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Abstract: The production of fused magnesia is a process in which raw materials are melted and
recrystallized in the electric-fused magnesia furnace (EFMF). Temperature is the key factor that affects
production, but it is difficult to be observed and monitored due to the high internal temperature. Thus,
the working current is the standard for workers to judge whether the production process is normal.
In order to master heat transfer characteristics in the furnace and accurately control the processes,
a three-dimensional mathematical model of coupling the magnetic—fluid—thermal multifield has
been established in a six-electrode EFMF. The model also considers the thermal decomposition of
magnesium carbonate in the furnace. The phase change of materials is simulated by the solidification
and melting model. The results show that the current density and Joule heat are concentrated in the
region below the electrode. When the current size increases to 12,500 A, the molten pool begins to be
connected. The average wall temperature at the end of the smelting stage is only 317.54 K, which
conforms to the reality. The results of this study could provide guidance for practical production.

Keywords: fused magnesia; mathematical model; operating current; six-electrode; production stage

1. Introduction

As a high-quality refractory, fused magnesia is widely used in the electronic field [1],
material field [2], metallurgy field [3], and so on. The performance of fused magnesia
is closely related to the purity of magnesia, and the quality is usually measured by the
mass fraction of magnesia. China is rich in magnesium ore, where magnesite reserves
are the largest, and is a major producer of fused magnesia, playing a decisive role in
the industry [4,5]. Fused magnesia is produced in the electric-fused magnesia furnace
(EFMF) using high-purity magnesite as the raw material. A type of EFMF is the six-
electrode electric arc furnace, as shown in Figure 1. In addition, two-electrode [6] and
three-electrode [7] EFMFs are commonly applied. As a typical high-energy consumption
industry [8], many researchers are constantly improving the fused magnesia industry, but
there are still backward production equipment and technology problems [9,10], such as
low level of production intelligence, low energy conversion rate, environmental pollution,
and low product purity.

The production of fused magnesia is a complex physical and chemical process. Gas,
solid, liquid, and arc plasma coexist in the furnace, and momentum, mass, and heat transfer
are coupled. Online measurement is hardly realized. The key to producing large-sized
fused magnesia is to master the real-time temperature distribution in the EFMF. Therefore,
it is of great significance to advance in-depth research on the distribution of multiple
physical fields in the EFMF for improving industrial competitiveness.

The smelting process of fused magnesia mainly includes two steps: heating melting
and cooling crystallization. In the smelting process, the electric arc discharges and releases
a large amount of heat, which makes the raw material melt by heating. Due to the high
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resistance of magnesium oxide, the heat generated by magnesium oxide melt will accelerate
the expansion of the molten pool. The relevant characteristics of the molten pool will
directly affect the quality of the cooling crystallization to a certain extent. To improve the
smelting technology and improve the deficiencies of the existing production process, it is
necessary to understand the process mechanism and physical phenomena of the melting
and growth of the molten pool. However, due to the harsh production environment and
complex process, many production parameters, such as internal temperature, molten pool
state, and arc combustion, are difficult to obtain through experimental measurement or
online monitoring. Therefore, the use of the numerical simulation method to study the
work of the EFMF is now a common method used by researchers.

<«—— wirerope
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. raw material
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Figure 1. Schematic diagram of a six-electrode EFMF.

The EFMF belongs to submerged arc furnaces in terms of working principle. There
are many studies on submerged arc furnaces, involving research on the arc and molten
pool [11]. Elkoumy et al. [12] studied the refining stage of the electric arc furnace. They
established a three-dimensional electric arc furnace model to analyze the flow character-
istics and heat transfer laws of the molten pool, and they compared the effects of natural
convection stirring and forced convection stirring. Karalis et al. [13] studied the influence
of electrode shape, immersion depth, and slag properties on the performance and mainly
analyzed the potential, current density, Joule heat, temperature, and flow in the electric
arc furnace. Halvorsen et al. [14] carried out a numerical simulation of a submerged arc
furnace and completed the model establishment and division of electrodes and coke beds.
However, in the actual smelting process, the current distribution in the material is unstable.
Florin et al. [15] established a numerical model of a three-phase electric arc furnace to
analyze the electromagnetic field and temperature field and calculated the Joule power
density with AC electromagnetic analysis. The results showed that electromagnetic stir-
ring with higher efficiency can be produced by injecting a DC or an AC low-frequency
current into the bottom electrode for a large molten pool. Kiyoumarsi et al. [16] established
a three-dimensional finite element model for the AC three-phase arc furnace including
electrodes, arc area, and molten pool. The arc was set as an electric heating device with
electric energy as the input and thermal energy as the output. The research results pre-
dicted the current density, voltage, and magnetic field intensity well. In the research of
the EFMF, Wang et al. [17] developed a magnetohydrodynamic model of the arc plasma
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to calculate the arc voltage, power, and pressure distribution on the melt pool surface
during the smelting process but did not consider the gas outflow and the movement of
the solid-liquid partition interface. Wang et al. [18] conducted modeling research on a
twin-electrode DC arc furnace. They obtained detailed information, such as voltage drop
and arc heating power, and analyzed the temperature field and flow field of the molten pool.
Wang et al. [19] studied the 3000 kVA and 1500 kVA AC electric arc furnaces. By comparing
the bath size, temperature distribution ,and electromagnetic stirring effect, they found
that large-capacity furnaces could save energy and increase production. Zhang et al. [20]
proposed a novel process monitoring method to monitor the current of the furnace, which
can determine whether the furnace is operating properly in different operating modes.
In addition, the unstable air pressure in the furnace can cause material splattering and
energy waste in the production process, so Fu et al. [7] designed a splattering suppression
system based on an acoustic signal in order to reduce energy consumption by linking the
noise during production to the production condition. Jiang et al. [21] conducted a compre-
hensive energy and compact analysis of a three-electrode AC magnesium sand furnace,
and the production process was divided into MOP and LMP according to the different
raw materials, and the energy efficiency of the two production processes was obtained as
62.2% and 65.5%, respectively; in addition, the energy efficiency of the LMP preparation
process was only 39.4%. However, in the above studies, they all ignored the chemical
reactions in the furnace, which may generate significant heat transformation. Therefore,
some scholars have conducted more detailed studies. Scheepers et al. [22] established a
three-dimensional finite element model, considered the reaction kinetics in the furnace,
mainly the consumption of P,Os, and obtained information about temperature, flow, and
chemical reaction area in the furnace. Zhang et al. [23] added the reaction heat of calcium
oxide reacting with coke to generate CaC; and CO into the energy equation and studied the
electromagnetic field, temperature distribution, and molten pool in the smelting process.
The thermochemical reactions and relationships within a three-phase AC arc furnace were
modeled by Logar et al. [24]. The simulation results were compared with the available
measurements to verify the reliability of the model. The thermochemical reaction model
was coupled with the developed electrical and thermal model to obtain a complete model of
the electric arc furnace, which can be used to guide the production and achieve a reduction
in energy and cost consumption.

As the used material is high-purity magnesite, the main chemical reaction in the EFMF
is the decomposition reaction of magnesium carbonate. Liu et al. [25] studied the thermal
decomposition kinetics at different heating rates and finally obtained that the mechanism
function was the anti-Jander equation, and the apparent activation energy (E) and pre-
exponential factor (A) were 156.12 kJ/mol and 105.61 s~ respectively. Tian et al. [26]
obtained that the mechanism function was first-order reaction; E was between 199.99 and
206.37 k] /mol, and the decomposition reaction was completely decomposed at 973 K.
Longo et al. [27] studied the decomposition of magnesium carbonate under different
conditions, and the results showed that the reaction rate of the reaction was large even at a
moderate temperature.

To conclude, there are few studies on the distribution of multiple physical fields in the
EFMF at present, and the impact of the decomposition reaction has not been considered in
previous studies. In addition, most of the studied arc furnaces are two-electrode or three-
electrode arc furnaces, and there are few studies on six-electrode arc furnaces. In order to
overcome the above problems, this paper establishes a multiphysical field coupling model
in a six-electrode EFMF to study the electromagnetic field, temperature distribution, and
molten pool variation in the production process. The influence of current on the production
is also analyzed to provide some guidance to the production.

2. Mathematical Models and Boundary Conditions

The present work involves the coupling electromagnetic field, temperature distribu-
tion, and flow field. Based on the finite volume method, Maxwell’s equations, continuity
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equation, momentum conservation equation, and energy conservation equation were used
to describe the behavior and characteristics of the molten pool in the furnace.

2.1. Electromagnetic Field Description

The furnace uses 50 Hz alternating current, and the displacement current and charge
density can be neglected. The following simplified Maxwell’s equations are obtained:

—
V-E=0 1)
9B
.
—
V-B=0 3)
— —

— — —
where E is the electric field intensity, N/C; B is the magnetic flux density, T, Hy, is the

N
magnetic field intensity, A/m; | is the current density, A/m?.
The constitutive equations are

B = uH, 5)
] =0E ©)

where y is the magnetic permeability; o is the electrical conductivity.

—
By introducing the scalar potential ¢ and the vector potential A, the following equation
can be obtained combining Equations (2) and (3) [28,29]:

— —
B=VxA @)
24
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IR
=02 0vy ©

-
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Thus, we can use the UDF in Fluent to perform the electromagnetic field calculation.
Then, the Joule heat and Lorentz force can be calculated as follows:

— - =

F=]xB (12)
—2

Sjoute = = (13)

Joule e

Next, Joule heat and Lorentz force are added to the energy conservation equation and
momentum conservation equation in the form of source terms, respectively.

2.2. Continuity Equation

The general expression is:
dp -
—at+v(pv) =0 (14)
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where p is the density, kg/ m3; v is the velocity vector, m/s; t is the time, s.

2.3. Solidification and Melting Model

In the production of fused magnesia, the process of melting and solidification of the
material occurs. The Solidification and Melting model is used to describe the phase-change
problem. However, instead of explicitly tracing the interface between the solid phase and
the liquid phase, the model treats the mixing zone where both the solid phase and liquid
phase exist as the porous zone with porosity equal to the liquid phase fraction, called the
mushy zone. On this basis, the momentum conservation equation is updated to account
for the pressure drop due to the presence of solid-phase materials. The volume fraction
of the liquid phase in this zone is defined as:

‘BT:TO if T < Tsolidus

— — “solid / . Lo

ﬁ = Tliquidus—ail;lsidus Zf Tsolzdus <T< lequzdus (15)
g=1 if T> Tliquidus

The momentum conservation equation is expressed as:
d 1-p)° =
g(p?> +V-(p97) = ~VP+ V-(uV7) B ol ) i SR (16)

where P is the pressure, Pa; y is the viscosity, Pa-s; g is the gravity acceleration vector,
m/s?; C is the mushy zone constant, 100,000; B is constant, 0.001; Tj;zy;qus is the liquidus

temperature, K; Tyi4,5 is the solidus temperature, K; 1_-") is the source term. The mushy zone
constant represents the amplitude of the damping, and the larger the value, the faster the
transition of the material velocity to 0 during solidification.

The energy conservation equation is expressed as:

9
< (0E) +V-(3(E+p)) = V- (keff VT) + Sjouse + S (17)

—2
where E = h+ BL — % 51 kegr is the effective thermal conductivity;  is the apparent

enthalpy, J]/m3; L is the latent heat, ] /kg; S Joule is the Joule heat source term; S is the energy
source term.

2.4. Chemical Reaction

The main component of magnesite is magnesium carbonate (MgCQO3). Therefore, only
the decomposition reaction of MgCOj is considered in this paper, as shown in Equation (18).

MgCO3 — MgO +CO,  AH = 100.59 kJ /mol (18)

According to the experiment of Liu et al. [25], in their work, they indicate that the
decomposition reaction occurs at 673~1073 K, which means all the magnesium carbonates
is converted to MgO when the higher temperature is reached, and they identify that the
activation energy of the reaction is E = 156.12 k] /mol, and the pre-exponential factor is
A=105.61s"".

The change in the mass fraction of MgCOs is calculated from the following equation:

%(P‘P) + V. <p¢3) =V-IV¢)+S (19)

S=-WxM (20)

where p is the density, kg/m?; ¢ is the mass fraction; S is the reaction amount; T is the
diffusion coefficient; W is the reaction rate; M is the molar mass.
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The reaction rate W of the decomposition reaction can be obtained from the chemical
reaction rate constant K.

W =K x (;) 1)
K=Axe & 22)

where R is the molar gas constant.

In addition, in order to simulate the motion of the top surface of the material and the
bottom of the electrode when smelting, the dynamic mesh model was used. In the present
work, we assumed that the rate of rise of the top surface of the material and the bottom
of the electrode remains the same, which means the relative positions of the two do not
change during the smelting stage.

2.5. Physical Model

In this paper, the research subject is a six-electrode EFMF, and the electrodes of the
furnace consist of two groups of three-phase electrodes. The same group of electrodes
forms a square triangle, and the two groups are inverted from each other. One group
is arranged clockwise by phase, and the other group is arranged counterclockwise. The
production process can be divided into three stages: the starting stage, the smelting stage,
and the cooling stage. Firstly, the furnace in the starting stage was studied, ignoring the
electrodes in the calculation domain, as shown in Figure 2, and the specific parameters are
shown in Table 1. The grid adopts the structured grid division method; the number of grids
is about 150,000, and the quality is above 0.5, which meets the calculation requirements.

4

(a) (b)
Figure 2. Calculation domain and mesh. (a) Geometric model; (b) Schematic diagram of the grid.

Table 1. Geometry parameter of the model.

Property Parameter (mm)
Furnace length I3 3400
Furnace height I, 700
Furnace width I3 2200

Immersion depth & 200
Electrode diameter d; 400
Polar distance I4 680

2.6. Boundary Condition

An AC current density boundary condition is added to the bottom of the electrode,
which can be expressed as [30]:

1.4141
k pr—
Aele

sin (27Tft + 27;]() (23)
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where I is the RMS value of the operating current, A; A,j, is the cross-sectional area of the
electrode, m?; f is the frequency, 50 Hz; ¢ is the time, s; k=0, 1, 2.

The rest of the initial boundary conditions are shown in Table 2, including scalar
potential, vector potential, and temperature and heat transfer coefficients with the external
environment. The physical parameters of MgO can be learned from Refs. [31,32].

Table 2. Boundary conditions.

Scalar Potential (¢) Vector Potential (X ) Temperature (K)
Electrode sidewall ?T‘/’ =0 24 =0 1000
n Bﬂ
Electrode bottom Equation (23) BaA =0 4000
n
a9 _ A _
Furnace wall =0 o= 0 /
Top surface 3% =0 %A /
Furnace bottom 0 94 ¢ /
n

2.7. Numerical Details

In this work, the commercial CFD software Fluent computer code was applied as the
computational platform; a pressure-based solver was adopted, and the SIMPLE algorithm
was employed for pressure-velocity coupling. All the cases were carried out by transient
simulations, and the time step was set to 0.75 s in a typical case. The convergence criteria
for energy were 10~%, while the other convergence criteria were 10~*. The simulation of
the starting stage ran around 3 days at a PC with 10 cores and 2.40 GHz.

3. Results and Discussion

In this work, the first two production stages were studied: the starting stage and the
smelting stage. The goal of the starting stage is to form a certain-sized molten pool, and the
goal of the smelting stage is to keep the current stable to produce continuously.

3.1. Electromagnetic Field Analysis

The internal heat source of the EFMF is mainly arc heat. Therefore, the working current
is bound to affect the production. It is necessary to understand the electromagnetic field
inside the furnace. As shown in Figure 3, different cross-sections were taken to show the
current density inside the furnace (Plane A: y = 0.29445 m; Plane B: z = 0.5 m). The current
density is concentrated near the electrode, and there is no current even at the furnace wall
far from the electrode. This phenomenon is caused by the low electrical conductivity of
MgO. Because the electrical conductivity is related to the temperature, the conductivity
of the cold material is much smaller than that of the molten material. Due to the way the
electrodes are arranged, the current can also flow through a shorter path from one electrode
to another group of electrodes, as shown by the red arrow in the figure, thus reducing the
low current area and reducing the power loss.

Figure 4 shows the variation of Joule heat in the furnace. From Equation (12), Joule
heat is proportional to the square of the current density. Due to the uneven distribution of
current density, Joule heat is concentrated in the region below the electrodes and decreases
as the distance from the bottom of the electrodes increases. Because the three electrodes in
Plane A are in different phases, we also observed that the maximum value of Joule heat
alternates with time at the bottom of the electrodes.

3.2. Temperature Field Analysis at Starting Stage

At the production site, the starting stage lasts 1 h. Figure 5 shows the temperature
distribution at the end of the starting stage. A large part of the temperature zone below
the electrodes reaches above 3000 K, which is higher than the melting point of magnesium
oxide, and melting occurred. A certain-sized molten pool forms under each electrode, but
the molten pool is not yet connected. Due to the high refractoriness of magnesium oxide, a
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large temperature gradient exists at the boundary of the melt pool, and the temperature at
the furnace wall is very low, which is the characteristic of the fused magnesia production.

J (A/m?)
[ . Mikikie .
0 19x10°  39x10° 58x10° 7.8 10¢ Plane B

. Plane A

Plane B

Plane A

Figure 3. Current density distribution in the furnace (I = 10,500 A).
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1.454 x 108
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9.694 x 107

7.271 x 107
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424 x 107

242410 () (d)

0
Figure 4. Variation of Joule heat distribution in the furnace with time (I = 10,500 A). (a) 15 min;
(b) 30 min; (c) 45 min; (d) 60 min.

Temperature

(a) (b)
Figure 5. Temperature distribution at the end of starting stage (I = 10,500 A). (a) Plane A; (b) Plane B.

In Figure 6, the temperature inside the furnace is compared for different operating
current sizes, and the temperature maximum occurs directly below the electrode. As the
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current size increases, the high temperature region is significantly increased. At a current of
10,500 A, the temperature profile between the electrodes shows that there is still a small area
where the temperature is below 3000 K. When the current size increases to 12,500 A, the
temperature between the electrodes is greater than 3000 K, which indicates that the molten
pool under the electrodes starts to be connected and reach the production requirements.
Therefore, when the current size is greater than 10,500 A, the EFMF can operate normally.

6000

N .
—-—- 8500A ‘
5000 | 10500A Line A
- — - 12500A
— 14500A

4000

3000

Temperature/K

2000

1000

0
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

X position/m
Figure 6. Temperature with different current sizes along line A.

3.3. Decomposition Reaction at Starting Stage

Figure 7 shows the distribution of the magnesium carbonate in the furnace, and the
volume of material with a mass fraction of 0. As shown in Figure 7a, there is a large
mass fraction gradient, which is due to the fast decomposition of magnesium carbonate.
When the decomposition reaction takes place in the furnace, the magnesium carbonate is
converted into magnesium oxide. When the mass fraction of magnesium carbonate is 0, it
means that the material is converted to pure magnesium oxide at this point, which is what
the production wants to achieve. This part of the material converted to pure magnesium
oxide is shown in Figure 7b. In Figure 8, the change in volume of the converted pure
magnesium oxide is counted for different operating current sizes. The volume increases
significantly as the current increases. However, the amount of CO, produced is proportional
to the amount of magnesium carbonate reacted, so the amount of CO; is also increasing,
which puts great pressure on the environment. The right axis in Figure 8 represents the
CO; generation rate, i.e., the ratio of volume to current. The generation rate increases with
the current, so a small operating current size can reduce the pollution pressure.

w(MgC0,)/%
I T =

0o 0. 0. 00 00, 0

@50, 0.0
20,2070 %% O30 270, A3 L0 O “5.08,
2% %DV KD

(a) (b)

Figure 7. Mass fraction distribution of magnesium carbonate in furnace (I = 10,500 A). (a) Mass
fraction distribution of Plane A; (b) Volume of material with mass fraction of 0.
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Operating current/A
Figure 8. The totally reacted volume and CO, generation rate in different current sizes.

3.4. Smelting Stage Analysis

The smelting stage is the process in which production proceeds steadily, as shown
in Figure 9a. This process requires not only that the material is melted quickly, but also
that a certain molten pool depth is maintained. Maintaining the depth of the molten pool
needs an appropriate Joule heat power. High power will cause material spattering, but also
cause local overheating and even burn through the furnace wall. Low power will cause the
material to smelt slowly and will not allow the smelting to continue steadily. The smelting
time required for the EFMF studied in this paper is 8 h. During the smelting stage, with the
addition of material and the installation of a removable furnace shell, the furnace height
can finally reach 3.86 m, which means that the calculation domain changes. We coupled the
dynamic mesh model to simulate this process. The calculation domain and mesh of the
smelting phase are shown in Figure 9b, and the number of grids was finally determined as
1.07 million after grid independence verification.

() (b)

Figure 9. (a) EFMF in the smelting stage; (b) Calculation domain and mesh at the end of smelting stage.



Processes 2023, 11, 575

110f13

Figure 10 shows the average wall temperature during the smelting stage. The max-
imum temperature can reach 440.24 K when the melting proceeds to 8 h, as shown in
Figure 11. However, considering the good thermal conductivity of the furnace shell, the
average wall temperature variation with the melting time was counted. The rate of temper-
ature rise of the furnace wall increases during 8 h of the smelting process. The temperature
of 317.54 K can be reached at the end, which is in good accordance with the actual pro-
duction situation. However, we still need to pay attention to the local overtemperature
phenomenon that may occur during the working process due to an unstable operating
current or a large operating current, which can cause leakage of the furnace.

325 + ’
7/
Face A /’
320 /
7/
F
/7
315 F /7
=S wall N
F{
- — —Face A B
310 - —-—- Face B
305 i
300 ==
1 1 1 1 1
0 2 4 6 8

t/h

Figure 10. The average wall temperature over time.

Temperature

440.2
‘ 426.2
r412.2

r 398.1
- 384.1
- 370.0
- 356.0
- 341.9

327.9
l 313.9

299.8
(K]

Figure 11. The temperature distribution at the end of the smelting stage.
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4. Conclusions

In this paper, the magnetic—fluid—thermal multiphysical field phenomena in the pro-
duction process were studied in a six-electrode electric-fused magnesia furnace, and the
following conclusions were obtained from a detailed analysis of the two stages in production:

(1) Because the two groups of three-phase electrodes are arranged in an inverted
triangular pattern, the three electrodes in the same row are in different phases, so that the
current can flow in a shorter path, thus reducing the power consumption. Due to the low
electrical conductivity of the material, the current density and Joule heat are concentrated
in the area below the electrodes.

(2) The formation of a certain-sized molten pool is the basis for stable production dur-
ing the furnace starting stage. At the working current of 10,500 A, the area of temperature
below the melting point between the electrodes is already small. When the current size
is 12,500 A, the molten pool below the electrodes is connected, so the operating current
should not be less than 10,500 A. Considering the CO, produced by the decomposition of
magnesite, the best-recommended operating current of this furnace is 12,500 A.

(3) The wall average temperature can only reach 317.54 K at the end of the smelting
stage, but the highest temperature of the material at the wall reached 417 K. So, the operating
current needs to be controlled to prevent the local temperature from being too high.
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