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Microwave heating of water-bearing coal can promote pore water evaporation. The pores are broken under the action of steam
pressure, increasing the permeability of the coal. This study is aimed at investigating the mechanism of permeability
improvement of water-bearing coal rock by microwave steam explosion. First, a microwave oven was used to irradiate and heat
five groups of coal rock with different water contents; the NMR test was then conducted on the heated sample. Second, the
internal vapor pressure and temperature changes during the heating process were obtained through the T-connector for samples
with different water contents. Finally, a numerical experiment was used to explore the deformation characteristics of pores
under three filling conditions. The experimental results showed that the total porosity increased significantly when the water
content of coal increased from 0% to 8%, while the permeability increased by nearly 4.78 times. The extreme value of gas
pressure inside the sample showed an increasing trend. The gas pressure and temperature were in line with the equation of state
for an ideal gas during the rising phase. Numerical experiments showed that the pore boundary shrunk inward under vacuum
conditions, and compressive stress appeared at the tip. The saturated humid air and liquid water conditions expanded the pore
boundaries outward and caused tensile stress at the tip, with the latter being nearly 2.3 times larger than the former, making it
more conducive to the development of pores. The findings of this study can be used as a reference value for the expansion of
coalbed methane extraction technology.

1. Introduction

Coalbed methane (CBM) is a source of abundant clean
energy [1, 2]. The recoverable reserves of CBM with a buried
depth of less than 2000m in China are as high as 10.87 tril-
lionm3. Moreover, CBM is also a hazardous gas in coal min-
ing [3–5] and a pollution source for the greenhouse effect [6].
Therefore, in addition to reducing mine disasters, mining
CBM also has huge economic and environmental benefits.
However, the low permeability of coal reservoirs is the main
factor affecting the efficiency of CBM drainage. Therefore,
the enhanced coalbed methane recovery (ECBM) technology
is widely proposed [7]. Traditional ECBM technologies
mainly include hydraulic fracturing [8, 9] and presplit blast-

ing [10]. In recent years, many emerging ECBM technologies
have been rapidly developed, such as thermal displacement
method [11], liquid nitrogen freeze-thaw method [12, 13],
pickling method [14], electrochemical method [15], alterna-
tive gas injection method [16], sonic excitation method
[17], and supercritical carbon dioxide injection [18, 19].

Microwave irradiation technology has the characteristics
of high thermal efficiency, strong penetrating power, and
selective heating. It is used for drying coal [20], pyrolysis
[21], improving grindability [22], coking [23], flotation [24],
and other aspects. Some studies have reported on the improve-
ment in CBM extraction by microwave irradiation. Most
scholars believed that the dielectric constants of different sub-
stances in coal reservoirs were quite different. Therefore, the
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efficiency of microwave heating was also quite different, which
in turn caused the uneven distribution of the thermal stress
field inside the coal reservoir, leading to coal rupture [25–
28]. Hu et al. [29–31] found that microwave irradiation caused
the porosity of coal rocks to increase significantly. On this
basis, Li et al. found that the change in the moisture content
had a significant impact on the pore variation behavior [32].
Huang et al. [33] found that water saturation between 25%
and 50% had the best microwave cracking effect. Huang
et al. believed that the increase in water content caused the
electric field to be more unevenly distributed and the resulting
thermal stress was alsomore uneven, yielding a better cracking
effect [34]. However, the root cause of the increase in coal
porosity or permeability under microwave irradiation was
not only thermal stress but also the vapor pressure formed
by its internal moisture.

This study is aimed at investigating the mechanism of the
effect of steam pressure on the pores of coal rock under
microwave irradiation. First, a 2 kW microwave oven was
used to irradiate and heat five groups of coal rock samples
with different water contents. Then, the variation character-
istics of permeability and pore data before and after heating
were compared using nuclear magnetic resonance (NMR)
test to clarify the overall influence of water content on the
coal rock porosity under microwave heating conditions.
Then, the internal vapor pressure and temperature variation
data of the three groups of coal rock samples with different
water content during the heating process were obtained using
a T-connector, so as to find out the influence of the water
content on the internal vapor pressure and temperature of
the pores under microwave heating conditions. Finally, a
numerical model of pores under different filling conditions
was established to examine the stress and deformation
characteristics of pores under the coupling action of steam
pressure and thermal stress, so as to reveal the internal
mechanism of microwave steam explosion of water-bearing
coal rock.

2. Influence of Water Content on Coal
Rock Pores

2.1. Microwave Heating Experiment Scheme and NMR Test
Parameters. Coal blocks were selected from the Fukang min-
ing area in Xinjiang, China, and cylindrical coal samples with
a diameter of φ25mm and a height of 50mm were produced.
The 15 coal rock samples were divided into 5 groups: ①, ②,
③,④, and⑤. The workflow is shown in Figure 1. First, a vac-
uum drying oven was used to dry the sample for 12h at 80°C.
The samples were weighed and recorded after completely
drying them. Then, samples ①-⑤ were put in a constant-
temperature water bath until saturated. Then, the samples
were taken out and placed on an electronic balance to dry
naturally until the weights were close to the weights corre-
sponding to the moisture contents of 2%, 4%, 6%, and 8%,
respectively. Finally, samples ①-⑤ were put into the micro-
wave oven, and the microwave power was set to 2000W
and the heating time to 100 s for microwave irradiation. After
microwave irradiation, the samples were tested by NMR.

Before the NMR test, the coal rock samples are required
to be saturated with water, so as to fill the pores with water.
Under the action of a magnetic field, the hydrogen nuclei in
water produce NMR. The relaxation time T2 is an important
signal reflecting the phenomenon of NMR. In the NMRmea-
surement technology, the T2 value is directly proportional to
a single pore size. Therefore, the relevant data on the size of
the internal pore diameter and the proportion distribution
of the coal sample can be obtained according to the T2
map. The relevant setting parameters of the NMR test in this
study are shown in Table 1.

2.2. Influence of Microwave Irradiation on the Pore Structure
of the Coal Rock. Figures 2(a)–2(e) show the characteristics of
the pore radius distribution under different water contents
converted from the relaxation time T2 spectrum. The hori-
zontal axis represents the pore size, and the vertical axis rep-
resents the ratio of pores of a certain diameter to the total
pore volume. The area covered by the curve and the horizon-
tal axis is the ratio of the cumulative pore volume to the total
pore volume in a certain pore size range. The coal reservoir
pores were divided into small pores (<0.1μm), mesopores
(0.1μm-0.25μm), and large pores (>0.25μm). According to
this interval, Figures 2(a)–2(e) were integrated to obtain the
variation behavior of the proportion of the three pores in
the total pore volume under different water contents. As
shown in Figure 2(f), the proportion of small pores in the
coal rock samples after microwave treatment decreased with
the increase in the water content (62.84%, 58.66%, 57.22%,
54.47%, and 49.53%), suggesting a 21.18% decrease. The var-
iation in the proportion of mesopores was relatively small
(22.38%, 24.41%, 25.20%, 25.40%, and 24.68%). The propor-
tion of large pores showed an increasing trend with the
increase in the water content (14.78%, 16.93%, 17.58%,
20.13%, and 25.79%), suggesting a 74.49% increase.

The wet coal used in the experiment was obtained by the
natural drying of saturated coal samples. The longer the

(b) (c)

(a)

(f) (e)

(d)

Figure 1: Test process of microwave heating of water-bearing coal
rock: (a) coal samples, (b) WUHUAN ZK-2020 vacuum drying
oven, (c) Di Heng 456A electronic balance, (d) HH-S constant-
temperature water bath box, (e) New Sail microwave oven, and (f)
MesoMR23-060H NMR testing instrument.
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drying time, the lower the moisture content. When drying,
moisture first escaped from the larger pores and then from
the smaller pores in turn. Therefore, small holes were easier
to be maintained in the water-filled state compared with
other large holes. Also, an increase in the water content
caused the number of small holes in the water-filled state to
increase, which was similar to the water-bearing state of coal
reservoirs under natural conditions. The water in the water-
filled pores was converted into water vapor under the action
of a microwave, and more small pores were torn under the
action of steam pressure and then converted into mesopores
or macropores. Similarly, some mesopores developed into
macropores, and the macropores were further enlarged or
connected. Therefore, as the moisture content increased,
the proportion of small pores continuously reduced, the
proportion of mesopores remained basically unchanged,
and the proportion of large pores increased greatly.

2.3. Influence of Microwave Irradiation on Coal Permeability.
Figure 3 shows that the permeability of coal rock samples
after microwave fluctuated significantly with the increase in
the water content but still followed the overall increasing
trend. When the water content of the coal rock samples
increased from 0% to 8%, the permeability after microwave
increased from 0.0699mD to 0.3339mD, an increase of
about 4.78 times.

The aforementioned experiments showed that the water
content had a great influence on the pore structure of the
coal. The two main reasons for the aforementioned experi-
mental results were as follows. On the one hand, the ability
to absorb microwaves was stronger because the dielectric loss
factor of water was much greater than that of the coal matrix,
and it quickly evaporated and formed a steam explosion
under high-power microwave irradiation. This high-
pressure steam promoted the rapid expansion or connection
of the internal pore structure of the coal rock sample. On the
other hand, the temperature of the coal matrix around the
water-bearing pores was higher than that of the other parts.
The uneven distribution of thermal stress caused by this
was also one reason for the development of pores and cracks.

The permeability of coal rocks greatly improved under the
combined effect of the aforementioned reasons, which was
more conducive to the extraction of CBM. However, the
relationship among vapor pressure, temperature, and water
content in the pores was worthy of further discussion.

3. Internal Temperature and Steam Pressure of
Coal Rock

A T-shaped connection test device was built to test three
groups of samples with water contents of 0.1%, 2%, and 6%
to investigate the influence of water content on the internal
steam pressure and temperature of the pores under micro-
wave heating.

3.1. Test Principle and Experiment Preparation. The test
device shown in Figure 4(a) was designed based on the
purpose of the experiment. The test device comprised a
HT-1890 barometer, a WRNK-131T-type thermocouple, a
high-temperature-resistant nylon pipeline, and a computer.
Port 1 of the T-shaped pipeline was connected to the coal
rock sample test hole, and port 2 to the differential pressure
gauge. The thermocouple was inserted from port 3 through
port 1 to the coal rock sample test hole. At the same time, port
3 was made airtight to prevent gas pressure from leaking.

The diameter of the cylindrical sample used in this group
of experiments was φ50 mm, the height was 100mm, the
diameter of the top test hole was φ8 mm, and the depth
was 50mm. The nine coal rock samples were divided into
three groups: ①, ②, and ③, with water contents close to
0.1%, 2%, and 6%, respectively, according to the preparation
method introduced in Section 2.1 of this study. As shown in
Figure 4(b), the samples were put in a nylon tank during the
test, and the epoxy sealant was poured into the gap of the
sidewall to prevent the sidewall from leaking. Then, a high-
temperature-resistant nylon tube with a diameter of
φ=6mm was inserted, and the connection with epoxy resin
was sealed. The microwave oven was set to 2000W, and the
heating time was 100 s. One-to-one corresponding data of

Table 1: NMR test parameter setting table.

RF signal frequency main value SF RF signal frequency offset O1 RF 90°pulse width P1
23MHz 404.68 kHz 11.52 μs

RF 180° pulse width P2 Digital gain DRG1 Analog gain RG1

23.52μs 3 20

Accumulated sampling times NS Echo interval TE Corresponding pressure of 50mm coal rock sample

16 0.15ms 3.86MPa

Coal core length Centrifugal speed
Corresponding centrifugal force of 50mm coal rock

sample

50mm 8000/min 560 psi

Radio frequency delay RFD Repeat sampling, interval time TW Sampling frequency of the signal received by the receiver

0.02ms 2500ms 250 kHz

Surface tension at the air/water
interface

Wetting angle at gas-water
centrifugation

Centrifugal force corresponding to pore radius

72mN/m 0° 37 nm
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internal temperature and steam pressure are obtained by
time consistency of the video.

3.2. Internal Temperature Change of the Coal Rock under
Microwave Irradiation. Figure 5 shows that under the same
microwave power and irradiation time, the internal tempera-
ture of coal rock samples with different water contents
showed a trend of rapid increase first and then a slow
increase. Also, the heating rate and final temperature

increased with an increase in the water content. The
temperature of coal samples with water contents of 0.1%,
2.0%, and 6.0% was 60.0°C, 85.4°C, and 135.8°C, respectively,
after 100 s.

The dielectric loss factor of water was much greater than
that of the coal matrix. The higher the coal rock water con-
tent, the greater the overall dielectric loss factor, and the
more the electric field energy loss when microwaves pene-
trated the coal rock mass, which, in turn, generated more
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Figure 2: Pore radius distribution of coal rock samples with different water contents: (a) 0%, (b) 2%, (c) 4%, (d) 6%, and (e) 8%. (f) Variations
in the proportion of large, medium, and small pore volumes with water contents.
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heat. Therefore, the higher the water content, the faster the
sample heating rate, and the higher the final temperature.

The dielectric loss factor of water vapor was much smaller
than that of liquid water. As the experimental temperature
increased, the overall dielectric loss factor of the coal rock sam-
ple decreased when a large amount of liquid water was con-
verted into steam, and thus, the overall thermal power also
significantly reduced. Meanwhile, the heat exchange rate
between the surface of the sample and the external environ-
ment also increased; therefore, the heating rate of the sample
significantly reduced in the latter part of the experiment.

3.3. Changes in the Internal Steam Pressure in Coal Rock
under Microwave Irradiation. Figure 6 shows that under the
same microwave power and irradiation time, the internal gas
pressure of coal samples with different water contents generally
showed a trend of first increase and then decrease. The extreme
values of gas pressure increased with the increase in the water
content (0.1%, 2.0%, and 6.0%) (128.8kPa, 165.3kPa, and
319.6kPa). The arrival time of the extreme value was earlier
(50s, 82 s, and 90s) as the water content increased.

Gas pressure was closely related to temperature. The
higher the moisture content of the coal sample, the faster
the rise in temperature, resulting in a faster increase in the
gas pressure rise and a higher peak value. As the internal
pressure continued to rise, the pressure difference between
the inside and outside of the coal sample became larger,
destroying the original mechanical balance of the hole/frac-
ture. As a result, the pores and cracks inside the coal sample
continued to expand and gradually connected with the
outside world. Then, the pressure gradually decreased after
reaching the peak value.

3.4. Relationship between Coal Temperature and Steam
Pressure under Microwave Irradiation.During the microwave
heating process, the evaporation process in the entire coal rock
sample was considered to be carried out in a closed environ-
ment with a fixed volume when the pores of the coal rock were
not ruptured on a large scale. Therefore, the equation of state
for an ideal gas was used to calculate the gas pressure.

P = CeRT , ð1Þ

where P is the pressure of the ideal gas, in Pa; T is the thermo-
dynamic temperature of the ideal gas, in K; R is the ideal gas
constant, 8.314 J/(mol·K); and Ce is the molar concentration
of the ideal gas, in mol/m3. The liquid water in the pores con-
tinuously provided water vapor as the temperature increased,
due to the small volume of coal pores. Therefore, it was
considered that the water vapor in the pores of coal was always
saturated. Themolar concentration of saturated water vapor at
each temperature was obtained according to [35]

CV = 610:7 × 107:5× T−273:15ð Þ/ T−35:85ð Þð Þ

8:3145 × T
: ð2Þ

At the beginning of this experiment, the pores were filled
with saturated humid air composed of dry air and water vapor.
As the temperature increased, liquid water evaporated into
water vapor, and the molar concentration of water vapor in
the pores continued to increase, while the molar concentration
of dry air did not change. Therefore, the molar concentration
of humid air in the pores should be the sum of the initial molar
concentration of dry air and the current molar concentration
of water vapor. Under initial conditions (25°C, 1 atm), the
molar concentration of dry air was CA = 41:58mol/m3 and
the molar concentration of water vapor CV was calculated
according to equation (2). The humid gas pressure under dif-
ferent temperature conditions was calculated by substituting
Ce = CA + CV into equation (1). Figure 7 shows the compari-
son between the calculated pressure and the measured pres-
sure in the 50 s period before heating under the three
moisture contents. The average errors were 1.77%, 2.12%,
and 7.92%, respectively. This finding indicated that the inter-
nal temperature rise and gas pressure increase of the
microwave-heated water-bearing coal generally agreed with
the equation of state of an ideal gas. Datta [36] also found a
similar conclusion in the study of simultaneous heat and mass
transfer in porous media.

Physical experiments verified that the gas pressure inside
the coal rock under microwave irradiation could promote the
further development of pores, and the pressure and temper-
ature of the wet air in the coal rock pores conformed to the
equation of state of the ideal gas. However, how coal rock
pores deformed under the coupling effect of steam pressure
and thermal stress still remained unanswered. Therefore,
whether the different forms of moisture inside the pores
affected the deformation needed further study.

4. Numerical Analysis of Pore Deformation of
Coal Rock

4.1. Model Establishment and Experimental Setup. The force
and deformation of the internal pores of coal rock could
not be easily observed through physical experiments. There-
fore, the COMSOL multiphysics numerical software was
used to establish a single-hole numerical model under differ-
ent pore-filling conditions (vacuum, saturated humid air, and
liquid water). The model established a two-dimensional rect-
angular model based on the largest cross-section of the coal
rock specimen (height 100mm and width 50mm), with an
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Figure 3: Variation in nuclear magnetic permeability of coal rock
samples with water content.
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elliptical pore area in the middle. Its major semiaxis was
25mm, and the minor semiaxis was 1mm.

The gas pressure in the pore area was calculated accord-
ing to the equation of state for an ideal gas equation (1)

and acted on the pore wall in the form of pressure load.
The bottom boundary of the rectangular model could only
deform upward by limiting the displacement, and the other
boundaries were free.

The electric heat force multifield was solved by one-way
coupling. First, the electric field was solved in the frequency
domain. Then, the transient solution of the temperature field
was performed according to the intensity distribution of the
electric field. Finally, the thermal stress and ideal gas pressure
were calculated according to the temperature field to obtain
the distribution of the stress field in the specimen and the
characteristics of pore deformation.

4.2. Analysis of Numerical Experiment Results. The thermo-
dynamic, electrical, and mechanical parameters of the coal
matrix were set to the same values to compare the stress
and deformation characteristics of the pores under different
filling conditions. Also, the numerical samples were heated
for the same time under the same microwave conditions to
obtain the same temperature field distribution characteris-
tics. The different pore deformations generated under this
condition should only be related to the internal gas pressure.
As shown in Figures 8(a)–8(c), the deformation of the
vacuum pores was inward shrinkage and the other two
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Figure 4: Gas pressure and temperature test system for microwave heating of water-bearing coal rock: (a) principle of the test device and (b)
test device and coal rock sample.
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conditions were outward expansion, with the outward
expansion of the pores containing liquid water being more
significant. Figures 8(d)–8(f) show the distribution of the
maximum principal stress under the three conditions. The
force on the tip of the vacuum pore was found to be mainly
compressive stress, while it was tensile stress under the other
two conditions. Figures 8(g)–8(i) shows the maximum prin-

cipal stress distribution on the outer contours of the upper
and lower tips of the pores under the three filling conditions.
The maximum principal stress at the tip under vacuum con-
ditions was -0.12MPa, while it was 1.1MPa and 2.5MPa,
respectively, under the other two filling conditions. The
numerical results of this stress might vary with the pore struc-
ture or other mechanical boundary conditions. However, the
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Figure 8: (a–c) Temperature and pore deformation characteristics of vacuum pores, saturated humid air pores, and liquid-containing pores.
(d–f) Maximum principal stress distribution and stress direction characteristics. (g–i) Distribution of the maximum principal stress at the
upper- and lower-tip contours.
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Figure 9: (a) Microwave electric field intensity test by the water-loading method. (b) Distribution of test results of the heating rate in the
microwave oven.
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increase in the internal steam pressure was more beneficial to
the development of pores or theflow of CBM to a certain extent.

Heat was transferred from the inside to the outside of the
coal rock during microwave heating. When the pores were a
vacuum, the thermal expansion of the coal matrix near the
pores was more likely to develop in the inward direction of
the pores, thus forming a shrinking deformation feature. When
the pores contained saturated humid air, the gas pressure acting
on the pore walls increased with the increase in temperature.
When the pores contained liquid water, more water vapor
was generated and acted on the pore walls as the temperature
in the pores continued to increase. Therefore, a greater vapor
pressure was formed in the pores, and thus, the tensile stress
on the tip of the void further increased. The tensile strength of
the general rock was much smaller than the compressive
strength. Therefore, using this method was more conducive to
the development of the pore structure of coal reservoirs.

5. Calculation Method for a Temperature
Rise of Coal Rock under Microwave

5.1. Calculation of the Heating Rate of Microwave Heating.
The aforementioned experiments proved that the water vapor
formed by the moisture inside the coal rock under microwave
irradiation could promote the deformation and development
of coal rock pores. The transformation of electromagnetic
energy into thermal energy was the root cause of the afore-
mentioned changes. According to previous studies, the elec-
tromagnetic power loss could be calculated according to [37]

Pw = 2πf ε}r ε0 Ej j2, ð3Þ

where Pw is the electromagnetic loss thermal power density, in
W/m3, and f is the electric field frequency, in Hz. ε}r is the
imaginary part of the relative complex permittivity of the
heated object, which characterizes the material’s ability to
absorb and lose electromagnetic field energy. ε0 is the dielec-
tric constant in vacuum 8.85e-12 F/m, and ∣E ∣ is the modulus
of electric field strength, in V/m.

Meanwhile, theheatingpowerof theheatedobject could also
be calculated according to the thermodynamic equation (4).
According to the law of conservation of energy, equations (3)
and (4) should be equal. Therefore, equations (3) and (4) were
combined to obtain equation (5) for calculating the heating rate.

Pw = ρCp
ΔT
t
, ð4Þ

ΔT
t

= 2πf ε}r ε0 Ej j2
ρCp

: ð5Þ

Since coal rock is a kind of mixture, its dielectric loss factor
could be estimated according to the dielectric loss factor of each
substance and their volume ratio [38], such that ε}r =∑n

i=1Viε
}
ri,

where Vi is the volume ratio of a certain substance. Similarly,
the density of coal rock mass was calculated as ρ =∑n

i=1Viρi, in
kg/m3. The specific heat capacity of coal rock mass was calcu-
lated asCp = ð∑n

i=1ViρiCpiÞ/ρ, in J/(kg·°C),where t is the heating
time, in s. From equation (5), the average temperature of the
water-bearing coal rock mass after heating for a certain period
of time could be obtained.

5.2. Verification of the Calculation Method of Heating Rate.
In this experiment, an indirect estimation was made using
the water cup load method because the electric field strength
in the microwave oven could not be tested with an instru-
ment. Since the electric field intensity distribution in the
microwave oven was not uniform, it was equally divided into
nine areas. Three water cup load experiments were carried
out for each position to obtain the electric field intensity at
each position. As shown in Figure 9(a), first, a beaker con-
taining 50mL of water was placed at position 1 for heating.
The heating power of the microwave oven was set to
2000W, and the heating time was set to 10 s. After heating,
the temperature rise ΔT was calculated (the initial tempera-
ture was 20°C) and recorded. Then, the aforementioned
experiment was carried out at the remaining eight positions
in turns. Substituting the average value of the three tempera-
ture rises ΔT at each location into equation (6), the electric
field strength E at each location could be calculated:

Ej j = ρCpΔT
2πf ε}r ε0t

� �1/2
: ð6Þ

As the specific heat capacity, density, and dielectric con-
stant of water were tested in other related studies [39, 40],
their values were taken as Cp = 4200 J/(kg·°C), ρ = 1000
kg/m3, and ε}r = 8. Therefore, only the rate of change in tem-
perature increase ΔT/t in equation (4) was required to obtain
the electric field intensity. Figure 9(b) shows the heating rate
distribution in 10 s at each position. Based on this, the calcu-
lated electric field intensity is shown in Table 2.

Table 2: Calculation results of the electric field intensity of the water cup load experiment.

ΔT/t (°C/s) Pw (kW/m3) E (V/m) Average electric field strength (V/m)

4.05 3.31 4.01 17,010 13,902 16,842 3950.60 3571.49 3931.04

4000.014.75 4.27 4.9 19,950 17,934 20,580 4278.40 4056.48 4345.43

4.4 3.3 4.54 18,480 13,860 19,068 4117.76 3566.09 4182.76

Table 3: Thermodynamic and electrical parameters of mixed
substances [39–44].

Substance ρi (kg/m
3) Cpi [J/(kg·°C)] ε}ri

Water 1000 4200 8

Air 1.205 1200 0

Coal 1200 1200 2
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Coal rock mass is a mixture of moisture, air, and coal
matrix. When the moisture content changes, the volume
ratio of each substance also changes. The imaginary parts of
the density, specific heat capacity, and relative complex per-
mittivity of the three substances are shown in Table 3.
Substituting them and the average electric field intensity in
the microwave oven obtained by the water load experiment
E = 4000:01V/m into equation (5), the average temperature
of the coal rock mass with different water contents after
100 s could be obtained. Table 4 shows that the average error
between the calculated temperature and the measured tem-
perature was 11.21%. This was because the temperature mea-
surement position was in the central hole of the coal rock.
When the temperature was high, the sensor felt the steam
temperature, so the measured temperature was higher. How-
ever, equation (5) could accurately predict the average tem-
perature of coal rock masses with different water contents
irradiated by microwave. At the same time, since the vapor
pressure and temperature generally accorded with the equa-
tion of state for an ideal gas during the temperature rising
stage, the vapor pressure can be calculated after the tempera-
ture rise rate is obtained.

6. Conclusions

This study considered the promotion of the deformation and
development of coal rock pores by high-pressure water vapor
formed by the evaporation of water inside the coal rock under
microwave irradiation. Related experiments were carried out
for analysis, and the following conclusions were obtained:

(1) The increase in water content promoted more water
filling in the tiny pores. The pressure formed by the
evaporation of water under microwave irradiation pro-
moted further development of more pores into larger
pores. In this experiment, the total porosity increased
significantly with the increase in the water content.
The largest increase in large pores was about 74.49%,
and the permeability increased by nearly 4.78 times

(2) The water content affected the overall dielectric loss
factor of coal rock and changed the thermal sensitiv-
ity of coal rock to microwaves. Therefore, the higher
the coal rock water content, the faster the tempera-
ture and pressure increase inside the pores. In addi-
tion, the vapor pressure and temperature generally
accorded with the equation of state for an ideal gas
during the temperature rising stage

(3) The steam pressure inside the pores of coal was
related to its filling state. The pores containing liquid
water provided more vapor material sources during
the heating process and thus could generate greater
gas pressure than dry pores containing only saturated
humid air. Under the action of this pressure, greater
tensile stress was easily generated at the tip of the
pore, making the pore more easily torn through

(4) The heat loss of microwave electromagnetic energy in
coal rock was the main energy source for pore defor-
mation due to water evaporation. However, the coal
rock mass is a mixture of substances, and its electrical
and thermodynamic properties could be calculated
based on the volume ratio of the main components.
The heating rate could be estimated according to
ΔT/t = ð2πf ε}r ε0jEj2Þ/ðρCpÞ
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