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Abstract

:

Liquid carbon dioxide (CO2) phase change fracturing (LCPCF) is an innovative technique to improve the efficiency of gas drainage from low-permeability coal seams of high gas content. However, fracture sprouting, extension and displacement changes of coal under LCPCF need further study, and corresponding field tests are also lacking. Therefore, a mechanical model based on the thermodynamic theory of CO2 phase change is developed in this paper. Then, the pressure change characteristics, crack propagation and displacement change of coal subjected to LCPCF were analyzed through numerical simulation. In addition, the permeability-enhancing effect of the field LCPCF test was analyzed. The results obtained from the numerical simulation show that during the LCPCF process, the crack-generation process changes with pressure as follows: microfracture–numerous microfractures–major macrofracture–macrofractures. During the development of fractures, the stress is incompletely symmetrically distributed in coal centered on the fracturing borehole. The failure occurs stochastically in the coal in the vicinity of the fracturing borehole at first, and then it gradually propagates to the inner seam of coal as the gas pressure increases. The following result can be obtained from field experiments: the permeability coefficient of coal seams after increasing the permeability through LCPCF is 2.60~3.97 times that of coal seams without presplitting. The average concentration of gas extracted in coal seams within the zone having undergone an increase in permeability through liquid CO2 fracturing is 2.14 times greater than that within the zone without presplitting. The average pure amount of gas extracted within the zone having undergone an increase in permeability through LCPCF is 3.78 times greater than that within the zone without presplitting. By comparing coal seams before and after fracturing in the field test, it can be seen that the LCPCF presents a favorable effect in increasing the permeability of low-permeability coal seams. This provides an effective approach for increasing the permeability of coal seams in coal mines with similar geological conditions.
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1. Introduction


China is a country that is abundant in coal resources, with many reserves and a variety of types; however, the conditions of the occurrence of coal seams are complex [1,2,3]. As China’s major energy source, coal will remain the main fuel consumed in the country for some time to come [4]. As an associated resource, coalbed methane (CBM) is regarded as a potentially available resource [5,6]. Enhancing the efficiency of CBM extraction not only avoids the waste of resources, but also ensures the safe and efficient production of coal mines [7,8,9]. As coal resources are constantly mined and the degree of mechanization of coal mines is constantly improved, the mining depth of coal mines has continually increased and deep coal has been mined in a majority of large-scale and medium-scale coal mines [10,11]. The geostress, gas pressure and gas content in coal seams also constantly grow with the increasing mining depth of coal mines [12,13,14]. Moreover, the mining becomes increasingly difficult due to high gas content and the risk of coal and gas outburst, which presents a great challenge for gas control in mining areas [15,16,17]. Therefore, the use of coal seam anti-reflection measures is of great significance for improvement, resource utilization, the recovery rate of CBM, and coal mine safety production [18,19,20,21].



Some external load stress technologies, such as hydraulic fracturing, hydraulic punching, and loose blasting, increase the permeability of coal seams and improve the efficiency of CBM mining [22,23,24,25,26,27]. However, these techniques have some disadvantages. For example, hydraulic fracturing and hydraulic cutting have the ability to consume a large amount of water resources, easily cause water damage, and seriously inhibits the extraction efficiency of CBM through the water resistance effect [28,29,30,31]. The loose blasting can easily form areas of concentrated stress in the coal seam, thereby increasing the possibility of accidents [32,33]. In order to overcome the above shortcomings, some researchers have proposed non-aqueous fracturing technology [34,35,36,37]. Among them, LCPCF is a technology developed in recent years to improve the gas extraction rate of low permeability coal seams [19]. Developed in recent years, the permeability-enhancing technology utilizing liquid carbon CO2 fracturing aims to increase the efficiency of gas drainage from low-permeability coal seams. This technology, being simple, safe and reliable, can greatly improve the efficiency of gas drainage, reduce the gas content and gas pressure in coal seams and effectively eliminate the risk of coal and gas outburst [38,39]. It is worth mentioning that although liquid CO2 is usually injected as the fracturing medium in engineering practice, it is likely to transition to a supercritical state when the pressure and temperature exceed the CO2 critical point (7.39 MPa and 31.09 °C) [40] in deep coal seams. Therefore, in this paper, 7.39 MPa is taken as the initial pressure. Supercritical CO2 is expected to be an ideal fracturing medium because of its low viscosity (similar to CO2 gas) and high density (similar to liquid CO2) [41]. Additionally, Sc-CO2 has higher adsorption properties and diffusivity in coal [42,43,44], it is more likely to adsorb with coal to prompt gas desorption. Meanwhile, the injection of CO2 into coal sequestration to reduce greenhouse gas emissions is one of the potential applications [45]. Therefore, it is of great practical importance to study the injection of CO2 into coal.



So far, many results have been achieved in the research on LCPCF. On the theoretical side, researchers [46,47,48] found that there is a competitive adsorption mechanism between CO2/N2/CH4, and the adsorption capacity of CO2 is approximately 3 times that of methane and 7 times that of nitrogen. Therefore, injecting CO2 into the coal seam can better recover CH4 from coal and improve the recovery efficiency of CBM. Li et al. [49] studied the dynamic characteristics during the phase change of liquid phase CO2 and obtained the strain and stress parameters of the coal body. The studies of Dai et al. [50] and Mosleh et al. [51] showed that the change of porosity during LCPCF is the reason to increase the gas permeability. Zhu et al. [32] suggested that CO2 stress blasting could not only reduce the stress concentration of coal around the borehole, but also improve the permeability coefficient of coal. In order to clarify the effects of LCPCF technology on the microstructural damage characteristics and permeability characteristics of coal, a large number of studies have been carried out by related scholars [52,53,54,55]. These studies showed that after the coal was treated with LCPCF, the structure of the coal body was significantly damaged and a large number of pores/fractures were generated, which increased the permeability of the coal seam and provided a flow channel for the desorption and transport of coalbed methane. Subsequently, further studies [56,57] were carried out by related scholars, and it was found that although LCPCF had a significant effect on the pore/fracture structure of coal, its effect depended on various factors, such as coal rank, burial depth, and distance from the fracture borehole. Liu et al. [58] verified through numerical simulation that CO2 injection into coal has a positive effect on improving CH4 production. In terms of field application, Xia et al. [59] injected CO2 into a low-permeability field and found that the recovery rate was increased by 1.3–1.4 times compared with the original. Wen et al. [60] found that the effective radius of influence of LCPCF technology could reach 5–7 m, and the gas extraction concentration was increased by 2–3 times after CO2 fracturing. In summary, LCPCF technology is an innovative technology for improving coalbed methane recovery, which has important research value and broad application prospects. However, further research is needed on the fracture sprouting, expansion and displacement changes of coal under the action of LCPCF.



In this paper, based on the CO2 phase change thermodynamics theory, a mechanical model was established to numerically simulate the CO2 fracture expansion law and the coal body displacement and stress change law, and to reveal the mechanism of LCPCF for coal seam unloading and increasing permeation. In addition, most of the current studies were conducted under laboratory conditions and lacked field test data, which thus could not accurately reflect the effect of LCPCF in the field. Therefore, a field application test was conducted in the 2131 transport road of Xiangshui coal mine in Panzhou, Guizhou province, and the changes in the permeability coefficient, natural flow decay coefficient, gas extraction concentration and pure volume of extraction in the borehole before and after the permeability enhancement were discussed. This study provides a basis for promoting the use of CO2 to enhance CBM extraction.




2. Methodology


RFPA2D-Flow is a realistic rupture process analysis system with elastic mechanics as the stress analysis tool and elastic damage theory and this modified Coulomb damage criterion as the media deformation and damage analysis module. The stress analysis is carried out by the finite element method, and the mechanical response of each calculation step under the action of external load and environmental factors (loading, excavation, change in load and displacement boundary conditions, etc.) is completed based on the effective stress principle. In the simulation process, the material medium model is discretized into a numerical model composed of fine-scale basis elements, and the material medium is an isotropic, fine-scale, elastic brittle, or brittle plastic medium. The modified Coulomb criterion is applied to describe the critical point of the phase transition of the primitive, and the primitive element is a linear elastomer before and after the phase transition. The mechanical properties of the primitive element change irreversibly over the course of its development, and the software introduces an appropriate criterion for its destruction (phase transition criterion) and a damage law to more accurately model the process of change. In the process of establishing the connection between the mechanical properties of fine and macroscopic media, the software assumes that the mechanical properties of the discretized fine primitive elements obey some statistical distribution law. In the solution process, the software uses the linear elastic finite element method as the stress solver and analyzes the stress and strain states of the model according to the linear elastic stress and strain solution method of the primitive elements in elastic mechanics.



2.1. Model Construction and Parameter Setting


2.1.1. Model Assumptions


RFPA2D-Flow is based on the following assumptions.




	(1)

	
The seepage process in the coal rock satisfies the Biot consolidation theory and the modified Terzaghi effective stress principle.




	(2)

	
The fine-scale unit body in the coal rock is elastic brittle and has residual strength, and its mechanical behavior is described by the elastic damage theory with the maximum tensile strain criterion and the Mohr Coulomb criterion as the threshold conditions for damage.




	(3)

	
The permeability of the fine unit body in its elastic state satisfies the relationship between permeability and the stress–strain function, and the permeability increases after damage rupture.




	(4)

	
The structure of coal rock is non-uniform, and the damage parameters of the fine-scale unit body of the coal rock satisfy the Weibull distribution, as in Equation (1):











  φ ( a , m ) =  m   a 0         a   a 0        m − 1   exp   −      a   a 0       m     



(1)




where  a  is the parameter of the fine unit of material (coal rock), such as the modulus of elasticity, compressive strength, tensile strength, Poisson’s ratio, permeability, etc.;    a 0    is the statistical average of the parameters of the fine unit;  m  is the property parameter of the distribution function, i.e., the non-uniform coefficient, the physical meaning of which reflects the uniformity of the material medium; and   φ ( a , m )   is the statistical distribution density of the physical properties x of the material matrix element.




2.1.2. Setting of the Numerical Model


To investigate the evolutions of the initiation direction, initiation pressure, propagation pressure and propagation trend of cracks induced by CO2 in coal, a numerical analysis model with a single fracturing borehole was established. According to the construction of the coal mine fracturing site, it is somewhat simplified. The whole model with dimensions of 40 m × 30 m was partitioned into 400 × 300 elements. The coal seam with a thickness of 2 m was distributed evenly between the roof and floor, in which the thicknesses of the roof and floor strata were 3 m. The fracturing borehole with a designed radius of 0.094 m was located in the center of the model, in which a fracturing device was placed thereinto. The model is shown in Figure 1.




2.1.3. Scheme Design and Material Parameters


According to the mining situation of the coal seam on site, the vertical stress σz is determined as 10 MPa and further conditions at different lateral pressure coefficients are analyzed to attain the exact results of numerical analysis and ensure the stability of the model calculation. Coal and rock are elastic-brittle materials, the tensile strength of which is much lower than their compressive strength. Without the influence of the other excavation activities, the bottom boundary is fixed and the two sides are subjected to a lateral horizontal confinement of 8 MPa. During the model calculation, the initial pressure is set as 7.39 MPa and the pressurization is stopped after the crack initiates. Because the pressure at the critical point of the gaseous, liquid and supercritical states of carbon dioxide is 7.39 MPa and the temperature is 31.06 °C, carbon dioxide changes from liquid to gas when the pressure increases. In these conditions, the dynamic changes in the stress and displacement and crack propagation in coal around the fracturing borehole during the LCPCF are simulated. When selecting the model parameters, the compressive strength of coal seams is calculated based on the Protodyakonov coefficient of the 2131 transportation roadway in the mine. Since the macroscopic strength of coal is approximately 1.1 MPa, the mean of the mesoscopic strengths of coal during the simulation is 6 MPa. The other parameters, as shown in Table 1, are selected by comprehensively considering the geological conditions in the mine.





2.2. Thermodynamic Analysis of CO2 Phase Change


The transition between the gaseous, liquid, and solid states of matter is called the phase change, which is controlled by the changes in the pressure and temperature and belongs to physical change. Pressure and temperature directly influence the phase state and physical characteristics of CO2. The combination of different temperatures and pressures leads to the formation of gaseous, liquid, solid, and supercritical CO2. The supercritical state appears above the critical point. Figure 2 shows the relationship of the CO2 state with the pressure and temperature [26]. The critical pressure and temperature of the gaseous, liquid, and supercritical states are 7.39 MPa and 31.06 °C, respectively. According to the working mechanism of LCPCF, it can be seen that the fracturing technology belongs to a physical change process from liquid to gaseous CO2. The energy is mainly derived from physical explosive energy.




2.3. Mechanical Properties and Permeability Characteristics of Coal


2.3.1. Mechanical Deformation Characteristics of Coal


Coal is a sedimentary rock, is a special rock material [64,65,66], and has the general characteristics of rock, but due to the different composition of the material, coal has special characteristics [67,68,69]. In particular, coal is a porous medium containing a large amount of gas, different from the dense and single nature of general rock, and the mechanical strength of coal refers to the ability of coal to resist damage when subjected to external forces, which is one of its mechanical properties. The strength of coal varies due to the different nature of external loads on the coal body, such as unidirectional force or multidirectional force, tensile or compression, and the different length of time of external loads. The stronger the coal is, the more difficult it will be for CO2 fracturing to take place. The coal body is a brittle material, and the expansion of CO2 cracking is often produced under tensile stress. When coal adsorbs gas, expansion deformation occurs, and its deformation obeys the Langermuir equation, which is as follows:


  S =   U V P   1 + V P    



(2)




where,  S  is the amount of expansion deformation;  P  is the adsorption gas pressure;  U  is the amount of maximum expansion deformation; and  V  represents relationship between the gas pressure and expansion deformation.



When the coal body desorbs the gas, contraction deformation occurs, and the deformation obeys the exponential equation, i.e., Equation (3).


  S =   ae   bp    



(3)




where  S  is the contraction deformation of the coal body;  p  is the atmospheric pressure (MPa); and  a  and  b  are the adsorption constants.



The formation of coal is subject to the action of many factors, which creates coal with multiple fractures and complex mechanical properties, and the physical and mechanical properties of coal usually exhibit the specimen size effect. Previous studies have shown that the full stress–strain relationship is obtained for the deformation process of coal under the action of external forces, as shown in Figure 2.



After the peak D is reached, the coal body will be damaged to a certain extent, and the internal cracks will be further developed, and even the rupture surface (such as section DE in Figure 3) and slip surface will appear. Before the coal body reaches the peak D, the process of change in the internal structure of the coal body corresponding to each curve is as follows: the OA section is the coal internal primary fracture closure, and the deformation curve shows the upward concave trend; the AB section has a small amount of micro-fractures inside the coal, and the deformation curve is in a nearly straight state; the BC section has the further development of cracks, the coal body produces partial plastic deformation, and the curve shows a concave state; and the CD section has newly generated fractures along a certain direction The newly generated cracks in the CD section penetrate each other along a certain direction, forming through rupture cracks, and the curve presents a downward concave state. Macro rupture occurs when the stress reaches and exceeds the compressive strength of the coal body.




2.3.2. Characteristics of Coal Permeability Variation


The permeability of the coal rock body is a complex issue, and the seepage of the coal rock body can be broadly classified into three kinds: quasi-uniform medium seepage, fracture medium seepage and karst medium seepage. There are many factors affecting the permeability characteristics of coal seams, including particle size and gradation, pore structure, mineral composition, porosity, temperature, pressure, etc. The coal seam is a typical dual medium consisting of a matrix micropore system with 70–90% methane adsorption and a cut fracture system, as shown in Figure 4.



Because of the existence of the pore system, the internal stress of gas-bearing coal can be decomposed into the interaction force between the coal matrix and the compression force of gas in the pore, so when the physical deformation or physical damage of gas-bearing coal occurs, it is bound to be restrained by the effective stress of gas in the pore, that is, the mechanical effect of gas on coal. Because the gas not only attaches to the surface of the coal matrix but also partly absorb deep inside the matrix, become part of the matrix, gas in the coal seam fissure network flow forms a kind of seepage movement. When the pressure of gas in the block of coal is higher than the external pressure, the absorption (dissolved) in the block of coal will become desorption, and from the surface of the block of coal and out of the pore a fissure network in the flow and transport state is formed. Figure 5 shows the transport pattern of coal seam gas.



The gas inventory attached to the surface is not constant, and some external factors may shift the equilibrium between gas adsorption and resolution, resulting in different surface inventories, all of which have certain effects on the intrinsic side of the coal, i.e., the non-mechanical effects of gas. The adsorption and resolution of gas and coal at a certain temperature is closely related to the gas pressure, so the change in gas pressure in the tiny pores must cause a chemical shift in the reversible equilibrium equation of gas resolution and adsorption, and thus the physical and mechanical properties of gas-bearing coal are changed accordingly.





2.4. Mechanical Model and Mechanical Properties of Fracture Development


When performing the LCPCF, coal is subjected to compression-shear failure. The structural fracture of coal in the process is attributed to the tensile effect of high-pressure waves around the borehole, which leads to the generation of fractures and provides support for these fractures; afterwards, the crack tip continues to open under tension, propagate and extend and also coalesces and interacts with adjacent fractures. According to the technical characteristics of LCPCF underground, a small square coal block is selected in the vicinity of the borehole. A model is established in Figure 6, in which σ1, σ2, and Pb separately refer to the stress on the overlying strata, the lateral stress on two sides of the coal and the pressure of high-pressure waves on the internal surface of the fracturing borehole.



It is assumed that coal is linear-elastic, homogeneous, and isotropic, satisfying the equilibrium equation as follows:


       σ r  =  1 2     σ 1  +  σ 2      1 −    a 2     r 2      +  p b     a 2     r 2    +  1 2     σ 1  −  σ 2      1 −   4  a 2     r 2    +   3  a 4     r 4      cos 2 θ      σ θ  =  1 2     σ 1  −  σ 2      1 +    a 2     r 2      +  p b     a 2     r 2    −  1 2     σ 1  −  σ 2      1 +   3  a 4     r 4      cos 2 θ      



(4)




where,    σ 1   ,    σ 2   ,    σ r    and    σ θ    refer to the vertical principal stress (MPa), horizontal lateral stress (MPa), radial stress (MPa) and tangential stress (MPa) on coal, respectively;  a ,  r ,    P b    and  θ  denote the length (m) from coal to the center of the borehole, the radius (m) of the fracturing borehole, the fracturing pressure (MPa) and the radial angle (°), respectively.



The radial stress and tangential stress on the internal surface of the fracturing borehole separately appear as the compressive stress and tensile stress under the synergistic effect of geostress and high-pressure waves. The borehole wall is subjected to compression-shear failure if the compressive stress is higher than the compressive strength of the coal; the borehole wall is subjected to tensile failure if the tensile stress is higher than the tensile strength of the coal. In these conditions, the initial pressure triggering the initiation of fractures on the borehole wall is transformed into    P b   .



At   r = a   on the borehole wall, it can be seen that


       σ r  =  P b       σ θ  =    σ 1  +  σ 2    +  p b  − 2    σ 1  −  σ 2    cos 2 θ      



(5)







At   θ = 0  ,    σ θ    reaches the minimum (a positive along the compressive direction and a negative along the tensile direction), that is,


       σ r  =  P b       σ θ  = 3  σ 2  −  σ 1  −  P b       



(6)







At    P b  > 3  σ 2  −  σ 1   , the tensile stress is first found on the internal surface of the borehole and therefore the tangential tensile failure probably appears. At    P b    = 0, no tensile stress occurs within the borehole under   3  σ 2  −  σ 1   . Failure occurs once the tensile stress appears in coal (rock) according to the tension-free criterion. Assuming that the tensile stress is    σ θ  ≈  T 0    (tensile strength),


   P b  = 3  σ 2  −  σ 1  +  T 0   



(7)







When the pressure    P 0    of high-pressure waves in pores occurs in coal (rock),


   P b  = 3  σ 2  −  σ 1  +  T 0  +  P 0   



(8)







At   θ = 0   or π, the stresses on the two ends around the borehole are at the minimum, that is, the tensile stress is at the maximum; at  θ  = π/2 or 3π/2, the stress on the tip around the borehole is the at maximum, that is, the compressive stress is at the maximum.



Since the compressive strength is far greater than the tensile strength of coal, cracks first initiate at the weakest parts (that is, the upper and lower ends) of coal. In this case, high-pressure waves propagate into and further split the fractures under the tip effect, which rules out the possibility that the left and right ends of coal are damaged by the compressive stress. As coal belongs to a double medium with the significant development of pores and fractures, new fractures are generated based on one or multiple fractures during the construction of boreholes; moreover, high-pressure waves propagating to the boreholes quickly enter and occupy the fractures, as shown in Figure 7. The waves filling in the fractures appear as a wedge shape, showing the stress concentration at the tip. Hence, the generation of the wedge effect is the main factor inducing coal fracture during CO2 fracturing. According to the inclination of cracks, the cracks formed in coal seams under CO2 fracturing include vertical and horizontal cracks, and also involve oblique and compound cracks. Figure 8 shows the propagation modes of some cracks formed by CO2 fracturing.





3. Results and Analysis


3.1. Analysis on Pressure on the Coal to Be Fractured


To explore the propagation of pressure in coal during the LCPCF, the nephograms (Figure 9) showing the pore pressure during the LCPCF are derived based on the analysis on the fracturing process, with pressure increased by steps from an initial pressure of 7.39 MPa.



It can be seen from Figure 9 that the fractures in coal initiate, propagate and coalesce to form macrofractures with increasing pressure during the LCPCF. As shown in Figure 9a,b, microfractures start to occur in the vicinity of the borehole when high-pressure gas flows into coal. In this case, the fractures do not present an obvious dominant direction. As shown in Figure 9c,d, the shear stress and principal stress in the vicinity of the borehole become negatives at first and they are more negative with the increase in the pressure of high-pressure waves. Furthermore, significant macrofractures start to appear around the borehole; afterwards, numerous microfractures are rapidly generated and they constantly propagate towards the deep part of coal in a fan shape along the direction of coal seams. The microfractures constantly coalesce to eventually form a macrofracture in the coal. With the further increase in the pressure of high-pressure waves, the fractures in coal coalesce and macrofractures are gradually developed until coal failure. The reason for these phenomena may be that the presence of liquid CO2 gasification heat absorption and high pressure causes a large number of artificial microfractures in the coal body, and the areas of stress concentration move deeper into the coal body, causing a longer pressure relief zone in the front.




3.2. Analysis on the Stress on Coal


Figure 10 displays the crack propagation and distribution of shear stress on coal during the LCPCF.



It can be seen from Figure 10 that the stress is incompletely symmetrically distributed in coal centered on the fracturing borehole during the fracture development. As shown in Figure 10a,b, the shear stress concentrates in the vicinity of the crack tip and is distributed in a strip shape. As shown in Figure 10c. As the failure continues and the fractures propagate into the deep coal, the shear stress concentrated zone shifts to the deep coal and the shear stress in the damage zone is effectively released. The tensile stress concentrated zones are present in coal around the fracturing borehole, distributed in blocks. In the accumulation stage of the tensile stress, the stress state of surrounding rocks of the fracturing borehole varies and also the tensile stress concentrated zone shifts to the deep part as the fractures propagate to deep coal. In the fracture initiation and propagation stage, the weak element of coal is damaged at first when the cumulative tensile stress on surrounding rocks of the fracturing borehole approximates to the tensile strength of coal. This phenomenon occurs also because of the presence of nonuniformity of coal and setting of heterogeneous parameters in the model. Furthermore, microfractures are formed and the tensile stress in the damage zone is released; however, the pressure-relief effect is inferior to that of the shear stress. In the fracture propagation and extension stage, microfractures gradually propagate, extend, interact and coalesce to form a major macrofracture, which stably propagates; moreover, the tensile stress concentrated zone always occurs at the crack tip and advances forwards with the crack propagation. It is also regarded as the power for stable extension and propagation of the macroscopic major crack. The major microfracture gradually increases and rapidly propagates along the direction of the coal seam at an obviously increasing rate. Finally, coal failure happens.




3.3. Analysis on the Displacement of Coal


When establishing the model, the horizonal position of the fracturing borehole in coal is selected as the monitoring line for the displacement change. Ten units represent 1 m and the trend of the displacement change at various points on the monitoring line conforms to the crack initiation and propagation process. Figure 11 shows the failure development of coal during the LCPCF.



As shown in Figure 11a, initially, the failure stochastically appears in coal around the fracturing borehole at first. As shown in Figure 11b,c, the failure gradually propagates from the borehole to the inner seam of the coal with increasing gas pressure and the damage zone is distributed in a fan shape. As shown in Figure 11d, when the damage zone reaches the roof and floor of the coal seam, the failure continues to propagate towards the deep coal along the roof and floor, owing to these areas having far higher strength than the coal. Since the damage zone is distributed in a fan shape, the tensile failure is mainly found in coal during the development of fractures. At first, coal around the fracturing borehole is damaged and displaced. The coal in the vicinity of fractures is displaced towards the two sides under the effect of gas pressure. The displacement rapidly reduces from the borehole to the deep coal until coal is not displaced. This is because fractures are mainly generated in the vicinity of the fracturing borehole, and do not propagate towards deep coal. The displacement changes in various parts gradually stabilize as the failure process continues, and the position of displaced coal also gradually shifts to the deep part. The main reason is that the damage zone of coal is expanded and fractures propagate to deep coal. Additionally, this shows that the area of stress concentration moves deeper into the coal body after the LCPCF is adopted, causing a longer pressure relief zone in the front.




3.4. The Influence of the Lateral Pressure Coefficient on the Crack-Initiation Direction of Coal


To explore the evolution of cracks in coal during the LCPCF under different lateral pressure coefficients, λ, numerical simulation is carried out in these different conditions. On this basis, the crack-initiation direction of the initial failure of surrounding rocks of the fracturing borehole is attained. Figure 12 shows the crack-initiation directions under different lateral pressure coefficients. Although the crack-initiation pressures and calculation steps for crack initiation vary under different lateral pressure coefficients, the crack-initiation direction is regular. As shown in Figure 12a,b, at λ < 1 and λ = 1, the crack initiates basically perpendicularly in the coal around the fracturing borehole. As shown in Figure 12c, at λ > 1, the crack-initiation direction of coal around the borehole is basically horizontal.





4. Field Test


4.1. Overview of the Coal Mine


The Xiangshui Mine is located in the southern part of Panzhou, Guizhou Province, within the boundaries of Xiangshui Town, Dashan Town and Zhongyi Township. The location map is shown in Figure 13. In terms of the landform, the mine field is located high in the middle part, while it is low in the two wings. The mine field is located in the western end of the southeastern wing of the Pannan anticline. Longtan formation is the coal-bearing formation in the No. 1 mining area in the east, containing 20~40 (generally, 28) coal seams, showing a total thickness of 23.14~44.85 m, with an average thickness of 33.64 m and a coal bearing ratio of 13.3%. There are 13 mineable or locally mineable coal seams, with a total thickness of 13.79~36.32 m (23.60 m on average) and a coal bearing ratio of 9.4%. The 2131 transportation roadway was excavated from Y23 + 18 m along the direction of the 3# coal seam, with the azimuth of 71°. The 3# coal seam exhibits the dip of about 15° and a thickness of 2.4~3.4 m, with a maximum gas pressure of 1.65 MPa, maximum initial gas diffusion velocity of 18.24 mmHg and minimum Protodyakonov coefficient of 0.33.




4.2. Technological Equipment for LCPCF


The whole set of the LCPCF system mainly consists of three subsystems, i.e., a liquid CO2 charging system, a liquid CO2 fracturing system, and a fracturing device pushing system, as shown in Figure 14. To increase the permeability of the coal seams through LCPCF, it is necessary to charge liquid CO2 into the fracturing device, and then safely and accurately send the charged fracturing device to the preset position of coal and rock to be fractured using the pushing system. Finally, the permeability of coal seams is increased by triggering the heating device in the fracturing system through electrical signals.




4.3. Test Schemes


The presplit boreholes are designed at a position 5 m in the rear of the borehole 7-1# in the scheme. According to the roadway distribution and existing gas drainage conditions in the working face of the 2131 transportation roadway, 15 presplit CO2 boreholes (also serving as boreholes for gas drainage after presplitting) are distributed in the left side. The spacing between every two boreholes is set as 5 m, with a borehole size of 94 mm and borehole depth of 120 m. Figure 15 shows the distribution of the boreholes.



Five boreholes are distributed in the lower sidewalls of the 2131 transportation roadway. Boreholes 1# and 2# are not used for increasing the permeability through presplitting and are instead used for observing the original permeability coefficient of the coal seam and the natural attenuation coefficient of gas flow therein. Boreholes 4-2#, 5-2# and 6-2# are used for increasing the permeability through presplitting and are also applied to measure the permeability coefficient and the natural attenuation coefficient of gas flow after completing presplitting. A comparison is made between the presplit boreholes and non-presplit boreholes in terms of the permeability coefficient and natural attenuation coefficient of gas flow.



After draining gas from the non-presplit boreholes (1#, 2#, 3#, 4#, 5-1#, 6# and 7-1#), the concentration and pure amount of gas extracted are observed every day. The observed results are taken as the original concentration and pure amount of gas drainage before increasing the permeability through presplitting. After presplitting the boreholes and normally draining gas from the boreholes, the concentration and pure amount of gas extracted from the coal seam are observed every day. The observed values are taken as the concentration and pure amount of gas extracted from the presplit boreholes. A comparison is made between the presplit and non-presplit boreholes in terms of the concentration and pure amount of gas extracted.




4.4. Observation of the Test Effects


4.4.1. Comparison of Permeability Coefficients


Five boreholes are distributed in the lower sidewalls of the 2131 transportation roadway. Boreholes 1# and 2# are used to measure the permeability coefficient of the coal seam in the non-presplit zone while boreholes 4-2#, 5-2# and 6-2# are applied to measure the permeability coefficient of the coal seam after increasing the permeability through presplitting. After sealing various measurement boreholes, the natural gas flows in the boreholes are measured, as shown in Table 2.



Table 3 shows the permeability coefficients of the coal seam from various boreholes calculated according to the formula for the permeability coefficient.



As shown in Table 3, the gas permeability coefficient λ of the coal seam before increasing the permeability through presplitting equals 0.7228~0.9129 m2/MPa2·d while it is 2.3710~2.8924 m2/MPa2·d thereafter. The latter is 2.60~3.97 times larger than the former, which implies that the permeability of coal seams is greatly improved.




4.4.2. Comparison of the Natural Attenuation Coefficient of Gas Flows


The natural attenuation coefficient of gas flows in the boreholes can be taken as a factor for evaluating the difficulty of gas drainage in coal seams to be mined. According to the measurement results of the natural gas flows, the attenuation coefficient  β  is calculated through regression:


   q t  =  q 0  ·  e  − β t    



(9)




where,    q 0   ,    q t    and β refer to the initial gas flow (m3/min), the gas flow (m3/min) after a time period of t and the attenuation coefficient (d−1) of gas, respectively.



The natural emission of gas from various boreholes is fitted according to the measured natural gas flows in the boreholes, as shown in Figure 16.



It can be seen from Table 4 that the attenuation coefficients of the natural gas flow from the boreholes before and after increasing the permeability through LCPCF are β = 0.33027~0.40624 d−1 and β = 0.24273~0.2592 d−1, respectively. That is, the attenuation intensity of the amount of gas emission from the boreholes after increasing the permeability through presplitting declines by 1.3~1.7 times. It can be seen that the permeability-enhancing technology through LCPCF effectively improves the fracture structures of coal in the presplit zone and makes gas easier to be desorbed and discharged, thus realizing the sustainability of gas drainage.




4.4.3. Comparison of the Concentration and Pure Amount of Gas Extracted from the Boreholes


After sealing and draining gas from the boreholes, the concentration and pure amount of gas extracted are measured by applying a CJZ7 gas extraction system measuring instrument for the comprehensive parameters of gas drainage [70]. The CJZ7 gas extraction system measuring instrument is an intrinsically safe instrument for measuring the performance of a gas extraction system. It is specifically used to measure the methane concentration, negative pressure of the pipeline, gas temperature, and other parameters of gas pumping in the pump and pipeline, and it can obtain the parameters related to the gas extraction system such as the gas mixed flow rate and pure flow rate according to the measured data and the parameters input by users. In addition, a comparative analysis is carried out on the observation data. The average concentrations and pure amounts of gas extracted within the same timeframe in the first 20 days from the presplit boreholes and non-presplit boreholes (1#~7-1#) are compared, as shown in Figure 17.



As shown in Figure 17, the average concentration of gas extracted from the non-presplit boreholes is 4.47% within 20 days and the concentration is maintained at approximately 2.6% after 10 d; the average concentration of gas drainage from the presplit boreholes is 9.56%, which is 2.14 times higher than that from the non-presplit boreholes. Moreover, the concentration of gas drainage gradually increases in the early period and finally stabilizes at approximately 5.9%. The pure amount of gas extracted from the non-presplit boreholes constantly attenuates, with a maximum of only 0.113 m3/min, and it gradually stabilizes at approximately 0.01 m3/min after gas drainage for 16 d. After increasing the permeability through LCPCF, the pure amount of gas extracted from the boreholes significantly increases. After completing the presplitting, the pure amount of gas extracted gradually increases, reaching a maximum of 0.278 m3/min after 7 days, then starts to decrease and finally stabilizes at approximately 0.15 m3/min after 15 days. The average pure amount of gas extracted from the presplit boreholes is 3.78 times as much as that from the non-presplit boreholes. The use of LCPCF technology can significantly improve the gas extraction effect. This may be due to the reopening of filled or compacted fissures in the coal body during liquid CO2 gasification, which generates a large number of artificial microfissures, thus increasing the permeability of the coal body. At the same time, the stress concentration area moves deeper into the coal body, causing a longer pressure relief zone in the front and improving the gas extraction efficiency.



It is worth noting that in this paper, based on the CO2 phase change thermodynamics theory, a mechanical model was established to numerically simulate the CO2 fracture expansion law and the coal body displacement and stress change law, and to reveal the mechanism of LCPCF for coal seam unloading and increasing permeation. In addition, a field application test was conducted in the 2131 transport road of Xiangshui coal mine in Panzhou, Guizhou province, and the changes in the permeability coefficient, natural flow decay coefficient, gas extraction concentration and pure volume of extraction in the borehole before and after the permeability enhancement were discussed. Additionally, field results again validate the results obtained from numerical simulations. However, in this paper, we only consider the adsorption kinetics of CO2 and methane, and the effect of liquid CO2 on methane is considered. However, regarding the coupling effect of water, methane and CO2 on the gas extraction effect, this is a very valuable research question, which may be the direction of future research.






5. Conclusions


According to the mechanical analysis of crack initiation and propagation in coal, the pressure change characteristics, crack propagation, and displacement change of coal during the LCPCF were analyzed based on numerical simulation. Moreover, the effect of the field LCPCF test in terms of increasing the permeability was analyzed. The following conclusions are drawn:




	(1)

	
In the process of LCPCF, the crack-generation process changes with pressure as follows: microfractures–macrofractures–major macrofracture–macrofractures. The stress is incompletely symmetrically distributed in coal, being centered on the fracturing borehole during the development of fractures. Initially, the failure occurs stochastically in coal around the fracturing borehole; afterwards, the failure gradually propagates to the inner seam of coal with the increasing gas pressure.




	(2)

	
The field test showed that the permeability coefficient of coal seams after increasing the permeability by LCPCF is 2.60~3.97 times that of coal seams without undergoing presplitting. In addition, the attenuation intensity of the natural gas emission from the presplit boreholes declines by 1.3~1.7 times. Within 20 days after gas drainage, the average concentration of gas extracted in the coal seam within the zone having undergone an increase in permeability through presplitting in the 2131 transportation roadway is 2.14 times greater than that of the zone without presplitting. The average pure amount of gas extracted within the zone having undergone an increase in permeability through presplitting is 3.78 times greater than that within the zone without presplitting.




	(3)

	
Through the analysis of the fracture development and expansion pattern of fractured coal seams and the analysis of the actual effect of field experiments, it can be seen that CO2-LCPCF technology can improve the gas permeability of high gas and low permeability coal seams. This improves our understanding of CO2 fracturing in unconventional oil and gas extraction and can provide technical reference for coal mines with the same geological conditions.
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Figure 1. Setting of the fracturing model. 
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Figure 2. Three phase diagram of CO2. 
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Figure 3. Three phase diagram of CO2. 
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Figure 4. Coal fracture-pore dual medium model. 
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Figure 5. Gas occurrence state in coal. 
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Figure 6. Mechanical model for crack initiation in coal during the LCPCF. 
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Figure 7. Schematic of crack propagation. 
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Figure 8. Propagation modes of cracks. (a) horizontal cracks; (b) vertical cracks; (c) oblique and compound cracks. 
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Figure 9. Pressure nephograms during the LCPCF (10.85 MPa). (a) Step 1-1 (7.39 MPa); (b) Step 27-1 (8.5 MPa); (c) Step 44-1 (9.8 MPa); (d) Step 52-1. 
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Figure 10. Crack propagation and the distribution characteristics of shear stress. (a) Step 7-1 (7.6 MPa); (b) Step 19-1 (8.17 MPa); (c) Step 48-1 (10.35 MPa). 
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Figure 11. Failure development characteristics of coal under LCPCF. (a) Step 1-1 (7.39 MPa); (b) Step 26-1 (8.4 MPa); (c) Step 38-1 (9.3 MPa) (d) Step 76-1 (16.5 MPa). 
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Figure 12. The crack-initiation directions at different lateral pressure coefficients. (a) λ < 1 (b) λ = 1 (c) λ > 1. 
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Figure 13. Geographical Location of Xiangshui Coal Mine. 
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Figure 14. The composition of LCPCF system and its specific structure. (a) Liquid CO2 charging system; (b) the structure of the fracturing device; (c) installation of the fracturing device. 
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Figure 15. The layout of the boreholes in field tests. 
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Figure 16. Attenuation curves of the natural gas flows in the boreholes. 
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Figure 17. Comparison curves of the average concentrations and pure amounts of gas extracted from the boreholes in the 2131 transportation roadway. 
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Table 1. Material parameters.
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	Strata
	Material Parameters
	Values
	References





	Roof and floor
	Homogeneity
	4
	Li, 2021 [61]



	Coal seam
	Homogeneity
	2
	Li, 2021 [61]



	Roof and floor
	Elastic modulus
	18
	Li, 2021 [61]



	Coal seam
	Elastic modulus
	8
	Li, 2021 [61]



	Roof and floor
	Porosity
	0.13
	Su et al., 2021 [62]



	Coal seam
	Porosity
	0.16
	Su et al., 2021 [62]



	Roof and floor
	Poisson’s ratio
	0.26
	Li, 2021 [61]



	Coal seam
	Poisson’s ratio
	0.3
	Li, 2021 [61]



	Roof and floor
	Internal friction angle
	26
	Li, 2021 [61]



	Coal seam
	Internal friction angle
	31
	Li, 2021 [61]



	Roof and floor
	Compressive strength (MPa)
	18
	Su et al., 2021 [62]



	Coal seam
	Compressive strength (MPa)
	8
	Su et al., 2021 [62]



	Roof and floor
	Density (kg/m3)
	2150
	Su et al., 2021 [62]



	Coal seam
	Density (kg/m3)
	1510
	Su et al., 2021 [62]



	Roof and floor
	Permeability coefficient
	0.001
	Zhao et al., 2020 [63]



	Coal seam
	Permeability coefficient
	0.1
	Zhao et al., 2020 [63]



	Roof and floor
	Tensile strength (MPa)
	7
	Su et al., 2021 [62]



	Coal seam
	Tensile strength (MPa)
	0.6
	Su et al., 2021 [62]



	Roof and floor
	Pore pressure coefficient
	0.4
	Zhao et al., 2020 [63]



	Coal seam
	Pore pressure coefficient
	0.6
	Zhao et al., 2020 [63]
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Table 2. Measurement results (m3/min) of the natural gas flows in coal.
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	Test Time (d)
	Borehole 1
	Borehole 2
	4-2#
	5-2#
	6-2#





	1
	0.0248
	0.0271
	0.0255
	0.0272
	0.0227



	2
	0.0192
	0.0198
	0.0212
	0.0205
	0.0184



	3
	0.0142
	0.0132
	0.0142
	0.0156
	0.0144



	4
	0.0090
	0.0080
	0.0121
	0.0118
	0.0118



	5
	0.0069
	0.0045
	0.0098
	0.0105
	0.0081



	6
	0.0041
	0.0032
	0.0081
	0.0077
	0.0052



	7
	0.0030
	0.0020
	0.0063
	0.0060
	0.0045
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Table 3. Gas permeability coefficient in coal.
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	Borehole Number
	Borehole 1
	Borehole 2
	4-2
	5-2
	6-2





	Permeability coefficient (m2/MPa2·d)
	0.9129
	0.7228
	2.3710
	2.3778
	2.8924
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Table 4. Attenuation coefficients of natural gas flows in the boreholes.
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	Borehole Number
	Borehole 1
	Borehole 2
	4–2
	5–2
	6–2





	Attenuation coefficient (d−1)
	0.33027
	0.40624
	0.24273
	0.25476
	0.2592
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