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Abstract: Induction-heating graphitization furnaces are widely used to produce high-purity graphite
products due to their high heating rate, high-limit temperatures, safety, cleanliness, and precise
control. However, the existing induction-heating systems based on copper coils have limited energy
efficiency. This paper proposes a new induction-heating graphitization furnace based on graphene
coils. Due to the excellent high-temperature resistance of the macroscopic graphene material, the coil
can be placed closer to the graphite heater, which improves the electromagnetic efficiency; the coil
itself does not need to pass cooling water, which reduces the heat loss of the furnace and ultimately
results in a higher energy efficiency of the induction furnace. In this paper, a numerical model of
the induction-heating process is established and verified, the temperature-field and electromagnetic-
field distributions of the heating process are analyzed by using the model, and the energy balance
calculations are performed for the original furnace and the new furnace. Through a comparison, it
was found that the new furnace possesses an electromagnetic efficiency of 84.87% and a thermal
efficiency of 20.82%, and it can reduce the energy consumption by 33.34%, compared with the original
furnace. In addition, the influence of the coil parameters on the performance of the induction furnace
is discussed. By changing the coil conductivity, the induction furnace can achieve an energy efficiency
of 17.76%-18.11%. This study provides new ideas for the application of macroscopic graphene
materials in high-temperature induction heating.

Keywords: graphene coil; graphitization furnace; induction heating; energy efficiency

1. Introduction

Graphitization is the process of converting initially non-graphitic carbon into graphitic
carbon after high-temperature heat treatment [1]. Graphitized carbon materials have
excellent thermal conductivity, electrical conductivity, and chemical stability [2], and they
are indispensable in the chemical, metallurgical, automotive, and electronic industries.
Graphitization requires heating temperatures typically up to 2800 °C or higher, which is an
energy-intensive process requiring 3-8 MWh per ton of graphite product produced [3], with
the energy consumption accounting for more than 50% of the total cost [4]. Therefore, there
are significant environmental and economic incentives to reduce the energy consumption.

Graphitization furnaces are basic equipment in the carbon industry, and they can be
classified based on the heating method used, such as Acheson furnaces [5], lengthwise
furnaces [6], and induction-heating graphitization furnaces (IHGFs) [7]. The Acheson
furnace utilizes the Joule heating of resistive materials to indirectly heat and graphitize
baked products. Its design is simple, robust, and easy to maintain, making it widely used
in carbon plants. However, it has problems with low energy efficiency, uneven heating,
and long production cycles [8,9]. The use of induction-heating technology in IHGFs is
nowadays chosen in many industrial, domestic, and medical applications due to its high

Appl. Sci. 2024, 14, 2528. https:/ /doi.org/10.3390 /app14062528

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14062528
https://doi.org/10.3390/app14062528
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0000-4687-2152
https://orcid.org/0000-0001-6623-3710
https://doi.org/10.3390/app14062528
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14062528?type=check_update&version=1

Appl. Sci. 2024, 14, 2528

20f17

heating rate, high-limit temperatures, flexible furnace chamber layout, safety, cleanliness,
and precise control [10]. The induction-heating system is the central component of the IHGFE.
It comprises an alternating-current (AC) power supply, an induction coil, and a heater. The
AC power supply delivers the alternating current to the induction coil, which generates an
alternating magnetic field. The heater, exposed to the magnetic-field radiation, is rapidly
heated by the ohmic heating of eddy currents. The induction coil is a crucial component of
the induction-heating system, as it transmits induced electrical energy, directly impacting
the heating rate and efficiency.

The conductors used for induction coils usually play a key role in the design of the
induction coils, and copper conductors are now widely used due to their excellent high
electrical conductivity and moderate cost. During the operation of an induction furnace,
the copper coils carrying the alternating current (AC) generate heat due to AC losses
(coil losses) [11], and, in order to prevent heat buildup and coils overheating, a common
industrial practice is to pass cooling water inside the copper coils. The cooling water
absorbs the heat generated by the coil losses as well as the heat conducted from the heater
and converts itself into warm water of 40-50 °C, which has a very low industrial use value.
This process causes a large amount of energy waste [12]. For induction-heating furnaces,
the energy loss due to cooling water is about 70% of the total energy loss [13].

The energy efficiency of an induction furnace is the product of its electrical efficiency
(ng) and thermal efficiency (n). Refs. [14-16] show that the electrical efficiency is related to
the distance between the induction coil and heater, the number of turns of the coil, the depth
of the current penetration, etc. The thermal efficiency mainly depends on the insulation
performance of the induction furnace, which is related to the selection of the furnace lining
material, the thickness of the insulation layer, and so on. The induction coil structure
based on copper pipes plus cooling water occasionally leads to a contradiction between
the electrical efficiency and thermal efficiency: increasing the thickness of the insulation
layer is conducive to improving the thermal efficiency, but the increase in the coupling
distance between the coil and the heater leads to a decrease in the electrical efficiency [17].
The heater of an IHGF has a temperature of more than 2000 °C in the later stages of heating,
which greatly increases the heat dissipation. In order to improve the insulation of the
furnace, it is necessary to increase the thickness of the insulation layer, sacrificing some of
the electrical efficiency.

This paper proposes a new idea to improve the energy efficiency by manufacturing
coils using conductor materials with excellent high-temperature performances. The coil is
placed inside the insulation layer next to the heater to achieve higher electrical efficiency;
the coil does not need internal cooling water during operation but uses the heat generated
by the coil losses for insulation, thereby improving the thermal efficiency. This idea
combines the electrical and thermal efficiencies, resulting in the very high energy efficiency
of the induction furnace, and it is also of great significance for energy saving in other
high-temperature-heating fields, such as ceramsite sintering [18-20].

The triple-phase point of carbon is 3727 °C [21], and graphitized carbon materials
generally exhibit good high-temperature performances and excellent conductivities. Single-
layer graphitic graphene, for instance, has a conductivity as high as 1 x 108 S/m. In recent
years, numerous studies have attempted to transfer the microscopic properties of graphene
to the macroscopic scale. This class of materials includes graphene-based conductor mate-
rials (GCMs), such as graphene films [22,23] and fibers [24,25]. Zhang et al. [26] utilized
a nitrogen-doping method to produce highly ordered crystalline graphene films with a
conductivity of up to 2.0 x 10° S/m and a thickness of 10 pum. Zhang et al. [27] created
an ultra-thick graphene film with a conductivity of 6.91 x 10° S/m and a thickness of
200 pm through the self-fusion property of graphene oxide sheets. Graphene fibers also
exhibit excellent mechanical and electrical properties, and the conductivity of graphene
fibers after high-temperature annealing can be up to 0.8~2.2 x 10° S/m [28-30]. High-
performance graphene fibers can be used as high-strength cables [25,31,32], flexible super-
capacitors [33,34], or other electronic devices. The conductivity of macroscopic graphene
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materials is continuously making breakthroughs and showing potential applications in
electrical engineering.

The previous discussion highlighted the ability of graphene-based conductor ma-
terials to overcome the limitations imposed by copper. This paper describes a novel
induction-heating system for IHGFs that utilizes macroscopic graphene materials as coils
with impermeable internal cooling water that are placed inside an insulating layer to
improve the energy efficiency. In this paper, the energy efficiencies, temperature fields,
and electromagnetic fields of the new furnace and original furnace are investigated by
numerical simulations. The energy efficiency potential of the new furnace is comparatively
analyzed, and the impact of the coil parameters is discussed.

2. Numerical Model
2.1. Structure of Induction-Heating Graphitization Furnace

This paper presents a study on an original IHGF, as shown in Figure 1a. The furnace
has a radius of 0.9 m and a height of 2.1 m, and its main components are the furnace
shell, coil, graphite heater, and insulation. The vacuum environment of the furnace, with
a pressure of less than 0.5 Pa, prevents the oxidation of the graphite heater and charge at
high temperatures. The carbon-black and carbon-felt insulation does not react with the
graphite heater, even when in contact with it at high temperatures. The copper tube coil is
located in the corundum insulation layer, and cooling water with a pressure of 0.2 MPa
is passed inside the copper tube. By applying an alternating current with a frequency of
1500 Hz to the coil, eddy currents are induced in the graphite heater. This, in turn, heats the
heater through the Joule effect. The temperature at control point A (0, 1.5) was measured
throughout the manufacturing process.

(a) (b)
Furnace shell
Vacuum
L environment ]

| Temperature
measuring points

— A

Cooling water —____

__,_,Jnsulation layer-‘._\_ﬁ_‘

Carbon felt

———— Carbon black———

|| Graphite heater— |

Copper coil //

Graphene coil

Figure 1. Geometric modeling of IHGF: (a) original IHGF; (b) graphene-coil IHGF.

The graphene-coil IHGF is shown in Figure 1b. The insulation layer contains a 30 mm
radius graphene coil to which an alternating current is applied. The ultra-high-heat perfor-
mance of the graphene material in a vacuum environment eliminates the need for cooling
water to pass through the coil. The heat generated by the coil is used to heat the graphite
heater or insulation. Compared to original furnaces, the graphene-coil furnace makes more
efficient use of the ohmic heat on the coils, resulting in higher energy efficiency. In addition,
the proximity of the graphene coil to the graphite heater ensures higher electrical efficiency.

The furnace charge is made of graphite products, the furnace insulation is made of
carbon black and carbon felt, and the furnace wall is made of cement. The specific material
parameters were obtained from the literature [35-38] and are expressed as polynomials or
interpolated functions due to the significant variation in the material properties during the
heating process. The study simplified the heat transfer process in the furnace by unifying
and simplifying the convection, radiation, and heat transfer to solid heat transfer. The
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material parameters for the graphene coil were chosen based on the macroscopic graphene
film prepared by our group. The conductivity of the coil was measured to be 1.1 x 10°S/m
using the four-probe method. The parameters of coils are shown in Table 1.

Table 1. Parameters of coils.

Component o, S/m Cp, J/(kg-K) B kg/m3 k, W/(m-K)
Copper coil 6 x 107 385 8960 400
Graphene coil 1.1 x 10° 710 1950 150

2.2. Mathematical Model
2.2.1. Basic Assumptions

The simulation of an induction graphitizing furnace involves several physical fields
with strong coupling. In order to ensure scientific results and reduce the difficulty of model
solving, the following simplified assumptions must be formulated for the model:

1.  All materials in the model are pure;

2. All materials in the model are isotropic;

3. No consideration is given to mechanical stresses or deformations due to temperature changes;
4. No consideration is given to the phase transition.

2.2.2. Equation of Electromagnetic Field

To accurately calculate the electromagnetic field, a computational domain ten times
larger than that of the induction furnace is chosen. Eddy currents are generated during
induction heating when the workpiece is subjected to alternating magnetic fields, and
the behavior and generation of these fields are controlled by Maxwell’s equations [39].
Solving Maxwell’s equations is the starting point for solving induction-heating problems.
In general, Maxwell’s equations can be written as follows:

VxH=J+ aa—lt) (1)
V xE = —jwB 2)
V-D = pe 3)
VB =0 (4)

In these equations, H represents the magnetic-field strength; | represents the current
density; E represents the electric-field strength; D represents the electric-flux density; B
represents the magnetic-flux density; j represents the complex number j? = —1; w represents
the angular frequency; pe represents the charge density; and t represents the time. The
constitutive relations are as follows:

B =puH ®)
D =¢E (6)
J=0E+]Je (7)

The magnetic-flux density and electric-field strength can be expressed as follows:
B=VxA ®)

E=—VV x 0A/ot )
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2.2.3. Equation of Heat Transfer

This study assumes that the induction furnace is a solid heat transfer medium and
neglects the effect of the gas flow on the temperature distribution. Heat is transferred
through conduction, as described by the partial differential equation for heat transfer:

JaT 0 (,0T 0 (,dT d (,0T

The given equation shows the expression for Q, which is the thermopower. The Q
is mainly composed of volumetric thermopower generated by the induced eddy currents
and losses on the induction coils. The equation includes the following variables: p for
the density in kg/m?; c for the specific heat in J/(kg-K); A for the thermal conductivity in
W/(m-K); xyz for the right-angle coordinate in meters; T for the absolute temperature in
Kelvin; and 7 for the time in seconds. The expression for the Q can be written in terms of
the current density and conductivity:

Q= Uy (11)
o
To solve the governing equations, boundary conditions must be defined. In particular,
at the symmetry axis, the radial gradients of all the dependent variables should be zero.
Furthermore, at the outer boundary of the simulation domain, the magnetic vector potential
should be zero, and the temperature should be the same as the ambient temperature. Special
attention should be paid to the fact that the temperature of the coil and the furnace wall
should also be set to the ambient temperature due to the effective cooling by water. If the
temperature of the furnace surface is not kept constant, the thermal equilibrium conditions
will change:
—n-k¢VTF — q; +n-kymp, VTgmp = 0 (12)

The notations ‘f" and ‘amb’ are used to denote ‘furnace” and ‘ambient’, respectively.
In addition, the term ‘qrl’ is used to denote the amount of heat lost by radiation from
the surface.

2.3. Numerical Method

In this study, the commercial simulation software COMSOL Multiphysics® 6.1 was
used, which involves multiphysics fields with strong coupling that are difficult to solve.
A transient study was performed to obtain the analysis results of multiple moments. The
calculation period of 20 h was chosen based on the actual process.

To ensure the computational accuracy and smoothness of the large volume, the mesh
was refined at the heater and coil, while the rest of the area was coarsened for the mesh
division. This accounted for the skin effect, as shown in Figure 2. The grid’s independence
was tested by expanding it from 41,840 to 273,435 cells. The comparison results indicate
that refining the grid with 112,650 additional cells did not produce any significant changes.
Therefore, subsequent calculations were performed using 112,650 cells.

2.4. Model Validation

In this paper, we describe the heating procedure used to heat the copper-coil model
in a company’s actual production process. The heating regime consists of three stages:
repeated roasting, graphitization temperature control, and completion of graphitization.
The heating rate of each stage is specially designed based on the kinetic characteristics of
the graphitization process of the charge. The power curve is shown in Figure 3a.

The simulation results for the core temperature were compared with the actual produc-
tion data, as shown in Figure 3b. The trend and maximum temperature of the experiment
were in good agreement with the simulation results, indicating the reliability of the simula-
tion model. Therefore, the proposed model can be used to calculate and analyze the heat
transfer in the furnace.
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Figure 2. (a) Global mesh structure; (b) detail of furnace body; (c) detail of coils.
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Figure 3. (a) Power supply curve; (b) comparison of core temperatures in heating period.

3. Results and Analysis
3.1. Comparison of Energy Efficiency
3.1.1. Energy Efficiency Parameters of Induction Furnaces

The energy absorbed by the furnace charge during the heating process can be expressed
as follows:
T2,
Q= [ meCdT (13)
Tl
where Cy., mg., T1g., and T2 represent the specific heat capacity of the charge, the mass,
and the temperatures at the beginning and end of heating, respectively. Similarly, other
parts of the energy (Qqther) can be calculated for the heating.

The energy lost by heat dissipation (Qq) includes the heat dissipated by heat convec-
tion, heat conduction, and heat radiation from each component in the heating process.
Part of the heat (Q.) is absorbed by the cooling water, and the rest is dissipated through
the furnace wall to the environment (Qe). In this study, the heat transfer in the furnace
is simplified to solid heat transfer, and the energy absorbed by the cooling water can be
expressed as follows:
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ty }\
Quy = [ 5:8(Te—To)dt (14)
tcl d

where A is the thermal conductivity of the insulating layer, d is the thickness of the insulating

layer, S is the heat dissipation area of the insulating layer, Tt and Ty are the temperature of

the furnace charge at the time (t) and the temperature of the cooling water, respectively.
Then, the total energy consumption can be expressed as follows:

Qtotal = ch + Qothers + Qd (15)

The thermal energy (Qgp,) generated by the load (graphite heater) under the influence
of a magnetic field of strength H can be expressed as follows:

t
Qqn = / 42 fHL-Adt (16)
tcl

where f is the current frequency, L is the heater length, and A is the heater cross-sectional area.
The electrical efficiency (1) is defined as follows:

Qgh
Ne =3 — (17)
¢ Qtotal
The thermal efficiency (1) is defined as follows:
Qic
=g (18)
¢ Qgh
The energy efficiency (n) is the product of the electrical and thermal efficiencies:
N =M My (19)

3.1.2. Energy Efficiency Comparison Experiment

This paper describes a simulation of the heating processes of two furnaces. To facilitate
the comparison, we applied different constant powers to the two furnaces and compared
the amount of power required to reach the target temperature of 3100 °C after 20 h of
heating. The induction furnace with the copper coil has a heating power of 201 kW, while
the induction furnace with the graphene coil has a heating power of 135 kW. To study the
heating rate, a temperature measurement point is selected inside the furnace. Figure 4a
shows the relationship between the temperature and heating time at the selected points for
the different types of furnaces. The figure shows that the copper-coil furnace initially heats
the charge faster due to its higher heating power. However, around 2000 °C, the heating rate
slows down significantly. In contrast, the graphene-coil furnace has a more stable heating
rate, and there is no significant decrease in the heating rate in the high-temperature region.

Figure 4b shows the curves of the heat flux versus time at the heater/insulation
interfaces for both furnaces. The heat dissipation of the graphene-coil furnace is significantly
reduced compared to that of the original furnace. As shown in Equation (14), the graphene-
coil furnace has no in-coil cooling water and is further away from the cooling source (Tp),
so the heat dissipation power is lower for the same temperature difference, which allows it
to maintain a higher heating rate in the high-temperature region.

Figure 5a,b show the temperature variation in each part of the two furnaces during
the heating process. The energy absorbed by each part during the heating process was
calculated, and the energy efficiency performance parameters were derived according to
Equation (13); the results are shown in Table 2. In terms of the electrical efficiency, the
graphene coil is closer to the heater and the coupling distance between the two is short,
which has a higher electrical efficiency compared to the copper coil. In terms of the thermal
efficiency, the cold source of the copper-coil furnace is mainly located in the coil (coil
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cooling water), closer to the heater, while the cold source of the graphene coil is located
at the far end of the furnace shell. In addition, the ohmic heat of the graphene coil is also
used in the heat insulation of the heater, and thus the insulation performance is better.
Taken together, only 12.02% of the coil input energy is absorbed by the heated charge in a
conventional copper-coil induction furnace, while the graphene-coil furnace has an energy
efficiency of 17.67%. As shown in Figure 5c, to heat the same mass of charge, the energy
absorbed by the cooling water in the former furnace is 1506 kWh higher than that in the
latter furnace, which has a higher temperature at the end of heating the insulation layer
and absorbs 314 kWh more energy.

3500
180 .
copper coil f9m309 J— copper coil fumace
30009 - - - graphene coil Wmaf_if_,_--—-""_ e 180 graphene coil fumace __ —— |
- g __.r"'_-_—-
2500 4 < 140+ _
2000+ g 1207 heater/insulation
£ .
= £ 100+ mterfaces
= 1500 =
-3 g s /
g 1 E /
= 1000 T 60
s004 / / 2 40
o 20.
0 5 0 5 20 ° : ' '
1 1 0 5 10 15 20
Time (h) Time (h)
(@) (b)
Figure 4. (a) Temperature rise curves of two furnaces; (b) heat dissipation powers of two furnaces.
Due to the advantages in the electrical and thermal efficiencies, the graphene-coil
furnace has a higher energy efficiency compared to the copper-coil furnace, and for heating
the same mass of charge, the energy consumption of the graphene-coil furnace can be
reduced by 33.34%. It can be concluded that the graphene-coil furnace is more efficient
than the copper-coil heating furnace in terms of energy utilization.
3500 3500
. h —p— furnace charge
3000 - »—lurnace charge 3000 4 —>—graphite heater

2500 —p»—furnace insulation 2 2500 furnace insulation
:5‘ furnace insulation 3 3
o 2000 + 0 2000 -
3 3
*&,‘ -
5 1500 G 1500-
o a
£ £
2 1000 @ 1000

500 +

—>— graphite heater
furnace insulation 1

furnace insulation 1
—p— furnace insulation 2

500

10 15 20 0 5 10 15 20
Time (h) Time (h)

(a) (b)

Figure 5. Cont.
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Figure 5. (a,b) Temperature rise curve of each component; (c) energy balance; (d) structural schematic
of insulation layers 1, 2, and 3.

Table 2. Comparison of energy efficiencies between different furnaces.

Copper-Coil Furnace Graphene-Coil Furnace
Total energy consumption, kWh 3940.22 2696.83
Energy for the heater, kWh 3179.19 2288.77
Electromagnetic efficiency, % 80.69 84.87
Thermal efficiency, % 14.90 20.82
Energy efficiency, % 12.02 17.67

3.2. Electromagnetic-Field Distribution

The magnetic-flux density and current density distributions of the two furnaces were
compared under the same alternating current size. Figure 6a shows that the orientation
of the magnetic induction starts above the coil and loops back below it. The distribution
patterns of the magnetic-flux density in both furnaces are predominantly concentrated
in the region between the heater and the coil. Following the universal current law, there
is a uniform decrease in the magnetic-field strength within a helical coil that is inversely
proportional to the increasing radius of the coil. As highlighted in Figure 6b, the induction
coil of the graphene-coil furnace has an enhanced internal magnetic-field strength due to
its closer positioning to the heater. This arrangement allows the graphene-coil furnace to
achieve superior electrical efficiency for the same amount of current.

The current is mainly distributed in the charge, graphite heater, and coil. To facilitate
the observation, these three parts of the cloud diagram were selected, and the results
are shown in Figure 7. Due to the influence of the skin effect, the current densities of
the two types of furnaces are the maximum in the inner wall of the coil, followed by
the outer wall of the heater, and there is almost no current distribution in the charge.
The skin depth is estimated as & = /(1/(nfopy)). For this calculation, the current fre-
quency is f = 1500 Hz, the conductivity of the Cu is o_Cu = 6.0 x 107 S/m, which gives the
skin depth §_Cu = 1.68 mm for the copper coil, and the conductivity for the graphene is
0_G =1.1 x 10° S/m, which gives the skin depth 5_G = 12.40 mm for the graphene coil.
The figure also shows that the skin effect of the copper coil is more obvious.
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Figure 6. (a,b) Magnetic-flux density distribution; (c,d) flux density distribution along x-direction for
different Hs.
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Figure 7. (a) Current density distribution of original furnace. (b) Current density distribution of
graphene-coil furnace.
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3.3. Temperature-Feld Distribution
3.3.1. Initial Heating

Figure 8a,b show the temperature-field distribution during heating for 1 h. At the start
of the induction-heating process, the highest-temperature region for the original furnace
is at the graphite heater. Heat is transferred from the graphite heater to the charge and
thermal insulation. For the graphene-coil furnace, the highest-temperature region occurs at
both the heater and the coil, with the temperature slightly higher at the heater. Combined
with Figure 8c,d, it is evident that the heat flux at the heater of the graphene-coil furnace is
smaller than that at the heater of the copper-coil furnace. This is due to the fact that the heat
source of the graphene-coil furnace consists of both the heater and the coil, and the ohmic
heat of the coil can be used to insulate the heater during the heating process, resulting in
higher energy efficiency compared to the original furnace.

Temperature [°C] Temperature [°C]

- 690.8 5872
— - 619.6 L 507
TN M 548.3 » ,;, D . 466.8
/ / \
/f ‘. 477.1 g g \ \ 406.5
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‘g\ 1] 334.7 ‘ g ‘r’ \ E 286
\ll 263.4 \ g S 225.8
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— =121 = 105.3
= 49.8 =451
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Heat flux [kW/m?] Heat flux [kW/m?]
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Figure 8. (a,b) Isoline of temperatures of two furnaces. (c,d) Heat-flux distribution of two furnaces.
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3.3.2. End of Heating

The temperature distributions for both furnaces after heating for 20 h are displayed in
Figure 9a,b. The figure shows that the temperature gradient inside the furnace decreases
upon completion of heating, and the highest temperatures for both furnace types occur
at the heater with H = 1.35 m, with temperatures of 3153 °C and 3147 °C. There is a
temperature difference of approximately 47 °C between the center region of the charge and
the maximum temperature. It is worth noting that the maximum coil temperature of the
graphene-coil furnace is 2561 °C.
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Figure 9. (a,b) Global temperature distributions of two furnaces. (c¢) Temperature distributions along
r at different Hs.

As shown in Figure 9b, the temperature distribution along the r-axis is divided into
three parts: the furnace charge zone, insulation layers, and other spaces. Due to the high
thermal conductivity of the charge, the temperature distribution inside the charge is more
uniform, and the temperature of the graphite heater is slightly higher than that of the
charge. Inside the insulation layers, the temperature distribution curve along the r-axis
takes the form of a concave function. This is due to the fact that, under the condition
of a near-steady state in the late stage of heating, the area through which the heat flows
from the inside of the insulation to the outside increases with the r, which means that the
temperature change becomes smaller and smaller with the distance from the inside, and
thus the temperature curve tends to be flat. For the graphene-coil furnace, the temperature
gradient inside the insulation is much smaller because the coil losses are used for heat
insulation, which explains its lower heat flux at the heater/insulation interface in the later
stages of heating.

3.4. Effect of Coil Parameters

The analysis above demonstrates that the graphene-coil IHGF is highly energy efficient.
However, a problem arises with the high coil temperature during the latter part of the
heating process. As noted in [40], graphite is susceptible to high-temperature vaporization
under vacuum conditions, particularly when heated above 2500 °C. This vaporization
significantly impacts the device’s lifespan. To achieve the maximum energy efficiency and
a lower coil temperature, optimizing the coil parameters is necessary.
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3.4.1. Effect of Coil Conductor Conductivity

Given that the electrical conductivity of GCMs is still lower than that of copper, it
is important to pay special attention to the coil losses. The ohmic heating of the current
can be calculated using Equation (11), which takes into account the skin loss and the
neighbor loss of the high-frequency current. The effects of the coil size and conductivity
on the coil losses are discussed in this study. The side length of the square coil was varied
from 60 mm to 100 mm, while the conductivity of the graphene coil was varied from 1 to
7 x 10 S/m. It is clear from Figure 10a that the coil losses are not uniformly concentrated
in the interior of the conductor. For coils of the same cross-sectional area, the area of coil
losses decreases as the conductivity of the coil material increases. For the same coil with a
conductivity of 1 x 10° S/m, increasing the cross-sectional area shrinks the region of high
losses. It should be noted, however, that because the distance between the coils is fixed, the
proximity effect is enhanced as the distance between the coils decreases with the increasing
coil area. Therefore, increasing the tube radius will reduce the skin effect while increasing
the proximity effect.

(a)
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Figure 10. (a) Distributions of coil losses for different coil conductor conductivities and coil cross
sections. (b) Effects of coil area and conductivity on coil losses.
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Figure 10b summarizes the coil losses for different coil conductor conductivities and
different coil cross sections. For coils of the same cross-sectional area, the variation in the
conductivity of the coil conductor significantly affects the magnitude of the coil loss. When
the conductivity of the conductor material is varied from 1 x 10°S/mto 7 x 10° S/m, the
total coil loss decreases from 18.13 kW to 6.67 kW for the same magnitude of alternating
current (AC), while increasing the cross-sectional area of the coil has no significant effect
on the coil loss.

The effect of variations in the coil conductivity on the temperature distribution of
induction furnace coils was investigated, as shown in Figure 11. It was observed that as the
conductivity of the conductor material increased from 1 x 10° S/m to 7 x 10° S/m, the
temperature of the coil decreased from 2561 °C to 2502 °C, and the energy efficiency of the
induction furnace improved from 17.76% to 18.11%. This improvement is attributed to the
reduction in coil losses as the conductivity of the conductor material increases, which, in
turn, reduces self-heating and allows more energy to be used for induction heating, thereby
increasing the energy efficiency of the induction furnace. It is evident that increasing the
conductivity of the coil materials is beneficial for improving the energy efficiency and
durability of induction furnaces.

Temperature [°C]

a
( ) x10°
3
2.5
2
1.5
1
0.5
(b) (©
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Figure 11. (a) Temperature distributions of induction furnace for different coil conductivities. (b) Tem-
perature distributions along r-axis. (c) Effect of coil conductivity on energy efficiency.
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3.4.2. Effect of Coil Position

Figure 12 shows how the coil’s temperature and the induction furnace’s energy effi-
ciency are influenced by the coil’s distance from the graphite heater, represented by the coil
diameter (®) ranging from 0.8 m to 1 m. As the ® increases, the coil-heater gap widens,
leading to a notable coil temperature drop after 20 h of heating—from 2561 °C to 1870 °C.
Notably, at @ = 0.85 m, the coil temperature decreases to 2342 °C, falling within a safe usage
range. Figure 11c reveals that the furnace’s energy efficiency diminishes as the ® grows.
The analysis indicates that a larger coil-heater distance reduces the electrical efficiency of
the induction heating, impacting the overall heating performance. Hence, for the optimal

energy efficiency and coil lifespan, a coil diameter of & = 0.85 m is recommended for
the model.
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Figure 12. (a) Temperature distributions of induction furnace for different coil positions. (b) Tempera-
ture distributions along r-axis. (c) Effect of coil position on energy efficiency.

4. Conclusions

An induction-heating graphitization furnace based on graphene coils is proposed
in this paper. We conduct a detailed analysis of its energy efficiency, electromagnetic,
and temperature-field distributions by comparing an enhanced furnace model with a
traditional one through multi-physical-field coupled simulations. The paper also covers
how variations in the coil parameters influence the coil losses and temperatures. The
following are the key findings:
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(1) The proposed furnace model significantly improves the energy utilization of the
induction furnace and reduces the energy consumption by 33.34%. Because the
graphene coils of the new furnace have no cooling water inside, the coil losses are
used to maintain the heater temperature. Positioned closer to the heater, these coils
achieve superior electrical efficiency;

(2) Both the coil conductor’s conductivity and the coil’s radius are crucial factors affecting
the coil losses;

(3) The coil’s distance to the heater significantly impacts the furnace’s performance.
Optimal positioning of the coil is vital for balancing the furnace’s energy efficiency
and coil temperature.

Our work underscores the promising application potential of macroscopic graphene
materials in induction-heating technologies, particularly for high-temperature processes,
like those found in graphitization and polysilicon furnaces. Future directions include the
experimental validation of the proposed furnace design.
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