the flow features within the electric arc furnace, and it has been validated and
applied in previous research [27,28]. The entire flow process is characterized by the balances of
mass, momentum, and energy, which are described by the continuity equation, the Navier-Stokes
equation, and the total energy equation. In order to account for the properties of the furnace gas,
a mixture thermodynamic model (Peng-Robinson equation of state) is employed to describe its
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state [29]. As an an Euler-Euler (VOF) method is employed to analyze the gas-liquid two-phase
flow inside the furnace, the continuity equation reads.

a n

£+V-(pV):O,P: lempm @
m=1

where, p represents the density of the fluid (a,, denote the volume fraction of the m phase, with a,,

ranging from 0 to 1), V represents the velocity vector.

The momentum equation under the Boussinesq approximation reads.

)% -
p<at +(V- V)V) = —Vp+uV?V = BpATg + Fe+V - Tre, i = ) i @
m=1

where u represents viscosity, g, is the Reynolds (turbulent) stress tensor, F; represents the
body force due to the electromagnetic effect, AT is the difference between the local and a
reference temperature, B represents the fluid’s coefficient of volumetric expansion, i.e., for the gas
6.67 x 10~ K~1, for iron (molten) 1.2 x 107> K~!, and for Titanium slag 4 x 102K 1.

The turbulent kinetic energy equation, and turbulent dissipation rate equation are presented
as Egs. (3) and (4).

ok  oJkV d ok
de  0¢V d oe I3 €2
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where, k is the turbulent kinetic energy. D stands for the diffusion term. G represents the turbulent
kinetic energy generated by the mean velocity gradient. e represents the dissipation rate. These are
needed to determine the Reynolds stress appearing in the momentum equation.

The energy equation and the expression of the electromagnetic force are reported in the next
two sections, respectively.

2.2.2 Heat Transfer Model

The heat generated in the electric arc furnace is primarily composed of the Joule heat from the
arc, the heat from the reduction reaction of ilmenite and the combustion reaction of coal powder.
Correspondingly, the heat losses mainly arise from the carried away by exhaust gases, slag, and
external cooling processes. This study simplifies these heat sources and treats them as heat inputs,
which include conduction, convection, and radiation. The equations are shown in Egs. (5) and (6).

dT
Q1= _/\Ala )
Q2 = Ash(T; — Tp) (6)

where, Q represents the heat flow, and A denotes the contact area. A represents the thermal conductivity,
h denotes the convective heat transfer coefficient.
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The energy equation is shown as Eq. (7).

3(pC, T " Qo C "
(pat”) +V - (VpC,T) = V- (AVT),C, = W,A =Y s %

m=1
where p is the density, C, is the specific heat, V' is the velocity, A is the thermal conductivity.

2.2.3 Electromagnetic Model

The graphite electrodes inside the electric arc furnace discharge to generate arcs, which interact
with the fluid. In addition, the Lorentz force acts on the conducting fluid, causing disturbances,
thus necessitating the consideration of electromagnetic forces. The electromagnetic induction
equations include Gauss’s law for magnetism, Faraday’s law of electromagnetic induction, and
Maxwell-Ampere’s law. These act as external forces on the fluid inside the furnace, as shown in
Egs. (8)—(12) [30].
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5
where, E denotes the electric field intensity vector, p. denotes the volume charge density,
—
represents the permittivity of free space, B is the magnetic flux density vector, y, stands for the
—

magnetic permeability, | represents the current density vector, F, is the electromagnetic force, and
q is the particle charge.

2.3 Grid Independence and Model Validation
2.3.1 Grid Independence Validation

The number of grids and the grid resolution in numerical simulations significantly affect the
accuracy of the computed results. To ensure computational accuracy, 50,732, 75,432, 87,456, 101,789,
124,964, and 149,036 grid numbers were set, respectively. Under simulation conditions where the
input power of the arc furnace is maintained at 30 MW, the average temperature of the molten bath
is calculated across different grid resolutions to eliminate the effects of variations in grid number
on the results. Fig. 2 shows the variation curve of the temperature deviation rate, and Table 2
presents a detailed comparison between the computed temperatures and the theoretical values.
When using a relatively coarse mesh, there is a significant error between the simulated temperature
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and the theoretical temperature. At a minimum mesh count of 50,732, the maximum deviation
reaches 11.7% (in absolute terms). As the number of meshes increases, the deviation gradually
decreases, reducing to 8.3% when the mesh count is 75,432. When the number of grids is more than
120,000, the temperature deviation is less than 2%, indicating that the grid resolution meets the
computational requirements.

—u— Simulated Temperature
2200 = Theoretical Temperature

Temperature (K)

1968
1956
1909
1800
1766
Figure 2: Temperature deviation rate in the furnace.
Table 2: Verification of grid independence.
The Number of Grids ~ Simulated Temperature K  Theoretical Temperature K ( AE:(;iS:iocall{;et)e %
50,732 1766 2000 11.7
75,432 2166 2000 8.3
87,456 1886 2000 5.7
101,789 1956 2000 2.2
124,964 1956 2000 1.6
149,036 1974 2000 1.3
2.3.2 Model Validation

The model validation was performed by comparing the computed temperatures in various
sections of the furnace with field test temperatures from a certain enterprise. The experimental
process flowchart is shown in Fig. 3a. Temperature measurements of the electric arc furnace’s outer
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wall are conducted using an infrared thermometer. Based on heat transfer theory and the properties
of the furnace shell material, the melt temperature on the inner wall is estimated. Simultaneously,
the temperatures of the flue gases and furnace slag are measured, with the acquired data being
collected and recorded via computer. The measured flue gas temperature was approximately
2023 K, the titanium slag discharge temperature was around 2023 K, and the molten iron discharge
temperature was about 1773 K. Additionally, by simulating the wall temperatures in different
regions of the electric arc furnace, the flue gas and slag discharge temperatures were approximated.
The simulated temperatures are consistent with the results reported by Elkoumy et al. [31]. As
shown in Fig. 3b, the comparison between the experimental and simulation results indicates that

the numerical calculations are in close agreement with the experimental measurements, meeting
the requirements for subsequent research.
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Figure 3: Model validation: (a) Schematic of temperature acquisition, (b) Comparison between experimental
and simulated temperatures.

2.4 Simulation Details

In the simulation, the electric arc furnace is simplified to a two-dimensional model, with the
bottom of the solid graphite electrode positioned 20 mm away from the molten bath surface. The
furnace gas above the melt is simplified as air, and from top to bottom, the first layer of the melt is
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titanium slag with a depth of 50 mm, followed by a second layer consisting of iron (molten) with
a depth of 50 mm. The furnace gas, titanium slag, and molten iron are treated as incompressible
fluids, and for simplification, the variations of the physical properties of the melt with temperature
are not considered.

Before the initiation of the simulation, the following assumptions are made regarding the
model: (1) the melt level is stable, with no fluctuations accounted for due to tapping operations;
(2) to analyze the distribution of physical fields such as temperature and electric potential in the
titanium slag and molten iron layers, they are assumed to be two immiscible fluids. The initial
temperatures of the titanium slag and the furnace gas are set at 1850 K, while that of the molten
iron is set at 1450 K, and the furnace wall is modeled as a magnesium-chromium brick material,
with a constant thermal conductivity boundary condition set to a value of 13 W/ (m-K).

This study employs a multiphysics-coupled transient analysis, using a time-stepping method
based on the generalized-o method as the solver. The solution method utilized is the “segregated”
approach, with a computational residual set to 1 x 10~* and a time step of 0.1 s. In the simulation,
the flow and heat transfer problems, among others, are solved jointly through the “multiphysics
coupling” interface in the simulation settings. By coupling the electromagnetic, heat transfer, and
fluid flow models, the “segregated” approach is employed, where one physical field is solved,
and its solution serves as the basis for subsequently solving the next field, ultimately resulting in
the outcomes for all fields. The computational method employs the finite elment-discontinuous
galerkin Method (FEM-DG), utilizing a streamline upwind scheme for the spatial discretization
and a semi-implicit discretization form for the temporal integration [32,33].

3 Results and Discussion
3.1 Distribution of Multi-Physical Field
3.1.1 Distribution of the Electric Potential

The arc length is defined as the distance between the bottom of the graphite electrode and
the surface of the titanium slag. To simplify the simulation conditions, different arc lengths are
simulated by adjusting the insertion depth of the graphite electrode. Current and potential
magnitudes are crucial factors influencing the movement of molten material within the furnace.
Fig. 4 illustrates the overall potential distribution inside the furnace when the arc length is 200 mm.
From the distribution, it is observed that the potential decreases gradually from the bottom to the
top. The highest potential point is located at the bottom wall of the furnace, measuring 509.7 V,
while the lowest point is at the top electrode, where the potential is 0 V (indicating a grounded
state). The high-potential region is primarily distributed below the titanium slag layer, whereas
the potential in the carbon monoxide region above the titanium slag layer is relatively low. Under
these conditions, the furnace current is 61.2 kA, the maximum potential is 509.7 V, and the overall
resistance is 8 m().

From the perspective of the distribution characteristics, high potential regions are primarily
concentrated in the titanium slag layer, the iron (molten) layer, and the lower part of the electric arc
furnace, with the titanium slag layer exhibiting the highest potential gradient. Near the furnace wall,
the electric potential of the titanium slag is relatively high, maintaining an average value above 450 V.
As one moves from the furnace wall toward the center of the furnace, the electric potential gradually
decreases. Near the arc discharge region, the electric potential of the titanium slag drops below 150 V,
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and near the electrodes, the electric potential of the furnace gas further decreases to below 100 V. The
electric potential distribution in the furnace gas region is relatively uniform, with both the electric
potential and the potential gradient being the lowest across the entire region.
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Figure 4: Potential distribution in the furnace with an arc length of 200 mm.

Upon separate analysis of the electrical potential of titanium slag and molten iron, it is evident that
the electrical potential distribution of the melt is generally high, with a significant potential gradient.
Fig. 5a illustrates the electrical potential distribution within the titanium slag layer. As depicted, the
electrical potential of the titanium slag exhibits a downward trend from the bottom to the top and from
the furnace wall to the center, with a substantial gradient. The maximum potential of the titanium slag
is observed near the furnace wall, reaching 509.7 V, while the minimum potential is found beneath the
arc, at 124.6 V. The high-potential regions of the titanium slag are primarily in the lower layer and the
outer side of the slag layer, where the potential generally exceeds 400 V. In contrast, the low-potential
regions of the titanium slag are mainly located where it contacts the furnace gas, with potentials below
200 V. The molten iron region, as shown in Fig. 5b, exhibits virtually no potential gradient and maintains
a high-potential state overall, with potentials exceeding 500 V.
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Figure 5: Cont.
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Figure 5: Electric potential distribution: (a) titanium slag layer, (b) iron (molten) layer.
3.1.2 Distribution of the Electric Potential

The current path within the electric arc furnace initiates at the magnesia-carbon bricks at the
bottom of the furnace, then enters the interior of the arc furnace, subsequently passing through
the magnesia bricks, the iron (molten) layer, the titanium slag layer, forming an arc at the center
of the furnace, and finally exiting the arc furnace through the electrodes. The density distribution
is illustrated in Fig. 6. The current density distribution reveals that at the graphite electrodes,
the current is relatively concentrated and primarily distributed in the surrounding areas of the
electrodes, with the maximum current density occurring in the arc region below the electrodes.
This phenomenon arises because the current flow direction in the arc furnace is from the bottom of
the furnace to the graphite electrodes, and the graphite electrodes are relatively small in volume
compared to the entire furnace body.

\)
/)

min: 6.26174E-4 35

| BN B
°
®
2

Figure 6: The current density distribution of the arc furnace.

Fig. 7 illustrates the current density distribution across different regions. The current density
is influenced by variations in conductivity, which results in significant differences in distribution
ranges. The graphite electrode serves as the primary channel for current flow, concentrating
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almost all the current. At a power level of 30 MW, the maximum current density in the electrode
region reaches 361,125 A/ m?. However, beneath the electrode, the maximum current density in
the titanium slag layer and the iron (molten) layer sharply decreases due to the obstruction of
the furnace gas. Nevertheless, since both titanium slag and iron (molten) remain good electrical
conductors, the melt domain still exhibits areas with a current density of 6000 A/m?2. Throughout
the melt domain, the current density distribution shows a decreasing trend from the center of the
furnace to the walls, with a significant gradient. The current density near the furnace walls is
402 A/m? in the titanium slag layer and 249 A/m? in the iron (molten) layer.

max: 361125
Electrodes
min: 28866
U S T S NN T T T U SN TR SR N TR TN SN TN [T SR SN S S NN SN R S 1
0 25000 325000 350000 375000 400000

Current density (A/m?)
Figure 7: The current density distribution of the arc furnace.

3.1.3 Distribution of Temperature

The primary heat sources inside of electric arc furnace are primarily composed of the heat
released by the arc and the reaction heat generated by various chemical reactions, with the heat
produced by the arc occupying a dominant position. The distribution of the temperature field
inside the furnace is illustrated in Fig. 8. The high-temperature region is mainly concentrated below
the arc, where the temperature peak can exceed 3000 K. During the continuous discharge of the arc,
a large amount of thermal energy is released, especially in the region near the electrode tip, where
the accumulation of thermal energy causes the temperature to rise rapidly. Compared to the arc
region, the temperature of the furnace gas drops rapidly in areas farther from the arc, indicating
that the temperature in other regions of the arc furnace is significantly lower than in the arc region.

In contrast, the thermal conductivity of the melt is significantly higher than that of the furnace
gas, resulting in a relatively moderate temperature gradient between the titanium slag layer and
the iron (molten) layer. As shown in Fig. 9, the distribution characteristics of the temperature
tield indicate that the average temperature of the titanium slag layer is approximately 2000 K. The
highest temperature of 2618.3 K is recorded in the region below the electric arc, while the lowest
temperature of 1565.4 K is observed at the furnace bottom wall. The temperature field decreases
from the center of the furnace toward the walls, exhibiting a trend of high temperature at the
center transitioning to low temperature at the edges, although the rate of temperature decline is
not significant. Slagging phenomena are observed in the regions near the furnace walls.
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Figure 8: Distribution of temperature in 30 MW arc furnace.
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Figure 9: Temperature distribution in melt: (a) titanium slag layer, (b) iron (molten) layer.
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The temperature of the iron (molten) layer is lower than titanium slag layer, as shown in Fig. 9b.
The interface between the iron (molten) layer and the titanium slag layer exhibits a significant
temperature gradient, with the highest temperature at the interface being 1667.6 K, which is
approximately 200 K higher than that in the bottom of the iron (molten). This heat is carried away
in an extremely short time, making it difficult to penetrate the bottom. At the walls and the furnace
bottom, the temperature of the iron (molten) drops below 1450 K, resulting in lower temperature
and fluidity, which easily leads to the formation of dead zones.

3.2 The Impact of Arc Length
3.2.1 Distribution of Temperature

When the arc length extends to 400 mm, compared to the 200 mm arc length, the distribution
pattern of the electric potential field within the furnace does not significantly change. It still exhibits
a trend of gradual decrease from the bottom to the top, with high electric potential primarily
distributed in the titanium slag and the iron (molten) layer. Fig. 10 illustrates the electric potential
distribution in different regions under the two conditions. Regarding the titanium slag layer, the
electric potential in this region remains at a high level, with the highest electric potential value
occurring at the bottom of the titanium slag, measuring 504.2 V; the lowest electric potential value
appears at the top of the titanium slag, at 201.6 V. Compared to the 200 mm arc length, the highest
electric potential value slightly decreases, while the lowest electric potential value slightly increases,
but the magnitude of these changes is relatively small. The electric potential distribution in the
titanium slag layer still shows a pattern of gradual weakening from the bottom to the top. However,
considering the difference between the maximum and minimum electric potential values, the
trend of electric potential decrease in the titanium slag layer correspondingly diminishes as the arc
length increases.

B 400 mm

Min (Iron (molten)) 200 mm

Min (Titanium slag)
Min (Electrical arc furnace)
Max (Iron (molten))
Max (Titanium slag)

Max (Electrical arc furnace)

0 100 200 300 400 500
Electric potential (V)

Figure 10: Potential distribution in different regions under two arc lengths.

When the arc length increases, the potential distribution of iron (molten) remains essentially
unchanged, indicating that it does not experience a significant drop and maintains a high potential
level throughout the electric arc furnace. Compared to the potential level when the arc length
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is 200 mm, the potential of the molten iron does decrease as the arc length increases, but the
magnitude of this decrease is relatively limited, only dropping by 5 V.

3.2.2 The Impact on Current Density

The increase in arc length significantly enhances the peak current density, as shown in Fig. 11,
which illustrates the peak current density under different arc lengths. When the arc length
increases from 200 mm to 400 mm, the maximum current density within the furnace rises from
361,125 A/m?2 to 480,604 A /m?2, while the minimum current density also increases from 28,865.8 A/ m?2
t029,478.6 A/m?2. However, in terms of the distribution range of current density, despite the increase
in arc length, the current remains predominantly concentrated in the arc region and near the electrodes.
Outside these two areas, the current density does not significantly increase.
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= 29000

400000

T

Maximum current density (A/m?)
Minimum current density (A/m?)
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200 300 400
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Figure 11: Influence of arc length on the peak current density.

Overall, the current density exhibits a positive correlation with arc length, and the distribution
of current density across different regions is illustrated in Fig. 12. When the arc length increases,
both the maximum and minimum values of the electrode current density increase. As the arc length
increases from 200 mm to 400 mm, the maximum value of the electrode current density increases
from 361,125 A/m? to 480,604 A/m?, and the minimum value increases from 28,865.8 A/m? to
29478.6 A/m?2. The maximum current density in the titanium slag layer is 8270 A/ m2, representing
a 16.1% increase relative to the arc length of 200 mm, while the minimum current density is
560 A/m?, showing a relative increase of 39.3%. The maximum and minimum current densities
in the iron (molten) layer are 4270 A/m? and 450 A /m?, respectively, with relative increases of
—36.3% and 80.7%. The reason for this phenomenon is that the conductivity of molten iron is
superior to that of titanium slag, resulting in a relatively lower potential, which allows current to
pass more rapidly through the iron (molten) layer into the titanium slag layer, thereby increasing
the current density in the titanium slag layer. On the other hand, the increase in arc length enhances
the minimum current density. The current field distributions in both the titanium slag layer and
the iron (molten) layer are similar, showing a trend of decreasing from the furnace core towards the
furnace wall. The density gradient in the titanium slag layer is steeper, whereas the distribution in
the iron (molten) layer is more uniform. The iron (molten) layer exhibits dense contour lines only
near the furnace wall, while the contour lines in the molten region are relatively sparse.
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Figure 12: Current density distribution in different regions under arc length.

3.2.3 The Impact on Temperature Distribution

Fig. 13a illustrates the temperature distribution within the furnace at an arc length of 400 mm.
When the arc length is 400 mm, the temperature field inside the furnace exhibits a semicircular
distribution pattern centered symmetrically around the electrode. Under the influence of arc
discharge, a high-temperature zone is formed in the region adjacent to the electrode, where the
temperature can reach 8000 K or higher. However, the area of this high-temperature zone is quite
limited. As the temperature field spreads toward the furnace wall, the temperature drops rapidly,
falling below 3000 K near the wall. With an increase in arc length, the temperature in the furnace
gas region and near the electrode significantly rises. The increase in arc length results in a larger
contact area between the arc and the furnace gas, allowing more heat to be transferred to the
furnace gas, effectively raising the maximum temperature of the furnace gas while also reducing
the maximum temperature of the arc.

The furnace gas region exhibits the most significant temperature gradient. Additionally, the
range of the high-temperature region expands noticeably as the arc length extends, with the
temperature at the arc initiation point decreasing from approximately 15,000 K to about 11,000 K.
The increase in the area of the high-temperature region under the influence of a long arc is evident.
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However, this change is constrained by the interfacial flow characteristics, and an increase in arc
length may weaken heat transfer efficiency [18]. As depicted in Fig. 13d,e, the overall temperature of
the titanium slag shows a decreasing trend as the arc length increases. With the arc length increasing
from 200 mm to 400 mm, the maximum temperature of the titanium slag drops from 2618 K to
2125 K. In contrast, the minimum temperature changes little due to the slagging phenomenon
already occurring at the wall, while the area (range) of the slagging region increases to some extent.
The temperature variation in the deeper iron (molten) layer is even smaller, with its maximum
temperature decreasing from 1667.7 K (200 mm) to 1657.5 K (400 mm). Near the interface between
the titanium slag and the iron (molten), the temperature gradient drops rapidly. The heat in the
iron (molten) layer originates from the titanium slag layer. However, once the bottom titanium slag
begins to slag, the heat released by the arc is difficult to transfer to the bottommost iron (molten)
layer, resulting in minimal temperature changes at this depth.

min: 202,098

(a) Arc furnace

(e) Titanium slag: arc length is 400 mm (g) Iron (molten): arc length is 400 mm

(c) electrodes: arc length is 400 mm

Figure 13: Temperature distribution of arc length impact in different regions: (a) arc furnace (400 mm),
(b) electrodes (200 mm), (c) electrodes (400 mm), (d) titanium slag (200 mm), (e) titanium slag (400 mm),
(f) iron (molten) (200 mm) and (g) iron (molten) (400 mm).

4 Conclusions

In this manuscript, a numerical model was established for the smelting of high-titanium
slag in a 30 MW electric arc furnace. Numerical simulations were employed to investigate the
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distribution of multiple physical fields under the influence of the electric arc, thereby elucidating
the heat transfer process resulting from the coupling of these fields within the furnace, as well as
the mechanisms by which different arc lengths affect arc morphology, convective heat transfer, and
the temperature distribution of the molten material.

Influenced by the composition of the melt, the potential and current density distributions
inside the arc furnace exhibit noticeable variations. The highest potential is observed at the bottom
wall of the furnace at 509.721 V, and a significant potential gradient is evident in the titanium slag
layer adjacent to the graphite electrode. Across the entire melt domain, the current density shows a
decreasing trend from the furnace center toward the wall; however, because both the titanium slag
and molten iron remain good conductors, the current density still reaches a maximum value of
approximately 6000 A /m?.

The arc length primarily affects the magnitude of the current density and the heat transfer
within the furnace. When the arc length is increased from 200 mm to 400 mm, the maximum
electrode current density rises from 361,125 A/m? to 480,604 A/m?, while the minimum
increases from 28,865.8 A/m? to 29,478.6 A/m?. Although the extended arc length expands
the high-temperature zone within the furnace, it also impedes the interfacial flow behavior, thereby
reducing the heat transfer efficiency to a certain extent. Consequently, as the arc length increases
from 200 mm to 400 mm, the maximum temperature of the titanium slag decreases from 2618 K to
2125 K, and the maximum temperature of the molten iron layer drops from 1667.65 K to 1657.51 K.

This study investigates the temperature field distribution during the processing of
high-titanium slag in electric arc furnace smelting using multiphysics-coupled numerical
simulations. Future research may further reinforce the examination of molten flow and heat
transfer, thereby providing a quantitative basis for process parameter optimization and offering
insights into enhancing molten heating and reducing the extent of dead zones.
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Nomenclature

Density, kg/m?3.

Viscosity, Pa-s.

Body force, N.

Turbulent kinetic energy, m?/s?.
The diffusion term.

The turbulent kinetic energy generated by the mean velocity gradient, m?/s?.
The dissipation rate of turbulent kinetic, J/(kg-s).

The heat flow, W.

The thermal conductivity, W/ (m-K).

Heat transfer coefficient, W/(m?-K).

Velocity vector, m/s.

Um The molar volume, L /mol.

a The partial molecular volume.

b The partial molar volume.

5

E The electric field intensity vector, V/m.

Pe The volume charge density, C/m?.

€0 The permittivity of free space, 8.85 x 10712 F/m.
—

B The magnetic flux density vector, T.

Ue The magnetic permeability, H/m.

L

] The current density vector, A/ m?2.

F, The electromagnetic force, N.

q The particle charge, C.

Cp The specific heat, ]/ (kg-K).
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