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The quantitative characterization of coal spontaneous combustion and the
accurate determination of the dangerous degree are hot and difficult in the
field of coal mine safety. In the paper, the experimental test analysis of
Huangling No. 2 coal was carried out by a self-designed and built kilogram-
level coal spontaneous combustion experimental device, and the macro featured
parameters were obtained and analyzed, such as temperature field, index gas,
weight, oxygen consumption rate and exothermic intensity, and spontaneous
combustion limit parameters. The results show that the experimental
spontaneous combustion period of Huangling No.2 coal is 34 days. When the
coal temperature was below the critical temperature of 74.59 °C, the oxidation of
coal samples was relatively slow, and the oxygen consumption and the production
rate of gas products did not change much. After the coal temperature exceeded
the critical temperature, the oxygen consumption rate and exothermic intensity
increased faster and the oxidation accelerated. After reaching the dry cracking
temperature of 104.93 °C, the oxidation degree accelerated sharply. CO starts to
appear at the beginning of the experiment, and the increase of CO gas
concentration during the heating process is exponential and can be used as an
index gas. Under the temperature condition of 40 °C, the floating coal of 0.7 m
needs 25.83% oxygen concentration, and the maximum air leakage intensity of the
coal is negative, and no spontaneous combustion will occur. The test data and
calculation results of the experiment are important for the prediction and forecast
of natural fires and the determination of the risk of spontaneous combustion
on site.

KEYWORDS

coal spontaneous combustion, macro-featured parameters, kilogram-level, oxygen
consumption rate, exothermic intensity

1 Introduction

Mine disasters are complex and varied, and fires caused by coal spontaneous combustion
(CSCQ) are one of the most serious mine disasters (Liu et al., 2020; Onifade et al., 2020; Ren
et al., 2022), which are highly susceptible to human casualties, environmental pollution and
property damage (Deng et al., 2017; Wu et al., 2018; Li et al., 2019; Song et al., 2020). CSC is
difficult to detect, locate, prevent and control the source of fire, and most coal mine fires in
China are caused by CSC (Liu et al., 2022). Data show that fire accidents caused by CSC
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account for more than 90% of all mine fires (Wang et al., 2022), and
the annual coal loss due to CSC amounts to 4.42 million tons. The
process of CSC and oxidation is very complex and the exothermicity
of oxidation is influenced by the intrinsic physicochemical
properties, coal particle size, moisture in the coal, air humidity
and oxygen concentration (Lei et al., 2023). Therefore, it is of great
importance to understand the macro-featured parameters of CSC.

By studying the characteristics of CSC and accurately
determining the exothermic intensity, reaction rate and other key
parameters in the process of CSC, it can not only reflect the changes
of coal in this period, but also accurately calculate the spontaneous
combustion period of coal or the shortest experimental spontaneous
combustion period (Ma et al., 2019; Zhai et al., 2020; Zhang et al.,
2021a). Zhang et al. (2021b) established a large coal spontaneous
combustion experimental bench to test the oxidative heating
properties of Huangling coal, revealing the spatial and temporal
evolution characteristics of the temperature field. Li et al. (2022)
studied and experimentally verified the relationship between O,, CO
and CO, concentrations and temperature based on a mathematical
model of the temperature field. Zuo et al. (2021) studied the
temperature rise during the natural oxidation of coal using a self-
built experimental platform and analyzed the variation of oxygen
consumption and exothermic intensity with coal temperature by
varying different air volumes and found that the exothermic
increase  of

intensity  increased

temperature. Zeng et al. (2018) investigated the oxidative

exponentially ~with  the

spontaneous combustion characteristics of ultra-thick coal seams
in the Junggar coalfield using temperature programmed experiments
and thermogravimetric analysis, and quantitatively studied many
parameters, such as O, consumption rate, CO and CO, generation
rate, and coal reaction activation energy. Deng et al. (2015)
conducted a large-scale coal spontaneous combustion test based
on a large 15t experimental furnace and studied the changes in
temperature, gas ratio, oxygen consumption and exothermic
intensity. Zhang et al. (2021) analyzed the oxidation properties of
functional groups during CSC and their relationship with the
macroscopic properties of CSC using the differential scanning
thermal method.

The adiabatic oxidation method was first proposed by Davis for
the study of low-temperature oxidation properties of coal (Davis
et al,, 2010). The adiabatic oxidation of coal is usually divided into
large, medium and small samples according to the amount of
experimental coal, with large samples usually requiring hundreds
of kilograms or even tens of tons (Martini, 2008). Zhang et al. (2020)
conducted adiabatic oxidation experiments with a small combustion
furnace to analyze the changes of temperature, O2 and CO during
CSC under pure oxygen adiabatic conditions. Chen et al. (2018)
designed and built a small combustion furnace for CSC and studied
macroscopic characteristic parameters such as temperature, gas
ratio, oxygen consumption, exothermic intensity and limiting
parameters. Xiao et al. (2017) constructed an experimental
furnace for spontaneous combustion of 15t coal, Lei et al. (2018)
built an experimental furnace for spontaneous combustion of 2t
coal, Wen et al. (2017) based on an experimental furnace for
spontaneous combustion of 1.5t coal, and they investigated the
oxidation and self-heating characteristics of loose coal by combining
various gas flow equations.
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FIGURE 1
Schematic diagram of coal micro-metasome.

Although the adiabatic oxidation method with a small
amount of coal samples cannot fully reflect the temperature
field distribution in the process of CSC in real situations, it
can simulate the temperature rise characteristics of the self-
heating center of coal during CSC in a more realistic way, and
also can truly reflect the essential properties of the difficulty of
CSC. The determination of macro-featured parameters of CSC
characteristics with kilogram-level coal volume natural oxidation
adiabatic heating experimental system is rarely reported and
needs further in-depth study. In this paper, an adiabatic
oxidation loading experimental setup is designed based on a
small coal volume experimental firing period test bench. The
experimental system is loaded with small coal volume, small
particle size, and the coal sample is dried and treated, and oxygen
is introduced during the experiment, and the experimental data
can better determine the propensity of coal to spontaneous
combustion. The study is dedicated to solving the problem of
rapid and accurate determination of the natural ignition period
of coal in coal mines, and better serve coal mine safety
production.

2 Kilogram-level coal volume natural
oxidation adiabatic heating experiment
system design

Asin Figure 1, for the broken loose coal body (void ratio of
n) micro-metasome, coal in the atmospheric pressure state,
you can ignore the thermal resistance of contact between coal
solid particles, and the low-temperature oxidation of coal can
also ignore the radiation heat exchange of coal, micro-
metasome particles and the gas in the void obey the law of
energy conservation, the coal body exists the following
relationship:

Qm_Qd+Qf:Em (1)

Where, Q,, is the difference between the heat inflow and heat

outflow from the coal particles on the surface of the
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micro-metasome per unit time, kJ-mol"-s™'; Qg is the convective heat
exchange between the particles and the gas in the pores per unit
time, kJ-mol'-s; Qs is the exothermic intensity per unit time,
kJ-mol":s™'; E,, is the energy change rate of the micro-metasome
per unit time, kJ-mol*s™.

The gas in the pores within the micro-metasome obeys energy
conservation:

Qg_Qh+Qd:Eg (2)

Where, Qg is the difference between the heat inflow and heat
outflow from the micro-metasome surface particles per unit
time, kJ-mol's'; Q, is the enthalpy change of pore gas
occurring in the particles per unit time, kJ-mol':s™'; E, is the
rate of energy change of the micro-metasome per unit time,
kJ-mol s,

The difference between the heat inflow and heat outflow from
the coal particles on the surface of the micro-metasome per unit time
can be expressed as:

R} oT,,| 9 aT,,
S IR = R (LR 3

(©)
0 aT'
— | (1-n)-A,— | tdxdyd
+az[( n) az”xyz
Convective heat exchange between coal particles and pore gas
per unit time is the result of the joint action of thermal conductivity
and convection, and gas-solid heat exchange is known through
Newton’s cooling theorem:

Qu = &(Ton = T, )dxdydz (4)

Where, a,, is the convective heat transfer coefficient of coal.
T Tg indicate the coal surface, gas medium related temperature
parameters.

The standard exothermic intensity of the coal body per unit
volume per unit time is expressed as q° (T), then:

Qs = qo (T)dxdydz (5)

The rate of energy change of the exothermic coal body can be
expressed as:

_dE_ D

m—E—E[pmoCW (1-n)-T,]dxdydz (6)

Where, C,, is the heat capacity of solid coal, J-g"°C™; p,, is the
density of solid coal, g-cm™; E is the internal energy of coal, J-kmol };
T is the time, s.

Substituting Equations 3-6 into Equation 1, the simplification

gives:
9 oT,, 9 oT,, 9 aT,,
I [/\m(l _H)W] +$ [Am(l —H)W] +$ [Am(l _H)E}
~n(Ton = T,) +4°(T) = D [0,,Con (1 = 1)Ty,] (7)
In actual coal:
dx OJdy 0z
o or ot l ®)

Therefore:
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div[A,, (1= n)gradT,u) = aw(Tw = Ty) +q° (T)
3
= 5, [PnCn (1= m)T,] ©)

In Equation 2, the difference between the heat inflow and heat
outflow of the pore gas per unit time is:

[0 aT,\ aT,
Q= [a(*y‘”a)ﬁ(‘g‘”‘@)
d T,
+a—z (/lg -n- a—z>]dxdydz

The difference between the inflow and outflow enthalpy of the

(10)

pore gas per unit time is:

3 d
Qh=[a(n-pg-cg~ﬁ-Tg)+@(n-pg~Cg~17~Tg)

0
+a—z(n-pg-Cg~w-Tg):|dxdydz

The rate of change of pore gas energy per unit time within the
micro-metasome is:

a
E, = a(n pyCy- Tg)dxdydz (12)

Substituting Equation 4 and Equation 10-12 into Equation 2 gives:
div(n Ag - gdeg) - div(n Py Cy- U. Tg) + ocm(Tm - Tg)

d
:a(”'Pg'Cg'Tg)
(13)

Under normal conditions, the wind flow velocity inside the broken
coal is small and the broken coal particles are isotropic. When the
environment is determined, A, p, C do not vary with time and space, and
the temperature of solid coal, broken coal and pore gas is approximately
considered the same, i.e., T = Ty, = Ty = T. Eq. 12 can be simplified as:

oT ) (T
P CCE = A div(gradT) + q°(T) - (n Py Cg)dlv(U . Tg>

(14)

Where, T, is the temperature of the broken coal, ‘C; A, is the
thermal conductivity of the broken coal, J-.em™°C™s; T, is the
temperature of the solid coal, °C; A,, is the thermal conductivity of
the solid coal, J-cm™°C™":s™; Ty is the gas temperature, ‘C; A, is the
thermal conductivity of the air, J.cm™°C™"s™; U is the air flow rate, m-s’
; q is the exothermic intensity of coal body, J-cm™s™; p_ is the density of
broken coal, g-cm™; C,, is the specific heat of solid coal, J]-.g*°C™; p,,, is
the density of solid coal, g-cm™; C. is the specific heat of broken coal, J-g
1“C; p, s the density of air, gem™; C,, is the specific heat of air, J-g
L°C™ n is the void ratio of coal body, %; T is the time, s.

Therefore, the conditions that cause thermal heating of the coal
body storage are:

oT

5 A - div(gradT) + q°(T) - (n Py Cg)div<a . T) >0

.C,
pC a

(15)

Atroom temperature, the oxidation exothermic intensity of broken
coalbodyis generally (1-100) x 10~ J cm™-s"'; the thermal conductivity
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ofbroken coal body s generally (8.6-13.4) x 107* J cm™-"C"s '; the heat
dissipation by conduction of broken coal body s generally (25.8-40.2) x
107 x %ZTZ J-em™s™ (by spherical stacking); air enthalpy becomes 1.2 x
102 x U x aa—f (J-em™s™, r is the radius of the sphere).

According to the coal samples used in the experiment and the
experimental scheme, the experimental temperature starts from 30 °C,
the starting air leakage intensity during the experiment is controlled at
about Q = 0.015 (cm*cm™s™), the oxidation exothermic intensity of
coal is taken as q = 7.5 x 10°° (J.cm™s™) at 30 °C with reference to the
previous experiments done by XK-III of Xi’an University of Science and
Technology, the solid coal thermal conductivity A,,, = 1.2 x 107 (J-cm™s”
1.°C™"), the thermal conductivity of air A, = 2.65 x 10~ (J.em™s1."C™),
and the void ratio of experimental coal n = 0.37, according to the formula
of thermal conductivity of coal:

or . (7
P ch = A - div(gradT) + q°(T) - (n Py Cg)dn/(U . T) =0
(16)
Calculated as:
Ae=854%x10"%J.-cm™.s.°C™! (17)

Considering the experimental model of CSC by a spherical
shape, the temperature difference between the center of the
sphere and the boundary is kept below 2 °C. Then the minimum
amount of coal that causes warming is estimated according to
Equation 16, and converting Equation 16 into a difference
equation and organizing it gives:

Ty—-T, Ty-T,
1’2

6 X Ao X +Cg><pg><C_2>< —-75%x10°<0 (18)

Where, Ty, T, denote the temperature at the center of the ball
and the boundary, respectively, ‘C; Q is the air leakage intensity,
cm’cm™s’; r is the radius of the ball, cm.

By calculation, when the temperature difference between the inside
and outside of the experimental coal is less than 2 °C, the minimum
radius of the sphere that causes heating is 39.40cm, and thus the
minimum amount of coal that causes heat storage and heating is
137.12kg. If the temperature difference between the inside and
outside of the coal is controlled at 0.5 °C, the minimum radius of the
sphere that causes heating is 19.08cm, and the minimum amount of coal
that causes heat storage and heating is 15.57 kg When the temperature
difference between the inside and outside of the coal is 0.2 °C, the
minimum radius of the sphere that causes heating is 11.93cm, and the
minimum amount of coal that causes heat storage and heating is 3.81 kg.
If the temperature difference between the inside and outside is 0.1 °C, the
minimum radius of the sphere that causes CSC is 8.38cm, and the

minimum amount of coal that causes thermal heating is 1.32 kg.

3 Theoretical analysis of CSC
characteristics parameters

3.1 Thermodynamic parameter analysis
3.1.1 Oxygen consumption rate

At a certain time period, the experimental environment is
usually determined, the broken coal is isotropic and the air
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supply conditions of the coal body (i.e., the leakage intensity) are
relatively determined, and the wind flow will be uniform along the
direction of the axis of the experimental coal body. The
consumption of oxygen concentration in the coal body can be
expressed as:

Vo(T) = Ae & (19)

Where, Vo(T) is the oxygen consumption rate generated by
the coal body at standard oxygen concentration, mol-s'-cm; A is
the finger front factor, mol ™ .cm>"™™ .s'; E, is the activation
energy, J-mol’; R is the gas constant, J-mol".K™'; T is the
temperature, K.

3.1.2 Exothermic intensity

The exothermic intensity can be calculated using both the
thermal equilibrium method and the bond energy estimation
method.

3.1.2.1 Thermal equilibrium method
The effect of oxygen concentration on the exothermic intensity
of the broken coal in the experiment can be expressed as:

4o (T) = q(T)- C,/C (20)

Where, C is the measured oxygen concentration at the
measurement point, %; q(T) is the exothermic intensity, J-sh.em
qo(T) is the oxidative exothermic intensity at standard oxygen
concentration, J-s'-cm™.

3.1.2.2 Bond energy estimation method

When natural oxidation of coal occurs, the oxygen consumed by
coal adsorption is basically converted into CO and CO, gas
products, when the gas output rate and exothermic intensity are
the highest, then the maximum exothermic intensity of oxidation
corresponding to coal is expressed as:

Vo (T)
V2, (T) + V2, (T)
L Ve D
VO (T) + Vo, (T)

qmax (T) = Vo(T) - AH®

Vo (T) - AH®®: (21)

Where, ¢max(T) is the maximum oxidative heat liberation
intensity; V%, (T) is the CO gas production rate at standard

CO gas
production rate at standard oxygen concentration, mols'-cm;

oxygen concentration, molst-cm?; V%, is the
co

V(T) is the production rate, mols'-cm™ VP, is the CO, gas
production rate at standard oxygen concentration.

If only part of the oxygen consumed by adsorption produces
CO and CO, gas, and part of it is in the intermediate state of
chemisorption, when the gas yield and exothermic intensity are
minimum, then the minimum oxidative exothermic intensity
corresponding to coal is expressed as:

Quin (T) = AH" - [V (T) = VO, (T) = Vi, (T)] + AH - VO, (T)
+AH - Vi, (T)
(22)

Where, gmin(T) is the minimum oxidative heat liberation
intensity.
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In this way, it can be considered that there is a maximum heat
liberation intensity (upper exothermic intensity) and also a
minimum heat liberation intensity (lower exothermic intensity)
in the exothermic process of coal oxidation.

The actual exothermic intensity of coal is between the upper and
lower limits, which is expressed as gmin < qo(T) < gmax- Therefore,
the exothermic intensity of coal is in an interval of variation, by
which the reasonableness of the exothermic intensity results can also
be judged.

3.2 Analysis of CSC limit parameters

3.2.1 Minimum oxygen concentration

When the oxidation of coal occurs, high oxygen concentration
causes the adsorption of oxygen by coal to increase and the amount
of reaction and heat release also to increase, while the opposite is true
when the oxygen concentration is low. Therefore, there exists a value
of oxygen concentration at which the heat release of coal is equal to
the heat dissipation, and this oxygen concentration is the minimum
oxygen concentration C,,, for the oxidation and spontaneous
combustion of coal. The expression for the minimum oxygen
concentration when the temperature of the coal body does not
increase is (Wang et al.,, 2023):

hx qo(T.) 4A,

Qs =55 p,Co(Tc~T,) hp,C,

(23)

Where, Q nqx is the maximum wind leakage intensity in broken
coal, cm®cm™s",

3.2.3 Minimum coal thickness

Under natural conditions, a certain thickness of coal
accumulation is the material condition for coal oxidation heating.
The premise for coal oxidization and self-heating is that the
oxidation heat release is greater than the heat dissipation. The
oxidation heat release and heat accumulation of coal is related to
the coal volume. Under normal conditions, the temperature, air
leakage intensity and heat dissipation conditions around the coal
body are constant, so the thickness of coal volume is the main
influencing factor of coal oxidation self-heating. The minimum coal
thickness refers to the coal thickness when the heat release from the
oxidation of floating coal is equal to the heat dissipation, which is the
limit parameter to determine whether the rise of coal temperature
occurs. Therefore, when the temperature of the coal body is
maintained constant (that is, the heat release is equal to the heat
dissipation), the minimum coal thickness expression relationship is

(Wang et al., 2023):

L _PCQTT) V(p,CoQ) (Te~T,)" +8heciy (To)(T2~T,)
" 9o (Te)

(29)

Where, h i, is the minimum coal thickness, m; p, is the coal
density, gcm™; C, is the specific heat of air, J-g"-K™'; Q is the air
leakage intensity in broken coal, cm®cm™s™; T, is the coal
temperature, K; T, is the surrounding rock temperature, K; A, is
the coal thermal conductivity, J-cm™-s-K™'; g,(T.) is the oxidative
heat liberation intensity of coal at temperature T..
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4 Experiment on the determination of
CSC characteristic parameters

4.1 Experimental device

The coal sample adiabatic natural oxidation experiment firing
period test device mainly consists of adiabatic closed reactor, air
supply
chromatography analysis system, mass and moisture change

system, temperature detection and control, gas
detection system and control system. The experimental system
composition and structure diagram are shown in Figure 2.

In this experiment, high-pressure air and nitrogen cylinders were
selected to eliminate the influence of water in the air, and then dry air
oxidation experiments were carried out. Two gas mass flow controllers
were combined to carry out gas distribution to realize oxidation

temperature rise experiments with different oxygen concentrations.

4.2 Experimental procedure

About 40 kg of fresh lump coal without sprinkling, spraying and
other fire prevention measures were collected from the coal wall of
410 working face of Huangling No.2 coal mine, wrapped with plastic
film and then sent to the laboratory in plastic bags.

4.2.1 Experimental method

The experimental coal sample of Huangling No. 2 was formed in the
Jurassic period, and the coal type is a weakly viscous coal with a relatively
low degree of meta-morphism. Before conducting the spontaneous
combustion characteristics test experiment, a small number of
samples were taken for the industrial and elemental analysis to
determine the coal quality characteristics of the experimental coal
samples. The experimental results are shown in Table 1.

In this experiment, the broken coal samples were carried outin a
nitrogen-filled inerting box. First, the coal samples were broken into
small pieces, and then put into the nitrogen-filled crushing tank to
be broken. The broken mixed coal samples were sampled and sieved.
The particle size distribution of the broken coal samples is shown in
Table 2, and the experimental conditions are shown in Table 3.

4.2.2 Experimental procedure

The lump coal was broken under nitrogen protection and then
loaded into an 8 L experimental furnace with 7.1 kg coal sample. The
detection point, control system and gas circuit were connected, and
the system was thoroughly checked, and the system was tested by
passing nitrogen gas, mainly checking the operation of software and
hardware. The heating, cooling and constant temperature tests were
carried out, followed by the start of the experiment, which lasted
38 days in total.

During the natural temperature rise of the coal sample, the
maximum temperature of the coal sample in the furnace was
constantly changing, developing from 30.05 °C to 180.12 °C. In
the experiment, the ambient temperature tracked the next highest
point of temperature in the coal body, and 0.1-0.5 “C below the next
highest point was used between 30 and 80 °C, and between 0.5 and
1 °C below the next highest point was used after 80 °C. Under the
experimental conditions, removing the nitrogen protection and
other influencing times, the

experimental  spontaneous
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FIGURE 2

Schematic diagram of the control system of the experimental firing period test bench for small coal volume. 1- Nitrogen bottle; 2- Air Bottle; 3- Gas
mass flow control; 4/5- Chromatographic analysis; 6- Gas Analysis; 7- Drying tube; 8/12- Electronic balance; 9- Differential pressure meter; 10- Auxiliary
temperature control; 11- Main control temperature; 13-32-channel high precision temperature acquisition; 14/15- Solid state regulators; 16- Analog

output; 17-485/232 to USB; 18- Computer.

TABLE 1 Industrial and elemental analysis of experimental coal samples.

Samples

Industrial analysis (%)

Maqg Aq Vdaf H

Elemental analysis (%, da)

Coal formation period Coal type

0) N

Huangling 3.51 10.36 29.55 78.98 4.82

TABLE 2 Particle size distribution of Huangling No.2 coal.

Particle size (mm)

14.62 1.20 0.4

Jurassic RN

0.25-0.6 0.15-0.25

Frequency (%) 33.37 4.56 12.07

3.75 10.85 16.13 19.27

Note: "+" is not passed through the sieve, "-" is passed through the sieve.

TABLE 3 Experimental conditions.

Furnace Coal

high (cm)

Average particle size

dso (mm)

2.21 50 8.5 37

combustion time of the natural oxidation temperature rise of
Huangling No.2 coal was 34 days. Considering some influencing
factors, the evaporated amount of water absorbed in the drying tube
during the experiment was 328.04g, and the weight of coal was
reduced by about 208 g com-pared with that before the experiment.

5 Results and discussion
5.1 Analysis of temperature fields
During the natural oxidation heating of experimental coal

samples, the temperature of the experimental coal samples is
related to the time, air leakage intensity, exothermic and heat

Frontiers in Materials

high (cm)

Void
ratio (%)

Coal
weight (g)

Coal
volume (cm?3)

Furnace
volume (cm?3)

11,343 8,394 7,100 0.37

dissipation conditions. The variation of the temperature of the
high-temperature point in the experimental coal body with time
is shown in Figure 3. Figure 4 and Figure 5 show the position of
high-temperature point in the coal body and the rate of temperature
change with time and coal temperature during the natural oxidation
and warming process, respectively.

From Figure 3, Figure 4 and Figure 5, it can be seen that the
temperature of coal rises very slowly during low-temperature
oxidation, and the temperature of coal rises generally not more
than 0.5 °C per day before 35 °C, and about 1.2 °C per day after 40 °C,
and the daily heating rate is generally increased gradually compared
with the previous day. When the experiment was carried out on the
30th day, the maximum temperature inside the coal sample reached
74.59 °C, and the heating rate of the coal sample was accelerated
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FIGURE 4
Experimental high-temperature point temperature and
temperature change rate with experimental time.

significantly, and this temperature was the critical temperature for
the acceleration of the autothermal heating of coal oxidation. When
the experiment reached 33 days, the maximum temperature of the
coal sample reached 104.93 °C, and the heating rate of the coal
sample began to increase rapidly again, at which time the coal
sample entered the dry cracking temperature and C,H, gas already
appeared. At 33.9 days, the heating rate was dramatically
accelerated, and the corresponding coal temperature is 143.5 °C,
that is, the cracking temperature.

It can also be seen that the heating rate is 0.7 °C/h when the coal
temperature exceeds 104.93 °C, and the heating rate is 4.2 °C/h and
46.08 °C/h at 143.48 °C and 169.96 °C, respectively, and reaches
60.96 °C/h when the coal temperature exceeds 180.12 °C. In addition,
in the process of spontaneous combustion experiment, the
temperature difference in the coal at the initial stage of air intake
is very small, and the overall temperature of the coal rises slowly,
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The relationship between outlet gas (O,, CO, CO,) concentration
and coal temperature.

gradually showing a slightly higher temperature in the middle.
When the highest temperature of the coal sample reached about
64 °C, the high-temperature point began to move down from the
middle to the bottom near the inlet air.

5.2 Analysis of index gas

During the natural temperature rise, the various index gases and
their corresponding maximum furnace temperatures at the top take-
off point of the experimental furnace are shown in Figure 6 and
Figure 7. Figure 6 is the relationship between the outlet gas (O,, CO,
CO,) concentration and coal temperature, and Figure 7 shows the
(CHa CoHe,
temperature. It can be seen that CO gas starts to appear at the
beginning of the experiment, and the concentration of CO gas
increases exponentially during the heating process, which can be

organic gas CH,) concentration versus coal
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used as an index gas. And CH, and C,Hg start to appear in large
quantities at the beginning of heating, accompanying the whole
experiment. With the increase of coal temperature, the gas
concentrations of CH, and C,Hg begin to decline, and C,Hg
drops faster than CH,, indicating that coal contains adsorbed
CH, and C,Hy, and C,Hg is adsorbed more, so they are not
recommended to use them as the indicator gas. C,H, starts to
appear after 88.16 °C, and it increases with the increase of coal
temperature.

The relationship between various index gas ratios and coal
temperature is shown in Figure 8. It can be seen that the CO,/
CO value shows an overall decreasing trend with the increase of
temperature, with a faster decrease in the early stage of the
experiment and a slower change after the critical temperature
point. Therefore, the CO,/CO value can be used to judge the
trend of temperature change. C,H,/C,Hg¢ shows an increasing
trend with the increase of temperature after 88.16 °C. CH4/C,Hg
changes more steadily in the early experimental period, increases

Frontiers in Materials

it can be neglected in the calculation. Therefore, heat removal by
evaporation of water can be simplified as:

Q=C-Am (26)

Figure 9 shows the relationship between water evaporation and
the amount of heat taken away and the temperature. It can be seen
that the water evaporation in the early stage of the experimental
process is very little, and when the temperature is in the range of 74.59
°C-79.12 °C, the water evaporation starts to increase sharply, and the
corresponding temperature is near the critical temperature. This
indicates that: (1) The heat taken away by water evaporation near
the critical temperature also increases sharply, and the heat taken
away will also increase the temperature of the coal at other locations.
(2) The evaporation of water increases the contact area between coal
and oxygen, which promotes the oxidation of coal to warm up (Reich
et al,, 1992). On the other hand, as the temperature rises, the water
produced by the intrinsic moisture and oxidation reaction of the coal
also begins to precipitate. According to the industrial analysis, it is
known that the water content of the Huangling coal sample is 3.51%,
and the proportion of actual water evaporation is about 4.6%, which
indicates that the proportion of crystallized water as well as water
produced by oxidation reaction in the later coal is about 1.1%.
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FIGURE 10
The relationship between CO and CO, production rate and coal
temperature in the process of coal natural heating.

5.4 Oxygen consumption rate and
exothermic intensity

The variation of CO and CO, production rates with coal
temperature is shown in Figure 10. It can be seen that the CO and
CO, production rates do not change much when the coal temperature
is below the critical temperature of 74.59 °C, while the gas production
rate starts to increase gradually when the critical temperature is
exceeded. It can be seen that the production rate of CO, is higher
than that of CO for the following reasons: (1) During coal combustion,
carbon and hydrogen react with oxygen to form carbon dioxide and
water vapor. However, at high temperatures, the reactive material in
the coal may not burn completely, resulting in the formation of CO.
Although CO is also one of the combustion products, it is easier to
form than CO,. Therefore, at high temperatures, the carbon in coal
can be more easily converted into CO,. (2) The rate of chemical
reaction usually increases with the increase of temperature. When the
coal temperature exceeds the critical temperature, the reaction rate
increases, including the rate of CO, generation. Higher temperatures
can provide more activation energy, making the reaction rate increase.
(3) The generation of CO depends on the availability of oxygen in the
coal, when the coal temperature exceeds the critical temperature,
oxygen can more fully react with the carbon in the coal to form CO,.
At low temperatures, the availability of oxygen is low, so the rate of
CO, production is relatively high. By substituting the experimental
test parameters of the kilogram-level coal spontaneous combustion
experimental device, the oxygen concentration, and CO and CO,
production parameters during the natural temperature rise into
Equations 19-22, the oxygen consumption rate and the exothermic
intensity during the coal spontaneous combustion experiment can be
calculated (Figure 11; Figure 12). Figure 11 shows the relationship
between oxygen consumption rate and coal temperature, and
Figure 12 shows the relationship between maximum, minimum
and actual exothermic intensity with coal temperature. It can be
seen that the actual exothermic intensity is between the maximum
When the
exothermic in-tensity of oxidative spontaneous combustion of

exothermic and minimum exothermic intensities.
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The relationship between the exothermic intensity of oxidative
coal spontaneous combustion and coal temperature.

Huangling No.2 coal was calculated by the bond energy estimation
method, the actual exothermic intensity was similar to the minimum
leakage intensity before the critical temperature. This indicates that
the coal-oxygen composite is dominated by chemisorption at the early
stage of oxidation, and the actual exothermic intensity starts to be
similar to the maximum exothermic intensity after reaching near the
dry cracking temperature, and the coal-oxygen chemical reaction
dominates at the later stage.

5.5 Spontaneous combustion limit
parameters

Substituting the oxygen consumption rate and exothermic

intensity results of Figure 11 and Figure 12 into Eq. 23 and Eq.
24, the thermal conductivity of broken coal is taken as
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0.85 x 107 J cm™s".K™", and the ambient temperature of the coal
seam is taken as 25 °C, the minimum oxygen concentration of each
corresponding temperature and coal volume in the range of coal
temperature from 30°C to 180 °C and coal volume thickness from
0.7 to 2m can be obtained as shown in Figure 13, and the
corresponding maximum air leakage intensity is shown in
Figure 14. When the air leakage intensity is in the range of 4 x
107 to 0.02 cm® cm2s’!, the limit coal thickness is obtained as
shown in Figure 15.

It can be seen from Figure 13 that the greater the thickness of
broken coal at the same temperature, the lower the minimum
oxygen concentration necessary for CSC. In other words, a very
low oxygen concentration can support the oxidative spontaneous
combustion of coal. At a temperature of 30 °C and a floating coal
thickness of 2m, a 3% oxygen concentration can still provide
conditions for coal oxidation. Under the condition of 40 °C,
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Ultimate coal thickness at the corresponding coal temperature
and air leakage intensity.

25.83% oxygen concentration is required for a 0.7 m floating
coal, which is impossible to achieve under normal conditions, so
it will not spontaneous combustion.

As can be seen from Figure 14, the greater the thickness of
broken coal is, the greater the maximum air leakage intensity of CSC
at a certain temperature is, that is, the thicker the floating coal is, the
worse the heat dissipation of the coal body is, and the better the heat
storage is. On the contrary, the smaller the thickness of floating coal,
the lower the maximum air leakage intensity of CSC. The maximum
air leakage intensity of the coal body at temperature 40 °C and 0.7 m
is negative, which means that spontaneous combustion of the coal
body is not possible under this condition.

It can be seen from Figure 15 that the greater the air leakage
intensity within the coal body when the coal temperature is certain, the
better the heat dissipation of the coal body, and the thickness of floating
coal required for spontaneous combustion increases accordingly. On
the one hand, it is due to the oxidation exothermic intensity of the coal
body being large enough, and on the other hand, the heat storage of the
coal body is ensured. 0.7 m floating coal thickness in the case of 40 “C is
not likely to spontaneously combust, indicating that as long as the
floating coal thickness is lower than 0.7m, spontaneous combustion will
also not occur.

6 Conclusion

In this paper, the main macroscopic characterization parameters
of coal spontaneous combustion were determined by testing
Huangling No.2 coal using a self-designed kilogram-level coal
spontaneous combustion experimental device, and the main
conclusions were obtained as follows.

(1) The minimum amount of coal that causes thermal storage and
warming is 1.32 kg, and the experimental system of natural
oxidation and adiabatic heating of kilogram-level coal is
designed, and the amount of coal required for the experiment
is only 7-8 kg. Completed a small sample natural ignition test of
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Huangling No.2 coal, and measured the experimental natural
ignition period of 34 days for this coal sample.

—
S
~

On the 30th day of the experiment, the highest temperature in
the coal sample reached 74.59 °C, which was the critical
temperature for the acceleration of coal oxidation self-
heating. When the experiment was carried out for 33 days,
the maximum temperature of the coal sample was 104.93 °C. At
this time, the coal sample entered the dry cracking temperature,
and C,H, gas had appeared. At 33.9 days, the heating rate
accelerated sharply, and the corresponding coal temperature
was 143.5 °C, which was the cracking temperature.

The CO gas started to appear in the Huangling coal sample at the
beginning of the experiment, and the increase of CO gas
concentration was exponential during the heating process,
which can be used as an index gas. The CO,/CO value showed
an overall decreasing trend with the increase of temperature. It
decreased rapidly in the early stage of the experiment and changed
slowly after the critical temperature point. This ratio can be used to
judge the trend of temperature change.

—
N
=

In the early stage of oxidation, the coal-oxygen complex is
dominated by chemical adsorption, and the actual exothermic
intensity starts to be similar to the maximum exothermic
intensity after near the dry cracking temperature, and the
coal-oxygen chemical reaction dominates.

(5) Under the temperature condition of 40 °C, the floating coal of

0.7 m needs 25.83% oxygen concentration, and the maximum
air leakage intensity of the coal body is negative, and no
spontaneous combustion will occur.
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