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Gas is one of the necessary contributing factors for coal and gas outburst accidents, and the gas desorbed in coal is the energy carrier in the outburst process. The study of gas desorption laws is the premise and basis for gas content determination and gas accident prevention. To solve the problem of inaccurate gas content measurement due to the unclear characteristics of rapid gas desorption in 0–10 s, the gas desorption experimental device was improved, the influence factors of gas desorption were studied experimentally, and a comprehensive analysis method was proposed based on the gas desorption rate, gas desorption efficiency, initial gas desorption amount and total desorbed gas. The experiment analysed five factors that affected gas desorption, including the degree of metamorphism, type of failure, particle size, pressure and temperature. The results show that there is a monotonically decreasing power function relationship between the initial gas desorption rate and time and a monotonically increasing logarithmic function relationship between the gas desorption amount and time; the curve has a limit value. The gas desorption amount is large in 0–10 s and increases slowly afterwards. Among the factors affecting gas desorption, their importance decreases in the order of pressure > metamorphism > particle size > failure type > temperature. This study is of great practical value for the calculation of gas losses in gas content determination, and the resulting gas desorption laws are of great importance in guiding gas control work.
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1 INTRODUCTION
Excavation activities in coal mines cause the formation stress balance to be destroyed, thereby increasing the gas potential energy. Gas can be desorbed from the coal body and flooded into the mining tunnel in a very short period of time. The exposed coal is in a state of stress unloading. Under the dual action of in situ stress and gas, the coal is crumpled and damaged, resulting in the relaxation of pores and fissures. The diffusion resistance of free gas is reduced, and it continuously flows into the roadway, causing hidden dangers to production (Hao et al., 2000). The accurate determination of gas content is difficult but it is a crucial factor in coal mine production and is the premise of resource utilization and disaster prevention (Zhang, 2009; Wang et al., 2018; Wang et al., 2018b). To predict the risk of gas-related disasters, it is necessary to timely and accurately measure the initial gas release velocity and gas content.
The initial velocity of gas release (ΔP) is an important index for evaluating the risk of coal and gas outbursts in China (with ΔP ≥ 10 as the critical value). ΔP is an empirical value, and it is not accurate to use the same index under different metamorphism, pressure, temperature and other conditions (Zhang, 2006); this indicator represents the amount of gas emission in 10–60 s after atmospheric pressure adsorption but cannot reflect the instantaneous emission characteristics and actual attenuation changes of gas when different blocks are exposed. However, the instantaneous desorption and release of gas is the basic reason for the complex occurrence conditions and prominent dangers of coal gas (Fu and Yang, 2008). It is also the basis for coal seam gas content determination and outburst risk prediction (Jia and Chen, 2009; Jiang et al., 2009).
Therefore, the accurate determination of gas content and initial gas release velocity cannot be separated from the study of gas desorption laws. Previous researchers have performed much research on gas desorption, but there is a lack of research on gas release in the first 0–10 s and its influencing factors.
2 EXPERIMENTAL DESIGN
The desorption of gas in coal particles is a complex dynamic and hydrodynamic process. In the original state, the adsorbed gas, on the surface of the coal matrix or in the micropores, and the free gas in the fracture system are in a relative dynamic equilibrium. When the environmental factors around the tectonic coal change or under the action of vibration (Wang et al., 2021), the increased kinetic energy of the gas molecules is sufficient to overcome the gravitational effect of the adsorption potential well on the surface of the coal body; then, the adsorbed gas becomes free, and the adsorbed gas will be desorbed again.
The desorption of gas from coal is a complex process. First, the gas is desorbed from the adsorption state on the surface of the coal body into a free state (Wang et al., 2021b) and then desorbed from the coal body. To analyse the law of gas desorption under different conditions, based on the Langmuir adsorption model, the experimental equipment is improved, and the experimental conditions are established.
2.1 Experimental setup
The “Method for Determination of Methane Adsorption Capacity of Coal (High Pressure Volumetric Method)” (Ministry of coal industry of the people’s Republic of China, 1997) was adopted, and the experimental device was improved, which consisted of 7 units of aeration, air extraction, temperature control, adsorption, desorption, desorption rate measurement, and communication auxiliary (Table 1).
TABLE 1 | Unit equipment list of gas desorption experimental device.
[image: Table 1]The principle of the test device is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Principle picture of experimental device studying gas (CBM) desorption feature of tectonically coal.
2.2 Sample preparation
Coal samples were collected at the excavation face of the Changcun Mine in the Lu’an Mining Area and the Zouzhuang Mine in the Huaibei Mining Area. The coal was sampled from the newly disclosed coal, and its firmness coefficient and initial gas release velocity were determined. Later, it was transferred to the laboratory for sample preparation. A total of 30 coal samples with different degrees of metamorphism, failure types and particle sizes were prepared, the gas parameters were measured, and industrial analysis was performed. The characteristics of the experimental samples are shown in Table 2.
TABLE 2 | Characteristics of experimental coal samples.
[image: Table 2]2.3 Experimental steps
2.3.1 Parameter design
A large number of studies have shown that gas desorption is controlled by the degree of coal metamorphism (Grażyna and Kinga, 1998; Zhang, 2018), the type of failure (Xie, 2014; Wang et al., 2020), particle size (Wang, 2018; Tu et al., 2022), equilibrium pressure (Li et al., 2018; Li et al., 2021), temperature (Liu, 2011; Li et al., 2022), moisture (Xiao, 2010; Zhang, 2011; Chen et al., 2013; Wang et al., 2018c), electromagnetic field (Xu et al., 2003; Li and Lei, 2012; Zhao and Deng, 2022) and so on.
Group 0 was selected as the control group, and 10 groups of experiments were designed with metamorphic degree, failure type, particle size, pressure and temperature as variables. To explore the influence of the metamorphic degree on gas desorption, gas coal with a low metamorphic degree was selected as Group 1. Geological structure is an important factor for the occurrence of coal and gas outbursts. Tectonic action will change the physical structure and chemical properties of coal, and the failure type of a coal body is an index used to measure the impact of tectonic action. Tectonic coal has the characteristics of low strength, poor cohesiveness, looseness and even pulverization after being damaged by extrusion deformation and shear crumpling. Therefore, structural coal from the same mining area is selected as Group 2 to study the influence of failure type on gas desorption. For primary structure coal, the smaller the particle size is, the larger the specific surface area. Group 3 is the experimental group of coal gas desorption with different particle sizes. According to the Langmuir adsorption model, pressure and temperature are important factors affecting the adsorption and desorption of gas on the coal surface. In China, the identification of coal and gas outbursts is based on the gas pressure (≤0.74 MPa), and the minimum experimental pressure is 0.5 MPa. Five groups of desorption experiments with different pressures are designed with an increasing interval of 0.5 MPa. According to the practice of production and the geothermal studies, the formation temperature of coal seams in China is mostly 21°C–37°C, so desorption experiments of 20°C, 30°C, and 40°C at different temperatures are designed. Due to the limitations of the experimental setup, influencing factors such as water content and the presence of an electromagnetic field were not tested. The experimental variables and parameters are shown in Table 3.
TABLE 3 | Experimental parameters and variable design.
[image: Table 3]2.3.2 Operation steps
The experimental operation process is divided into 7 steps:














2.3.3 Experiment records and readings

1) 0–10 s, read the desorption amount every 1 s, counting 10 times;
2) 10–90 s, read the desorption amount every 2 s, counting 40 times in total;
3) 90–180 s, read the desorption amount every 5 s, counting 18 times in total;
4) 180–600 s, read the desorption amount every 10 s, counting 42 times in total;
5) 10–30 min, read the gas desorption amount every 1 min, counting 20 times;
6) 30–120 min, read the gas desorption amount every 5 min, counting 18 times in total;
7) 120–360 min, read the desorption amount every 10 min, counting 24 times in total;
8) After 6 h, read the gas desorption amount every 1 h until the reading no longer changes.
3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Experimental results
The results of 10 groups of gas desorption experiments under different conditions were counted, including the initial rate of gas desorption (V0), initial gas desorption capacity (T180), initial gas desorption efficiency (E180), total gas desorption (T480), and total gas desorption efficiency (E480). The ratio of gas desorption characteristic values of the experimental groups to that of control Group 0 was calculated under different experimental conditions (Table 4). Among them, desorption efficiency refers to the time required for gas desorption to reach 80% of the total amount of desorption.
TABLE 4 | Comparison of gas desorption characteristic values.
[image: Table 4]3.1.1 Experimental results of group 0
The experimental conditions for Group 0: meager lean coal, primary structural coal (Type II), particle size 1.0–3.0 mm, pressure 1.00 MPa and temperature 30°C (Figure 2). Group 0 was selected as the control group, the gas desorption conditions under different experimental conditions were compared, and then the influence of various factors on the gas desorption rate and amount were analysed.
[image: Figure 2]FIGURE 2 | Gas desorption law diagram (Group 0).
3.1.2 Experimental results of group 1
The experimental conditions for Group 1: gas coal, primary structural coal (Type II), particle size 1.0–3.0 mm, pressure 1.00 MPa and temperature 30°C (Figure 3).
[image: Figure 3]FIGURE 3 | Gas desorption law diagram (Group 1).
3.1.3 Experimental results of group 2
The experimental conditions for Group 2: meagre lean coal, tectonic coal (Type IV), particle size 1.0–3.0 mm, pressure 1.00 MPa and temperature 30°C (Figure 4).
[image: Figure 4]FIGURE 4 | Gas desorption law diagram (Group 2).
3.1.4 Experimental results of group 3
The experimental conditions for Group 3: meagre lean coal, primary structural coal (Type II), particle size 0.5–1.0 mm, pressure 1.00 MPa and temperature 30°C (Figure 5).
[image: Figure 5]FIGURE 5 | Gas desorption law diagram (Group 3).
3.1.5 Experimental results of groups 4, 5, 6, and 7
To explore the influence of pressure on the gas desorption law, experimental Groups 4, 5, 6, and 7 were designed to conduct a comparative analysis of gas desorption under experimental pressures of 0.50, 1.50, 2.00 and 2.50 MPa, respectively, with meagre lean coal, primary structural coal, and particle sizes of 1.0–3.0 mm at 30°C. The results of the experiment are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Gas desorption law diagram (Group 4,5,6,7).
3.1.6 Experimental results of groups 8 and 9
To explore the influence of temperature on the gas desorption law, experimental Groups 8 and 9 were designed to conduct a comparative analysis of gas desorption at 20°C and 40°C, respectively, under the conditions of meagre lean coal, primary structural coal, and particle sizes of 1.0–3.0 mm with a pressure of 1.0 MPa. The results of the experiment are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Influence law of temperature on gas desorption (Group 8,9).
3.2 Discussion of the influencing factors of gas desorption
The rate of gas desorption in 90 s, the amount of gas desorption in 180 s and the total amount of gas desorption in 480 min were analysed through 10 groups of experimental studies on gas desorption under different conditions. The function curve and correlation coefficient of the experimental results are shown in Table 5.
TABLE 5 | Gas desorption curve of characteristic.
[image: Table 5]3.2.1 Influence of the metamorphism degree on gas desorption
Studies have shown that the effect of the degree of metamorphism on the gas desorption rate is mainly controlled by the pore and fracture system in the coal body (Li, 2011). The adsorption and desorption capacity of coal depends on the pore structure and specific surface area of coal.
Table 6 (Li and Si, 2004; Zhang et al., 2006; Tang and Wang, 2010) shows that with the increase in the degree of metamorphism, the micropores and small pores in the coal increase, the specific surface area increases, and the adsorption capacity increases (Zhang, 2006; Zhang, 2009).
1) According to Figure 3A, we find that as the degree of metamorphism increases, the initial gas desorption rate increases significantly. The initial gas desorption rate of lean coal is 1.91 times that of gas coal.
2) Comparing Figure 2B and Figure 3B, we can see that the difference in the gas desorption amount within 10 s is obvious. The gas desorption amount of meagre lean coal reaches more than 60%, while that of the gas coal is less than 40%. With the increase in the degree of metamorphism, the initial (180 s) gas desorption capacity increases significantly: T180-0 is 1.99 ml/g, T180-1 is 0.95 ml/g, and the initial gas desorption capacity of lean coal is 2.09 times that of gas coal.
3) Comparing Figure 2C and Figure 3C, it can be seen that the initial gas desorption efficiencies of coals with different metamorphic degrees are higher. With the prolongation of desorption time, the desorption rate becomes slow, and the total amount of desorption increases slowly. The total amount of gas desorption in 480 min is similar, approximately 6.0 ml/g.
4) In the early stage of gas desorption, the time required for the gas desorption volume of Group 1 to reach 80% is 122 s, which is much longer than Group 0 at 68 s. In the whole process of gas desorption, it took approximately 200 min for both groups to reach 80%. The analysis shows that the amount of gas desorption differs greatly in the early stage of gas desorption in coal with different metamorphic degrees, the pores and fissures in coal with high metamorphic degrees are well developed, and the gas adsorption and desorption capacity is strong.
TABLE 6 | Relationship between metamorphism degree and coal pore development.
[image: Table 6]3.2.2 Influence of the failure types on gas desorption
The desorption rate of coal gas is closely related to its damage degree. In the same mining area, the same coal seam, and the same location, the measurement of the initial gas release velocity (ΔP) of samples with different damage degrees and types shows that with the increase in the damage degree, the initial gas release velocity increases, that is, the gas desorption rate increases.
The pore-fracture system of tectonic coal is fully developed, and the rich internal surface area gives a strong gas adsorption capacity, but the low strength of the coal makes it easy to close microcracks under high pressure conditions and form “coal bricks”, thus sealing a large amount of high-energy gas (Zhang and Zhang, 2005). Wang Chaojie et al. studied the pressure gradient on the coal surface and the gas expansion energy generated during tectonic coal desorption (Wang et al., 2021c), establishing the evolution law of key gas parameters during the initial desorption process.
1) According to Figure 4A, the initial gas desorption rate of Type IV coal is significantly higher than that of Type II, and V0-2 is 7.22 ml/(gs). The initial rate of gas desorption from tectonic coal is 1.49 times that of primary structural coal; the difference in desorption rate is mainly in the first 30 s. With the extension of desorption time, the gas desorption rate of coal with different failure types tends to be equal.
2) Comparing Figures 2B,C and Figures 4B,C, the gas resolution of Type IV coal in the same mine and coal seam is significantly higher than that of Type II coal, and the more serious the damage of the coal body is, the larger the amount of gas desorption will be; the T180-3 of Type IV coal is 3.01 ml/g, which is 1.51 times that of Type II coal, and the T480-3 is 8.01 ml/g, which is 1.28 times that of Type II coal.
3) In the early stage of gas desorption, the time needed for the gas desorption of Group 2 to reach 80% was 77 s, which was almost the same as that of Group 0. However, in the whole process of gas desorption, it only takes 121 min for the desorption amount of Group 2 to reach 80%, which is far less than that of Group 0. This indicates that the initial gas desorption rate of Type IV coal is high, but the decay is faster, and the variation in gas desorption velocity in Type Ⅳ coal is greater per unit time. The gas desorption of tectonic coal can be divided into two different processes: first, a part of the methane adsorbed on the outer surface of coal and the surface of open large pores can communicate with the surrounding environment, and methane directly exchanges with the environment to produce desorption. Second, the other part of the adsorbed methane on the internal pore surface of coal must undergo a diffusion process to exchange with the environment and produce desorption. Surface adsorption and desorption can be completed instantaneously, while the diffusion process is relatively slow, so the desorption speed of structural coal is faster.
3.2.3 Influence of the particle size on gas desorption
There is a correlation between the coal failure type and the coal particle size on the gas desorption law. The experimental results show that the gas desorption rate is highly sensitive to the particle size of the coal sample. The larger the particle size is, the greater the distance of gas diffusion and flow, the greater the resistance, and the smaller the desorption rate and the desorption amount; the smaller the particle size is, the shorter the distance of gas diffusion and migration, and the larger the desorption rate and the desorption amount; and the effect of particle size on gas desorption has a limit value. When the limit particle size is reached, the desorption rate no longer changes with the particle size. Li et al. (2019) established a mathematical expression for the desorption index K1, believing that the smaller the particle size of the drill cuttings is, the more significant the desorption performance.
1) According to Figure 5A, as the particle size decreases, the initial gas desorption rate increases: V0-3 is 7.83 ml/(gs). The initial gas desorption rate of coal with particle sizes of 0.5–1.0 mm is 1.62 times that of coal with particle sizes of 1.0–3.0 mm.
2) Comparing Figure 2B and Figure 5B, there is little difference in the total amount of gas desorption in 180 s for coal with different particle sizes. The desorption capacity of small particle size coal is only 0.42 ml/g more than that of large particle size coal.
3) Comparing Figure 2C and Figure 5C, it can be seen that the gas desorption capacity of coal with a particle size of 0.5–1.0 mm in 480 min is significantly higher, which is 10.53 ml/g, 1.68 times higher than that of coal with a particle size of 1.0–3.0 mm.
4) The experimental results also show that the desorption amount of coals with different failure types is very different, even if the particle size is the same, that is, the initial gas desorption increase rate of Type II coal (primary structured coal) is significantly higher than that of Type IV coal (tectonic coal).
3.2.4 Influence of the pressure on gas desorption
The gas adsorption equilibrium pressure is an important factor affecting the gas desorption law. It not only characterizes the gas content in coal but also provides the energy required for gas desorption and diffusion. The gas desorption rate and desorption amount of the same coal sample increased with increasing gas adsorption equilibrium pressure in the same time period.
1) According to Figure 6A, with the increase in adsorption equilibrium pressure, the initial rate of gas desorption increases continuously. Pressure has a particularly significant effect on the gas desorption rate at the initial stage (within 10 s), and the desorption rate does not change much in 10–90 s.
2) Comparing Figure 2B and Figures 6B,D,F,H, it can be seen that with the increase in adsorption equilibrium pressure, the initial gas desorption amount increases continuously. The effect of pressure on the initial gas desorption rate and desorption amount is significant.
3) Comparing Figure 2C and Figures 6C,E,G,I, it can be seen that with the increase of adsorption equilibrium pressure, the total amount of gas desorption also increases, T480-4 is 5.39 ml/g, T480-0 is 6.28 ml/g, T480-5 is 10.22 ml/g, T480-6 is 12.69 ml/g, T480-7 is 12.98 ml/g, and with the increase of pressure, the time for gas desorption to reach more than 80% is gradually shortened.
4) Furthermore, the gas desorption rate and desorption amount of Type IV coal (tectonic coal) increase faster with pressure. At the same time, with the increase in adsorption equilibrium pressure, the gas desorption rate of Type IV coal decays faster and tends to be stable after 10 s.
5) The effect of pressure on gas desorption is mainly to increase the ability of coal particles to adsorb gas. The increase in the gas concentration gradient in the coal changes the stress state of the coal particles, and the increase in pore stress mainly changes the shape of the coal particle pores, making the elastic deformation of coal significant and improving the gas desorption rate. The intuitive response is that as the pressure increases, the gas desorption rate of coal particles increases. The effect of pressure on gas desorption is obvious, regardless of the desorption amount, desorption rate, desorption efficiency and so on.
3.2.5 Influence of the temperature on gas desorption
Some studies suggest that with increasing temperature, the ability of coal to adsorb gas gradually decreases (Kim, 1977; Fails, 1996). However, Krooss et al. (2002) believed that when the gas adsorption equilibrium pressure was higher than a certain value, the gas adsorption isotherm curves of coal at different temperatures would appear to cross; when the gas adsorption equilibrium pressure was higher than the pressure at the cross point, with increasing temperature, the adsorption amount under the same pressure also increased. From the perspective of gas expansion energy, Li et al. (2022) found that with increasing desorption time, the degree of linear correlation between gas expansion energy, desorption rate and desorption amount decreased.
Gas adsorption by coal is an exothermic process, and gas desorption is an endothermic process. Temperature has a great influence on gas desorption. The higher the temperature is, the higher the ability of gas molecules to desorb from the pores and surface of coal, and the easier it is for gas to be desorbed from the coal body to become free gas. The amount of gas desorbed per unit time and the amount of gas desorbed cumulatively in the same time period are also larger. Therefore, temperature is an important factor affecting the law of coal gas desorption.
1) According to Figure 7A, the gas desorption rate does not change significantly, and the desorption rate of Type IV coal (tectonic coal) only slightly varies with temperature. In the initial stage (within 30 s), the gas desorption rate decays rapidly at 20°C, but the gas desorption rate decays slowly at 40°C.
2) Comparing Figures 2B,C and Figures 7B–E, the effect of temperature change on the total amount of gas desorption is almost the same, but its increment over time is different. Initial amount of gas desorption followed the order T180 (20°C) > T180 (30°C) > T180 (40°C), while the total amount of gas desorption followed the order T480 (20°C) > T480 (40°C) > T480 (30°C). The analysis indicated that with increasing temperature, the gas content adsorbed in the coal body decreased correspondingly.
3.3 Tradeoff analysis of the influencing factors for gas desorption
Some scholars have performed a considerable amount of research on the influencing factors of gas desorption, and they have differing opinions on which is the single dominating factor. However, there are few studies on the weight analysis of each factor. Structural deformation has a very important effect on the particle size and adsorption/desorption properties of coal, and deformation can promote gas desorption, which increases as the deformation increases (Li et al., 2022). Through regression analysis, some scholars believe that the influence sensitivity order of gas desorption is pressure > temperature > particle size > moisture > moulding pressure (Wang et al., 2019).
In this paper, the coal property factors (metamorphic degree, failure type, particle size) and environmental factors (pressure, temperature) are experimentally studied. To weigh the sensitivity of each factor, the R-value method is proposed, which combines four indicators: gas desorption rate, gas desorption efficiency, initial gas desorption volume and total gas desorption.
[image: image]
[image: image]----The degree of influence on the gas desorption rate.
[image: image]
[image: image]----The degree of influence on the gas desorption efficiency.
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[image: image]----The degree of influence on the initial gas desorption amount.
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[image: image]----The degree of influence on the total gas desorption.
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The results of the correlation analysis are shown in Table 7.
TABLE 7 | Correlation analysis table of influencing factors of gas desorption.
[image: Table 7]4 CONCLUSION

1) Under different experimental conditions, there is a monotonically decreasing power function relationship between the initial gas desorption rate and time, that is, Vt=a t - b (a, b are regression constants). There is a monotonically increasing logarithmic function relationship between the gas desorption amount and time, namely, Tt=aln(t) + b (a, b are regression constants), and the curve has a limit value.
2) In the initial stage of gas desorption (0–180 s), the gas desorption amount is very large in 0–10 s, and then the gas desorption amount increases slowly, while the desorption rate is almost uniform. From the perspective of the entire gas desorption process, the gas desorption amount increases rapidly in 0–30 min, and the gradient of the increase in gas desorption amount decreases in 30–180 min; at 180 min, the gas desorption amount is approximately 80% of the total desorption. When the desorption time is longer than 180 min, the gas desorption amount basically stablizes.
3) The weight of the following factors affecting gas resolution is listed as follows: pressure > degree of metamorphism > particle size > type of failure > temperature. If the coal is subjected to strong structural extrusion and shearing during the formation process, the coal is broken and pulverized, and abundant micropores and inner surfaces are formed. These microcracks easily accumulate free gas. However, coal with high pressure, serious damage, and the poor mechanical strength of powdery or mylonitic coal is beneficial to the rapid desorption and release of gas within 0–10 s in the initial stage of gas desorption, and the risk of gas outburst is high.
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