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KEYWORDS Abstract In order to master the temperature and dissipation law of the porous media-CO, system,
Coal spontaneous combus- the distribution of temperature and adsorption field in porous media during intermittent CO, injec-
tion; tion was studied by using self-developed adsorption device and experimental platform of diffusion
Porous media; seepage. The results show that the distribution of high temperature in porous media is isotropic.
Intermittent gas injection; The effect of CO, on the temperature field mainly occurs in the self-heating stage of coal, and
Dissipation; the high temperature area moves towards gas injection port. The gas migration rate is the highest
CO; adsorption in the first gas injection. The cooling rate decreases with the increase of gas injection times. Com-

bined with the logistic function relationship between adsorption capacity and temperature, the por-
ous medium CO, adsorption field was constructed, and it was found that the adsorption field is
stable under low temperature oxidation. Therefore, temperature variation mechanism of confined
space porous media-CO, system was established, and quadrilateral of coal spontaneous combustion
prevention was proposed. By analyzing the heat transfer process of coal-CO, system, the thermo-
dynamic entransy dissipation was introduced.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction mining, storage and transportation, causing hazards such as
fires, gas and dust explosions, deterioration of coal quality
Coal. one of the basic fossil fuels. is a non-renewable fossil and loss of coal reserves. CSC disasters in China, the United

energy resource existing underground. Unfortunately, coal States, Germany and India have been serious for a long time

spontaneous combustion (CSC) occurs frequently during coal (Zheng et al., 2021; Song et al., 2014). The prevention and con-
trol of CSC is faced with great challenges due to the strong

o . concealment and location migration of ignition source.
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edu.cn (L. Li). scale similar simulation method fail to extrapolate the real
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countries, such as the United States, New Zealand, Australia
and China, have developed large platform with a loading

e capacity of about 0.5-18 tons of coal to study the mechanism
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coal are used in large-scale experiments, and heat is constantly
generated under the coal-oxygen mechanism (Wang et al.,
2003). The thermal conductivity of coal is poor, and the heat
is difficult to be completely lost to the surrounding environ-
ment through heat transfer, so it is easy to form high temper-
ature heat storage area. When the coal reaches the critical
temperature, fire may be caused if no fire extinguishing mea-
sures are taken.

At present, the prevention and control of CSC is mainly
developed from two aspects: oxygen isolation and coal temper-
ature reduction (Zheng et al., 2018; Deng et al., 2015), and
injecting inert gases (CO, and N,) into coal is one of the main
means (Li et al., 2018). The adsorption capacity of CO, is
greater than that of N, (Li et al., 2018), which is prominent
in the inhibition and inerting of CSC (Liu et al., 2022). It is
a good choice to use CO, to prevent CSC under the back-
ground of ‘“double carbon”. Globally, coal seams have a
CO, storage capacity of up to 89.1-269.0 trillion cubic meters,
and goaf and coal seams with low utilization value can be used
as CO, reservoirs (Li et al., 2020; Shi et al., 2022). It can be
seen that CO, utilization not only provide a path for carbon
emission (Ali et al., 2022), but also solve the problem of
CSC in confined space (Zhang et al., 2021). Therefore, the
research focuses on the mechanism of oxygen adsorption at
low temperature (Fu et al., 2023; Qu et al., 2016), the compar-
ison of inert gas adsorption capacity (Fang et al., 2022; Ding
et al., 2023), and the variation of oxygen and temperature field
caused by inert gas injection in goaf (Liu et al., 2016). In terms
of goaf temperature field distribution, CFD simulation is the
main research method. For example, Shi et al. studied the
influence of liquid nitrogen injection position and injection
volume on goaf temperature through simulation (Shi et al.,
2019). Undoubtedly, coal is a natural porous medium, and
low temperature CO; injection will cause changes in the fluid
pressure and coal temperature. Their changes lead to coal
deformation, which can be reflected in the variation of poros-
ity and permeability. In turn, these changes will affect gas seep-
age and heat transfer in the porous media. However, there is a
lack of large-scale experiments to study the effect of CO, injec-
tion on the temperature distribution of loose coal, and the
mechanism of heat and mass dissipation caused by CO, in por-
ous media is not clear.

In the “Classification of Coal in China” (GB/T 5751-2009),
lignite has low metamorphism, poor thermal stability and high
risk of spontaneous combustion (Yang et al., 2018), bringing
many dangers to coal mining, transportation and storage.
Therefore, taking lignite as an example, large-scale experimen-
tal platform is used to heat loose coal to enhance air perme-
ability (Cui et al., 2014), form porous medium penetration
channel, and then inject CO, into it. The temperature distribu-
tion and dissipation characteristics of porous media-CO; sys-
tem were studied in combination with small-scale
experiments to provide theoretical basis for CO, prevention
and control technology of CSC.

2. Material and Methods

2.1. Samples preparation

Coal samples are collected at a coal mine in Inner Mongolia
based on the “Methods for Taking Coal Samples in Coal

Seams” (GB/T 482-2008). The grade of spontaneous combus-
tion tendency is class I, which belongs to easy spontaneous
combustion coal seam, and the coal grade is lignite. Coal
may have different particle sizes under the condition of actual
mining and storage in confined space. Therefore, the lump coal
is broken into coal samples with mixed particle size of
0-30 mm using jaw crusher (TJEP-3). Coal samples with par-
ticle size of 0.1-0.15 mm are screened for proximate analysis.
The preparation process of coal samples is shown in Fig. 1.
The proximate analysis results are shown in Table 1.

2.2. Experimental section

Fig. 2 shows the CO, adsorption device, in which the diameter
of the coal sample tank is 155 mm and the loading height is
250 mm. The thermocouple and pressure sensor are respec-
tively installed on the top of the coal sample tank and the ref-
erence tank. The thermocouple is used to monitor the
temperature at the center point of the coal sample, and the
pressure sensor is used to measure the pressure before and
after adsorption equilibrium. The coal sample is placed in
the coal sample tank for vacuum treatment. The test is carried
out under the conditions of pressure 0.01 MPa and tempera-
ture from 30 °C to 150 °C. The temperature test interval is
20 C.

The experimental platform of CO, diffusion seepage in
CSC is shown in Fig. 3. The similarity ratio is about 1:100,
and loose coal is naturally filled inside. The coal sample condi-
tions for the CO, diffusion seepage platform are shown in
Table 2, where the coal weight of 613.8 kg is the weight of coal
loaded for a single experiment in a setup. The loading height of
25 cm is consistent with the CO, adsorption device. The heat-
ing rod is evenly arranged in the center of coal to control coal
temperature. Fifteen thermocouples are placed on the same
plane, marked as 1#-15". The layout of measuring points is
shown in Fig. 3.

An active heat source is provided for the coal to simulate
the programmed temperature rise experiment. When the tem-
perature reaches about 170 ‘C, turning off the temperature
controller means stopping heating the coal. The whole preheat-
ing process takes 6 days. During this period, the temperature
value of 87 is used as the basis for judgment. When the temper-
ature reaches 70 °C, 90 °C, 130 °C and 170 ‘C respectively, gas at
1#-15% is collected by syringe, filled into the gas collection bag
and marked. The samples are sent to the laboratory for gas
chromatography analysis. Since the experiment simulates the
real coal storage environment, the experimental platform
allows natural air leakage field. The air inlet and outlet are
easy to be affected by air leakage, which is not conducive to
gas collection. Thus, the measuring points 4%-12% are selected
to analyze the gas composition of coal samples. The statistics
of gas content at 130 C and 170 C are shown in Table 3.
C,H, appears at 170 °C, indicating that the coal enters the
stage of accelerated oxidation. Oxygen concentrations at the
surrounding points also confirm this. The heat source is turned
off to determine the experimental conditions for cooling.

The gas injection rate is 15 L/min, and the gas injection
pressure is 0.1 MPa. With the temperature of 8 as the refer-
ence point, the gas injection system is started when the temper-
ature reaches about 170 ‘C, and take this temperature as the
initial temperature. The conditions of the cooling experiment
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Collection and packaging
Jaw crusher

Fig. 1

Table 1 Proximate analysis of coal sample.
Mad/% Aad/o/ﬂ Vad/%’ FCad/%
3.442 6.917 31.796 57.845

are shown in Table 4, and the experiment ended when the coal
temperature is close to 50 “C. The data collection interval is
30 s.

3. Results and discussion

3.1. Temperature variation of porous medium—CO , system

3.1.1. Temperature field distribution of intermittent CO,
injection

Table 5 lists five groups of gas injection time and 4 h after gas
injection of coal internal temperature distribution cloud map.
In the early stage of the first gas injection, the high temperature
area spread throughout the whole horizontal plane, and the
temperature is the highest at the distance of 60—120 cm from
the gas inlet, which decreases to the gas inlet and outlet in a
waveform shape. When CO; is injected for 4 h, the tempera-
ture drops and the high temperature area shrinks, but the

Thermostat Temperature recorder

Pressure recorder

e

Crushed coal

e

Standby seal

Fine screening

Preparation process of coal samples.

change of temperature field as a whole is not significant. In
the early stage of the second gas injection, the temperature is
the highest at 60—100 cm away from the gas inlet, and the high
temperature area is isotropic. After 4 h of gas injection, the
temperature field changes, and the temperature in the high
temperature area decreases. The relatively low temperature
area begins to decrease towards the gas outlet in a “U” shape.
During the 3rd to 5th gas injection, the high temperature area
is concentrated near the measuring point 6%. With the passage
of time and the increase of gas injection, the temperature
decreases significantly, and the high temperature area shrinks.
The temperature field distribution is similar to that of 4 h after
the second gas injection. The temperature field is stable from
the fourth gas injection, and the temperature at the measuring
point still shows a downward trend. Therefore, the distribution
of high temperature in porous media is isotropic. In the rela-
tively low temperature area, the temperature decreases towards
the gas outlet in the “U” shape. Compared with the initial tem-
perature, CO, injection makes the high temperature area move
towards gas injection port. When the temperature is higher
than 160 °C or lower than 90 °C, it is difficult for CO, injection
to change the temperature field distribution in porous medium.

3.1.2. Temperature variation of CO; intermittent injection with
time

Fig. 4 shows the longitudinal variation curve of temperature
with time at measuring points on the same plane. Areas A to

Data acquisition

]

Flowmeter

Fig. 2 CO, adsorption device.
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Fig. 3  Experimental platform of CO, diffusion seepage.

Table 2 Conditions of coal sample for the CO, diffusion seepage platform.

Particle size/mm Loading length/cm Loading height/cm Coal weight/kg Volume weight /(g-cm™>)
0-30 188.00 25.00 613.80 1.43

Table 3  Statistics of gas content at 130°C and 170°C (Unit of concentration: %).

Number 130°C 170 °C
02 COZ C2H4 C2H6 Csz CH4 02 COZ C2H4 C2H6 C2H2 CH4

4# 11.1 3.4 0.0 0.0 0.0 0.5 9.4 5.1 6.3 0.0 0.0 1.8
5% 13.5 2.5 0.0 0.0 0.0 0.6 15.2 2.2 0.0 0.0 0.0 0.8
6" 15.6 1.2 0.0 0.0 0.0 0.3 18.3 1.0 0.0 0.0 0.0 0.2
7" 10.1 3.5 0.0 0.0 0.0 0.8 16.6 1.7 0.0 0.0 1.9 0.5
8" 18.5 0.5 0.7 0.0 0.0 0.2 19.4 0.0 0.2 5.0 0.0 0.0
9% 17.0 1.1 1.3 0.0 0.0 0.4 9.8 5.5 0.0 4.1 0.0 1.5
107 9.8 3.3 0.0 0.0 0.0 1.7 10.7 4.2 0.0 0.0 0.0 1.0
11* 7.7 3.8 0.0 0.0 0.0 2.3 6.5 5.9 4.2 0.0 0.0 1.6
127 9.4 3.4 0.9 0.0 0.0 2.0 9.5 4.7 4.7 0.0 0.0 1.2

Table 4 Cooling experimental conditions.

Groups Gas injection Waiting time/h
Starting 7/°C End T/C Duration/h

1 172 152 6.05 2.15

2 141 121 4.35 3.45

3 109 90 7.25 5.1

4 81 64 7.55 33

5 58 50 8.25 8.1
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Table 5 Temperature distribution cloud diagram.
Groups Gas injection time 4 h after gas injection legend

v |
)
)

E are filled with pink, respectively representing the tempera-
ture of the five gas injection stages, and the white area is the
corresponding stop injection stage. As shown in Fig. 4, in
the intermittent gas injection process, the temperature fluctua-
tion of measuring points 1%-3# near the gas injection port and
13#-15" near the gas outlet is relatively large, and the temper-
ature of measuring points in the central region of the porous
medium shows a downward trend.

As shown in Fig. 4(a), since the second gas injection, the
temperature at the measuring point decreases first and then
rises. In the stop phase, the temperature continues to decrease
due to inertia. Due to the disappearance of pressure difference
and the higher initial temperature of coal, the cooling intensity
of CO, is lower than the initial coal temperature. At the same
time, some heat is released from the locally accumulated CO,
absorbed by coal, so the temperature rises.

As shown in Fig. 4(b)-(c), the temperature at the measuring
points shows a decreasing trend with the increase of time. The
temperature of 8#-11% is higher than that of the same vertical
measuring point on the same plane. This is because the heat
accumulates in the middle is not easy to lose, and the cooling
rate is slow. Therefore, the temperature of the measuring point
in the same plane and vertical middle is higher. Therefore, in
the same plane, the same vertical center temperature is high.

As shown in Fig. 4(d), at the first gas injection stage, the
coal is storing heat, and CO, has not migrated to the gas outlet
through the fractured channel, so the temperature shows a ris-

ing trend. At the second stop injection stage, due to viscous
resistance, CO, constantly consumes its own energy in the pro-
cess of migration, and the cooling intensity reaches a relative
balance with coal temperature after migration for a certain dis-
tance. With the 3rd gas injection, continuous CO, injection
makes the fissure of coal further expand, and the internal tem-
perature of coal continues to drop. When the temperature
reaches 30 ‘C, the accumulative cooling effect of CO, around
13#-15% competes with the temperature accumulation level of
coal. With the increase of time, CO, migrates from the gas inlet
port to the outlet, and superimposes with the original accumu-
lation, making the temperature drop.

Therefore, in the gas injection stage, CO, migrates from the
high pressure zone to the low pressure. The density and viscos-
ity of CO, are low, and the flow resistance is small, so the
migration speed is high. With the injection of gas, the strong
impact force makes the seepage channel in the coal expand,
and the temperature decreases significantly under the action
of thermal convection. In the phase of stop injection, the driv-
ing force of pressure flow disappears, and the heat conduction
and heat convection make the temperature of coal gradually
decrease.

3.1.3. Cooling rate

Cooling rate refers to the ratio between the initial and final
temperature difference and the time consumed, and its expres-
sion is Eq. (1) (Quan et al., 2021).
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y— A7T (1) 3.1.4. Gas transport rate

t

Where, v is the cooling rate, ‘C/h; A T is the change value of
temperature, AT = T\—T,, °C;tis the time, h.

Fig. 5 shows the cooling rate variation of measuring points.
In Fig. 5 (a), the cooling rates of 3* and 13#-15" are approxi-
mately equal. The cooling rates of 1%, 2% and 7 decrease with
the increase of gas injection times, while the cooling rates of 4%,
5% and 8"-12" first increase and then decrease with the increase
of gas injection times. The cooling rate of 7% in the 1st and 2nd
injection stages is higher than that of other measuring points.
Under the action of jet flow, although the measuring point 7%
is far away from the gas injection port, the temperature
decreases first. However, at the stage from the 3rd to the Sth
injection, the cooling rate is relatively low due to the low speci-
fic heat of CO, and its limited cooling ability. Therefore, with
the increase of gas injection times, the cooling rate at the mea-
suring point decreases. As shown in Fig. 5 (b), the cooling rate
of single gas injection is significant in X = 58-98 m, ¥ = 25—
50 m region.

Based on the temperature of 8", the cooling rates of the five
groups of intermittent gas injection under the condition that
the temperature difference in the gas injection stage is 20 C
and the temperature difference in the waiting stage is 10 'C
are calculated respectively, as shown in Table 6. As the gas
injection times increases, the time required to reduce the same
temperature difference increases. In the gas injection stage, the
cooling rate of the 2nd injection is the highest, and the cooling
rate of the 5th injection is the lowest. In the waiting phase, the
cooling rate of the Ist stop is the highest. The cooling rate
decreases with the increase of the number of waiting stages.

The migration law of gas in porous media is demonstrated by
gas transport rate. Relative to the last time of temperature
reduction, the difference between the time when the tempera-
ture decreases by 5 C and the time of gas injection is A 7. By
the definition of velocity, we put forward the calculation for-
mula of gas migration rate, as shown in Eq. (2).

L
=4 )

Where, 1 is transport rate, m/min; L is the distance between
the measuring point and the gas injection port, m.

Table 7 shows the statistics of gas migration rates. In the 1st
gas injection stage, the migration rate of 8" is the highest at
0.73 m/min, while that of 5% is the lowest at 0.34 m/min. Dur-
ing the 2nd to 4th gas injection stages, the migration rates of
11# are the highest, which are 1.68 m/min, 1.1 m/min and
0.95 m/min, respectively, while the migration rates of 2# are
the lowest, which are 0.07 m/min, 0.04 m/min and 0.11 m/
min, respectively. The temperature reduction of 14* for the
first three times of gas injection is outside the set standard
range. In the 4th gas injection stage, the gas migrated to 14%,
that is, near the gas outlet port.

n

3.2. CO; adsorption field distribution in porous media

In the coal-CO, system, the influencing factors include coal
itself and external factors, as shown in Fig. 6. The former
includes coal structure, moisture content and coal rank, while
the latter includes temperature, pressure and contact time
(Abunowara et al., 2021; Chen et al., 2021; Wang et al.,
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Table 6 Cooling rate stati

stics.

Fig. 5

(b) Percentage of temperature in each group

Cooling rate variation of measuring points.

Groups Gas injection stage Waiting stage
t/h v/(CC-h™h t/h v/(CC-h™h
1 6.05 3.339 2.15 5.116
2 4.35 4.598 3.45 3.478
3 7.25 2.621 5.1 1.765
4 7.55 2.252 3.3 1.818
5 8.25 0.97 8.1 1.111
Table 7 Gas migration rate statistics.
Groups Gas transport rate/(m-min ')
i 5 8 1# 147
1 0.40 0.34 0.73 0.56 —
2 0.07 0.83 1.40 1.68 —
3 0.04 0.55 0.78 1.10 —
— 0.32 0.41 0.60 —
— 0.20 0.29 0.39 —
— 0.14 — — —
4 0.11 0.58 0.61 0.95 0.55
— 0.29 0.40 0.48 —
— 0.18 0.24 0.32 —
— 0.08 — — —
5 — 0.13 0.36 0.29 —

2022; Wu et al., 2019). The same experimental coal sample is
selected to ensure that the factors of coal itself are consistent,
and the experimental conditions ensure that the pressure and

contact time are consistent.

The adsorption capacity expression is shown in Eq. (3).

_ 22400(P\ W\ T — P,V Th)

ad = RT, oM

(3)

Where, P, is the pressure before adsorption equilibrium,
MPa; P, is the pressure after adsorption equilibrium, MPa;
V1 is the gas volume before equilibrium, cm?; ¥, is the gas vol-
ume after equilibrium, cm?; n is the amount of substance, mol;
R is the molar gas constant, J/(mol-K); T is the temperature
before equilibrium, K; 75 is the temperature after equilibrium,
K; V,q is adsorption capacity, cm®/g; M is the coal sample

mass, g.
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Influencing factors of CO, adsorption by coal

v

Coal itself factor
T

v v v

v

External factor

g ¥ "

Coal Moisture Tempera- Contact
Coal rank Pressure .
structure content ture time
Fig. 6 Influencing factors of CO, adsorption by coal.

In the isothermal adsorption experiment, coal is heated to
the designed ambient temperature, and then the temperature
is kept constant. We call this temperature the operating tem-
perature. The operating temperature is taken as the abscissa
and the adsorption capacity as the ordinate to draw the scatter
plot, and the nonlinear curve fitting is carried out. Levenberg-
Marquardt optimization algorithm is selected as the iterative
algorithm to obtain the relationship model between adsorption
capacity and temperature, as shown in Fig. 7. The relationship

; : _ 631 : _
is established as Vg = 2.93 + T/ 8 where T is the oper

ating temperature ( °C), and the fitting results are good
(R* = 0.99803). Therefore, the relationship between adsorp-
tion capacity of experimental coal sample and temperature
meets the logistic function under atmospheric pressure.

The relationship between adsorption capacity and tempera-
ture is used to build the adsorption distribution cloud map, as
shown in Table 8. The CO, adsorption field in porous media is
affected by gas injection frequency and cumulative gas injec-
tion volume. The stability of adsorption field increases with
the increase of gas injection times. Therefore, the adsorption
field is stable under low temperature oxidation condition.
The increase of gas injection times also means that the cumu-
lative gas injection increases, but the adsorption field tends to
be stable, indicating that the adsorption of CO, by porous
media gradually tends to be saturated.

10
L
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Fig. 7 Relationship between adsorption capacity and

temperature.

3.3. Mechanism of CO; control on CSC in confined space

According to the above analysis, the temperature of the porous
media-CO,; system decreases as a whole due to CO, injection in
confined space, and eventually tends to be stable. Based on this
phenomenon and the experimental process, the factors affect-
ing the temperature field distribution are firstly considered
from the three perspectives of confined space, porous medium
and air leakage. Fig. 8 shows the temperature change mecha-
nism of porous media-CO, in confined space.

The heterogeneous properties of porous media cause flow
channels in closed paths. The uneven distribution of pore par-
ticles and distribution leads to the uneven distribution of tem-
perature is an important feature of large-scale experiments
(Zhao et al., 2023). When the porosity is large, the gas flow
resistance is small. At this time, a large number of air leakage
through the large pores, the oxidation and heat release inten-
sity of coal is strong. After the initial temperature field is
formed, the coal continued to oxidize and store heat while
CO, is injected. The pore fracture morphology changes in coal
under high temperature thermal damage, which leads to the
increase of pore connectivity and porosity. Therefore, the seep-
age flow channel expands under the action of CO, jet and coal
oxidation heat storage, in which the factors affecting the tem-
perature field of CO, injection include gas injection duration,
times, pressure and volume.

The expansion of seepage channels has two advantages. On
the one hand, the contact area between gas and coal increases,
and the adsorption capacity of coal is affected. On the other
hand, the seepage heat transfer opportunity increases. With
continuous CO, injection, the oxidation and heat storage
capacity of coal reaches its limit, and adsorption capacity of
coal to CO, reaches the saturation state. The porous medium
channel may be completely filled with CO,, resulting in an
increase in flow resistance and an extreme migration rate.
Finally, the temperature field distribution is stable in the three
limit states. Therefore, the three state parameters of adsorption
saturation, oxidative heat storage limit and CO, migration rate
extreme value can be established to establish the relationship
with heat, and finally quantify the degree of porous media-
CO, temperature change in confined space.

The conditions for CSC include large amount of loose coal,
sufficient oxygen and heat accumulation. Therefore, the pre-
vention and control of CSC mainly from these three elements,
damage reaction conditions. According to the occurrence con-
ditions of CSC, combined with the analysis of experimental
results, the quadrangle of CSC prevention and control is pro-
posed, as shown in Fig. 9.
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Reducing air leakage is to reduce oxygen content in con- K(T) = Aexp(— Ea) )
fined space and avoid adequate oxygen supply (Cheng et al., R

2022). Oxygen isolation and displacement include two situa-
tions. On the one hand, CO, injected into the restricted space
surrounds between coal and coal, forming a CO; inerting zone,
which cuts off the contact between oxygen and coal and plays
an inerting role. The other is CO, is adsorbed on the surface of
coal, displacing and occupying the adsorption site of oxygen,
which plays an inhibitory role. On the other hand, CO, is
adsorbed on the surface of coal, displacing and occupying
the adsorption site of oxygen, which plays an inhibitory role.
CO, itself is lower than the temperature in coal dust, and it
is cooled by conduction and convective heat transfer driven
by pressure flow during perfusion. Eq. (4) is Arrhenius equa-
tion (Wang et al., 2018). The lower the temperature is, the
smaller the reaction rate constant is, so the spontaneous com-
bustion of coal in confined space is inhibited.

Where, T is the absolute reaction temperature, K; k is the
reaction velocity constant at temperature 7; A is the front fac-
tor; E, is the apparent activation energy, J-mol~"'.

4. Mechanism of heat and mass dissipation of CO, in porous
media

4.1. Heat and mass transfer process of coal-CO; system

Fig. 10 shows the heat and mass transfer process of coal-CO,
system. When CO, is not injected into the porous medium, the
coal interacts with oxygen and water to exchange heat and
mass (Li et al., 2023; Zhang et al., 2021), forming the initial



10

J. Si et al.

Uniformity of temperature distribution

Confined space Porous media Air leakage

Pore & particle
distribution

Leakage position

Space openness Coal accumulation

v
\

1

1

'
.
\

'

'

1

L

Leakage intensity

Initial temperature field distribution formed by coal oxidation

Coal oxidation

CO, injection
heat storage 2

O d
‘,‘(\Q o
Duration Times Pressure Volume ‘.‘\&/’ \\
& - \
T I I T S s B
v I eepage ~ / /;sqrbed 'a.Ver\\\ \\‘
RLLLETTS Vi o
CO, adsorption € Seepage channel 4* Percolation ".’ o 5 ““ 2
by coal expansion *l, heat transfer « ‘ ' 1 %
. . Oxidative heat Extremé migration — ~/'f" !
Adsorption saturation e £CO g
storage limit rate of €O, —) X -
[ T | Pressure \\ ) ~
v B o
’
. RO Displacing '~ s
Stable temperature field distribution Ppaciis \% C
oxygen ~

-
il TRPSRSEP o

Fig. 8 Temperature change mechanism of porous media-CO, in confined space.

Conduction and seepage heat transfer cooling

1
1
1
1
I
I

Heat accumulation

Reduce _
leakage

Sufficient
oxygen
\‘ loose coal

Large

quantities of

Reduce the
amount of
coal

Confined space

Insulate and dislodge oxygen

Fig. 9 Quadrangle of coal spontaneous combustion prevention
and control.

coal temperature. When the coal temperature exceeds the
threshold of spontaneous ignition, CO, is adopted to prevent
and control CSC. When CO, is injected into a porous medium,
it provides the pressure driving force for the cold fluid. Heat
conduction and heat convection occur between CO, and hot
fluid in porous medium during the flow process. The low ther-
mal conductivity of coal is the main reason that heat is well
stored in porous media. Because of the narrow gaps between
the coal particles, this further reduces the thermal conductivity
of the coal. When coal absorbs solar energy, it has thermal
radiation on the surface, but it is negligible in the deeper lay-
ers. Convection is the main mode of gas flow at the micro-
scopic scale, which occurs in the channels between particles.
The efficiency of heat convection mainly depends on the
advection velocity of gas in the narrow channel between coal

particles. Diffusion occurs in the inner pores of coal particles
and deep coal reservoir. Both natural and forced convection
are pressure-driven flows, while diffuse motion is caused by a
gas concentration gradient because oxygen consumption,
CO, displacement of O,, and gas product production do not
occur at the same rate everywhere. The influencing factors of
CO, seepage in porous media include pore size, pore wall fric-
tion and flow path length. Pore size and flow path length affect
the adsorption capacity of CO, on coal surface and the CO,
diffusion behavior. Due to pore wall friction, CO, flow resis-
tance causes thermodynamic dissipation.

Pores or cracks are channels of fluid flow, heat and mass
transfer (Li et al., 2023). The pore structure of coal is complex,
including blind pore, open pore and connected pore (Si et al.,
2022). Zhang et al. (2016) on the mass transfer mechanism of
CSC introduces the relationship between oxygen consumption
rate, oxygen diffusion coefficient and pore structure of coal.
However, in the porous media-CO, system, the mass transfer
process is mainly the relationship between CO, displacement
O, rate, CO, diffusion coefficient and pore structure. CO, dis-
placement of O, prevents the oxidation reaction rate, which
can be considered to be essentially similar to the mass transfer
mechanism of CSC. Therefore, the mass transfer process of
this system can be divided into three states: kinetic dominance,
diffusion and chemical control, and external mass transfer con-
trol. The dominant kinetics occurs in porous coal particles,
which contain a large number of connected pores and open
pores. CO, molecules diffuse into the pores and discharge O,
in the pores to the channel. At the same time, CO, is absorbed
by the coal surface, and the CO, concentration in the coal
pores and surface is approximately equal to the overall CO,
concentration. The characteristics of diffusion and chemical
control are that coal particles contain open pores and CO,
molecules have high effective diffusion coefficient. The oxida-
tion reaction is slower than the diffusion, so the adsorption
and displacement rate is smaller than the diffusion of CO,,
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allowing the gaseous CO, to diffuse into the coal particles
before the oxidation reaction. Most of the CO, diffuses into
the coal particles before the reaction, and some CO, is
absorbed on the coal surface to partially displace O,. In this
case, the overall reaction rate is controlled by a combination
of chemical reactions and CO, diffusion, and is influenced by
coal size. External mass transfer control is prominent in non-
porous coal particles, and adsorption or displacement mainly
occurs on the surface of coal without diffusion resistance.
Therefore, CO, occupies the reaction site on the coal surface.

4.2. Thermodynamic dissipation of porous media-CO, system

Guo et al. (2006, 2008) put forward the concept of entransy by
comparing the phenomena of heat transfer and charge trans-
fer, and its expression is shown in Eq. (5). In the heat transfer
process, the transfer of entransy is not conserved. Entransy
dissipation represents the irreversibility of the heat transfer
process. The smaller the dissipation, the smaller the degree
of irreversibility, and vice versa (Hu et al., 2011).

T
E= / thdT
0

Where, E is the entransy, J; Q,, is the heat capacity, J.

Let the flow of fluid in a porous medium be caused by a
finite pressure difference between the inlet and outlet, and
the fluid flow be steady-state adiabatic. The effect of enthalpy
change on entropy production is negligible (Xu et al., 2009),
i.e. Tds+ 1/pdp = 0. Where, p is the density of fluid; p is the
pressure; s is the specific entropy. de+ T/pdp =0 can be
obtained from the connection between thermodynamic
entransy and entropy. The thermodynamic entransy dissipa-
tion due to flow resistance is E, = [ ride = — [ mT/pdp
(Shi et al., 2015). Where, m is the mass flow rate. If the loga-
rithmic mean temperature 7}, :ﬁ is used instead of
the temperature in the formula and the fluid is incompressible,
Ep = @ can be obtained, where Ap = p; — p,,. The inlet and
outlet parameters are set as shown in Fig. 10, then the thermo-

(5)

|Dinusion and chemical control

Heat and mass transfer process of coal-CO, system.

dynamic entransy dissipation caused by the flow resistance of
CO, is (AE)p _ mi(Tro—T5)Ap,

pr(InTro—InT5)"

5. Conclusions

The temperature distribution and the CO, adsorption field dis-
tribution for porous media-CO, system were studied by using
the self-developed CO, adsorption device and the experimental
platform of CO, diffusion seepage in CSC. The temperature
change mechanism of porous media-CO, in confined space
and the quadrilateral of CSC prevention and control were pro-
posed to provide a theoretical basis for the CO, prevention
and control technology of CSC.

(1) The distribution of high temperature in porous media is
isotropic. The injection of CO, makes the high temper-
ature area move towards the gas injection port. When
the temperature is higher than 160 ‘C or lower than 90
°C, the distribution of temperature field in porous media
is not significant. The cooling in the stage of multiple gas
injection is mainly driven by pressure flow and convec-
tion, and the temperature in the middle of the porous
medium shows a downward trend. With the increase
of gas injection times, the cooling rate at the measuring
point decreases. The maximum gas migration rate
occurs during the first gas injection.

The relationship between adsorption capacity and tem-
perature of experimental coal sample meets logistic func-
tion. Then, we established the porous medium CO,
adsorption field and found that with the increase of
gas injection times, the adsorption field tends to be
stable, indicating that the adsorption field is stable under
the condition of low temperature oxidation.

In coal-CO, system, the mass transfer process can be
divided into three states: kinetic dominance, diffusion
and chemical control, and external mass transfer con-
trol. CO, injection provides the driving force of pres-
sure, and heat convection is the main mode of heat
transfer. Based on this, the concept of entransy is intro-

(@)

(€)
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duced into the heat transfer theory of porous media-CO,
system, and the thermodynamic dissipation equation
caused by the resistance of CO, flow is given.
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