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Abstract

:

The pore and fracture structure of coal is the main factor that affects the storage and seepage capacity of coalbed methane. The damage of coal structure can improve the gas permeability of coalbed methane. A coal sample with a drilled hole was kept inside of a custom-designed device to supply confining pressure to the coal sample. Liquid nitrogen was injected into the drilled hole of the coal sample to apply cyclic cold loading. Confining pressures varying from 0~7 MPa to the coal sample were applied to explore the relationship between the structural damage and confining pressure. The structural damage rules of coal samples under different confining pressure were revealed. The results showed that: (1) The structural damage degree of the coal sample increases with the increase of confining pressure; (2) The coal sample was broken after three cycles of cold loading under 7 MPa confining pressure; (3) Without confining pressure, the coal sample is more likely to be damaged or even destroyed by cold liquid nitrogen. (4) The fracture extends along the stratification direction of coal samples, which is significant for coal samples with original fractures, but not obvious for the coal sample without fracture. The research results provide a new method and theoretical basis for permeability improvement of the coal seam.
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1. Introduction


Nowadays, the world’s industrial production capacity increases rapidly, which brings in extremely huge energy consumption and aggravated environmental pollution. In that case, countries around the world are committed to the development and use of efficient clean energy [1,2]. The commonly used clean energy includes solar energy, wind energy, hydropower, nuclear energy, bioenergy, etc. [3,4,5,6,7]. Those clean energies can not only meet the needs of industrial development but also produce little waste of environmental pollution. As a type of non-renewable energy, the main components of coalbed methane are methane, carbon dioxide, and nitrogen. When coalbed methane is efficiently collected and fully burned as energy, the generated carbon dioxide and water will be discharged into the air [8]. If coalbed methane is directly discharged into the air without combustion, the destructive effect of environmental pollution is 86 times higher than that after combustion [9]. Therefore, we need to use advanced technology to extract coalbed methane efficiently to avoid the release of coalbed methane into the air in the process of coal mining.



Coal holds a complex structure with original pores and fractures [10]. It is not only a coalbed methane reservoir but also a coalbed methane seepage medium. The original pore and fracture structure of the coal reservoir is so narrow and unconnected that the gas desorption and migration channel is always blocked. The general coal permeability to the gas of 70% of coal seams in China is between 0.1 × 10−5 Dm and 0.1 × 10−3 Dm, which is low for the mining of coalbed gas [11,12]. In order to increase the coal permeability to gas and the exploration efficiency of coalbed methane, the core idea is to damage and expand the original pores and fractures or create new pores and fractures for gas migration channels. The commonly used methods in China include hydraulic fracturing [13], hydraulic cutting [14], rotary water jetting for flushing and expanding holes [15], high-pressure abrasive jetting for cutting [16], composite perforation [17] and deep-hole blasting for pre-splitting [18], etc. These methods have improved the mining efficiency of coalbed methane, but the fluid applied in hydraulic fracturing and other methods would pollute the environment. Methods such as pre-splitting by blasting are apt to cause the collapse of the coal matrix [19], which is not conducive to the secondary mining of coal materials.



In 256 BC, Bing Li applied fire on rocks and then splashed water when digging holes in the rocky mountain during the construction of the Dujiangyan water conservancy system in China. In this way, rocks experienced extremely high temperatures before being cooled down by the water. Under the influence of the extreme temperature fluctuation, rocks burst into small pieces and were much easier to be dug up [20]. In that case, the characteristics of thermal expansion and contraction of solids were applied to cause the expansion of rock cracks. In this study, the characteristic of solid medium expansion and contraction was also utilized to coal body in a sequence of cooling down and warming up, in order to increase the size of pores and fractures and to enhance the permeability of coalbed methane.



Cold loading refers to the rock with temperatures above 25 °C experiencing a sudden temperature drop to generate temperature stress. When the temperature stress is greater than the fracture strength, the rock structure is damaged and destroyed. When liquid nitrogen is injected into the rock, the temperature of coal and rock decreases rapidly, resulting in a temperature drop of above 210 °C. The resultant temperature stress would damage the rock structure. In recent years, researchers [21,22,23,24,25] have tried to inject low-temperature fluids such as liquid nitrogen into shale and sandstone, which made use of the thermal expansion and contraction characteristics of solid media to expand cracks in hard rocks and resultantly increased the exploration efficiency of shale gas. The investigation of cold loading induced cracking for coal material taking liquid nitrogen as refrigerant is seldom found. Our previous work [26,27,28] used liquid nitrogen to steep coal samples with different initial water saturations and temperatures, which found that the porosity, crack width, and the crack damage degree of coal samples increases with the increase of cold load cycles.



After each cycle of cold loading, structural damage will occur to the coal body, and the accumulation of structural damage finally made the coal body completely break into pieces [29]. Noticeably, the damage of coal structure should also be affected by confining pressure and the influence rule of confining pressure on the damage of coal structure under the effect of liquid nitrogen is not clear. Therefore, three cycles of cold loading tests were carried out on coal samples with various confining pressures to investigate the structural damage rules of coal samples. As a permeability improving technique of coal seam, cold loading has the advantage that it only implements load to pore and fissure structure of coal seam and will not damage the overall structure of coal and rock skeleton. Thus, it is conducive to the further exploitation of the coal seam afterward and will not cause instability of the roadway for coal mining.



A cold loading experiment system was designed in this study to investigate the structural damage mechanism of coal samples influenced by cold loading of liquid nitrogen. The surface fissure morphology, the overall damage changing laws, and the compressive strength of the coal sample after three cycles of cold loading experiments were detected and discussed. This research has a promising perspective in the promotion of coalbed methane exploration techniques and has important guiding significance for the prevention and control of pollution caused by coalbed methane emission.




2. Materials and Methods


2.1. Preparation of Coal Samples


A coalbed methane reservoir in the northeast of China usually distributes in a depth of 600~1000 m underground. In the experiment, long-flame coal material, located at 750 m underground of the Fuxin basin, Liaoning province of China, was used as the researched coal samples. The coal sample was cut into 100 mm × 100 mm × 100 mm. The surface was smoothed and the initial state was dry. A hole for liquid nitrogen injection is drilled vertically to the stratification direction at a diameter (Φ) of 33 mm and height (H) of 66 mm. The coal samples were numbered by applied confining pressures, as shown in Table 1. The vertical direction to stratification is set as z, and the parallel direction of stratification is set as x and y.




2.2. Experimental Method


A coal sample was put into the experimental device in Figure 1. The top and bottom blocks acted as constraints to prevent the movement of the coal sample due to deformation. The confining pressure was applied by two hydraulic-driven side blocks at x and y directions and was measured by a pressure gauge (MIK-Y190, MEACON, Hangzhou, China). The other two side blocks were fixed still. Liquid nitrogen was injected into the central hole of the coal sample. The confining pressure was varied as 0 MPa, 1 MPa, 2 MPa, 3 MPa, 4 MPa, 5 MPa, 6 MPa, and 7 MPa at a temperature of 25 °C.



A liquid nitrogen pump was used to slowly inject liquid nitrogen into the hole of coal samples for 4 h and then the coal samples were placed at room temperature for 20 h. That process was called 1 cycle of cold loading. Liquid nitrogen was injected for 3 cycles. The overall surface morphology of the coal sample before and after the experiment was observed with a 10× zoom camera (Eos80d, Canon, Tokyo, Japan). The width of the cracks on the surface of the coal sample before and after the experiment was observed by an inverted metallographic microscope (Axiovert 40 MAT, Carl Zeiss AG, Jena, Germany). The observation area is a circle with a diameter of 5 mm, the observation direction was fixed so that the fissure width can be measured and compared with the different samples. A nonmetallic ultrasonic detecting and analysis instrument (NM-4A, Koncrete, Beijing, China) was used to measure the propagation velocities (vx, vy, vz) of sound waves in the coal sample before and after the experiment, and the change of porosity of the coal sample was analyzed according to Wyllie’s time average equation [13]. The uniaxial compression experiment was carried out by an MH-25 experimental machine to measure the uniaxial compressive strength of the coal sample after the experiment to qualitatively analyze the structural damage degree of the coal sample. The specific experimental process is shown in Figure 2.





3. Results and Discussion


3.1. Experimental Results


3.1.1. Surface Fracture Morphology


Three cycles of liquid nitrogen injection were carried out under confining pressures from 0 MPa to 7 MPa to coal samples. Surface fracture topography of the coal samples before and after the experiment was detected by an inverted metallographic microscope, shown in Figure 3. The width of cracks (fissure width) in the corresponding positions on the surface of the coal samples was recorded and shown in Table 2. A, B, and C marked in Figure 3 were the determination spots of fissure width, and the corresponding obtained results were shown in Table 2.



In Table 2, d0 was the fissure width of the coal sample before cold loading and dn was the fissure width of the coal sample after n cycles of cold loading. The Bessel method was applied to calculate the standard deviation of fissure width data. Before cold loading, the standard deviation was 75.37 μm, 163.66 μm, 50.90 μm, 2.12 μm, 22.32 μm, 66.71 μm, and 21.27 μm, respectively for coal samples under confining pressure of 0 MPa to 6 MPa. After cold loading, the relevant data changed to 67.30 μm, 121.13 μm, 54.02 μm, 5.68 μm, 23.59 μm 69.98 μm, and 8.56 μm, respectively. The coal samples under 7 MPa confining pressure broke after 3 cycles of liquid nitrogen injection cold loading, so the fissure width could not be measured.



According to Table 2, the resultant expansion of fissure width versus confining pressure was presented and fitted in Figure 4. Equation (1) was derived from the fitted curve of Figure 4.


  Δ d = a  σ 3  + b  



(1)




where ∆d is the increment of crack width on the surface of the coal sample (µm); σ3 is the confining pressure (MPa). The values of a and b were shown in Table 3.



As shown in Figure 4, when free of confining pressure, the fissure width value was between values of 5 MPa and 6 MPa. From 1 MPa to 4 MPa of applied confining pressure, fissure width increased with the increase of confining pressure, but the growth slope was low. Meanwhile, in Table 2, at point B of 1 MPa and point C of 2 MPa, those fissure widths decreased after cold loading, indicating the irregularity of fracture damage of the coal sample was caused by its heterogeneity. With the increase of confining pressure, the fissure expansion on the surface of the coal sample decreased first and then increased. When confining pressure increased from 4 MPa to 6 MPa, the fissure width increased rapidly.



Permeability measurement of coal samples before and after the cold loading test showed that the coalbed methane permeability increased from 0.494 × 10−4 μm2 to 1.03 × 10−3 μm2, which was greater than the limit of low permeability (0.1 × 10−3 μm2). That means coalbed methane can be smoothly extracted to achieve efficient exploitation.




3.1.2. Determination of Damage Degree of Overall Structure of Coal Sample


After 3 cycles of cold loading with liquid nitrogen injection, the airwave velocity attenuation rate (coded as WVA rate) in the confining pressure coal sample from 0 to 7 MPa was calculated according to Equation (2) and the results were shown in Table 4. The relationship between WVA rate and confining pressure was shown in Figure 5.


  η =    v 0  −  v n     v 0     



(2)




where η is the WVA rate; vn is the propagation velocity of the sound wave in the coal samples after n cycles of liquid nitrogen injection, (m/s), v0 is the propagation velocity of the sound wave in the coal sample before injecting liquid nitrogen (m/s).



It can be seen from Figure 5 that the WVA rate decreased first and then increased with the increase of confining pressure. According to Wyllie’s time-averaged equations [30], it can be deduced that the porosity of the coal sample had a relationship with the WVA rate as Equation (3):


  ϕ =  1   v 0   (  1 − η  )       v t   v m     v  m a   −  v t    −    v t     v m  −  v t     



(3)




where vt is the propagation velocity of the sound wave in water (m/s), vma is the propagation velocity of the sound wave in the coal material (m/s), v0 is the initial propagation velocity of the sound wave in the coal sample(m/s), η is the WVA rate of the wave velocity and ø is porosity of the coal sample.



Since vma, vm, and vt are fixed values in the same coal sample, porosity ø is a linear function of η. The larger the WVA rate, the larger the porosity of coal samples. The WVA rate of the 0 MPa and 6 MPa confining pressure coal samples was significantly high, indicating that the structural damage degree of the coal samples was very large. When the initial wave velocity v0 was 1479 m/s, the vma was 2168.44 m/s and vt was 1497 m/s, the pore volumes of the 0–6 MPa confining pressure coal sample were obtained as 3.53%, 1.47%, 1.75%, 1.98%, 2.17%, 2.46%, and 3.51%, respectively. The pore sizes of the coal sample decreased first and then increased with the increase of confining pressure.




3.1.3. Uniaxial Compressive Strength of Coal Sample after Cyclic Cold Loading


After cold loading for 3 cycles with liquid nitrogen injection, the uniaxial compression experiment of the coal sample was conducted at a loading rate of 0.1 mm/min by MH-25 experimental equipment at room temperature. The stress-strain curve of uniaxial compression of the coal sample was shown in Figure 6.



As can be seen from Figure 6, the uniaxial compressive strength of coal samples after 3 cycles of liquid nitrogen injection under confining pressures from 0 MPa to 6 MPa was 5.1 MPa, 12.3 MPa, 11.7 MPa, 11.4 MPa, 10.3 MPa, 6.0 MPa, and 3.5 MPa, respectively. The peak value of the uniaxial compressive strength curve represents the maximum bearing capacity of the coal sample, which is an important mechanical parameter for coal material. A higher peak value represents a better mechanical property of a tested coal sample and smaller structural damage. A lower peak value represents a more serious deterioration of mechanical properties and larger structural damage. It can be seen that the compressive strength of the coal sample of 0 MPa was relatively low, and the uniaxial compressive strength of the coal sample with confining pressure decreased with the increase of confining pressure. The peak values of curves versus the corresponding confining pressures were presented and fitted in Figure 7 and Equation (4):


   σ c  = a  σ 3  + b  



(4)




where σc is the uniaxial compressive strength (MPa), σ3 is the confining pressure (MPa), and the values of a and b were shown in Table 5.



The 7 MPa confining pressure coal sample was crushed and lost its bearing capacity after 3 cycles of liquid nitrogen injection. The uniaxial compressive strength of the sample under 0 MPa differed little from that of the sample under 0 MPa, indicating that the damage degree of the two coal samples was basically the same. With the increase of confining pressure, the uniaxial compressive strength of the coal sample decreased. Low confining pressure had an inhibitory effect on the structural damage of coal samples.



The relationship of uniaxial compressive strength, fissure width, and confining pressure of the coal sample were presented in Figure 8 and Equation (5).


   σ c  = 0.037 + 15.86  e  −    σ 3    46.49   −   Δ d   40.74      



(5)




where σc is the uniaxial compressive strength (MPa) of the coal sample, Δd is the fissure width (μm) and σ3 is the confining pressure (MPa). The fitting degree was 96.721%.



The relationship of uniaxial compressive strength, fissure width, and confining pressure of the coal sample were presented in Figure 8 and Equation (5). If two parameters (fissure width and confining pressure of one coal sample, etc.) were provided, the third parameter (uniaxial compressive strength, etc.) could be derived. The curve in Figure 8 was the numerical figure for determining the permeability of coal and rock fractures in the process of coalbed methane exploitation. The Griffith strength theory believes that the fracture of brittle materials under external force is the result of the continuous development of internal cracks [31]. In the process of cold loading, when the expansion of pores and fissures of the coal body reached the damage strength, the pore and fissure structure of the coal sample developed from micro to macro and resulted in accumulated damage. When the compressive strength of the coal sample was reached, the coal sample lost its bearing capacity.





3.2. Theoretical Analysis


3.2.1. Influence of Temperature Stress on Structural Damage of Coal Sample


When liquid nitrogen was injected into the coal sample, the temperature inside the coal sample dropped suddenly and temperature stress and temperature strain would be generated. Coal has the property of thermal expansion and contraction as a solid medium. Meanwhile, the coal matrix is a composite. The contraction volume during cold loading can be varied by locations as the composition of coal material may be different in different places. Thus, the strain of each component is different. When the maximum linear strain caused by the cold contraction of the coal sample reaches the limit of the linear strain of the coal sample, the tensile fracture will be caused to the pore and fracture structure of the coal sample.



The coal matrix was divided into different units, and the temperature variation for each unit is coded as Δt. It is assumed that there was a tiny unit near the crack of the coal sample which was homogeneous. Under the action of temperature stress σt, the strain εz in z direction should satisfy the thermoelastic mechanical Equation (6) [32].


   ε z  =  1 E   [   σ z  − υ  (   σ x  +  σ y   )  + α E Δ t  ]   



(6)




where, εz is the linear strain in the z direction—vertical to the stratification plane, α is linear expansion coefficient (1/°C), σz is the normal stress in z direction and ν is Poisson’s ratio. When the constant εz of a unit is greater than the linear strain limit, local structural damage occurs. The correspondent temperature stress is as Equation (7):


   σ t  = α E Δ t  



(7)




where σt represents temperature stress (MPa), α is the linear expansion coefficient (1/°C) and E is the modulus of deformation (GPa).



Under standard atmospheric pressure, the gasification temperature of liquid nitrogen is −195.8 °C. By experiencing liquid nitrogen injection, the temperature of the coal sample was reduced abruptly. In that case, Δt value was 216 °C, E value was 3.2 GPa and α was 6.435 × 10−6/°C. The resultant internal temperature stress σt of the coal sample should be 4.45 MPa, which was greater than the tensile strength of the coal sample matrix −0.52 MPa. Thus, the pore and fracture structure of the coal sample was damaged or even broken. Eventually, the size of pores and fissures of the coal sample increased.




3.2.2. The Influence of Confining Pressure on Structural Damage of Coal Sample


The horizontal maximum principal stress σH and the horizontal minimum principal stress σh of the coal samples originated from horizontal confining pressure applied by the hydraulic side blocks. The displacement of the coal sample was constrained by the top and bottom plates, which produced vertical stress σv. As the coal sample was subjected to normal stresses (compression) in three directions, it can be simplified as Equations (8) and (9):


   σ 1  =  σ V   



(8)






   σ 2  =  σ 3  =  σ H  =  σ h   



(9)







The main stresses subjected to the coal sample were confining pressure and temperature stress. In the test, the confining pressures in horizontal direction were the same, so the horizontal confining pressures were defined as σc. The confining pressure device only acts as a constraint in the vertical direction of the coal sample, which is negligible. At the same time, during the process of liquid nitrogen injection, the temperature stress σt existed in all directions inside the coal sample, but the temperature stress σt parallel to the direction of the fracture had little influence on the expansion of the fracture, which was omitted in the process of simplifying the numerical model in this study. Horizontal principal stress is caused by tectonic movement and is related to vertical stress, tectonic stress, pore fluid pressure, temperature, and mechanical characteristics of the coal sample. According to Ge’s model [33], the influence of temperature on the confining pressure can be considered independently. Thus, the confining pressure calculating formulation that takes temperature stress into account can be obtained as Equation (10) [34]:


   {     P H  =  1 2   [    2 υ   1 − υ    (   P v  − α  P p   )  +   E  ζ H    1 − υ   +   E  ζ h    1 + υ    ]  + α  P p  +    α t  E Δ t   1 − υ        P h  =  1 2   [    2 υ   1 − υ    (   P v  − α  P p   )  +   E  ζ h    1 − υ   +   E  ζ H    1 + υ    ]  + α  P p  +    α t  E Δ t   1 − υ        



(10)




where ζH and ζh are the tectonic stress coefficient in the direction of the maximum and minimum horizontal principal stresses, αt is the pore elasticity coefficient, PP is the pore fluid pressure (MPa), ν is Poisson’s ratio, E is elastic modulus of the coal sample (GPa) and Δt is the temperature variation(°C).



In this study, Young’s modulus and Poisson’s ratio were not considered as the function of temperature, the vertical stress was assumed to be constant, and the influence of pore elasticity coefficient, tectonic stress coefficient, and pore fluid pressure was ignored. Then the calculation formula of horizontal stress considering the expansion stress caused by temperature is obtained:


   σ 3  =    σ V    1 − v  ( t )     [  v  ( t )  +  α t  E  ( t )  Δ t  ]  =    σ V    1 − v  ( t )     [  v  ( t )  +  σ t  E  ( t )   ]   



(11)




when the injection process of liquid nitrogen was finished, the temperature of the coal sample gradually returned to room temperature, so the original mechanical parameters of the coal sample, such as Young’s modulus E and Poisson’s ratio ν would change. Suppose E’ and ν’ are the mechanical parameters of the coal sample after injecting liquid nitrogen, the confining pressure formula of the coal sample after cold loading can be obtained according to Equation (11), as shown in Equation (12).


    σ 3     ′  =    σ V    1 −  v ′     [   v ′  +  σ t   E ′   ]   



(12)







After the injection of liquid nitrogen, the coupled action of temperature stress and confining pressure would generate stress which exceeded the strength limit of the coal sample. That was the reason for pore and fracture structural damage of the coal sample. The relationship between the load-induced structural damage and stratification direction of coal samples can be analyzed by using the Mohr-Coulomb strength theory [22], as shown in Equation (13):


   τ 1  =  c 0  + tan θ  [     σ H ′  +  σ h ′   2  +    σ H ′  −  σ h ′   2  cos 2  (  90 − θ  )  −  P p   ]   



(13)




where θ is the angle between stratification and horizontal principal stress (°), τ1 is the shear strength limit (MPa), and c0 is the cohesive stress (MPa).



The shear stress acting on the stratification direction can be solved as:


   τ 1  =  c 0  +  σ 3    ′  tan θ  



(14)




when θ is equal to zero, Equation (14) can be simplified as:


   τ 1  =  c 0   



(15)




when Equation (16) was satisfied, the fissure structure of the coal sample would be damaged and easy to crack along the stratification direction, which indicates that the fracture structure size of the coal sample would expand rapidly in the vertical direction of stratification.


  τ ≥  c 0   



(16)







In summary, coal samples with drilled holes suffered larger confining pressure in the direction parallel to stratification. There was room for strain in the horizontal direction, but the strain in the vertical direction of stratification was smaller. Stress concentrated on the inner wall plane of the drilled holes. Under the combined effect of thermal stress and confining pressure, once the strength limit of the pore structure was reached, localized damage appeared. After cyclic cold loading, damage accumulated and macro fracture emerged when the strength limit was exceeded. With the increase of confining pressure, the strain increment in the vertical direction of stratification would be enlarged and the damage would be more and more serious until the coal samples were destroyed.



Results show that in the process of coalbed methane exploitation, drilling vertical injection holes in the coalbed methane reservoir, and carrying out cold loading for 3 cycles can effectively increase the fracture size of the coalbed methane reservoir and improve the exploration efficiency of coalbed methane.




3.2.3. Numerical Model


The original coal sample has pores, cracks, and initial defects. Under the action of multiple cyclic liquid nitrogen cold loading, these initial pore and fracture structures would experience damage, expansion, and interconnection, which would bring in macroscopic cracks and final destruction of the coal body. This is the process of joint size evolution from microscopic to macroscopic of the coal sample. Considering the coupling effect of temperature stress, confining pressure during cyclic liquid nitrogen cold loading, the numerical model of fissure expansion of the coal sample was constructed by finite element analysis software, ANSYS (15.0, ANSYS Inc, Canonsburg, PA USA). The size of the model element was specified as 100 mm × 100 mm × 100 mm. The temperature stress σt caused by cold loading of liquid nitrogen was 4.45 MPa. The direction of temperature stress σt was set to be vertical to the direction of the crack, and the confining pressure is set as the plane uniform load for 0 MPa, 1 MPa, 2 MPa, 3 MPa, 4 MPa, 5 MPa, 6 MPa, and 7 MPa, respectively. The numerical model of the coal sample under cold loading of cyclic liquid nitrogen was shown in Figure 9 and the numerical simulation result of fissure expansion damage of coal sample was shown in Figure 10. The simulation model of Figure 9 was the numerical verification of Section 3.1, which theoretically analyzed and verified the high matching degree of the experiment and theoretical analysis.



After the finite element modeling, the fissure structure and loaded form of the coal sample were simulated and analyzed. The structural damage process of the coal sample was also numerically simulated, which can accurately reveal the structural damage degree and fracture law of the coal sample under different conditions. In Figure 10, straight lines were theoretically simulated data and spots were experimental data of fissure expansion of coal samples. Numerical results were basically consistent with experimental results, indicating that the theoretical analysis was rational. According to numerical analysis, the relationship between fissure width expansion and time under various confining pressures can be considered as approximately linear, indicating that the structural damage evolution process was nearly linear. Those results can provide a theoretical research basis for the coal samples cold loaded by liquid nitrogen in the application of coalbed methane mining improvement.






4. Conclusions


(1) Experimental research shows that the structural damage of pore and fissure in coal samples with drilled holes increases with the increase of confining pressure. The maximum fissure width expansion was 54.39 μm. After three cycles of cold loading under the 7 MPa confining pressure, the damage expansion of pore and fissure accumulates to exceed the strength limit of coal samples and thus the coal sample experienced complete fracture.



(2) In the test, temperature stress induces stress concentration at the end of fissures so that fissures propagate along the direction of stratification. For coal samples with original fissures, the tested fissure widths generally increased as the increase of confining pressure, and the maximum pore volume was 3.51%. For those without original fissures, the pore volume was 3.53%. It is illustrated that cold loading of liquid nitrogen plays an outstanding role in permeability improvement of coal samples in the way of structural damage.



(3) The numerical model and damage criterion of the coal sample under the influence of liquid nitrogen cold loading were established. The numerical model was constructed to simulate the damage expansion of the coal sample surface crack, in which the theoretical value matched the experimental result well. Damage criterion showed that when the practical stress of coal samples exceeds its cohesive stress (τ ≥ c0), damage occurs. Thus, under the coupling effect of both the temperature stress sourcing from cold loading of liquid nitrogen and the confining pressure, the structural damage limit can be reached to efficiently improve the permeability of the coal seam and to promote the efficient exploration of coalbed methane. Meanwhile, environmental pollution caused by coalbed methane discharged can be effectively prevented.
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Figure 1. Schematic diagram of the custom-designed experimental device for liquid nitrogen injection and confining pressure application. 
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Figure 2. Flow chart of experiments. 
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Figure 3. Surface fracture topography of coal samples under varied confining pressures after three periods of liquid nitrogen injection. 
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Figure 4. Curve of fracture width vs. confining pressure of coal samples after a 3-cycle liquid nitrogen injection. 
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Figure 5. The curve of the airwave velocity attenuation (WVA) rate and confining pressure. 
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Figure 6. Stress-strain curve of coal samples under varied confining pressure after 3 cycles of liquid nitrogen injection. 
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Figure 7. Compressive strength vs. confining pressure of coal samples under varied confining pressures after 3 cycles of liquid nitrogen injection. 
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Figure 8. The relationship of uniaxial compressive strength, fissure width, and confining pressure of the coal sample under varied confining pressures after three cycles of liquid nitrogen injection. 
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Figure 9. Mechanical model of cold loading of the coal sample with circulating liquid nitrogen. 
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Figure 10. Numerical simulation results of fissure expansion vs. cycle number (Lines for simulation data and spots for experimental data). 
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Table 1. Coal samples under different confining pressures.
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	Confining Pressure (MPa)
	0
	1
	2
	3
	4
	5
	6
	7





	Coal sample number
	1-3
	2-3
	3-3
	4-3
	3#
	5-3
	6-3
	10#
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Table 2. Fissure widths of coal samples under varied confining pressures after 3 cycles of liquid nitrogen cold loading.
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Sample Number

	
d0/μm

	
dn/μm

	
Extension

Δd/μm




	
A

	
B

	
C

	
Average

	
A

	
B

	
C

	
Average






	
1-3

	
489.41

	
438.56

	
341.10

	
423.02

	
523.31

	
483.05

	
391.95

	
466.10

	
43.08




	
2-3

	
305.08

	
608.17

	
349.57

	
420.94

	
326.75

	
564.04

	
403.02

	
431.27

	
10.33




	
3-3

	
497.88

	
451.27

	
396.19

	
448.45

	
514.59

	
467.98

	
395.95

	
459.51

	
11.06




	
4-3

	
61.44

	
65.67

	
63.55

	
63.55

	
80.26

	
73.91

	
68.95

	
74.61

	
11.79




	
3#

	
25.31

	
44.37

	
69.80

	
46.49

	
37.14

	
54.08

	
83.75

	
58.32

	
11.83




	
5-3

	
512.71

	
502.12

	
622.88

	
545.90

	
552.97

	
540.25

	
667.31

	
586.84

	
40.94




	
6-3

	
55.08

	
97.45

	
80.50

	
77.67

	
122.88

	
139.83

	
133.47

	
132.06

	
54.39




	
10#

	
broken
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Table 3. Values of parameters a and b in Equation (1).
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	Confining Pressure/MPa
	a/µm × MPa−1
	b/µm





	0 ≤ σ3 ≤1
	−32.75
	43.08



	1 < σ3 <4
	0.52
	9.95



	4 < σ3 <6
	21.28
	−70.68
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Table 4. WVA rates of coal samples under varied confining pressures after three periods of liquid nitrogen injection.
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Sample Number

	
Acoustic Wave Attenuation Rates




	
ηx × 10−3

	
ηy × 10−3

	
ηz × 10−3






	
1-3

	
125.13

	
148.91

	
432.24




	
2-3

	
21.29

	
39.99

	
116.84




	
3-3

	
48.45

	
60.01

	
178.47




	
4-3

	
61.58

	
76.16

	
222.79




	
3#

	
80.11

	
91.76

	
257.37




	
5-3

	
92.64

	
104.00

	
303.28




	
6-3

	
127.07

	
146.13

	
429.97




	
10#

	
—

	
—

	
—
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Table 5. Values of parameters a and b in the Equation (4).
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	Confining Pressure/MPa
	a
	b/MPa





	0 ≤ σ3 ≤ 1
	7.2
	5.1



	1 < σ3 < 4
	−0.63
	13.0



	4 < σ3 < 6
	−3.4
	23.6
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