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Abstract

Due to its high-temperature resistance, high thermal conductivity, electrical conductivity,
excellent chemical stability, and outstanding mechanical and electrochemical properties,
graphite has been widely applied in various fields. However, the current production
process of high-purity graphite is faced with issues such as high energy consumption and
insufficient reduction degree. This study utilized COMSOL Multiphysics 6.0 to couple the
electromagnetic field, temperature field, velocity field, and flow field during the purifi-
cation process of graphite. The dimensionless analysis method is adopted to investigate
the influence of parameters such as current intensity, magnetic field frequency and con-
centration on the reduction degree of graphite feedstock, and the energy consumption in
the furnace. Through numerical simulation, the interaction mechanism among various
parameters under different parameter combinations is compared and analyzed, and the
temperature change and fluid motion state of graphite feedstock during the electromag-
netic induction heating process are predicted. When the current is 500 A, the average
temperature inside the furnace gradually rises with the increase in the magnetic field fre-
quency. This is because the energy input from induction coil and the energy output due to
radiative heat loss gradually reach a dynamic equilibrium state. Furthermore, the average
temperature inside the furnace continuously increases with the enhancement of the current,
and for every increase of 50 A, the average temperature rises by approximately 200 K.
Additionally, through dimensionless analysis, the optimal operating conditions for this
induction furnace were determined to be a current intensity of 600 A and a magnetic field
frequency of 14 kHz. Under these conditions, the reduction degree of the material reaches
99.69%, which achieves efficient purification and economical energy consumption. This
study provides a theoretical basis for the optimization of operating parameters in graphite
purification process, which is of great significance for improving production efficiency,
reducing energy consumption, and promoting the application of high-purity graphite.

Keywords: graphite purification; parameter optimization; magnitude analysis; numerical
simulation

1. Introduction

Graphite, characterized by its remarkable thermal and electrical conductivity, chemical
stability, and electrochemical performance, is recognized as strategic inorganic non-metallic
mineral resource with considerable development potential in the 21st century [1]. Graphite
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products, such as nuclear graphite, high-purity graphite, and graphene, play a pivotal role
in emerging strategic industries including nuclear energy, new energy, energy storage, and
aerospace. The initial demand for high-purity graphite is driven by the need for graphite
electrodes in the steelmaking process [2,3]. However, with the rapid advancement of
automotive electrification, there has been a continuous increase in the demand for artificial
graphite anode materials. This growing requirement has emerged as the principal driving
force behind the development of the high-purity graphite industry.

The operational process of a graphitization furnace primarily comprises the following
two stages: heating and cooling. During the heating stage, electricity is supplied to elevate
the temperature within the furnace, thus facilitating a series of physical and chemical trans-
formations in the graphite feedstock which could be converted into high-purity graphite [4].
Then, in the cooling stage, both the temperature of furnace and the material decrease pro-
gressively. In the heating stage, it necessitates the maintenance of a stable and continuous
high-temperature environment to satisfy the requirements for graphite purification process,
which leads to significant energy consumption (averaging between 5.5 and 12 MW -h per
ton of product) [5]. The optimized design and operation of graphitization furnace are
essential for enhancing energy efficiency and reducing operational costs. Vedin et al. [6]
enhances insulation layer materials on the side walls of graphitization furnace by employ-
ing a mixture comprising coke powder, oil coke, and anthracite. This composite material
exhibits excellent thermal and electrical insulation properties that effectively minimize
heat loss from the furnace, thereby contributing to reduced overall energy consumption.
Naderipour et al. [7] introduces a fuzzy logic control strategy aimed at optimizing voltage
distribution within graphitization furnace. They successfully validate this approach as
effective in lowering energy consumption.

Electromagnetic induction heating technology has been extensively applicated in
metal metallurgy. The heating principle involves generating eddy currents within the metal
through electromagnetic induction, which produces Joule heat and facilitates the rapid
heating of metal [8]. When high-frequency alternating current flows through the induction
coil, a strong alternating magnetic field is established. As the metal intersects with this mag-
netic field, it induces a substantial number of eddy currents internally, thereby efficiently
converting electrical energy into thermal energy and achieving rapid heating along with
effective smelting. Kang et al. [9] proposed an electrified catalytic induction heating system.
It can leverage the electromagnetic induction heating properties of catalytic composite
materials to transfer heat to liquid-phase reaction systems, which significantly enhances the
reaction efficiency. Compared to traditional heating methods, this approach increased the
reaction rate by 16.4 times. Zhang et al. [10] employes electromagnetic induction heating to
activate Co-supported nanoparticle catalysts, and successfully enables rapid cold start for
ammonia decomposition reactions. This catalytic system exhibited remarkable catalytic
activity alongside good long-term stability. By integrating it with a hydrogen fuel cell
system, they are able to complete the reaction start-up process within just 10 s. Alexander
et al. [11] utilize electromagnetic induction heating technology in conjunction with the
self-heating effect of ferromagnetic catalyst particles to promote catalytic reactions. This
method significantly enhances reaction activity at Pt/Fe;Oy interface and facilitates the
oxidation process of adsorbed carbonyl species.

Dimensionless numbers are obtained by combining physical quantities with units
into a ratio, where the units of each physical quantity in the ratio cancel each other out,
resulting in a pure numerical value [12]. In the context of multi-physical field coupling
studies, employing dimensionless numbers to analyze the interaction characteristics among
parameters facilitates a comprehensive evaluation of the influence from multiple factors
to various targets. This approach not only clarifies the interaction relationships among
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different factors but also effectively reveals the essential features of the problem, thereby
simplifying both modeling and analysis processes. Amirhossein et al. [13] conducted a
systematic investigation into the phase separation behavior of gas—water upward flow in
large-diameter vertical pipes, which focuses on the geometric structure of the pipes and the
thermophysical properties of the fluids. They established a correlation between the Froude
number and the dimensionless slippage parameter (Froude-Slippage method) and clarify
criteria for identifying different flow patterns along with their transition boundary condi-
tions. Zhang et al. [14] developed a quantitative correlation model linking induction heat
source parameters to key dimensionless variables based on 7t theorem principles, which
address the thermo-mechanical coupling effects experienced by ship hull plates during
induction heating forming processes. This work provides theoretical support for precise
control and optimal design within ship structural formation. Marzouk et al. [15] explore
the influence of nanofluid mass concentration on heat transfer and flow characteristics.
Their finding indicates that as Reynolds number increases, friction coefficients decrease.
Furthermore, both increasing Reynolds numbers and nanofluid mass concentrations could
enhance Nusselt numbers, thus significantly improving overall heat transfer performance
within the system. Lv et al. [16,17] constructed a real-time coupling model that integrates
magnetohydrodynamic equations with multi-physics field control equations to analyze
kinetic behaviors at the two-phase melt interface during carbon-thermal reduction reac-
tions. They also established a quantitative relationship between dimensionless parameters,
reduction degree, and energy consumption indicators, thereby providing a foundation for
assessing energy efficiency and optimizing reaction processes. Chen et al. [18] investigated
the flow characteristics of TiAl alloy during the melting and directional solidification pro-
cesses within a square electromagnetic cold crucible. By analyzing four key dimensionless
parameters, they determined that turbulent kinetic energy is primarily influenced by both
the turbulent length scale and the flow velocity.

In this paper, by using the dimensional analysis method of fluid mechanics, heat
and mass transfer in different physical fields, the influence of parameters such as current
intensity, magnetic field frequency and concentration on the reduction degree of purifi-
cation for graphite feedstock, and the energy consumption in the furnace as well as the
heat transfer characteristics in the furnace, are analyzed. In addition, the relevant param-
eters are optimized through numerical simulation methods, and the optimal operating
parameters under this model are obtained. Moreover, the results and methods obtained
through numerical simulation can improve the heat and mass transfer in the furnace, which
provides a theoretical basis for the optimization of operating parameters in electromagnetic
induction furnace.

2. Mathematical Models
2.1. Physical Models

The impurities, such as iron, aluminum, and other elements presented in graphite
feedstock, could also react with chlorine gas to form halides. In the electromagnetic
induction furnace, graphite feedstock and chlorine gas react at an elevated temperature,
thereby forming halides [19]. The iron chloride, aluminum chloride, and other halides
are transformed to gas state at high temperature and are discharged from the top of
the electromagnetic induction furnace, thus purifying the graphite feedstock [20]. The
purification of graphite feedstock in the furnace is categorized into two distinct stages.
The initial stage involves the presence of graphite feedstock containing impurities in an
electromagnetic induction furnace, where the gradual heating process takes place, and the
subsequent stage entails the presence of halides vaporization in a chlorine atmosphere [21].
The graphite feedstock in the electromagnetic induction furnace is rapidly heated by
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electromagnetic induction, and the gas in the furnace generates eddy currents and the
upper part of the graphite feedstock reacts under the effect of high temperature. The present
study focuses on the impact of varying chlorine concentrations and furnace temperatures
on the purification efficiency of graphite feedstock. Numerical simulations are employed to
investigate the removal rate of impurities in graphite feedstock under different conditions.

The physical model is composed of cylindrical graphite crucibles and copper coils
with circulating cooling water. In Figure 1a, hj represents the initial height of the graphite
feedstock and h; is the initial height of the gas section. An infinite element domain is set at
the outer edge of the air domain of the physical model to simulate the magnetic insulation
boundary of the electromagnetic field in the actual situation and avoid the influence of the
boundary effect on the accuracy of the numerical calculation. The gas region is set as a
transport of diluted species (TDS) to represent the reaction process between chlorine gas
and the graphite feedstock. Due to the slow flow velocity within the gas region, the gas
flow in the gas region is set as laminar flow. The model is simplified and computational
efficiency is enhanced by the following assumptions.

ho

hi

z
© © © 0

(a) (b)

Figure 1. (a) 3D model of the electromagnetic induction furnace. (b) 2D rotationally symmetric model
of the electromagnetic induction furnace.

(1) The graphite crucible is assumed to be in an ideal concentric position with the coil.
(2) The graphite feedstock is assumed to be static under the action of air flow.
(3) Heat transfer in the air domain outside the furnace is neglected.

In Figure 2, the resistivity of pure iron at 20 °C is approximately 9.71 x 1078 O-m
within the temperature range of 0 °C to 700 °C. Its resistivity increases approximately
linearly with temperature, at a rate of about 5 x 1072 Q-m/°C [22]. The graphite feedstock
under scrutiny in this study is principally graphite feedstock that has undergone high-
temperature graphitizing, which is characterized by the presence of elemental impurities,
such as iron, aluminum, and boron, predominantly in the form of oxides. The major
constituents of graphite feedstock are enumerated in Table 1 below.

Table 1. Graphite feedstock composition.

Element C Fe, O3 Al, O3 MgO B,03
Molar content/% 97.1 2.3 0.32 0.24 0.04
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Figure 2. Resistivity and relative magnetic permeability versus temperature.
The physical properties in this model are shown in Table 2 below.
Table 2. Physical properties of each material.
Physical Properties Graphite Material Furnace Wall Coil
Relative magnetic permeability 1 1 1
Conductivity (5/m) 3000 100 5998
Specific heat (J/ (kg-K)) 710 200 385
Relative permittivity 1 1 1
Density (kg/m?) 1950 120 8960
Heat conductivity (w/(m-k)) 150 0.3 400

The boundary conditions of the model are delineated in Table 3. The initial tempera-

tures of the graphite crucible, graphite feedstock, air domain, and environment are set to

293.15 K. The initial flow velocity in the gas region is 0 m/s, and the initial pressure inside

is 1 standard atmospheric pressure. The axial tangential and normal magnetic fluxes are set

to 0, and the boundaries between the graphite feedstock and the inner wall of the graphite

crucible, the graphite feedstock and the air domain, or the outer wall of the graphite cru-

cible and the outside air are in the continuous magnetic field. The boundary between the

graphite feedstock and the air domain is the boundary of radiation heat transfer, and its

control equation is as follows.

Table 3. Boundary conditions in the model.
Region Coordinates  Electromagnetic ~ Flow Thermal
Axis r=0 % -0 Vu=0 VT=0
Infinite element domain r— oo B=0 / /
Inner wall of the furnace r=65 n = (By — By) w0
Outer wall of the furnace z =80 / - q= —kaa%
Thickness of furnace wall d=6 n = (B; — Bp) /
Gas domain / n = (Bs — Bp) / e=1

2.2. Electromagnetic Field

The induced current generated by the induction coil forms an alternating magnetic

field inside the induction furnace, which interacts with the crucible and the graphite
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feedstock to generate heat. The electromagnetic field inside the induction furnace is solved
by the finite element method based on Maxwell’s equations (Equations (1)—(4)) [23,24].
Gauss’s law for electric fields:

Edl =— [ —- 1
fLEdr = [ Gas g
where E is the electric field intensity, V/m; B is the magnetic flux density, T; S is the surface

bounded by the closed loop C, and t is the time, s.
Gauss’s law for magnetic fields:

f B-dS =0 @)
C
Ampere’s law: R
"N N N aD N
fCH.dz _/S(]+§)~d8 3)
7{ D-dS = 7/ 0-dV @)
C S

where D is the electric strength, C/ m?; H is the magnetic field strength, A/ m?, p is the
density of electric charge, kg/ m3, and ] is the current density, A/ m2.

2.3. Temperature Field

When analyzing the electromagnetic—thermal coupling problem in time-harmonic elec-
tromagnetic fields, both the electric field intensity E and the current density | are expressed in
complex forms that vary sinusoidally or cosinusoidally with time. The actual physical quan-
tities are obtained by taking the real part Re(,) of these complex expressions, which enables
accurate characterization of their time-varying behavior. In the process of induction heating,
multi-physical field coupling is involved. Under the interaction between the electromagnetic
field and the thermal field, Joule heat and magnetic losses are regarded as heat sources. Thus,
the governing equation of the temperature field for this system is Equation (5) [25,26].

pCr oL +0Cou 7 T =7k T) = Q 6)
Q= Qi+ Qu ©)

Qui = yRe( () %

Qm = %Re(z)(iWB'H) (8)

where Q is the heat source term, W/m3; Q,;, is the induced joule heat, W/ m3; Q,, is the
magnetic dissipation heat, W/m?; w is the angular frequency, rad/s, and Re(,) is the real
part in the formula of the time-harmonic electromagnetic field.

2.4. Dimensionless Analysis

To investigate the synergistic influence mechanisms of key parameters on heat and
mass transfer, as well as reaction processes during induction heating. It conducts a di-
mensional analysis of the relevant governing equations. By integrating the dimensionless
characteristic parameters of the electromagnetic field, flow field, temperature field, and
concentration field, we systematically analyze the relationships among electromagnetic
force, heat and mass transfer rates, the reduction rate R, of graphite feedstock within the
furnace, and energy consumption Qy in this physical system. The operating parameters
under various working conditions are shown in Table 4.
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Table 4. Operating parameters.

Parameters Symbolic Value
Electric current I(A) 450 500 550 600 650
Magnetic frequency F (kHz) 10 12 14 16 18

The dimensionlessness of flow field [18]:

B 1 _, ew?
Fi %V B+ TB )
B w U €
B=— =—4="L¢d== 10
By wo' ! Mo €0 (10)
2
0B 1 V2B N g’ (L%gsoyo)B, a1
ot LUoug ' LUoug
Re = pUL/pu (12)

where U is the characteristic velocity, m/s; L is the characteristic length, m; y is the viscosity,
Pa-s; ¢ is the emissivity of the material; o is the electrical conductivity, S/m; and Re is the

Reynolds number.
The dimensionless of temperature field [27]:
oT
Q= pcpg +pCpu-VT — V-(kVT) (13)
r_ P Cp 1_1 /_y r_ U
P = T = = = (14
oT’ k
r_ o0 9L IR L AR RV
Q—pcpat,+pcpu VT -V (CpOPOULOVT) (15)
Pr=Cpu/k (16)
oT’ 1
r_o0 90 IR R RV
Q—pcpat,—i-pcpu v'T V(RePrVT) (17)

where Pr is the Prandtl number; k is the thermal conductivity, W/ (m-K), T is the tempera-
ture, K; T’ is the dimensionless characteristic length, and C,, is the specific heat, ]/ (kg-K).
The dimensionless of concentration field [28]:

aaitx — V(DVey) + Vg = Ry (18)
Pe = UL/D (19)

/ 1 N
T V(Y + 0 Ve =Ry (20)

where Pe is the Peclet number; ¢ is the concentration of component x, mol/ m?3; R, is the
reaction source term, mol/(m3-s).

3. Model Verification
3.1. Mesh Independence Verification

Local mesh refinement is carried out for the high-temperature solid region inside
the furnace, the boundary region of the induction furnace wall, and the induction coil
region. Finally, five different mesh numbers were selected to analyze the variation laws
of physical quantities inside the induction furnace. The five types of mesh are named as
the coarse mesh (mesh number: 11.656 x 10%), the relatively coarse mesh (mesh number:
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13.987 x 103), the medium mesh (mesh number: 16.618 x 10%), the relatively fine mesh
(mesh number: 18.649 x 10%), and the fine mesh (mesh number: 20.980 x 103). After
heating for 500 s under the same conditions of a current intensity of 650 A and a magnetic
field frequency of 14 kHz, the maximum temperature Trmay, the center temperature T; of the
solid domain, and the average temperature T, inside the induction furnace are compared
and analyzed through different mesh numbers to verify the mesh independence of the
induction furnace model. As shown in Figure 3a, it can be seen that when the mesh number
increases from 11.656 x 10° to 13.987 x 103, the temperature T; in the air domain will
decrease to a certain extent. At this time, the temperature error between the coarse mesh
and the relatively coarse mesh in the air domain reaches 13 K, and the relative error is
approximately 1.02%.

200F % — v v ”
<2000 - o T
E — o= T, Average temperature
s —— T, Solid domain
=
;',1600— - ———- ——— @ —— 20— — — -9
oot ; ) :
10 12 14 16 18 20 22
Grid number(x10%)
(a)
2.0
— 13,987 cells
| —— 16,618 cells
Q 1.6 F— 18,649 cells
£
=
o 12}
=
4
=
=
2 0.8 F
N
%}
=
Y]
<
> 04F
00 " 1 " 1 1 1 " 1
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R (mm)
(b)

Figure 3. (a) Variation in temperature in furnace with different number of grids (b) Magnetic flux
density for different number of meshes.
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In numerical simulation calculations, the computational accuracy of the model is
considered first, and then the model and the computational time of the numerical model
should be simplified as much as possible [29]. This can greatly reduce the use of computing
resources and the waste of computing time, thereby improving computational efficiency.
Combined with the results in Figure 3b, the mesh division scheme with a relatively coarse
grid number of 13.987 x 10? can be set as the mesh quantity for each working condition in
the subsequent simulation.

3.2. Verification of the Simulation

To verify the accuracy and feasibility of the numerical simulation results, the simula-
tion results of the induction heating furnace in reference are reproduced, and a detailed
comparison and analysis are conducted between the experimental results and the numerical
simulation results in the reference [30]. By comparing and analyzing the experimental
measurement values of the temperature inside the induction furnace with the numerical
simulation results, the effectiveness and accuracy of the numerical simulation method in
predicting the temperature distribution of the induction furnace are verified.

The comparison and analysis of the experimental measurement data and the numerical
simulation results are shown in Figure 4. It indicates a good agreement result. Specifically,
the temperature variation curves at two characteristic positions obtained from the numerical
simulation show a high consistency in the heating trend and key time points. Compared
with the curves obtained using the same numerical simulation method in the reference,
the simulation curves in this study maintain a consistent overall trend, and the maximum
relative error is controlled within 2%. It suggests that the reliability of the numerical model
and calculation method is high. Further analysis reveals that the differences between
the experimental temperature data and the simulation curves mainly occur after 400 s.
This phenomenon can be attributed to the interference of environmental factors during
the experimental measurement process. It is due to that the heat exchange between the
experimental device and the external environment, the measurement temperature points are
affected by the ambient temperature and experience heat dissipation losses, thus resulting in
the measured temperature values being slightly lower than the simulation results. Despite
these differences, the overall consistency between the experimental and simulation data
still indicates that the numerical model established in this study can effectively reflect the
heat transfer characteristics in the induction purification process.
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Figure 4. Feasibility validation of the numerical model [30].
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4. Results and Discussion

4.1. Furnace Temperature Analysis

The transverse distribution characteristics of the magnetic field generated by the
induction coil in the electromagnetic induction furnace are shown in Figures 5 and 6. The
area from 0 to 65 mm is the internal area of the induction furnace, and 65 mm to 81 mm
is the furnace wall area, while 81 mm to 151 mm is the area from the induction coil to the
furnace wall. Furthermore, beyond 151 mm is the air area outside the induction coil. Within
the internal area of the induction furnace, the magnetic flux density shows a relatively
stable distribution state, which maintains a value of approximately 0.45 T. It indicates that
a relatively uniform magnetic field environment is formed in furnace. From the furnace
wall to the induction coil area, the magnetic flux density significantly increases. In the
transition area between the coil and the furnace wall, the magnetic flux density reaches
about 1.60 T, where it forms a distinct magnetic field intensity gradient. In the area outside
the induction coil, the magnetic flux density gradually decreases, with the magnetic field
strength gradually reducing as the distance from the coil increases. It approaches zero in
the area far from the coil. Due to the highly concentrated current density, the peak magnetic
field intensity area in the entire system is formed on the surface and nearby area of the
induction coil. In contrast, the internal space of the induction furnace has a uniform and
gentle distribution of magnetic field intensity, due to the combined effect of electromagnetic
shielding and magnetic field diffusion.

2.0 | T
[=500 A | I
|f=14 kHz I !

—_ — I louter area
= 1.6F |
g | I
= I I
LD l 2 = |
= |
= [ L
é i [ Furnace wall to coili
S 08} : :
~—
2 Inner area | I
)] |
[ f 1
> 04F | |
| I
| I
0.0 1 | 1 1 | 1
0 40 80 120 160
R (mm)

Figure 5. Transverse magnetic flux density.
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Figure 6. The magnetic flux density within the electromagnetic induction furnace.
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Figure 7 shows the dynamic variation in the internal temperature of the electromag-
netic induction furnace. Based on the numerical simulation method, the spatiotemporal
distribution characteristics of the temperature field inside the furnace are studied. The
temperature inside the electromagnetic induction furnace exhibits typical non-uniform
diffusion characteristics. The heat transfer process gradually expands from the furnace wall
to the center area of the furnace. It is demonstrated that there is a significant coupling effect
of heat conduction and convection. Specifically, the solid region, with its high thermal
conductivity and electromagnetic induction heating characteristics, absorbs energy first
and achieves a temperature increase. Then, the heat is transferred to the air region through
heat conduction, convection, and other pathways. Further analysis of the temperature field
distribution reveals that the temperature rise rate in the center area of the furnace and the
upper air region is significantly lower than in other areas. This is because the center area is
far from the heat source and is affected by the thermal shielding effect of the surrounding
areas, which results in a delay in heat transfer. At the same time, due to the influence of
natural convection, the heat diffusion in the upper air region is more dispersed, thereby
slowing down the temperature rise rate of this area. At 30 s of induction heating, the
average temperature inside the furnace reaches approximately 1430 K, which corresponds
to the rapid heating period of the heating process.

1s

(d)

(b) (C)E K

5s 10 s

© |l o X10°
1.43
1.39
1.35

131

197
1.23
1.19
1.15
4111

1.07
1.04

20s

25s 30s

Figure 7. The variation in the temperature inside the furnace with the following time: (a). 1s, (b). 5,
(c). 10s, (d). 20 s, (e). 255, (f). 30 s.
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4.2. Influence of Operating Parameters

When the frequency of the magnetic field gradually increases from 10 kHz, a sig-
nificant upward trend in temperature is observed within the furnace in Figure 8. In the
electromagnetic induction furnace, as the magnetic field frequency successively reaches
10 kHz, 12 kHz, 14 kHz, 16 kHz, and 18 kHz, the average temperatures achieved are 2037 K,
2198 K, 2320 K, and 2373 K, respectively. With each increment of 2 kHz in magnetic field
frequency, the degree of increase in average temperature inside the furnace is diminished.
The corresponding percentage rises for each stage are recorded at 14.1%, 7.9%, 5.6%, and
2.3%. The phenomenon of diminishing temperature rise can primarily be attributed to
the skin effect. The skin effect refers to the phenomenon that when alternating current
passes through a conductor, the current density tends to concentrate on the surface of the
conductor, while it significantly decreases inside [31]. During induction heating processes,
this induced current predominantly accumulates on the material’s surface layer. As mag-
netic field frequency escalates, there is a continuous reduction in current penetration depth.
Therefore, this leads to a gradual decrease in the internal volume of material that can be
effectively heated, which constrains overall heating efficiency.

2400 | |I= 500 AI
& 2200 |
2
-
=
3 2000 -
£
)
=
1800 |
1600 '

10kHz 12kHz 14kHz 16kHz 18kHz

Figure 8. Average temperature in the furnace for different magnetic field frequencies.

When the current condition is set at 500 A, the influence of different magnetic field
frequencies on the average temperature inside the furnace is presented in Figure 9. During
the induction heating process, the area close to the furnace wall heats up faster, presenting
a temperature distribution trend that gradually increases from the furnace wall to the
interior. This results in local velocity and pressure changes to promote the formation of
eddy currents. This convective motion enhances the heating efficiency and impacts the
temperature distribution on the surface of the object, thereby affecting the effectiveness and
quality of the entire heating process.

When the magnetic field frequency is at 14 kHz, the effect of current intensity on
the average temperature of graphite feedstock in the furnace during induction heating is
demonstrated in Figure 10. In contrast, the reduction in current could result in diminished
energy input, thus leading to diminished heating rates and slower rises in temperature.
Conversely, larger currents result in greater energy input, a faster heating rate, and a
more rapid temperature rise. It is evident from the figure that the temperature of graphite
feedstock in the furnace increases with an increase in current intensity.
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Figure 9. Average temperature inside the furnace with time for different magnetic field frequencies.
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Figure 10. Average temperature in the furnace for different current intensities.

In Figure 11, when the current intensity is 450 A, 500 A, 550 A, 600 A, and 650 A, the
average temperature of graphite feedstock (T,,) are 1603 K, 1800 K, 1996 K, 2204 K, and
2411 K, respectively. It can be seen that for every increase in the average current intensity
of the furnace by 50 A, T,y rises by about 200 K. As the frequency increases, the current is
primarily concentrated in a thin layer near the surface of the conductor, rather than being
uniformly distributed over the entire conductor cross-section. This phenomenon, known as
proximity effect, leads to an increase in resistance near the conductor surface, which in turn
generates heat and heats up the conductor surface [32]. In the case of multiple conductors
in close proximity, magnetic field coupling ensues, leading to the redistribution of current
between the conductors. This results in an uneven distribution of current between adjacent
conductors. The impact of the skin and proximity effects can be mitigated by means of
coil design optimization, frequency adjustment, and other measures. These measures are
instrumental in enhancing the heating efficiency and uniformity, thus ensuring optimal
heating outcomes.
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4.3. Influence of Dimensionless Numbers

From Figure 12, we observed that the reduction degree exhibits a distinct trend.
It increases rapidly and then gradually plateaus as the current and magnetic field in
the induction furnace rise. From Figure 13, we noted that energy consumption rises
continuously with the increase in current and magnetic field. By integrating the data from
both figures and analyzing the underlying flow and heat transfer characteristics, we found
that the transition region where the reduction degree growth rate slows but the energy
consumption continues to rise corresponds to Re = 30 — 46. Within this range, the system
achieves a high reduction rate while maintaining reasonable energy consumption. Thus,
Re =30 — 46 is defined as the optimal operating range, which could balance reduction
efficiency and energy savings. However, as the value of Re continues to rise, although
the fluid motion is further intensified, at the same time, the relative influence of viscous
forces is also gradually revealed, which forms a kind of counterbalance effect. It makes
the increase rate of the reduction degree in the furnace to slow down, and even saturated
in some cases [33]. The power consumption of the furnace rises with the increase in Re.
Although the reduction degree can be increased to a certain extent, the increasing current
intensity and magnetic field frequency will lead to a sharp increase in energy consumption,
which is not conducive to the long-term stable operation of the furnace.

By comparing Figure 14 with Figure 15, it can be concluded that the heat transfer inside
the furnace is mainly achieved through heat conduction between fluid units. Furthermore,
it is evident that accelerating the flow of these fluids can lead to a substantial enhancement
in heat transfer efficiency within the furnace. It is also illustrated that the momentum
diffusion in the furnace is faster than the heat diffusion, and the thermal boundary layer of
the fluid is thinner than the velocity boundary layer. The Pr value of the melt is determined
exclusively by the physical properties of the substance [34].

The heat transfer efficiency of the melt is influenced by its viscosity, specific heat,
and heat transfer coefficient. It is indicated that a melt with reduced viscosity, augmented
specific heat, and elevated heat transfer coefficient exhibits enhanced heat transfer efficiency.
As the Pr number decreases, the heat transfer efficiency in the furnace increases gradually,
the reduction R, in the furnace increases significantly, and the power consumption in the
furnace decreases. It has been demonstrated that, in melts with high Pr values, the thermal
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boundary layer of the melt is considerably thicker than the velocity boundary layer during
the heating process. This indicates that the diffusion rate of heat in the melt is significantly
lower than the diffusion rate of momentum. Consequently, the primary factor influencing
heat transfer in the furnace under these conditions is thermal conduction. When the Pr
value decreases from 22 to 1, momentum-based heat and mass transfer dominates in the
electromagnetic induction furnace, and the reduction degree of graphite feedstock increases
from 91.23% to 99.43%. This is because the fluid with a low Prandtl number has a stronger
convective effect, which can effectively promote the reduction reaction.
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Figure 12. Reynolds number (Re) versus reduction degree R, in the furnace.
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Figure 13. Reynolds number (Re) versus power consumption Qr in the furnace.
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Figure 15. Prandtl number (Pr) versus power consumption Qy in the furnace.

When the Pe number is much greater than one, it indicates that the convective heat
transfer rate in the physical system is greater than the thermal diffusion rate. The property
differences between the upper and lower layers of the fluid will become smaller and smaller,
which causes the variables in each layer of the fluid to gradually unify [35]. Through the
analysis of Figure 16, it can be seen that as the current intensity gradually increases, the
reduction degree of graphite feedstock shows a significant nonlinear change. The change in
current intensity will directly lead to different average temperatures in the electromagnetic
induction furnace. Since temperature is the main factor affecting the reduction process, as
the temperature rises, impurities continuously precipitate, which causes changes in the
volume fraction of the gas, thereby continuously improving the purity of graphite feedstock.
The heat and mass transfer mode in the electromagnetic induction furnace changes from
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fluid flow to free diffusion, while the concentration of the gas in the furnace reaches its
peak at this time.
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Figure 16. Peclet number (Pe) versus reduction degree R in the furnace.

5. Conclusions

(1) The optimal operating condition for the induction furnace is determined as a
current intensity of 600 A and a magnetic field frequency of 14 kHz. Under this condition,
the reduction degree of the target material reaches 99.69%, while energy consumption is
controlled at a reasonable level.

(2) The Reynolds number range of 30-46 is identified as the critical window for
balancing heat transfer efficiency and fluid stability, which provides a theoretical reference
for the parameter optimization of similar induction heating systems.

(3) When the Prandtl number value decreases from 22 to 1, the reduction degree of
graphite increases from 91.23% to 99.43%. As the Pr number decreases, the thickness of the
thermal boundary layer of the fluid relative to the velocity boundary layer significantly
reduces, which enhances the temperature gradient in the near-wall region. It improves the
convective heat transfer efficiency inside the electromagnetic induction furnace.

(4) When Pe > 1.6 x 103, the convective heat transfer rate of the fluid plays a dominant
role, which extends the migration path of impurities and leads to a negative correlation
and a decreasing trend of the reduction degree of graphite (R? = 0.973). When the internal
temperature of the electromagnetic induction furnace rises to 1273 K, the impurities in the
graphite feedstock undergo a phase change, and the Pe number drops to the order of 10'.
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