Arabian Journal of

CHEMISTRY

https://arabjchem.org '.)

ScientificScholar®
) Knowledge is power

Publisher of Sc

Arabian Journal of Chemistry

ntific Journals

2025 18 (3) 3372024

Original Article

Optimization study of CO, inerting parameters in goaf based on coal sample oxidation
characteristics

Shuoran Huang""', Zongxiang Li*", Yu Liu®", Ji Wu*"

College of Safety Science and Engineering, Liaoning Technical University, Fuxin, Liaoning 123000, China
Key Laboratory of Mine Thermodynamic Disaster & Control of Ministry of Education, Huludao, Liaoning 125105, China

ARTICLE INFO ABSTRACT

Keywords:

CO, inerting parameters

Oxidation characteristics

Sealed coal oxidation experiment
Spontaneous combustion "three zones"

The spontaneous combustion of residual coal in Goaf seriously threatens the safety of coal mining. Injecting CO,
into goaf can prevent the spontaneous combustion of residual coal and store CO,. The suffocated (steady state)
oxygen concentration of coal samples is a key indicator for evaluating the effectiveness of CO, inertization.
To enhance the accuracy of the CO, injection parameter design, the suffocated oxygen concentration of the
Jiudaoling (JDL) coal samples was determined through sealed oxidation experiments. Combined with field
measurements and numerical simulations, a numerical model of the Goaf was established, and the suffocated
oxygen concentration was applied to the study of CO, inerting characteristics in the (Jiudongling) JDL coal
mine. The study results demonstrate a positive correlation between the degree of coal metamorphism and the
suffocated oxygen concentration. With the gas injection port moving away from the working face, the maximum
extent of the oxidation zone initially decreased and then increased. The relationship between the CO, injection
rate and width of the spontaneous oxidation zone is inversely exponential. The optimal injection location was
determined to be 43 m from the working face on the intake air side, with an optimal injection rate of 156.9 m?®/h.

1. Introduction

Currently, approximately 95% of coal extraction in China occurs
underground [1]. In key coal mines across the country, the proportion
of mines severely affected by coal spontaneous combustion (CSC) is as
high as 56% [2]. Due to the ongoing reduction of surface coal reserves,
coal mining is transitioning into the phase of deep extraction. The
increase in coal mining depth leads to higher coal seam gas content
and mining temperatures, which in turn amplifies the propensity for
CSC [3], a phenomenon frequently observed in Goaf. Due to its slow-
burning process and lack of visible flames, the fire source is difficult to
locate, resulting in prolonged burning [4,5]. Additionally, CSC in mines
results in the production of substantial toxic gases, which not only
disrupts the efficient operation of the mine ventilation system but also
may lead to toxic gas accumulation and explosions, thereby posing a
significant risk to miners' safety [6-8]. Therefore, effectively preventing
and controlling the occurrence of CSC in Goaf is of utmost importance.

Identifying the "three zones" of spontaneous combustion within
Goaf establishes a foundational theory for the prevention and control of
CSC. The determination of the "three zones" of spontaneous combustion
in goaf mainly utilizes three approaches, centered on the measurement
of wind velocity through leaks, O, concentration, and the rate of
temperature increase, with the approach based on O, concentration
being commonly applied in engineering practice [9-11]. Xu et al. [12]
carried out a theoretical, quantitative study of the delineation of the
“three zones” in Goaf, proposed the concept of minimum safe advance
speed, and provided a calculation method. Xie et al. [13] conducted
an examination of the distribution condition of floating coal in goaf

and proposed a theory that spontaneous combustion "three zones" are
present in both the longitudinal direction and the vertical extent of
the goaf and mining face. Building on this, they further introduced
the concept of spatial spontaneous combustion "three zones" and
considered key indicators such as O, concentration and floating coal
thickness in the delineation process. Song et al. [14] proposed criteria
for delineating the spontaneous combustion "three zones" in high-gas
goaf areas, considering the dilution and oxidation consumption of
methane in goaf. Wei et al. [15] used O, concentration as a standard
to delineate the spontaneous combustion "three zones" within the Goaf
and found that the “Y” ventilation system, in contrast to the “U” system,
led to an expansion in both the depth and breadth of the cooling and
oxidation zones within the goaf. Gui et al. [16] explored the effects of
the airflow ratio between the conveyor alley and the return airway on
the distribution of the spontaneous combustion “three zones” within
the goaf. The study found that an increase in the airflow ratio led
to a proportional expansion of the oxidation zone's width within the
goaf, while the impact on the cooling zone was relatively minor. The
delineation of spontaneous combustion “three zones” within a goaf
typically employs an O, volume fraction of 8% or 10% to serve as the
demarcation standard between the oxidation zone and the suffocation
zone [17]. However, this generalized approach does not fully consider
the actual production conditions of coal samples, nor does it provide
a sufficiently accurate basis for the precise assessment of spontaneous
combustion risks in specific coal mine goaf areas [18].

Injecting inert gases such as N, and CO, into the goaf is a crucial
strategy for the management and suppression of CSC within the goaf.
The CO, fire prevention and extinguishing technology, due to its
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heavy gas sinking properties, offers advantages such as high inerting
efficiency, good explosion suppression performance, and low cost,
and has gradually gained attention and widespread application in
the field of goaf fire prevention and extinguishing [19,20]. Due to
the particularity of goaf, it is difficult for personnel to safely enter
the area [21]. Hence, Computational Fluid Dynamic (CFD) tools are
extensively utilized within the domain of goaf inerting technology
[22]. Hao et al. [23] studied the influence of CO, injection location on
the temperature of high-temperature spots within the oxidation zone
of the goaf. Their findings indicate that as the CO, injection location
moves progressively further from the working face, the temperature
at the high-temperature spots in goaf initially drops rapidly and then
gradually increases, exhibiting a linear growth pattern. Huang et al.
[24] found that the absence of overlap between the inerted zone and the
spontaneous combustion hazard zone is the fundamental reason for the
low effectiveness of inerting. Consequently, they adjusted the inerting
parameters to reduce the diffusion of inert gas into non-target areas.
Qiao et al. [25] compared the oxidation zone areas after injecting N,
boiler gas, and CO, into the goaf and found that the oxidation zone area
was smallest when CO, was injected. Additionally, they determined the
critical injection rate of CO, to be 1750 m?/h. The width of the oxidation
zone is a core indicator for evaluating the effectiveness of inerting.
However, research on determining the extent of the oxidation zone
based on the oxidation characteristics of coal seams and optimizing the
gas injection parameters in goaf remains relatively scarce.

Therefore, in this study, a sealed coal oxidation experiment
was utilized to ascertain the oxidative traits of coal specimens.
Consequently, the spontaneous combustion “three zones” were
precisely delineated, and the experimental results served as the basis for
numerical simulation. By combining numerical simulations with field
measurements, a three-dimensional model of the goaf was established
to study the effects of injection port location and injection rate on the
CO, inerting effectiveness in goaf. The optimal injection port location
and injection rate were ultimately determined, which established a
theoretical foundation for the optimization of CO, fire prevention and
extinguishing techniques in goaf.
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2. Materials and Methods

2.1. Sealed coal oxidation experiment

The process of CSC is typically categorized into three distinct phases:
the initial incubation phase, the subsequent self-heating phase, and the
final burning phase [26]. The initial incubation period is a critical stage
for preventing CSC and monitoring coal mine fires [27]. To obtain the
steady state oxygen concentration of coal samples during the initial
incubation period under continuously varying oxygen concentrations,
which was used as the criterion for dividing the oxygen concentration
of the suffocation zone in the simulation, this study employed a sealed
oxidation experiment.

2.1.1. Coal sample preparation

The study involved three coal samples with different degrees of
metamorphism, collected from JDL (Jiudaoling), DW (Duanwang),
and DY (Dayan) mines. The block coal samples, sourced from the coal
mining face, were sealed and then conveyed to the laboratory. There,
they were crushed using a crusher and subsequently sieved to produce
small coal samples with a particle size of 0 to 2 mm for experimental
use. The process of preparing the coal samples has been shown in
Figure 1.

2.1.2. Experimental apparatus

The experimental apparatus includes a coal sample can, a constant
temperature chamber, a gas flowmeter, a gas concentration sensor
chamber, an air pump, a preheat tube, a thermocouple, and a computer.
The experimental setup is shown in Figure 2. The coal sample can is a
metal can with certain thermal insulation properties. The can is placed
in a constant temperature chamber, with the temperature set at 30°C.
The gas concentration sensor chamber contains an electrochemical
0, sensor, which is utilized for tracking the O, concentration within
the sealed experimental circuit. The O, sensor has a range of 0-25%.
The air pump is a diaphragm circulation pump with good sealing

Lump of coal Crusher

Figure 1. Coal sample preparation process.
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Figure 2. Sealed oxidation experimental apparatus.
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properties. The temperature measurement device employed is a K-type
thermocouple, which serves to track the temperature fluctuations within
the coal specimen. The coal sample was preheated to the experimental
temperature, the air pump was activated, and the gas flowmeter was
adjusted to open the closed circuit, allowing a large volume of air to
be rapidly injected into the pipeline. Once the O, concentration within
the experimental setup matched the ambient air concentration, the
experimental pipeline was resealed to conduct the sealed oxidation
experiment, and the changes in O, concentration during the experiment
were recorded.

2.1.3. Calculation principle of the sealed oxidation experiment

In a sealed environment, the total amount of gas in the experimental
pipeline and coal sample remains unchanged. During the incubation
phase of CSC, the sample experiences gradual oxidation, leading to a
persistent decline in the O, concentration within the gas and eventually
reaching a steady state.

The O, concentration c(t) is approximately in accordance with a
negatively exponential distribution, as shown in Eq. (1) [28]:

c(r)=C,+(C,~C,)-e " )

where C, is the steady state value of the O, concentration, %. C, is the
original O, concentration, %. A, is the O, concentration decay rate, min‘.
7 is the time, min.

When the O, concentration is C,, the volume O, depletion rate within
the coal specimen vessel, as shown in Eq. (2) [29].

y =-0.44647.(c, - c,) )

where, v is the volume O, depletion rate when the O, concentration
is C,, mol/ (m® min).

2.2. On-site testing

In order to clearly define the extent of the spontaneous combustion
“three zones” in the goaf of the JDL coal mine and to provide the
necessary support for the CO, injection simulation within the goaf. The
0, concentration within the goaf was tracked using tubes that were
embedded in advance, capturing the variations in O, concentration as
the mining face progressed. The positions of the sampling pipelines have
been shown in Figure 3, where they are installed in both the intake and
return airways. The set of tubes located on the intake airway is marked
as 1#, while the set of tubes on the return airway is marked as 2#.

2.3. Numerical simulation

ANSYS FLUENT is one of the advanced commercial Computational
Fluid Dynamics (CFD) software packages. Using this software, a CFD
model was established, and the distribution of oxygen concentration in
goaf was simulated under different gas injection parameters.

2.3.1. Model construction

According to the circumstances pertaining to the E1S6 mining face
within the JDL coal mine, a physical model of the goaf was constructed,

AN

Return airway

Intake airway

Figure 3. Tube bundle layout diagram.
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Figure 4. Goaf model.

as has been illustrated in Figure 4. The modeling origin point (0, 0, 0)
is located at the bottom intersection of the return airway working face
and the goaf. The dimensions of the goaf are 400 m x 150 m x 25 m
(length x width x height), the intake airway is 30 m x 4.5 m x 3 m, and
the return airway is 30 m x 5.83 m x 3 m. The scale ratio of the model
size to the real size was 1:1.

2.3.2. Parameter settings

In this model, the boundary at the inlet is defined as a ‘velocity-
inlet.” The entrance of the intake airway at the working face is defined
as ‘inletl,” while the injection point is identified as ‘inlet2,” and the
terminus of the return airway is designated as ‘outflow.” The boundaries
at the junction of the working face with the goaf, along with those
between the working face and the intake and return airways, are
designated as ‘interface.” All external boundaries, excluding the intake
and return airways, are established as ‘walls.” The Re-Normalisation
Group (RNG) k-¢ modeling approach is utilized, with Gambit
automatically setting the complete three-dimensional domain as a fluid
region. The goaf is a heterogeneous porous medium, and the RNG k-¢
turbulence model can effectively handle complex flows with high strain
rates and large streamline curvatures [30]. It can also adjust turbulence
parameters according to the characteristics of the porous medium,
thereby adapting to the complex medium environment. Considering
that the fluid flow within the goaf is turbulent at low Reynolds numbers,
the Differential Viscosity Model is chosen. The goaf is meshed with
hexahedral elements, with a mesh size of 0.5 m. The injection ports are
set within a range of 20 to 60 m along the intake airway of the working
face, with a total of five injection ports. The interval between each
injection port is 10 m, and the CO, concentration at the injection ports
is set to 100%. The parameter settings are shown in Table 1.

2.3.3. Model reliability

Figure 5 illustrates the O, concentration distribution within the goaf
when no additional CO, has been injected. Based on the steady-state O,
concentration obtained from experiments, the simulation results were
analyzed, delineating the intake side of the goaf into a 48 m cooling
zone, a 167 m oxidation zone, and a 185 m suffocation zone. For the
return side, the oxidation zone is 98 m wide, and the suffocation zone
stretches to 302 m. The relationship between the actual measured O,
concentration values within the goaf and the distance from the working
face has been depicted in Figure 6. According to the fitting results,
the dimensions of the oxidation zone span approximately 163 m on
the intake side of the goaf, while on the return side, they are around
99 m. Comparison with numerical simulation results demonstrates that
the error in the intake side's oxidation zone extent is 2.3%, and on
the return side is 1.02%, thereby confirming that the computational
outcomes of the constructed model have a high degree of reliability.
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Table 1. Physical model parameters.

Category Simulation condition

Inlet boundary condition Velocity-inlet

Outlet boundary condition Outflow

Goaf 400 mx150 mx 25 m; RNG k-¢, Differential
Viscosity Model

Working face 150 mx 4.0 mx 2.8 m

Return airway 30 mx4.5 mx3m

Intake airway 30 m»5.83 m»x3m

RNG: Re-normalisation group

[
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Figure 5. Initial O, concentration distribution.
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Figure 6. Curve of measured O, concentration versus distance from the working face
in the goaf.

3. Results and Discussion

3.1. Suffocated (steady state) oxygen volume fraction

As the oxidation reaction of the coal sample continues, the oxygen
concentration gradually decreases and eventually reaches a stable
oxygen concentration. Figure 7 illustrates the trend line correlating
the oxygen concentration from the sealed oxidation experiment with
elapsed time.

Coal is a complex macromolecular organic substance. During the
coal formation process, a range of elements, including geological
actions and storage conditions, exert influence, resulting in different
degrees of metamorphism. With the escalation of metamorphic grade
in coal specimens, the content of volatile matter and the number of
active functional groups in the coal decrease, leading to a reduction in
the oxidation trait of the coal [31,32]. Table 2 illustrates that with an
increase in the metamorphic grade of the coal sample, both the decay
rate of O, concentration and the volumetric O, depletion rate within the
device decrease while the steady-state oxygen concentration increases.
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Figure 7. Oxygen concentration versus time curve. DY: Dayan, JDL: Jiudaoling, DW:
Duanwang.

Table 2. Oxidation parameters of coal samples at different levels of
metamorphism.

Coal sample Coal variety Ac (min?) C, (%) y (mol m* min)
DY Brown coal 1.47x10° 4.41 1.0856x102
JDL Long flame coal 1.16x10% 7.06 6.759x10%
DW Meager coal 6.00x10 18.24 1.0856x10*

DY: Dayan, JDL: Jiudaoling, DW: Duanwang.

Significant differences exist in the steady-state oxygen concentration
among coal specimens exhibiting varying levels of metamorphic
change. Therefore, dividing the spontaneous combustion “three zones”
utilizing the oxidative traits of coal samples is critically significant.
The key oxygen concentration for the suffocation zone (steady state)
of JDL coal samples was determined to be 7.06%, providing a basis for
simulation.

3.2. CO, injection parameters
3.2.1. Selection of CO, injection port location

To determine the optimal location for CO, injection, five injection
ports were set on the side near the intake airway. Under the condition
of a fixed CO, injection rate of 420 m*/h, simulations were conducted to
determine the O, concentration distribution within the goaf for various
injection port positions away from the working face. Since the relative
molecular mass of CO, is greater than the average molecular mass of
air, when CO, gas is injected into the goaf, it typically accumulates
on the goaf floor due to the influence of gravity. This accumulation
phenomenon affects the distribution of O, in the goaf, reducing its
concentration through displacement effects and driving some CO, to
move towards the top of the goaf. This results in a decrease in the
interaction surface between oxygen and leftover coal on the floor of the
goaf, consequently mitigating the oxidative processes of the leftover
coal within the goaf and reducing the expanse of the oxidation zone.
Table 3 illustrates the O, concentration distribution within the goaf
across various CO, injection locations.

In contrast to the broadest extent of the oxidation zone within the
goaf in the absence of CO, injection, the zone extent was reduced by
89.6% following CO, injection at the x = -20 location. However, this
reduction rate is the lowest among all five injection port locations
examined. The occurrence of this situation is mainly attributed to the
intense leakage around the working face, which leads to rapid CO, gas
flow back, affecting uniform coverage throughout the entire goaf. As the
separation from the injection point to the working face grows, the effect
gradually lessens. However, with greater distance from the injection
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Table 3. O, concentration distribution in goaf at various CO, injection locations.
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1=46.332-2.52367x+7.437% 101,24 10%*+8.6625% 10°x*
Theoretically, increasing the CO, injection rate can more effectively 8 : L . L : 0
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displace O, in goaf, thereby narrowing the extent of the oxidation
zone and curbing the CSC within the goaf. However, increases in
injection rates, if unlimited, not only lead to rising costs but also may
cause excessive CO, to backflow into the return airway, resulting in

Figure 8. Variation of maximum oxidation zone extent with gas injection port position.

Distance between the gas injection port and the working face (m)
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Table 4. Distribution of O, concentration in goaf under varying injection rates.
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Injection rate/ (m%/h) 0, Concentration Z=1
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concentration exceedances. Therefore, it is crucial to determine a
reasonable CO, injection rate. At an injection port distance of 43 m
from the working face, simulations were conducted with injection rates
of 90, 150, 210, 270, and 360 m?/h. The simulation results have been
shown in Table 4. With the augmentation of the injection rate, there is
a progressive reduction in the maximal breadth of the oxidation zone.
Figure 9 illustrates the relationship between the CO, injection rate and
the distribution of the O, in goaf.

The average advancement rate of the JDL E1S6 working face is 1.8
m/d, and the shortest spontaneous combustion period is 21 days.

The maximum allowable extent of the oxidation zone in goaf, as
shown in Eq. (3).

L =vr 3

where L is the maximum allowable extent of the oxidation zone, m.
v is the daily advance rate of the working face, m/d. r is the shortest
spontaneous combustion period, d.

The maximum allowable extent of the oxidation zone in goaf was
calculated to be 37.8 m, with the corresponding minimum CO, injection
rate of 156.9 m®/h, which should be considered the optimal injection
rate for CO, injection in goaf of JDL coal mine.

Maximum extent of the oxidation zone
Curve of maximum oxidation zone extent versus injection flow

100

80

60

40

Maximum extent of the oxidation zone (m)

20

50 100 150 200 250 300 350 400
Injection rate (m>-h)

Figure 9. Variation of maximum oxidation zone extent with gas injection rate.
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4, Conclusions

In this paper, through sealed oxidation experiments, field
measurements, and numerical simulations, the key oxygen
concentration of the suffocation zone for JDL coal samples was
determined. This critical oxygen concentration was then applied to the
numerical simulation of CO, injection in the goaf of the JDL coal mine,
identifying the optimal injection location and rate. The focused results
can be summarized as follows:

A comparative analysis of the oxidation traits of coal samples from
JDL, DY, and DW revealed that as the degree of coal metamorphism
increases, the steady state oxygen concentration tends to rise, while
the volume oxygen depletion rate and oxygen concentration decay rate
correspondingly decrease. The correlation between the degree of coal
sample metamorphism and the changes in oxygen concentration during
the oxidation process was revealed.

Using numerical simulation methods, the extent of the oxidation
zones on the intake and return sides of the goaf were obtained as 167 m
and 98 m, respectively. The errors compared to the field measurements
for the intake and return sides were 2.3% and 1.02%, respectively. As
the distance between the injection port and the working face extends,
the maximum width of the oxidation zone demonstrates a trend of
initially narrowing before subsequently widening. The CO, injection
rate within goaf is inversely related to the extent of the spontaneous
combustion oxidation zone.

Considering the specific conditions of the JDL coal mine, the optimal
injection location was determined to be on the intake side 43 m away
from the working face, with an optimal injection rate of 156.9 m?®/h.
Future studies will delve more profoundly into the correlation between
the properties of coal oxidation and the effectiveness of CO, inertization
within the goaf.
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