
Received January 30, 2020, accepted February 29, 2020, date of publication March 4, 2020, date of current version March 13, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2978213

Numerical Simulation of the Temperature Field of
Coal Subjected to Microwave Directional Heating
CHANG SU 1, YONGLI ZHANG2, XINLE YANG1, AND JUN TU 3
1School of Mechanical Engineering, Liaoning Technical University, Fuxin 123000, China
2School of Mechanics and Engineering, Liaoning Technical University, Fuxin 123000, China
3College of Science, Liaoning Technical University, Fuxin 123000, China

Corresponding author: Yongli Zhang (zhangyl_lntu@163.com)

This work was supported in part by the National Natural Science Foundation of China under Grant 51704140, Grant 51574138, and
Grant 51574136, in part by the Natural Science Foundation of Liaoning Province under Grant 2019-ZD-0040, and in part by the
Foundation of Liaoning Province Education Department under Grant LJYL046.

ABSTRACT Microwave directional heating can rapidly increase the temperature of coal and promote the
desorption of coalbedmethane. The temperature field of coal subjected to microwave directional heating was
simulated by using COMSOL software. By coupling the energy conservation equation for an electromagnetic
field with the heat conduction equation for solids, a heat conduction equation for the microwave directional
heating of coal was established. The effects of the microwave heating time, power, frequency, incident
distance and cross-sectional area of the waveguide on the temperature field of coal were studied via
simulation. The results revealed that the increasing rate of temperature was high in the early stages of
microwave heating. Moreover, higher microwave power corresponded to a higher coal sample temperature,
a larger temperature gradient for the coal sample, and less energy being required to achieve the desired coal
sample temperature. Additionally, it was found that there is an optimal microwave frequency that maximises
the temperature of the coal sample. A larger microwave incident distance resulted in a lower average coal
sample temperature. The waveguide was also found to have an optimal cross-sectional area that maximises
the maximum temperature of the coal sample.

INDEX TERMS Microwave, coal, directional heating, temperature field, numerical simulation.

I. INTRODUCTION
China has abundant coalbed methane resources; however,
most of them exhibit low permeabilities. Improving the devel-
opment and use of coalbed methane in low-permeability
reservoirs will help to alleviate China’s energy shortage prob-
lems, enhance the safety level of coal mine production, and
reduce greenhouse gas emissions. Heat injection is a com-
mon technique applied to mine coalbed methane in low-
permeability reservoirs [1]. The main methods of coalbed
methane heat injection are hot-steam injection, hot-water
injection, and microwave heating. Microwave heating has a
high efficiency and operability [2], [3]; it has been used to
study the permeability of coal and the related temperature
field changes.

Microwave heating of coal can effectively promote the
development of pores and fractures and increase the perme-
ability of coal seams. The pore size, throat size, and pore
numbers increase with the microwave energy [4], and
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microwave heating induces the increase, opening, and inter-
connection of pores and fractures in coal [5]. The increase
in the microwave power contributes to rapid heating and
thermal heterogeneity. In addition, water porosity and mois-
ture loss increase with increasing microwave power and irra-
diation time [6]. With continuous exposure to microwaves,
the pore size distribution of the coals extends, and the pore
volume and connectivity increase [7]. Moreover, the surface
area of lignite samples and mesopore percentage increase,
whereas the average pore diameter and total pore volume
decrease in microwave treatments [8]. The thermal stresses
induced by microwave selective heating enlarge the fractures
and create new cracks, thereby providing seepage space for
fluids [9]. New fractures are induced in unconfined bitumi-
nous cores, and the aperture of existing cleats increases owing
to high-energy microwave exposure [10].

Microwave heating of coal promotes the desorption of
coalbed methane from coal; the process is highly sensitive
to the excitation frequency, and higher powers cause greater
thermal heterogeneity [11]. A fully coupled electromagnetic–
thermal–mechanical model was developed to investigate the
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influence of coal compaction, thermal expansion, thermally
induced gas desorption, and sorption-induced coal defor-
mation on the coalbed methane extraction [12]. Microwave
absorption by coal redistributes the electromagnetic field in
the cavity, which leads to high- and low-energy regions [13].
Owing to water evaporation and thermal convection, the
temperature increase in the coal sample during microwave
drying exhibits a ‘‘fast–slow–fast’’ trend, and water evap-
oration is the key factor in the thermal distribution [14].
Moreover, the optimal frequency of 2.45 GHz achieves the
maximum temperature and energy efficiency [15]. The effect
of microwave frequency on temperature is clear [16]. There
is just one optimal heating frequency that can achieve the
maximum or minimum temperature.

The previously mentioned studies focused on heated
coal samples in microwave cavities. However, the cavities
required for microwave heating are difficult to construct
in practical engineering projects. This limits the large-scale
use of microwave cavity heating. Moreover, the position of
the coal sample in the cavity influences the heating effect.
Microwave directional heating has two important advantages:
it does not require a cavity, and directional heating can be
customized according to the desired heating direction and
parameter requirements. Microwave power of 2450 MHz can
be effectively applied to a bituminous pavement at a depth of
up to 12 cm without overheating the top layer of the asphalt
road [17]. In addition, the directional microwave technology
can reduce Salmonella Enteritidis in eggshells without caus-
ing detrimental effects [18], and 4.2–4.5 GHz are optimal
values for the hyperthermia treatment of dense and fatty
breasts [19]. In this study, microwave directional heating was
applied to the porous medium coal. Its dielectric properties
differ from those of asphalt and eggshells. The temperature
field of the coal sample subjected to microwave directional
heating was numerically simulated, and the influence of the
microwave directional heating parameters on the coal sample
temperature was analyzed.

The structure of this paper is as follows: the second
section presents the heat conduction equation for microwave
directional heating, which was developed by coupling the
electromagnetic energy conservation equation and solid heat
conduction equation. The third section provides a geometric
model of the numerically simulated coal sample treated with
microwave directional heating, and the effectiveness of the
simulation model is verified based on laboratory test analy-
ses. In the fourth section, the simulated results are discussed
to describe the effects of the microwave heating duration,
power, frequency, incident distance, and cross-sectional area
of the waveguide on the temperature field of the coal sample.
The fifth section summarizes the paper and discusses future
research directions.

II. GOVERNING EQUATIONS
Using microwaves to heat coal is a form of medium radiant
heating [20]. When microwaves propagate through coal,
microwave energy is converted into thermal energy by the

action of the polar molecules of coal. These polar molecules
are used as internal heat sources that heat the coal via an
internal heat transfer process [21]. The patterns of microwave
propagation through coal, and the energy convertibility of
coal form the basis for studying its heat sensitivity.

The electromagnetic wave equation can be used to deter-
mine the path and range of microwave propagation in coal.
The law that dictates how electric field energy is converted
into thermal energy can be obtained by utilizing the elec-
tromagnetic energy conservation equation. Thus, the amount
of thermal energy converted from electric field energy can
be determined. Then, the solid-heat transfer equation can be
coupled to establish the heat transfer model for microwave
radiation in the time domain.

A. ELECTROMAGNETIC WAVE EQUATION
Let the microwaves propagate in the x direction in the coal.
Then, the electromagnetic wave equation [22] is as follows:

∂2E
∂x2
= ω2εµ(j

σ

ωε
− 1)E (1)

where E is the electric field strength in coal; ω is the
microwave frequency; ε, µ and σ are the dielectric constant,
permeability and electrical conductivity of coal, respectively;
j is an imaginary unit.

Then, the electric field strength in coal can be obtained by
solving Equation (1)

E = Emax exp[−(α + jβ)x] (2)

where Emax is the maximum electric field strength; x is
the coordinate in the x direction; α is the attenua-
tion constant of the electric field, and is defined as

α =

√
ωµ(ωε +

√
ω2ε2 + σ 2)/2; β is the phase con-

stant of the electric field, and is defined as β =√
ωµ(ωε −

√
ω2ε2 + σ 2)/2.

Apparently, α and β are determined by the characteristic
parameters of coal, and the microwave frequency. Alterna-
tively, Emax is determined by the microwave power. Accord-
ing to the definition of power, the amount of energy provided
by the microwave source to the coal per unit time is

Q = εE2
max =

P
vS

(3)

where P is the microwave power; S is the cross-sectional area
of the waveguide; v is the wave velocity of the microwaves in
coal. Here, v = C/

√
εµ, where C is the speed of light, which

is given as C = 3× 108 m/s.
Following substitution, it is easy to obtain

Emax =

√
P
SC

√
µ

ε
(4)

Then, by substituting Equation (2) into Equation (4), the
distribution equation for the electric field in coal can be
obtained as

E =

√
P
SC

√
µ

ε
exp[−(α + jβ)x] (5)
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B. ENERGY CONVERSION EQUATION
The energy conservation equation for an electromagnetic
field [23] is given as∫
V
J · EdV+

∫
V
jω(εE2

+µH2)dV+
∫
V
∇·(E×H )dV = 0

(6)

where H is the magnetic field strength; V is unit volume;
J is the current density; ∇ is the Hamilton operator.
The first integral on the left side of Equation (6) represents

the amount of electromagnetic energy that is converted by
coal into Joule heat energy. The second integral on the left
side of Equation (6) represents the amount of electromagnetic
energy that is consumed by coal. The third integral on the left
side of Equation (6) represents the amount of electromagnetic
energy that is input into coal.

In addition to Joule heat energy that is converted by
coal, the polarisation loss of electromagnetic waves in coal
also generates heat when the coal is heated by microwaves.
In the second integral on the left side of Equation (6),
ε = ε0εr , where εr is the relative dielectric constant, and
ε0 = 8.85 × 10−12 F/m. Furthermore, εr is described as
a complex quantity with real and imaginary parts, and is
denoted as εr = ε′ − jε′′. The real part, ε′, is the dielectric
constant of coal. The imaginary part, ε′′, is typically used to
describe the polarisation loss, and is referred to as the loss
factor.

By taking into account J = σE and substituting the
complex dielectric constant ε, we can rewrite Equation (6)
as∫
V
(ωε0ε′′+ σ )E2dV +

∫
V
jωε0ε′E2dV

+

∫
V
jωµH2dV +

∫
V
∇ · (E × H )dV = 0 (7)

The first integral on the left side of Equation (7) yields
the total amount of thermal energy that is converted from
microwave energy. Therefore, the amount of heat energy that
is generated by the microwaves in the coal is given as

Qe = (ωε0ε′′ + σ )E2 (8)

By incorporating the electric field distribution Equation (5)
into Equation (8), we can obtain the thermal energy distribu-
tion in coal

Qe = (ωε0ε′′ + σ )
P
SC

√
µ

ε
exp[−2(α + jβ)x] (9)

C. HEAT TRANSFER EQUATION
Owing to the volatility of microwaves and the attenuation of
energy that is caused by their propagation, the distribution
of thermal energy in coal is non-uniform. Therefore, heat
conduction occurs within the coal sample. The first law of
Thermodynamics [24] is given as

ρCp
∂T
∂t
+ ρCpu · ∇T = ∇ · (k∇T )+ Qe (10)

where ρ, Cp and k are the density, heat capacity and thermal
conductivity of the coal, respectively; u is the rate of tem-
perature change in space as a function of time; ∇T is the
temperature gradient.

By incorporating Equation (9) into Equation (10), we can
obtain the heat transfer model for microwave directional
heating in the time domain, which is given as

ρCp
∂T
∂t
+ρCpu · ∇T

= ∇ · (k∇T )+ (ωε0ε′′ + σ )
P
SC

√
µ

ε
exp[−2(α + jβ)x]

(11)

The first term on the left side of Equation (11) describes the
relationship between temperature and time. The second term
on the left side of Equation (11) describes the relationship
between temperature and space. The first term on the right
side of Equation (11) describes the heat transferred from the
external environment.

For the coal sample that was used in this study, ε, ε0,
ε′′, Cp, ρ, µ, σ and k in Equation (11) are constants that
cannot be changed. Thus, we should focus on the controllable
parameters. In fact, there are four controllable parameters in
Equation (11), i.e., the microwave heating time t , microwave
power P [25], microwave frequency ω, and cross-sectional
area of the waveguide S. In addition, the incident distance of
the microwaves directly affects the energy of the microwaves
penetrating the coal sample. The incident distance of the
microwaves is defined as the distance between the edge of
the near-waveguide of the coal sample and the output port of
the waveguide, and is denoted as d .

III. SIMULATION MODEL
A. BASIC ASSUMPTIONS
Although there are differences between the real-world con-
ditions and the corresponding numerical model, a numer-
ical simulation can be used to intuitively demonstrate the
respective influences of various factors. Particularly, some
important parameters cannot be measured in the laboratory,
such as the distribution of the temperature field within the
coal sample. Therefore, a numerical simulation was per-
formed in this study to investigate the distribution of the
temperature field within a coal sample that is subjected to
microwave directional heating. To optimise computational
and CPU usage efficiency, the following assumptions were
made. 1) The coal sample is homogeneous and isotropic.
2) The thermophysical and dielectric properties are constant.
3) Mass transfer is negligible. 4) There is no heat conduction
within the air or coal sample.

B. GEOMETRIC MODEL
The geometry of the microwave directional heating model for
a coal sample is shown in Figure 1. The waveguide output
faced the coal sample, and the microwaves were set to pene-
trate the waveguide from the incident port. The waveguide
material was copper. A virtual air hood was designed to
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FIGURE 1. Geometry of microwave directional heating.

surround the coal sample to limit the feasible range for the
electromagnetic field.

The basic parameters of the geometric model are provided
in Table 1.

TABLE 1. The basic parameters of geometric model.

C. BOUNDARY CONDITIONS
In the geometric model shown in Figure 1, microwaves enter
the rectangular waveguide from the microwave incident port,
which was set as the excitation port. Additionally, the rectan-
gular waveguide operates in TE10 mode. The power flow of
the microwaves satisfies

s =

∫
∂�

(E − E1) · E1∫
∂�
E1 · E1

(12)

where E1 is the electric field strength of the incident port in
TE10 mode.

A standard waveguide is made of aluminium. Thus, to min-
imise surface erosion, the inner wall of the waveguide was
coated with a highly conductive copper layer. The complex
reflection index of the copper layer was set as |N | � 1.
The boundary condition for the waveguide was set as the
impedance boundary condition. This condition can be math-
ematically described as follows:√

µ0µr

ε0εr −
jσ
ω

n× H + E − (n · E)n = (n · Es)n− Es (13)

where Es is the electric field source that is used to specify
a surface current source at the boundary; n is the normal
vector of the boundary; µ0 and µr are the permeability of
the vacuum and relative permeability, respectively.

In accordance with the operating mode of a rectangular
waveguide, the electric field strength in the y direction is

E0y = sin(
πx
a
) (14)

where a is the waveguide depth.
The propagation constant for microwaves in the waveguide

is

β0 =
2π
C

√
f 2 − f 2c (15)

where f is the line frequency; fc is the cut-off frequency of
the rectangular waveguide, and fc = C/(2a).
The waveguide and air hood were designed to form a

closed cavity that defines the simulated area. The medium
in the air hood was set to be ambient air. Then, the air hood
boundarywas set tomimic the conditions of an idealmagnetic
conductor; this can be described as follows:

n× H = 0 (16)

The current density at the surface boundary was set to
equal 0. The magnetic field on both sides of the air hood
was designed to be continuous. Additionally, in the proposed
model, there is no reflection of microwaves in the air hood,
ensuring that the microwaves can only be transmitted in the
desired direction.

D. EXPERIMENTAL VERIFICATION
The investigated experimental system is shown in Figure 2.
It consists of a microwave generator, waveguide, microwave
shield, and thermograph.

FIGURE 2. Experimental microwave directional heating system.

The microwaves were generated by a common microwave
generator, and a standard waveguide directed the microwaves
into the coal sample (waveguide standard: WR-340 model).
The microwave shield was a wooden crate that was humidi-
fied before the experiment to prevent microwave leakage and
to ensure the safety of the researchers and equipment. The
surface temperature of the coal sample was measured with
a thermograph (VarioCAM hr (InfraTec) thermal imaging
camera).

The experimental coal sample originated from the
low-permeability coal seam of the Fuxin Wulong Mine
in China. Coal has primitive and complex pore and fis-
sure structures, and the internal composition distribution
is inhomogeneous, which causes strong interference in the
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microwave heating results. Therefore, the coal sample was
ground and sieved to eliminate the reflection and scattering
interference caused by microwave propagation in the original
pore fissures. The resulting homogeneous coal sample exhib-
ited a consistent temperature change trend under microwave
heating.

The 60–80 mesh pulverized coal powder was subjected
to compression molding to prepare a coal sample with a
diameter of 50 mm and height of 100 mm, such as in [15].
The determined properties are listed in Table 2 for an initial
temperature of 23 ◦C.

TABLE 2. Thermal and electrical properties of coal sample.

To verify the effectiveness of the simulation model,
microwave directional heating experiments were performed
on the selected coal sample in a laboratory. The frequency
of the generated microwaves was 2.45 ± 0.05 GHz, and
the microwave output power of the experimental system was
700 W. The incident distance of the microwaves was 1 mm,
cross-sectional area of the microwave waveguide was 86 ×
43mm2, and heating duration was 180 s. The properties of the
coal sample and experimental parameters were implemented
in the simulation model with the COMSOL software.

To compare the experimental and simulated results, points
L and R were selected on the outer surface of the coal sample.
They are the closest and farthest points from the waveguide
on the central axis of the microwave propagation direction,
respectively. Figure 3 shows the temperature changes at the
two points over time.

Figure 3 compares the simulated and experimental results
of Points L and R. Both simulated and experimental temper-
atures of the coal samples showed a monotonous increase
with increasing heating duration. However, the simulated
temperature exhibited a linear increase and the experimental
temperature a nonlinear increase. This was mainly due to the
existence of interference factors during the experiment, such
as the heat transfer between the coal sample and environ-
ment and the change in the dielectric constant of the coal
sample. When the coal sample temperature was low (below
80 ◦C), the simulated results agreed well with the experi-
mental results. The small deviation between the simulated

FIGURE 3. Temperature changes at Points L and R.

and experimental results was mainly due to the heat transfer
between the coal sample and environment, which was not
considered in the simulation. However, when the coal sample
temperature was high, the simulated temperature curve was
significantly higher than the experimental temperature curve,
and the difference increased sharply. The main reason for this
phenomenon was that the dielectric constant of coal changes
dramatically with the temperature when the temperature of
the coal sample is high [26].

Considering the economics of coalbed methane extraction
by microwave heating and the changes in the coal matrix
chemistry due to excessively high temperatures, the authors
believed that it was appropriate to limit the maximum temper-
ature to which the coal samples were heated. Consequently,
it could be assumed that the dielectric constant of coal does
not change in the simulation. In this study, the temperature
limit was set to 80 ◦C by limiting the coal sample heating
time andmicrowave power. Several researchers have reported
that when the temperature of a coal sample is low, the change
in the dielectric constant of coal is not evident [26]. Under
the presented parameter settings, when the coal sample was
heated for 80 s, the maximum temperature of the coal sample
was approximately 85 ◦C. Therefore, the temperature of the
central arc on the surface of the coal sample after it had
been heated for 80 s was investigated; the results are shown
in Figures 4 and 5, respectively.

FIGURE 4. Temperature of central arc of coal sample surface.
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FIGURE 5. Temperature of surface: (a) coal sample; (b) thermal imaging map of experiment; (c) cloud map of simulation.

Figure 4 presents the temperature distribution of the cen-
tral arc on the surface of the coal sample after it had been
directionally heated for 80 s. The simulated and experimental
temperatures at each point on the central arc agree well. They
decreased first and then increased with respect to the coordi-
nate. On the central axis of the microwave propagation direc-
tion, the temperature of Point L (closest to microwave source)
was the highest, and the temperature of Point R (farthest from
microwave source) was the second highest. The temperature
of the tangent point of the microwave propagation direction
and the central arc was the lowest.

Furthermore, Figure 4 shows a small deviation between
the simulated and experimental temperatures of the central
arc. This was mainly due to the heat transfer between the
coal sample and environment in the experiment, which was
not considered in the simulation. When the measured point
temperature was relatively high, the simulated temperature
was higher than the experimental temperature. When the
measured point temperature was relatively low, the simulated
temperature was lower than the experimental temperature.
The high-temperature part of the coal sample transmitted heat
into air, and the air transmitted heat to the low-temperature
part of the coal sample. The greater the deviation between
the coal sample temperature and environmental temperature,
the greater was the deviation between the simulated and
experimental results. Considering that heat transfer was the
main cause of the deviation between the simulated and exper-
imental results, Figure 4 also verifies that when the coal
sample temperature was low, the dielectric constant of the
coal did not change significantly.

To estimate the heat transfer between the coal samples and
environment, Points L and R are taken as examples. After
microwave directional heating for 80 s, the simulated and
experimental temperatures at Point L were 85.4 and 81.2 ◦C,
and the simulated and experimental temperatures at Point
R were 67.8 and 64.7 ◦C, respectively. Because the initial
temperature of the coal sample was 23 ◦C, the temperature
difference between Points L and R due to the heat transfer

were 4.2 and 3.1 ◦C, respectively. In other words, the simu-
lated temperatures of Points L and R without considering the
heat transfer were 7.2% and 7.4% higher than the experimen-
tal temperatures, respectively. It should be pointed out that
the heat transfer between the coal sample and environmental
air inside the coal sample was less than that on the coal
surface. Therefore, the heat transfer between the coal samples
and environmental air was not considered in the following
simulations.

Figure 5(a) presents the coal sample used for the exper-
iment, and Figure 5(b) is a thermal imaging image of the
surface of the coal sample after an 80 s heating treatment
(experiment). In addition, Figure 5(c) presents a cloud map
of the surface temperature of the coal sample after an 80 s
heating treatment (simulation). The results show that the
distributions of hot and cold spots produced by the simulated
cloud map are consistent with those of the thermal imaging
map. In addition, the temperature of the hot spot on the left
side was higher than that of the hot spot on the right side.
However, the area of the hot spot on the left side was smaller.
Consequently, the temperature variation of the hot spot on the
left side was higher than that of the hot spot on the right side.

The simulated results agree well with the experimental
ones for the temperature variation at the central arc of the
coal sample and the temperature distribution on the surface.
The simulated temperature field distribution of a coal sample
that has been subjected to microwave directional heating is
discussed in the following section.

IV. ANALYSIS OF RESULTS
In the simulation, the effects of the time, power, frequency,
incident distance, and cross-sectional area on the tempera-
ture distribution of the coal sample subjected to microwave
directional heating were studied. The values of the basic
parameters were set as follows: t = 80s, P = 700 W,
f = 2.45 GHz, d = 1 mm, and S = 86 × 43 mm2, which
correspond to the parameters of the experimental verification.
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A. INFLUENCE OF TIME
The duration of microwave heating was found to affect the
temperature profile of the coal sample directly. Specifically,
large temperature fluctuations can generate and expand the
pores and fissures within the coal sample, eventually affect-
ing the permeability of the coal sample [27]. The effects of
microwave heating duration on the temperature of the coal
sample are shown in Figure 6. It can be seen that the values
for the temperature difference at the measured points yielded
a V shape over periods of 10 s. To provide a better description,
we separated the curve in Figure 6 into three regions that
have been respectively labelled as I, II and III. Regions I
and III are peak regions with large temperature fluctuations,
whereas Region II is a valley region with small temperature
fluctuations. This is consistent with the patterns ofmicrowave
propagation through the implemented medium.

FIGURE 6. Temperature difference on the central line.

As the heating duration increased, the extent of tempera-
ture fluctuation at the measured points in Regions I and III
decreased every 10 s. The most significant temperature vari-
ation occurred between 0 and 10 s, and the smallest tem-
perature variation was found to occur between 70 and 80 s.
The effects of heating duration on temperature variation in
Region II were not significant. As the coordinate value of
the measured point in Region I increases, the temperature
variation of the measured point within any 10-s time span
decreases. The temperature fluctuations at themeasured point
in Region II were small over every 10-s period. In Region III,
the location of themeasured point significantly influenced the
temperature in the early stage of heating; however, the influ-
ence of measured point location on the temperature variation
was not significant in the late stage of heating.

The four points A, B, C, and D on the central line of
the coal sample were chosen (Figure 6). At Points A and D,
the difference in the temperature change during 10 s was the
largest. At Points B and C, the temperature change remained
approximately constant. In addition, the changes in the tem-
perature with respect to the time are shown in Figure 7.

Points A and D exhibited the same negative temperature
change. The largest temperature fluctuations were observed
immediately after the beginning of the heat treatment. Then,
the negative slope increased rapidly. The variation trends for

FIGURE 7. Rate of temperature change.

Points B and C were consistent: the temperature change was
insignificant. Because Point A was closer to the microwave
source than Point D, the temperature change rate at Point A
was consistently higher than that at Point D. This is because
polar molecules in the coal sample absorbed some of the
microwave energy, which decreased the energy at the second
peak position.

B. INFLUENCE OF POWER
Power is an important parameter of the microwave source,
as it describes how fast the microwave source outputs energy.
Whether the heating efficiency of the coal sample can be
improved by changing the power is an important considera-
tion for engineering applications. For this reason, eight output
power valueswere investigated in this study, i.e., 50, 100, 200,
300, 400, 500, 600 and 700 W. The coal sample was heated
by applying microwave energy for 80 s; the results are shown
in Figure 8.

Figure 8(a) shows that the maximum and average temper-
atures of the coal sample increased with increasing power.
It can be seen that the minimum temperature was not signif-
icantly affected by the amount of power. When the heating
time was fixed, increasing the microwave output power led
to the coal sample having higher maximum and average tem-
peratures. In addition, the maximum temperature was found
to be more affected by the power of the microwave source
than the average temperature.

The temperature cloud map presented in Figure 8(b) shows
that the temperature and radius of the hot spot increased with
an increasing amount of power. This indicates that the tem-
perature and heated area of the coal sample were positively
correlated with the microwave power. Thus, the microwave
power can be increased to obtain a higher heating temperature
and wider heating range.

High-power microwaves can rapidly increase the coal
sample temperature; however, this process consumes a rel-
atively large amount of energy per unit time, which is not
cost-effective for industrial production. Considering this,
we investigated the relationship between energy and temper-
ature as a function of output power. The results are shown
in Figure 9.
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FIGURE 8. Effect of power on temperature: (a) temperature curve;
(b) temperature distribution.

Figure 9(a) shows that the average temperature of the
coal sample gradually increased with increasing microwave
output energy. However, microwave power was found to
have a positive effect on the increase in average temperature.
Specifically, more power corresponded to a faster average
temperature increase. When the amount of energy was fixed,
more power corresponded to a higher average temperature
of the coal sample. However, increasing the output power of
the microwave energy resulted in the coal sample requiring
less energy to reach the target temperature. For example,
the amount of energy required for the 700-W microwave
source to heat the coal sample to 80 ◦C was 49.99% of that
required for the 50-W microwave source. This means that
a high-power microwave source is more economical than a
low-power microwave source.

The temperature cloud map in Figure 9(b) shows that the
centre position and radius of the hot spot were not affected
by the amount of power. Conversely, the temperature of the
hot spot differed according to the amount of power. When
the microwave power was 700 W, the temperature and visi-
bility of the hot-spot boundary were maximised. Moreover,
the largest difference between the maximum and minimum
temperatures was observed. This means that the output power
directly affects the temperature gradient within the coal
sample.

FIGURE 9. Effect of power on average temperature: (a) temperature
curve; (b) temperature distribution.

The temperature gradient within the coal sample was found
to affect the thermal stress directly. Specifically, when the
thermal stress exceeded the tensile strength of the coal sam-
ple, the internal microstructure structure of the coal sample
was broken, consequently changing the permeability of the
coal sample. Figure 10 shows the relationship between the
temperature gradient of the coal sample and the microwave
power.

FIGURE 10. Effect of power on temperature gradient.

The temperature gradient increased with the power
(Figure 10). In addition, the microwave power was the
most significant determinant of the maximum temperature
(Figure 8). The temperature gradient increased rapidly in the
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early stage of the heat treatment. Subsequently, it increased
gradually. The rate at which the temperature gradient changed
differed according to the power.

C. INFLUENCE OF FREQUENCY
The frequency of an industrial microwave oven can be
0.915 or 2.45 GHz, which is determined by the optimal
heating frequency of thewatermolecules. However, these two
frequencies may be non-optimal for coal samples. To deter-
mine the optimal microwave frequency for coal samples,
the heating effect of microwaves with frequencies in the
range of 0.915–10 GHz was simulated. Figure 11 shows the
temperature curve and distribution for the coal sample.

FIGURE 11. Effect of frequency on temperature: (a) temperature curve;
(b) temperature distribution.

The time required for the microwave-heated coal samples
at different frequencies to reach the maximum temperature
of 80 ◦C is shown in Figure 11(a). The microwave with a
frequency of 0.915 GHz could not heat the coal sample to
80 ◦Cwithin the acceptable simulation time (it was estimated
to take approximately 200 h). Therefore, a different legend is
presented in the figure. The higher the microwave frequency,
the less time it took for the temperature of the coal sample
to reach ◦C. To reach 80 ◦C, microwaves with a frequency
of 2 GHz need 158 s, whereas microwaves with a frequency
of 10 GHz need only 8.2 s. For a maximum temperature of the
coal samples of 80 ◦C, the average temperature of the coal
samples corresponding to different frequency microwaves

was different. The 2 GHz microwave maximized and the
10 GHZ microwave minimized the average temperature.
However, the variation in the average temperature of the coal
samples with respect to the frequency was not monotonic.
In addition, the effect of the different frequency microwaves
on the minimum temperature of the coal samples was not sig-
nificant. Interestingly, the 2 GHz microwave also maximized
the minimum temperature.

According to the temperature distribution in Figure 11(b),
increasing the frequency significantly affected the hot spot.
With increasing frequency, the diameters and spacings of the
hot spots decreased gradually, and the number of hot spots
increased gradually.When the frequencywas 0.915 or 2 GHz,
the two hot spots were arranged vertically, and a hot spot with
a large diameter was formed. However, when the frequency
was 3, 4, or 5 GHz, the diameters of the hot spots became
smaller, and they aligned horizontally. Over 6 GHz, hot spots
were generated in both horizontal and vertical directions,
which increased gradually with increasing frequency.

At 0.915 GHz, the hot spot position was only on the left
side of the coal sample, and the heating range was very small.
When the frequency increased to 2 GHz, the heating area
of the coal samples along the horizontal direction increased
with increasing frequency. Thus, the higher the frequency,
the larger was the microwave heating range inside the coal
sample. The increasing frequency reduced the diameter of
the hot spot and caused the overall average temperature to
decrease.

The influence of the microwave frequency on the tem-
perature of the coal sample in Figure 11 is interesting for
the following reasons. When the microwave frequency was
relatively low (i.e., 0.915 GHz), the polar molecules of the
coal sample vibrated slowly because less microwave energy
was converted into heat, and a large amount of microwave
energy that reached the coal sample was lost to the surround-
ing air. This explanation is supported by the fact that the
temperature of the coal sample did not significantly change.
As the microwave frequency increased from approximately
2 to 5 GHz, the vibration of the polar molecules of the coal
sample intensified. The amount of thermal energy that was
converted increased, and the amount of microwave energy
lost to the surrounding air decreased. These results were
evidenced by the simultaneous increase in the minimum and
maximum temperatures of the coal sample. Then, in the high-
est microwave frequency range (i.e., 6–10 GHz), the intensity
of the polar molecule vibrations increased significantly. The
temperature in the hotspot area increased rapidly to 80 ◦C.
At the same time, the decrease in the hot spot diameter
reduced the minimum temperature of the coal samples out-
side the heated area, thereby resulting in a gradual decrease
in the average temperature.

D. INFLUENCE OF INCIDENT DISTANCE
The distance between the microwaves used for directional
heating and the coal sample should be small. Because
microwaves tend to propagate through a medium in the form
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of a plane wave, the incident distance of the microwaves
affects directly the amount of microwave energy that pene-
trates the coal sample. The relationship between the incident
distance and temperature of the coal sample after an 80 s
microwave heat treatment is shown in Figure 12.

FIGURE 12. Effect of microwave incident distance on temperature:
(a) temperature curve; (b) temperature distribution.

According to Figure 12(a), the changes in the temperature
of the coal sample were influenced by the incident distance.
All three temperatures of the coal sample decreased with
increasing incident distance. Specifically, the maximum and
average temperatures of the coal sample were significantly
affected by the incident distance. In addition, the minimum
temperature was moderately affected by the changes in the
incident distance.

When the incident distance was 1 mm, the temperature of
the coal sample hot spot was significantly higher than that
with an incident distance of 25 mm; the results are shown
in Figure 12(b). The shorter the incident distance, the higher
the temperature of the hot spot. Thus, a shorter incident
distance for the microwaves corresponds to a larger heated
zone of the coal sample. When the incident distance was too
long, more microwave energy was lost, and the temperature
of the coal sample decreased significantly. Hence, a shorter
microwave incident distance resulted in more highly concen-
trated microwave energy penetrating the coal sample and a
higher maximum temperature.

E. INFLUENCE OF CROSS-SECTIONAL AREA
Because the coal sample was directionally heated by the
microwaves, the energy was transmitted to the coal sample

through a rectangular waveguide. Thus, the size of the
cross-section of the rectangular waveguide affected the heat
treatment directly. According to the standard rectangular
waveguide settings, the height of awaveguide is half its depth,
which is denoted as a. Thus, the cross-sectional area of a
rectangular waveguide can be defined as S = a2/2. The rela-
tionship between the cross-sectional area of the waveguide
and temperature is illustrated in Figure 13.

FIGURE 13. Effect of cross-sectional area of microwave on temperature:
(a) temperature curve; (b) temperature distribution.

Figure 13(a) shows that the maximum and average
temperatures of the coal sample initially increased, and
then decreased as the cross-sectional area of microwave
waveguide increased. In particular, the influence of the cross-
sectional area of the waveguide on the maximum tempera-
ture was more significant than its influence on the average
temperature. Conversely, the influence of the cross-sectional
area of the waveguide on the minimum temperature was not
significant. It can also be seen that the maximum temper-
ature reached its maximum value when the cross-sectional
area of the waveguide was 0.0028 m2. Beyond this value,
the maximum temperature decreased with increasing cross-
sectional area of the microwave waveguide. The reason for
this phenomenon is as follows. As the depth of the waveguide
increased, its cross-sectional area gradually approached the

VOLUME 8, 2020 45093



C. Su et al.: Numerical Simulation of the Temperature Field of Coal Subjected to Microwave Directional Heating

cross-sectional area of the coal sample. Consequently, the
amount of energy lost via the waveguide increased. More
specifically, when the cross-sectional area of the waveg-
uide exceeded the cross-sectional area of the coal sample,
the amount of microwave energy substantially decreased,
and the maximum temperature of the coal sample rapidly
decreased.

Figure 13(b) shows that the number and location of
hot spots were not dependent on the cross-sectional area
of the waveguide. However, the maximum temperature of
the hot spots initially increased, and then began decreas-
ing, as the cross-sectional area of the waveguide increased.
Moreover, as the cross-sectional area of the waveguide
increased, the size of the two hot spots gradually increased,
and the two hot spots gradually merged. Therefore, a larger
waveguide cross-sectional area led to a more uniform
microwave heat treatment being applied to the coal sample.

In summary, it is necessary to optimise the cross-sectional
area of the waveguide to maximise the maximum temperature
for practical engineering applications. However, to achieve
better heating uniformity, the cross-sectional area of the
waveguide can be increased.

The simulation results serve as guidance for the parameter
selection of microwave directional heating treatments for
coal. For example, to increase the maximum temperature of
the coal sample, the heating duration, heating power, and
microwave frequency can be increased; the incident dis-
tance can be decreased; or an appropriate waveguide cross-
sectional area can be selected.

V. CONCLUSION
In consideration of the efficacy and cost-effectiveness of
applying microwave directional heating to coal, the tempera-
ture field of a coal sample subjected to microwave directional
heatingwas numerically simulated using COMSOL software.
By coupling the electromagnetic field energy conservation
and solid heat conduction equations, a heat conduction
equation for a coal sample subjected to microwave direc-
tional heating was derived. According to the characteristic
conditions of microwave directional heating, a geometric
model was constructed, and the boundary conditions were
determined. By comparing the laboratory-based experimental
results to the simulated results, we proved that the simula-
tion model is effective. Furthermore, the simulated results
were used to investigate the effects of microwave heating
duration, power, frequency, incident distance and waveguide
cross-sectional area on the temperature field of the coal
sample.

The results show that the temperature change in the
coal samples with increasing heating time was complicated.
The temperature change rate in the microwave propagation
direction showed a wavy distribution, and the temperature
change rate of the peak in the earlier stage of the microwave
heating treatment was greater than that in the later stage.
The microwave power affected the temperature of the coal
samples positively: the greater the power, the less energy

was required to reach the target temperature. Moreover,
the temperature gradient increased with the power, and the
microwave frequency exhibited a threshold. Microwaves
above the threshold frequency heated the coal samples
quickly, and the heating time decreased with the frequency.
Specifically, the microwave frequency affected the internal
temperature distribution of the coal samples, and higher
frequencies created more hot spots inside the coal samples.
The shorter the microwave incident distance, the higher
was the temperature of the coal sample. In addition, there
was a suitable area for the incidence cross-sectional area.
In general, the influences of the heterogeneous coal dielectric
constant and coal sample size on the microwave directional-
heating treatment results of coal should be studied further.
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