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Abstract

:

Underground coal gasification (UCG) is a promising technology for extracting synthesis gas from coal seams through in situ gasification. This study aims to investigate the thermo-mechanical behavior and integrity of the surrounding rock in the gasification vicinity to facilitate safe and efficient UCG operations. Rock property testing experiments are conducted under varying temperature conditions, revealing significant temperature dependencies for the thermal and mechanical parameters. A thermo-mechanical coupling model is developed to analyze the stress and damage distribution near the gasification chamber. The influence of the temperature dependency of stress states and failure risks during the gasification process is evaluated. In addition, the effects of panel orientation, chamber width, maintaining duration, operating temperature and operating pressure on the failure behavior of the gasification surrounding rocks are illustrated through parametric analysis. The findings have practical implications for the design and assessment of UCG processes, enhancing the safety and efficiency of coal gasification operations.
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1. Introduction


Underground coal gasification (UCG) is an alternative way to convert underground coal reserves into a synthesis gas (syngas), such as methane, hydrogen, and carbon monoxide, in situ, where it is infeasible or uneconomical for traditional mining methods [1,2,3,4]. UCG has the potential to be a more environmentally friendly and cost-effective way to extract energy from coal, as it can reduce the amount of waste produced and the impact on the surface environment and increase energy efficiency and the availability of fuel resources [5,6,7,8]. The controlled retraction injection point (CRIP) configuration is a technique used in UCG to reduce cavitation instability in coal seams. The CRIP process involves injecting a small amount of air or oxygen-rich gas into the coal seam and then slowly retracting the injection point away from the original injection point while maintaining the injection pressure [9,10,11,12,13,14,15,16,17]. By controlling the pressure and flow of the injected gas, the CRIP configuration can influence the direction and rate of the gasification front, reducing the risk of unplanned fracturing or collapse of the coal seam.



An underground cavity is formed during the gasification process. The growth rate and geometry of the cavity hold significant importance to UCG technology since they are directly related to the coal seam recovery and energy efficiency and thus economic feasibility. Numerous efforts have been devoted to predicting cavity growth since the 1970s. Some simple analytical solutions were developed based on the chemical process of combustion of the coal in the early years [18,19,20,21]. Recently, to better capture the major features of the complex multi-physics thermo-hydro-chemical-mechanical process of UCG, the use of the computational fluid dynamics (CFD) method is prevalent [22,23].



The thermal excavation effects during the gasification chamber growth will significantly perturbate the stress state of the surrounding rocks in the vicinity of the cavity. On one hand, the support to the surrounding rocks is reduced to the operating pressure, resulting in mechanical stress changes. On the other hand, the temperature within the cavity can be elevated to be higher than 1000 °C, leading to considerable thermal stress. These combined thermo-mechanical stresses may incur excessive deformation and damage of the surrounding rocks, which can induce problems such as the halt of the UCG operation, observable ground subsidence and contamination of the underground aquifers. Thus, it is of critical importance to understand the thermo-mechanical behavior of the surrounding rock next to a UCG cavity to ensure that the risk of operation is minimized.



Due to the difficult accessibility, there is rare field knowledge about the thermo-mechanical behavior of the surrounding rock in UCG. Thus, most research efforts have been concentrated on analytical and numerical modeling works. Saik and Berdnyk focused on the temperature field distribution and presented a mathematical model of heat transfer during UCG [24]. Najafi et al. performed a thermo-mechanical numerical analysis of the stress distribution in the vicinity of UCG panels to calculate the required protection pillar width for commercial scale UCG operation and demonstrated a significant role of thermal stress [9]. Tian developed new thermo-mechanical rock failure criteria that incorporates high-temperature influences on rocks and numerically investigated the potential ground subsidence in a hypothetical UCG area. This research indicated that ground subsidence increases with an increase in the size of a single cavity, the total area of cavities and the number of coal seams gasified [25]. Gao et al. also conducted thermo-mechanical modeling of the underground coal gasification process to gain insights into the induced ground response, and the effects of cavity size and thermal expansion coefficients of the surrounding rocks were reported. It was found that the maximum deformation of the caprock and base rock were small [26]. Considering the possible risk of groundwater pollution, Otto and Kempka implemented thermo-mechanical simulations of rock behavior in UCG, with an emphasis on the damage-induced permeability enhancement of the surround rocks [27]. Their simulation results indicated that notable effects of the temperature dependency of material properties in the distribution of total displacements in the UCG reactor vicinity related to thermal stress but only negligible differences in permeability changes.



As summarized above, the existing research results have provided some insights into the thermo-mechanical deformation and damage of the surrounding rocks of the UCG cavity, especially the ground subsidence and permeability changes in the surrounding rock. However, there is still a lack of comprehensive knowledge about the effects of UCG panel orientation relative to the in situ stress, gasification chamber size and operation parameters on the stress distribution and damage within the surrounding rocks, which is beneficial to the design and assessment of UCG projects. In this paper, a thermo-mechanical coupled numerical model is developed and employed to investigate the evolution of temperature, stress and damage fields in the vicinity of the panel during CRIP gasification, along with the influencing factors on the size of the damage zone. To better characterize the thermo-mechanical behavior of the surrounding rocks, extensive experiments were conducted to quantify the temperature dependency of the thermal and mechanical properties of sandstones and mudstones gathered from the Dacheng Coal Mine in the Hebei Province of China.



The paper is organized as follows: In Section 2, extensive rock property testing experiments are conducted under varying temperature conditions, revealing significant temperature dependencies for thermal and mechanical parameters. Section 3 offers the fundamentals of mathematical description and geometrical definition of the developed thermo-mechanical coupling model. Section 4 explores the analysis of the stress and damage distribution near the gasification chamber, and the influence of temperature dependency of stress states and failure risks during the gasification process is evaluated. As a further exploration of the previous section, Section 5 illustrates the effects of panel orientation, chamber width, maintaining duration, operating temperature and operating pressure on the failure behavior of the gasification surrounding rocks through parametric analysis. Section 6 expounds the discussion on innovations and limitations of this paper. Finally, in Section 7, some conclusions shall be drawn.




2. Experimental Study of Rock Properties with Temperature Dependency


2.1. Temperature Dependency of Rock Thermal Parameters


The thermal conductivity, specific heat capacity and thermal expansion coefficient are the primary thermal parameters of rocks [28,29,30,31]. In this study, sandstone and siltstone samples collected from the strata adjacent to the 10# coal seam at Dacheng Coal Mine were used as experimental objects to investigate the variation of the parameters with temperature dependencies. The 10# coal seam is mainly located near the bottom of the Taiyuan Formation, with a depth of about 1330 m. It is a deep coal seam with a total thickness of 8 m. The coal seam gasification process can be divided into three stages: the heating stage, the temperature maintenance stage, and the cooling stage. Each stage has different temperature changing rates and holding times. Therefore, referring to the stage characteristics of temperature changes in this process, laboratory tests were conducted to examine the temperature-dependent variations of the rock samples’ thermal parameters.



In the experiment, a HotDisk-2500S thermal conductivity and specific heat capacity measuring instrument and a DIL402C thermal expansion coefficient measuring instrument were used. During the experimental process, the prepared rock samples were first heated to the set temperature and then allowed to cool to room temperature before being placed into the measuring instruments for testing. The specific test results are shown in Figure 1, Figure 2 and Figure 3.



The experimental results indicate that the thermal conductivity and specific heat capacity of the coal seam roof rocks decrease with increasing temperature. In the temperature range of 25 °C to 350 °C, the thermal conductivity exhibits a linear decreasing trend with temperature, with a reduction of approximately 0.2 W/m·K for every 100 °C increase in temperature. After reaching 350 °C, the thermal conductivity tends to stabilize and decreases slowly, with a reduction of around 0.02 W/m·K for every 100 °C increase in temperature, as shown in Figure 1.



Similarly, the specific heat capacity shows a linear decreasing trend with temperature in the temperature range of 25 °C to 650 °C, with a decrease of approximately 0.083 MJ/m3·K for every 100 °C increase in temperature. After reaching 650 °C, the specific heat capacity stabilizes within the range of 0.373 MJ/m3·K to 0.400 MJ/m3·K, as shown in Figure 2.



Furthermore, the thermal expansion coefficient of the rock samples exhibits an initial increase followed by a decrease with increasing temperature. Specifically, the thermal expansion coefficient of the roof rock mass shows a roughly linear increasing trend when the temperature rises from an initial temperature of 100 °C to 600 °C (from 12% to 83%), reaching its maximum value at temperatures of 600 °C. However, the thermal expansion coefficient of the roof rocks gradually linearly decreases with increasing temperatures above 600 °C, as shown in Figure 3.




2.2. Temperature Dependency of Rock Mechanical Parameters


The influence of temperature on the mechanical properties of rocks is significant and manifested through the variation of constitutive model parameters and strength with temperature [32,33,34,35,36,37]. The variations of the parameters of sandstone samples under the temperature conditions during coal seam gasification were obtained by conducting uniaxial and triaxial mechanical laboratory experiments. The mechanical experiments were conducted with a TAW-1000 electrohydraulic servo-controlled rock mechanics testing system. During the experimental process, the prepared rock samples were first heated to the set temperature and then allowed to cool to room temperature before being placed into the triaxial apparatus for testing.



The test results of the uniaxial and triaxial mechanical parameters of the sandstone rock samples from the coal seam roof under different temperatures are presented in Figure 4 and Figure 5. Additionally, the cohesion and the angle of internal friction of the sample under different temperature conditions can be calculated utilizing the results of the triaxial tests. The analysis of these parameters is illustrated in Figure 6.



The test results for the sandstone samples from the target test area of the coal seam roof strata indicate a significant temperature effect on the rock mechanical properties in this region. The elastic modulus and the compressive strength of the roof sandstone remain relatively stable with increasing temperature below the critical temperature ranging from approximately 400 to 600 °C. However, once the temperature reaches the critical temperature, both of these measures significantly decrease as the temperature continues to rise. There are reductions of 50–80% in the elastic modulus and the compressive strength after the temperature reaches 1000 °C. The Poisson’s ratio exhibits a different trend compared with the previous two parameters. Below the critical temperature, the Poisson’s ratio decreases with increasing temperature and reaches its lowest value within the critical temperature range, a reduction of up to 50%. The Poisson’s ratio gradually increases with increasing temperature beyond the critical temperature and returns to its initial value at around 1000 °C. Additionally, it is observed that the internal friction angle shows little dependency on temperature, whereas the cohesion gradually increases below the critical temperature and rapidly decreases with increasing temperature above the critical range, with a maximum reduction of over 50%.



By integrating the obtained thermal and mechanical parameters of the rock samples with temperature-dependent behavior into the numerical simulation research process, a more realistic representation of underground construction conditions can be achieved, leading to more reliable simulation results.





3. Fundamentals of Mathematical Description and Geometrical Definition


Understanding the behavior of the rock mass under various conditions is crucial for ensuring the safe and sustainable operation of underground coal gasification. A two-dimension thermo-mechanical coupling model considering the panel orientations and the properties of rock mass with temperature dependences is established in this section to evaluate the stability of the surrounding formations by simulating the gasification process and describing the evolution of the stress field.



3.1. Governing Equations and Assumptions


Temperature plays a crucial role in ensuring continuous and stable production during underground coal gasification. The temperature field variations in the gasifier are influenced by factors such as the gasification agent, gasification modes and changes in the cavity [8,38,39,40,41]. Therefore, it is necessary to explore the evolution of the temperature field during the gasification process before investigating the mechanical integrity of the rock mass surrounding the gasification chamber, especially in determining the range of temperature field diffusion. The heat transfer process during gasification is simulated based on the fundamental theory of thermal conduction and certain assumptions.



The thermal energy transfer in the underground coal seam gasification process primarily occurs through thermal conduction. The spatial distribution of temperature over time can be described as follows:


  c ρ   ∂ T   ∂ t   −  ∂  ∂ x    (  k   ∂ T   ∂ x    )  −  ∂  ∂ y    (  k   ∂ T   ∂ y    )  = f  (  x , y , t  )   



(1)




where  ρ  is the density of rock mass, m3/kg;  c  is the specific heat capacity, MJ/(m3·K); and  k  is the thermal conductivity, W/(m·k).



Based on the initial temperature conditions of the geological strata, the initial conditions of the target coal seam can be determined, which are as follows:


  T  (  x , y , 0  )  = φ  (  x , y  )   



(2)







Furthermore, referring to the initial temperature distribution within the studied system, the temperature distribution and exchange laws between the system boundaries and the surrounding environment are investigated to determine the first and second type boundary conditions, which can be expressed as follows:


      T  (  x , y , t  )   |    ∂ Ω ×  (  0 , + ∞  )    = g  (  x , y , t  )   



(3)






      k   ∂ T   ∂ n    |    ∂ Ω ×  (  0 , + ∞  )    = g  (  x , y , t  )   



(4)







The third type of boundary condition refers to the linear relationship between the temperature on the boundary of the thermal conduction system and its derivative on the boundary. It is used to describe the heat exchange between the edges of the thermal conduction system and the surrounding external environment and can be represented as follows:


       (    ∂ T   ∂ n   + α T  )   |    ∂ Ω ×  (  0 , + ∞  )    = g  (  x , y , t  )   



(5)







The temperature difference in the surrounding rock mass of coal seams caused by the various properties of each stratum leads to the generation of thermal expansion stress. The constitutive equation of the rock mass with high temperature during the gasification process is as follows:


   {       ε x  =  1 E   [   σ x  − v  (   σ y  +  σ z   )   ]  +  α T  T        ε y  =  1 E   [   σ y  − v  (   σ z  +  σ x   )   ]  +  α T  T        γ  x y   =   2  (  1   +   v  )   E   τ  x y          



(6)




where    ε x  ,    ε y  ,    γ  x y     are strains;    σ x  ,    σ y  ,    σ z  ,    τ  x y     are stresses, Pa;  E  is the elastic modulus, Pa;  v  is the Poisson’s ratio; and    α T    is coefficient of linear thermal expansion, K−1.



By introducing the shear modulus G, Pa, the Lamé constant λ, Pa, the volumetric strain e and the thermal stress coefficient β, K−1, Equation (7) can be transformed as:


   {       σ x  = 2 G  ε x  + λ e − β T        σ y  = 2 G  ε y  + λ e − β T        σ z  = λ e − β T        τ  x y   = G  γ  x y          



(7)




where the expressions of the various quantities are:


  G =  E  2  (  1 + v  )     










  λ =   E v    (  1 + v  )   (  1 − 2 v  )     










  e =  ε x  +  ε y   










  β =    α T  E   1 − 2 v    








in which  β  is thermal stress coefficient, Pa/K and  e  is volumetric strain.



By introducing the equilibrium differential equation, Equation (8), and substituting the thermal stress into it, the equilibrium differential equation for the thermal stress problem can be obtained, as in Equation (9):


   {        ∂  σ x    ∂ x   +   ∂  τ  y x     ∂ y   + X = 0         ∂  σ y    ∂ y   +   ∂  τ  x y     ∂ x   + Y = 0        



(8)






   {      λ + G   ∂ e   ∂ x   + G  ∇ 2  u − β   ∂ T   ∂ x   + X = 0       λ + G   ∂ e   ∂ y   + G  ∇ 2  v − β   ∂ T   ∂ y   + Y = 0        



(9)







Based on the description of the heat exchange process and mechanical behavior mentioned above, a two-dimensional thermo-mechanical coupling model for the surrounding rocks of the gasification cavity in the coal seam is established by considering the temperature of the geological formation, stratification of the formation, thermal properties of the rocks and characteristics of the coal seam gasification process in the studied area.



For the thermo-mechanical coupling model of surrounding rock in underground coal gasification, the following assumptions are introduced:




	(a)

	
The surrounding rocks are isotropic with no cracks or faults;




	(b)

	
There are no other sources of heat apart from the heat generated during the underground coal gasification process due to the original temperature of the formation;




	(c)

	
The heat transfer within the system is primarily governed by thermal conduction, neglecting factors such as convection or radiation, and the pressure inside the gasification chamber remains uniform at all times;




	(d)

	
The geological model is simplified as a two-dimensional plane strain model during the gasification process; the initial geometric shape of the gasification chamber is approximated as a cuboid.










3.2. Geometry Model of the Finite Element Method Simulation


The target of coal seam gasification construction was selected as the main coal seam at the bottom of the Taiyuan Formation in the Dacheng Coal Mine. The roof and floor lithology of the coal seam mainly consist of thick sandstone layers and relatively thin mudstone layers, with numerous small interlayers within the main coal seam. Referring to the stratigraphic information revealed by logging, the thinner layers and small interlayers are simplified and merged, resulting in the stratification within a range of 100 m above and below the coal seam in the model, as shown in Figure 7. This simplification facilitates the subsequent analysis and computation of the model.



Based on the stratification of the formation and the range of the gasification chamber width (10–60 m), a two-dimensional geometric model with a width of 240 m and a thickness of 210 m was established, as shown in Figure 8. This ensures that the model captures the significant temperature variations and diffusion characteristics during the gasification process. Two gasification panel directions were considered along the maximum horizontal stress direction and the minimum horizontal stress direction stress (as presented in Figure 9) for thermo-mechanical coupling simulation and comparison of the stress field evolution.



The lithology and thickness of the roof and floor strata of the combustion zone are shown in Figure 8. Considering the need for high precision in stress field evolution simulation and failure analysis, the mesh around the gasification cavity is refined (0.25 m) and gradually transitions to a coarser mesh (5.0 m) in the boundary. The plane strain quadratic interpolation thermo-mechanical coupling analysis element (CPE8T) was used for meshing. Normal displacement constraints are applied to the left and right sides of the model and the bottom surface. The overburden stress corresponding to the depth was applied to the top surface of the model The internal model was subject to the geostatic stress, as presented in Figure 9. Temperature and pressure boundary conditions were applied to the inner surface of the cavity at different stages, as shown in Figure 10.



The geometric shape of the gasification chamber is complex and worth investigating [42,43]. However, the integrity of the roof and floor strata of the combustion cavity are focused on more than the pillars in this study. The geometric shape of the sidewalls is therefore not emphasized.



Additionally, the model was set with an in situ temperature of 44 °C and an operating temperature of 1200 °C on the chamber walls during the coal seam gasification process. The operating temperature was maintained for 45 days, after which the chamber walls were cooled to a temperature of 200 °C. As the lithology of the roof and floor differs, the thermal properties of the sandstone layer can be referenced from the aforementioned experimental test results for sandstone roof strata. The thermal and mechanical properties of mudstone from previous research are adopted as a reference [44,45,46].



The thermo-mechanical model was established considering two scenarios for gasification panels along the directions of the maximum and minimum horizontal stresses. Typical gasification conditions were set with a panel width of 25 m, a constant gasification temperature of 1200 °C for 45 days and an equivalent density of gasification operating pressure of 0.3 g/cm3. The effects of temperature on properties of surrounding rock mass were also considered.



The thermal coupling simulation process was conducted in three stages during the gasification process, as shown in Figure 11:




	(a)

	
Gasification heating stage (5 days): The supporting load of the chamber internal wall was reduced from the initial in situ stress to the gasification operating pressure pgas and the chamber wall surface temperature was raised to the gasification operating temperature Tgas;




	(b)

	
Temperature maintaining stage (30–60 days): The supporting load of the chamber internal wall maintained the gasification operating pressure pgas, and the chamber internal surface temperature maintained the gasification operating temperature Tgas;




	(c)

	
Cavity cooling stage (60 days): The supporting load of the chamber internal wall maintained the gasification operating pressure pgas, and the chamber wall surface temperature was reduced to the gasification cooling temperature Tcool.









The thermo-mechanical coupled model was implemented with the finite element software ABAQUS 2022 using its coupled temperature–displacement capability. The temperature-dependent thermal and mechanical properties gained from the experiments were incorporated into the simulations through a subroutine (UFIELD) coded in Fortran. The stress distributions were generated directly from the analysis, whereas the damage distributions are represented with the equivalent plastic strain (PEEQ).





4. Evolution of the Stress and Temperature Field near the Gasification Chamber


4.1. Stress State and Failure Risk in the Vicinity of the Gasification Chamber


The evolution of the stress and temperature field near the gasification chamber is described with the panel along the largest and the smallest horizontal stress. The initial stress states in the two different situations are shown in Figure 12 and Figure 13, where S22 represents the overburden stress and S11 and S22 represent the principal horizontal stresses.



The tensile strength of rock mass is much lower than their compressive strength, which means that rocks are at great risk of tensile failure under tensile stress. When the gasification chamber is burned out, the chamber walls lose support from the roof and floor strata. Moreover, the support force is reduced to the gasification pressure of 3.99 MPa (at a depth of 1330 m, with equivalent density of 0.3 g/cm3) in the cavity. The roof and floor strata bend and deform towards the inside of the cavity with additional tensile stress generated on the surface of the roof and floor strata. If the tensile stress is higher than the original horizontal compressive stress, the roof and floor strata are in a tensile stress state and may undergo tensile failure.



A vertical upward path for obtaining data was set at the middle of the roof to visually observe the stress state of the roof (see Figure 10). From the calculation results, the original horizontal compressive stress was relatively low when the gasification panel was arranged along the direction of the largest horizontal stress. With bending and subsidence, the surface of the roof strata was in a tensile stress state. The deformation results of the roof and floor strata in Figure 14 show that the roof strata of the gasification chamber subsided by 5.39 cm in the middle, whereas the floor strata uplifted by 3.58 cm, which may lead to tensile fracture. However, when the gasification panel was arranged along the direction of the smallest horizontal stress, the situation was improved. The results in Figure 15 show that the stress state was compressive stress and the risk of tensile failure was significantly reduced.




4.2. Influence of Temperature Dependency on Stress State during the Gasification Process


The temperature dependency of the thermal and mechanical properties of rock was considered in the simulation of the evolution of the temperature and stress field in the gasification chamber. To verify the specific influence of temperature effects on the roof and floor strata, a comparative analysis of whether to concern temperature effect was carried out in the three stages of gasification. The distribution of temperature and stress in Figure 16 and Figure 17 shows that the temperature effect has different influences on the diffusion of the temperature field and the distribution of the stress field. The obtained data in Figure 18 are still along the vertical upward path in the middle of the roof.



Due to the relatively short duration of the 5-day gasification heating stage, the temperature diffusion range was just 1.5 m. However, during the 45-day temperature maintaining stage, the temperature diffusion zone of the rock surrounding the gasification cavity gradually expanded. During the cooling stage, the temperature diffusion zone still expanded because the heated region still had a higher temperature than the rock further away. Therefore, the diffusion process of the temperature field continued to occur. It can be observed from Figure 18 that the temperature effect had a minimal impact on the temperature field. The thermal conductivity of the rock decreases when considering the temperature effect, resulting in a slower diffusion of the temperature field during a temperature increase or decrease. Additionally, due to the reduction in the specific heat capacity when considering the temperature effect, the temperature field during the cooling stage was also lower than considering temperature effect.



The highest stress level occurred during the heating stage, where there was a large temperature difference in the surrounding rock mass of the gasification chamber. As a result, the stress concentration was pronounced near the gasification cavity wall, where the stress may reach above 240 MPa. At this moment, the rock may experience potential failure and start to collapse. During the temperature maintaining stage, the stress concentration gradually alleviated with the diffusion of the temperature field but remained at a relatively high level. The damage region may expand at this stage. After the 60-day cooling gasification stage, the horizontal thermal stress near the roof decreased, whereas the temperature diffusion zone gradually expanded. With the further diffusion of high-temperature stress (S11, S33) to the inside of the roof, the range of the compression damage of roof strata continued to expand. The temperature dependency’s effect on the stress field was not as significant as predicted. The stress levels are nearly the same before the cooling stage, whereas the positions of stress concentration are slightly shifted due to the different temperature dependencies of thermal property between layers. However, the stress field considering the temperature effect is higher at the end of the cooling stage. This is because the temperature field cools down more slowly and the thermal stress is not completely released in time.





5. Evolution of Stress and Temperature Field near the Gasification Chamber


5.1. Influence of Panel Orientation on Vicinity Stability during the Gasification Process


In the design of UCG operations, the orientation of panels is a crucial factor that needs to be considered emphatically. The orientation of the gasification panels plays a significant role in determining the stress distribution and potential failure mechanisms within the rock mass. In conventional oil and gas extraction processes, the wellbore orientation is determined by considerations related to reservoir development, as well as the feasibility of drilling and subsequent stimulation such as hydraulic fracturing. Selecting the appropriate channel orientation involves considering factors such as the stress concentration, effective gasification area and potential for strata instability. Furthermore, it is important to consider the temperature dependency of the rock mass and its impact on channels with different orientations.



To simulate the typical conditions of the gasification process, the gasification chamber width was set as 25 m and a constant gasification temperature of 1200 °C was assumed with a gasification duration of 45 days under a pressure equivalent density of 0.3 g/cm3. In the model, the Mohr–Coulomb strength criterion considering the temperature dependence is used to describe the shear failure of the surrounding rock. These conditions provide a representative basis for analyzing the potential failure mechanisms in the surrounding rock mass of the gasification chamber.



The results in Figure 19 illustrate the evolution process of rock failure in the vicinity of a typical gasification chamber. During the heating stage, the roof strata show initial signs of noticeable damage, with a range of nearly 1 m in the roof and floor strata. However, the area of the failure zone is not extensive due to the relatively short duration. As the maintaining stage progresses, the damage zone gradually expands, with a range of nearly 3–4 m in the roof and floor strata. By the end of the cooling stage, the damage zone spreads to a larger range of more than 6 m towards the floor strata. Therefore, the deformation characteristics of the roof and floor strata during the maintaining and cooling stages were investigated, as depicted in Figure 20. Two predefined paths are utilized to collect data on the equivalent plastic strain (PEEQ). One path followed a vertical upward direction along the middle of the roof, as previously mentioned. The other path correspondingly followed a vertical downward direction along the midsection of the floor. The potential degradation of materials due to temperature dependency was also simultaneously taken into consideration.



By comparison, it can be observed that the orientation of the gasification chamber along the direction of the smallest or largest horizontal stress had a relatively minor influence on the range of damage to the roof and floor strata. The reason for this is that the damage to the roof and floor strata during the gasification process is primarily caused by compressive/shear failure induced by thermal stresses. The differences in the original horizontal stresses with different orientations of the gasification chamber are relatively small compared with the thermal stresses generated at high temperatures. The mechanical and thermal properties of the roof and floor strata have a relatively small impact on the range of damage to the strata. However, they have a significant influence on the degree of rock damage within the damage zone. This is because the mechanical properties of the rock need to surpass a certain critical temperature (500–600 °C) to undergo changes, whereas the thermal stresses generated when the temperature reaches the critical threshold are sufficient to cause damage to the roof and floor strata. During each gasification cycle and subsequent gasification processes, although the temperature of the roof and floor strata decreases, the influence zone of high temperatures within the strata continues to expand. Therefore, during this stage, the range of the damage zone will continue to enlarge despite the decreasing temperatures of the roof and floor strata.




5.2. Variation of Damage Zone in Surrounding Rock of the Combustion Chamber


In order to explore the influence of various factors on the damage characteristics in the surrounding rock of the combustion chamber, numerical simulations were conducted under different variable conditions. These conditions included variations in the gasification chamber width, temperature maintaining duration of the gasification reactor, gasification operating temperature and gasification operating pressure equivalent density. Thus, the simulations were carried out based on typical gasification parameters: gasification chamber width (10 m, 15 m, 20 m, 25 m, 30 m, 40 m, 60 m), temperature maintaining duration (30 days, 35 days, 40 days, 45 days, 50 days, 55 days, 60 days), gasification operating pressure equivalent density (0.1 g/cm3, 0.2 g/cm3, 0.3 g/cm3, 0.4 g/cm3, 0.5 g/cm3) and gasification constant temperature operating temperature (900 °C, 1000 °C, 1100 °C, 1200 °C, 1300 °C, 1400 °C). The distribution maps of equivalent plastic strain obtained from numerical simulations provide a visual representation of the influence of various factors on the size of the damage zone. However, to compare the range and severity of the damage zone under different conditions, the two created vertical paths previously mentioned along the middle of the roof and floor strata need to be utilized.



5.2.1. Influence of Gasification Chamber Width


The influence of different gasification chamber widths on the range of the damage zone is relatively minor, as observed in Figure 21. However, the comparison in Figure 22 indicates that the range of the damage zone is significantly smaller when the gasification chamber width is 10 m. The discrepancy can be attributed to the fact that the gray area in Figure 21 is defined as PEEQ > 0.001, which corresponds to the observation criteria for conventional sanding issues. Regarding the severity of the damage, it is observed that a smaller gasification chamber width leads to a more severe level of damage within a distance of 2 to 3 m from the floor strata. It should be noted that within a range of 2.6 m beneath the coal seam floor exists sandstone, whereas within a range of 1.7 m above the coal seam floor exists mudstone. It can be inferred from Figure 22 that the mudstone roof and floor strata exhibit a higher sensitivity to the gasification chamber width.



The width of the damage zone in the roof and floor strata increases with the increasing width of the chamber. The thickness of the damage zone in the roof and floor slightly increases with the increase in the chamber width. As the chamber width increases from 10 m to 60 m, the thickness of the roof damage zone increases from 3.1 m to 3.6 m and the thickness of the floor damage zone increases from 4.0 m to 6.2 m; however, the increase is not significant. This is mainly due to the dominant influence of thermal expansion stress on the damage in the roof and floor strata of the gasification chamber, whereas the stress distribution resulting from dimensional changes in the chamber has a minor impact on the damage zone in the roof and floor strata.




5.2.2. Influence of Temperature Maintaining Duration


Due to the prolonged duration of the maintaining temperature stage, most of the damage behavior and the spreading of the damage zone occur during this stage. Therefore, a simulation study was conducted specifically for the duration of this stage. The results indicate that the longer the duration of the maintaining temperature stage, the larger the diffusion range of the damage zone. As the duration of the gasification at a constant temperature increases from 30 days to 60 days, the thickness of the roof strata damage zone increases from 3.1 m to 4.2 m and the thickness of the floor strata damage zone increases from 5.6 m to 6.6 m, as shown in Figure 23. However, the impact of maintaining the temperature duration on the range of damage to the roof and floor strata is not significant. The influence is more pronounced on the roof strata than on the floor strata according to Figure 24.




5.2.3. Influence of Gasification Operating Temperature


Different gasification operating temperatures not only influence the temperature field around the gasification chamber, leading to thermal stress, but also alter the thermal and mechanical material properties of the surrounding rock mass. Under the combined influence, the gasification operating temperature has the greatest impact on the degree of damage among the considered factors. However, it does not imply that the gasification operating temperature has a greater effect on the size of the damage zone, as shown in Figure 25. According to the results for 4 m in Figure 26, it can be observed that the thickness of the roof and floor strata damage zone increases with the increase in the operating temperature during the maintaining temperature stage. As the operating temperature increases from 900 °C to 1400 °C, the thickness of the top plate damage zone increases from 3.2 m to 3.9 m and the thickness of the floor strata damage zone increases from 5.6 m to 6.4 m.




5.2.4. Influence of Gasification Operating Pressure


The magnitude of the gasification operating pressure directly affects the degree of damage in the damage zone. The gasification operating pressure directly acts on the surrounding rock mass by exerting support on the internal wall of the gasification chamber during the gasification process after combustion. Therefore, the range of the damage zone decreases as the gasification operating pressure increases, as shown in Figure 27. According to the results in Figure 28, it can be observed that the regions in close proximity to the internal wall of the gasification chamber are most affected by the operating pressure. The gasification pressure equivalent density is used here to represent the gasification operating pressure. The influence of gasification pressure is more significant on the floor strata than on the roof strata. As the gasification pressure equivalent density increases from 0.1 g/cm3 to 0.5 g/cm3, the thickness of the roof strata damage zone decreases from 4.0 m to 3.3 m, whereas the thickness of the floor strata damage zone decreases from 7.9 m to 5.3 m.






6. Discussions


In this paper, the distributions of temperature, stress and damage in the vicinity of the surrounding rocks of the UCG cavity have been investigated through thermo-mechanical coupled numerical simulations. The temperature dependency of the thermal and mechanical properties of surrounding rocks were experimentally tested and considered in the analysis. The effects of gasification panel orientation and gasification chamber size, as well as gasification operation parameters on the stress and damage distributions were also quantified. The experimental and numerical results offer valuable data and understanding for the design and assessment of future UCG projects. For example, once the distance between the aquifer and the target coal seam is given, then the risk of underground water contamination can be evaluated and the operation parameters can be optimized to reduce the risk.



Despite the findings presented, the work in this paper still leaves a few open questions unaddressed. One specific aspect is that even though the stress and damage distributions within the surrounding rocks can be predicted, the amount of rock mass that will collapse is still to be determined. Additionally, the critical size of the damage zone that should lead to a halt in the UCG operation remains unsolved. In addition, the sustained integrity of the rocks surrounding the gasification chamber in the long run during the UCG process still need to be investigated. All these questions justify further study, especially combined experimental/numerical and field studies.




7. Conclusions


This study aimed to investigate the thermo-mechanical behavior and integrity of the surrounding rock in the gasification vicinity to facilitate safe and efficient UCG operations. The study began with an experimental study of the temperature dependency on the thermal and mechanical properties for the Decheng Coal Mine. The findings are incorporated into a thermo-mechanical coupling model developed to analyze the stress and damage distribution near the gasification chamber. In addition, the effects of panel orientation, chamber width, maintaining duration, operating temperature and operating pressure on the failure behavior of the gasification surrounding rocks are illustrated through parametric analysis. The following conclusions and observations can be drawn:




	
The thermal conductivity exhibits a linear decreasing trend with temperature in the range of 25 °C to 350 °C and tends to stabilize and decreases slowly beyond 350 °C. The specific heat capacity shows a linear decreasing trend with temperature in the range of 25 °C to 650 °C and stabilizes after reaching 650 °C. The thermal expansion coefficient shows a roughly linear increasing trend when the temperature rises from 100 °C to 600 °C and decreases linearly with temperature after surpassing 600 °C;



	
The elastic modulus and the compressive strength remain relatively stable with increasing temperature below a critical temperature ranging from approximately 400 to 600 °C. However, once the temperature reaches the critical temperature, both measures significantly decrease as the temperature continues to rise. The Poisson’s ratio decreases with increasing temperature below the critical temperature, gradually increases with temperature beyond the critical temperature and can return to its initial value at around 1000 °C;



	
The roof strata show initial signs of noticeable damage during the heating stage, with a range of less than 1 m in the roof and floor strata. As the maintaining stage progresses, the damage zone gradually expands with a range of nearly 3–4 m in the roof and floor strata. By the end of the cooling stage, the damage zone spreads to a larger range of more than 6 m towards the floor strata;



	
The orientation of the gasification chamber has a relatively minor influence on the range of damage to the roof and floor strata. The width and thickness of the damage zone in the roof and floor strata increase when the width of the chamber is increased. The longer the duration of the maintaining temperature stage, the larger the diffusion range of the damage zone. The gasification operating temperature has the greatest impact on the degree of damage among the considered factors. The magnitude of the gasification operating pressure directly affects the degree of damage in the damage zone, and the influence is more significant on the floor strata than on the roof strata.








The findings have practical implications for the design and assessment of UCG processes, enhancing the safety and efficiency of coal gasification operations.
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Figure 1. Thermal conductivity of sandstone sample with temperature dependency. 
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Figure 2. Specific heat capacity of sandstone sample with temperature dependency. 
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Figure 3. Thermal expansion coefficient of sandstone sample with temperature dependency. 
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Figure 4. Test results of mechanical properties of sandstone samples with temperature dependencies in uniaxial tests: (a) uniaxial compressive strength; (b) elastic modulus; (c) Poisson’s ratio. 
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Figure 5. Test results of mechanical properties of sandstone samples with temperature dependencies in triaxial tests with a confining pressure of 20 MPa: (a) compressive strength; (b) elastic modulus; (c) Poisson’s ratio. 
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Figure 6. Test results of Mohr–Coulomb parameters of sandstone samples with temperature dependencies: (a) cohesive strength; (b) internal frictional angle. 
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Figure 7. Stratigraphic model obtained by lithology simplification. 
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Figure 8. Geometry of the thermo-mechanical coupled UCG model based on the simplified geological data of the Dacheng Coal Mine. 
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Figure 9. The gasification panel along the minimum and maximum horizontal in situ stress direction. 
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Figure 10. Meshing of the thermo-mechanical coupled geometry model. The blue arrows repressent the node paths for data acquisition in later analyses. 
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Figure 11. The definition of boundaries in the chamber during the three stages of gasification. 
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Figure 12. The initial stress state with the gasification panel along the largest horizontal stress. 
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Figure 13. The initial stress state with the gasification panel along the direction of smallest horizontal stress. 
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Figure 14. Calculation results of deformation and horizontal stress of roof and floor strata: (a) deformation of roof and floor strata with the gasification panel along the direction of the largest horizontal stress; (b) deformation of roof and floor strata with the gasification panel along the direction of the smallest horizontal stress; (c) horizontal stress S11 field after combustion depressurization with the gasification panel along the direction of the largest horizontal stress; (d) horizontal stress S11 field after combustion depressurization with the gasification panel along the direction of the smallest horizontal stress. The grey zone in the roof strata of (b) represents the tensile failure zone. The deformation scale factor is 20. The magnitudes and directions of the displacements of the top and bottom strata are marked in the figure (a,b). 
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Figure 15. Distribution of the vertical stress S22 and horizontal stress S11 along the roof path after the combustion process with different gasification panel orientations: along the directions of (a) vertical stress S22 with the panel along the direction of the largest horizontal stress; (b) horizontal stress S11, the smallest horizontal stress, with the panel along the direction of the largest horizontal stress; (c) vertical stress S22 with the panel along the direction of the smallest horizontal stress; (d) horizontal stress S11, the smallest horizontal stress, with the panel along the direction of the smallest horizontal stress. 
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Figure 16. Temperature field with and without temperature effect: (a) without temperature effect at the end of heating stage; (b) with temperature effect at the end of heating stage; (c) without temperature effect at the end of maintaining stage; (d) with temperature effect at the end of maintaining stage; (e) without temperature effect at the end of cooling stage; (f) with temperature effect at the end of cooling stage. 
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Figure 17. Stress field of S11 with and without temperature effect: (a) without temperature effect at the end of heating stage; (b) with temperature effect at the end of heating stage; (c) without temperature effect at the end of maintaining stage; (d) with temperature effect at the end of maintaining stage; (e) without temperature effect at the end of cooling stage; (f) with temperature effect at the end of cooling stage. 
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Figure 18. Temperature and horizon stress S11 distribution along the roof path: (a) temperature distribution at the end of heating stage; (b) S11 distribution at the end of heating stage; (c) temperature distribution at the end of maintaining stage; (d) S11 distribution at the end of maintaining stage; (e) temperature distribution at the end of cooling stage; (f) S11 distribution at the end of cooling stage. 
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Figure 19. Damage zone of surrounding rock mass with temperature effect and gasification panel along the direction of minimum horizontal stress: (a) at the end of combustion; (b) at the end of heating stage; (c) at the end of maintaining stage; (d) at the end of cooling stage. 
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Figure 20. Distribution of equivalent plastic strain: (a) along the roof path at the end of the maintaining stage; (b) along the bottom path at the end of the maintaining stage; (c) along the roof path at the end of the cooling stage; (d) along the bottom path at the end of the cooling stage. 
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Figure 21. Damage zone of surrounding rock mass under different gasification chamber widths: (a) width = 10 m; (b) width = 15 m; (c) width = 20 m; (d) width = 25 m; (e) width = 30 m; (f) width = 40 m; (g) width = 60 m. 
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Figure 22. Equivalent plastic strain distribution under different gasification chamber widths: (a) along the roof path; (b) along the floor path. 
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Figure 23. Damage zone of surrounding rock mass under different temperature maintaining times: (a) duration = 30 d; (b) duration = 35 d; (c) duration = 40 d; (d) duration = 45 d; (e) duration = 50 d; (f) duration = 55 d; (g) duration = 60 d. The red dashed line represents a reference line at the same position in the model. 
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Figure 24. Equivalent plastic strain distribution under different temperature maintaining durations: (a) along the roof path; (b) along the floor path. 
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Figure 25. Damage zone of surrounding rock mass under different operating temperatures at the end of maintaining stage of gasification: (a) temperature = 900 °C; (b) temperature = 1000 °C; (c) temperature = 1100 °C; (d) temperature = 1200 °C; (e) temperature = 1300 °C; (f) temperature = 1400 °C. The red dashed line represents a reference line at the same position in the model. 
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Figure 26. Equivalent plastic strain distribution under different gasification operating temperatures: (a) along the roof path; (b) along the floor path. 
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Figure 27. Damage zone of the surrounding rock mass under different gasification operating pressures: (a) equivalent density = 0.1 g/cm3; (b) equivalent density = 0.2 g/cm3; (c) equivalent density = 0.3 g/cm3; (d) equivalent density = 0.4 g/cm3; (e) equivalent density = 0.5 g/cm3. The red dashed line represents a reference line at the same position in the model. 
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Figure 28. Equivalent plastic strain distribution under different gasification operating pressure equivalent densities: (a) along the roof path; (b) along the floor path. 






Figure 28. Equivalent plastic strain distribution under different gasification operating pressure equivalent densities: (a) along the roof path; (b) along the floor path.



[image: Processes 11 02521 g028]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check CrossRef













media/file4.png
Specific heat capacity (MJ/m°K)

1.0

0.8

0.6 -

0.4

0:2

—&— D12-4-1-15
—o—D12-4-1-16
—A&— D12-4-2-15
—v— DI12-4-2-16

200

| ' !
400 600

Temperature (°C)

800 1000






media/file8.jpg
Poisson's Ratio

0.3

0.25

0.2

0.15

0.1

0.05

#*D12-4-9. 10
-*-DI12-4-11. 12, 13
-+DI12-4-15. 16

200

400

600 800 1000

Temperature (°C)

(c)





media/file52.png





media/file39.jpg
sy E
ey gy
= £
R e
1 158
TR o sermmemegpr I o cerprovenaomrnee
@ (b)
s s
fad ey g
it Les g
L — |
HE &
E i — E——————
e i
3R oy coronovumanmemnee R o, conmimmemes:
Pl e Pl a2

(©) (d)






media/file43.png
Temperature (°C)

1400

1200

1000

800

600

400

200

0

4
—

<

—— With no temperature effect
—— With temperature effect

0.0

0.5

T T T v T ' T
1.0 1.5 2.0 25

Distancc from cavity top (m)

(a)

S11 (MPa)

240 Initial value
1 I:ind of combustion
200 ind of heating (no temperature effect)
160 1 End of heating (temperaturce cffect)
120
80 <
40 -
0l Neeoro—m———
N I ' I ' I N I
0 2 -+ 6 8

Distance from cavity top (m)

(b)





media/file18.png
T Sandstone of 67.33 m

1293.

35

23

1295.

45

10

1299.

20

715

1300.

25

05

1304.

15

90

1306.

L o* I LS — 00 B |

.40

1311.

64

N

. 09

1312.

64

. 00

1314.

10

—

. 46

1323.

70

60

1325.

38

68

1326.

52

14

1326.

69

17

1331.

14

45

1331.

73

59

1333.

47

o Dl Dt ol Lol (ol g

74

1337.

02

33

1337.

64

62

1338.

80

i o L

16

1348.

. 35

1352.

. 00

1360.

. 65

1363.

. 00

1367.

99

e View ¢
il R szD m:;:I
Coal seam of 8.00 m i
._‘__ :-Z_Z‘
e ][]
= ] [

l sandstone of 61.87 m





media/file21.jpg





media/file44.png
Temperature (°C)

Temperature (°C)

1400

1200

1000

2 ¢

400

200

—— Without temperature effect
—— With temperature effect

=]

300

T T T T T T T T
- 6 8 10 12

Distancc from cavity top (m)

(c)

200

100

— Without temperature effect
—— With temperature effect

=]

T ’ T g ¥
8 12 16 20

Distance from cavity top (m)

(e)

S11 (MPa)

S11 (MPa)

240 - Initial value
] End of combustion
200 - e
| End of maintaining (no temperature effect)
160 End of maintaining (temperature effect)
120
80 +
40
o~
T T T T T T T T T
0 2 4 6 8 10
Distance from cavity top (m)
100 ~ Initial value
End of combustion
80 End of cooling (no temperature effect)
End of cooling (temperature effect)
60
40 -

Distance from cavity top (m)

(f)





media/file26.png





media/file12.jpg
045

04

035

Poisson's Ratio
o o
- 2 N °
5o o

B2

-*D12-4-9. 10
-o-D12-4-11, 12, 13
-4D12-4-15. 16

200 400 600 800 1000
Temperature (°C)

()






media/file57.jpg
PEEQ

—— Duraion = 304 —— Dursion= 304
—— Durion = 354 —— Durion- 354
— Dursion =404 — Dursion- 404
on — Dursion - 454 o —— Dursion= 454
—— Duraion - 404 —— Dursion- 404
—— Durion = 504 — Durion= 504
—— Duraion= 554 —— Duraion= 554
o —— Durion= 604 o —— Dursion=60a

Disars o caviy o )

(a)

Distance o cavity botor ()

(b)





media/file55.jpg
‘:N;N:H:’
«:n:»lce





media/file35.png
S22 (MPa)

10 ___— Initial value
e End of combustion
0 T T T T T T
0 20 40 60 80

Distance from cavity top (m)

(a)

100

S11 (MPa)

40
30+
< _—-_-_'_,_,-—'
20 - ]
oo tensile
- ‘/ stress — E—
e ——
Ur | ————— initial value
N end of combuslion,
-10 T T T T T
0 20 40 60 80

Distance from cavity top (m)

(b)

100





media/file7.jpg
UCS (MPa)

0

40

#DI1249. 10
“eDI2411L 12, 13

“+DI24-15. 16
0 200 400 600 800 1000
Temperature (°C)
@
=D12-49, 10
D121 12, 13
4DI24-15, 16

0 00 400 600 800 1000

Temperature (°C)
(b)





media/file63.jpg
e)





media/file28.png
S, S11

(Avg: 75%)
-2.082e+07
-2.112e+07
-2.142¢+07
-2.172e+07

-2.291e+07
-2.320e+07
-2.350e+07
-2.380e+07
-2.410e+07
-2.440e+07

Step: EQUILIBRIUMCHECK
Increment  0: Step Time = 0.000

S, S22

(Avg: 75%)
-3.185e+07
-3.231e+07
-3.276e+07
-3.322e+07
-3.367e+07

-3.686¢+07
3731e407

Step: EQUILIBRIUMCHECK
Increment  0: Step Time = 0.000

S, 833

(Avg: 75%)
-2.940e+07
-2.982e+07
-3.024e+07
-3.066e+07

I

| L L L
w
-
©w
o
L]
+
o
-

-3.234e+07
-3.276e+07
-3.318e+07
-3.360e+07
-3.402e+07
-3.444e+07

|

Step: EQUILIBRIUMCHECK
Increment  0: Step Time = 0.000






media/file10.png
Poisson's Ratio

0.3

-=D12-4-9. 10
0.25 - -o-D12-4-11. 12. 13
0 | -4 D12-4-15. 16
0.15 -
0.1 -
0.05 -
0 . ' ' ‘
0 200 400 600 800
Temperature (°C)

(c)

1000





media/file49.jpg





media/file11.jpg
300

; -#DI124.9, 10
S D121, 120 13
B —DIZAIS. 16
£ 20
Em
g
Zam
& 180
0w @ w0 o
Temperature (°C)
@
@
= D149, 10
s *DI2-4-11, 12, 13
w0 DI2IS. 16
w0
5
S
10
o
0 a0 w0 @0 w0 o
Temperature (°C)

(b)






media/file6.png
(OV)
(@)

Thermal expansion coefficient (10_6K_')
o

N
&)

N
o

RN
o

6))

—a— D12-4-10
—o—DI12-4-12
—A—DI12-4-15

o

— :
100 200 300 400

—
500 600 700 800 900 1000
Temperature (°C)






media/file36.png
S22 (MPa)

10 - —_— Initial value
=== End of combustion
0 T T T T T T T
0 20 40 60 80

Distance from cavity top (m)

(c)

100

S11 (MPa)
S g

—
(=]
1

Initial value
End of combustion

40 60
Distance from cavity top (m)

(d)

80 100





media/file15.jpg
vsasesazas
et

svsnanmzz-e





media/file62.png
PEEQ

0.14
Temperature = 900 °C
Temperature = 1000 °C
Temperature = 1100 °C
0.124 Temperature = 1200 °C

Temperature = 1100 °C
Temperature = 1300 °C
Temperature = 1400 °C

0.10 ||

0.08

0.06

0.04

0.02 1

0.00

0.0 1.0 2.0 3.0 4.0

Distance from cavity top (m)

(a)

5.0

PEEQ

0.14

0.12

0.08

0.06

0.04

0.02

0.00

Temperature = 900 °C

Temperature = 1000 °C
Temperature = 1100 °C
Temperature = 1200 °C
Temperature = 1100 °C
Temperature = 1300 °C
Temperature = 1400 °C

0.0

1.0

2.0 3.0 4.0 5.0 6.0 7.0

Distance from cavity bottom (m)

(b)

8.0





nav.xhtml


  processes-11-02521


  
    		
      processes-11-02521
    


  




  





media/file54.png
PEEQ

0.14

0.08

0.06

0.04

0.02

0.00

—— Width=10m
——— Width=15m
—— Width=20m
—— Width=25m
—— Width=30m
—— Width =40 m
—— Width = 60 m

0.0

1.0

1 M 1 v
2.0 3.0 4.0

Distance from cavity top (m)

(a)

5.0

PEEQ

0.14

0.12

0.08

0.06

0.04

0.02

0.00

—— Width=10m
—— Width=15m
Width=20m
—— Width=25m
Width=30m
—— Width=40m
—— Width =60 m

T T T T T T T T T \' T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Distance from cavity bottom (m)

(b)

8.0





media/file2.png
Thermal conductivity (W/m.K)

3.0

2:8 -

250

2.4 A

2. 2o

2004

—a— D12-4-1-15
—e— D12-4-1-16
—a&—D12-4-2-15
—v—D12-4-2-16

| ! | ! | ! | '
200 400 600 300 1000
Temperature (°C)






media/file53.jpg
—— Widh=10m — Wit~ 1om

—Vah-tsm Wian- 1sm

dh-20m, —wian-20m

o wiah-25m o Yo an

Wi~ om e

Wi som s

N ——Wian-som N m-i-abred
g g
£ £

Dbt oty p ) Disnce o ity b o)

(a)

(b)






media/file23.jpg
Roof path:
Floor path

¥ S S Sy S S





media/file46.jpg
(d)

(<)





media/file59.jpg
@) (<)
(@ (e) ()





media/file24.png
e x i x 2l = i x alle =l =

-

Roof pati

22

il

2

7

R

75

5

22






media/file29.jpg





media/file1.jpg
—=—DI2:4-1-15
—e—DI2-4-1-16
—A—DI2-4-2-15
—¥—DI2-4-2-16

0 200 400 600 800 1000
Temperature (°C)





media/file56.png





media/file38.png
NT11

NT11
+1.20e+03
+1.10e+03
+1.01e+03
+9.11e+02
+8.15e+02
+7.19e+02
+6.22e+02
+5.26e+02
+4.30e+02
+3.34e+02
+2.37e+02
+1.41e+02
+4.48e+01

Step: GASIFICATION-INCREASINGTEMPERATURE
21: Step Time = 4.3200E+05

Increment

—

Step: GASIFICATION-MAINTAININGTEMPERATURE

(a)

Increment  58: Step Time = 3.8880E+06

—

Step: COOLING

(c)

Increment  73: Step Time = 5.1840E-+06

(e)

NT11

NT11

+1.20e+03
+1.10e+03
+1.01e+03
+9.11e+02
+8.15e+02
+7.19e+02
+6.22e+02
+5.26e+02
+4.30e+02
+3.34e+02
+2.37e+02
+1.41e+02
+4.48e+01

NT11
- +2.64e+02
+2.46e+02
+2.28e+02
+2.10e+02
+1.91e+02
+1.73e+02
+1.55e+02
+1.36e+02
+1.18e+02
+9.97e+01
+8.14e+01

L +6.31e+01
L L +4.48e+01

Step: GASIFICATION-INCREASINGTEMPERATURE
Increment  21: Step Time = 4.3200E+05

Step: GASIFICATION-MAINTAININGTEMPERATURE

Increment

(b)

58: Step Time = 3.8880E-+06

(d)

Step: COOLING

Increment

73: Step Time = 5.1840E+06

(f)





media/file65.jpg
Q.

et dey =01 g
e dety - 02 3
—— e dey - 03 g
el dey - 04 em3
T e dey - 0.5 gem3

Do vy g )

(a)

nixo

—— vt dnsiy =01 giem
Bty - 02 gond
—— Faialen dey 03 g
 Eauivaendeniy - 03 3
T Eiaendeniy - 05 g3

D oty b o)

(b)






media/file17.jpg
e
e
s ow

usnts fu
oo fues
e e

1 Sandstoneof 67.33 m

=] sandstoneof 6187






media/file60.png
(d) (e) (f)





media/file30.png
(Avg: 75%) (Avg: 75%) (Avg: 75%)
-2.940e+07 -3.185e+07 -2.082e+07
[ -2.982e+07 3.231e+07 [ 2.412e+07
-3.024e+07 -3.276e+07 -2.142e+07
—+ -3.066e+07 — -3.322e+07 - -2.172e+07
—+ -3.108e+07 —t -3.367e+07 —+ -2.202e+07
—+ -3.150e+07 =t -3.413e+07 - -2.231e+07
=t -3.192e+07 - -3.458e+07 =t -2.261e+07
=t -3.234e+07 =t -3.504e+07 = -2.291e+07
- -3.276e+07 1 -3.549e+07 1 -2.320e+07
—+ -3.318e+07 — -3.595e+07 —t -2.350e+07
seiy N | O oo I | B o
.b8bet+
Step: EQUILIBRIUMCHECK Step: EQUILIBRIUMCHECK Step: EQUILIBRIUMCHECK
34446407 ncrgment 0: Step Time = 0.000 3.731e407 Incrgment 0: Step Time = 0.000 24406407 ncrgment 0: Step Time = 0.000






media/file51.jpg





media/file34.jpg





media/file13.png
300

=
E =D12-4-9, 10
= 280 --DI12-4-11, 12, 13
B 4-D12-4-15. 16
S 260
=
2 240 -
= 220 -
S
= 200 -
»
S
S
H 180 | | | | |
0 200 400 600 800 1000
Temperature (°C)
(a)
60
#D12-4-9. 10
50 - o D12-4-11. 12. 13
40 | -4+ D12-4-15. 16
Py —H
S 30 -
g P
Q20
10 1
O I 1 1 1 1
0 200 400 600 800 1000

Temperature (°C)

(b)





media/file48.png
PEEQ PEEQ
(Avg: 75%) - - (Avg: 75%) o —

- - r

+3.177e+00 +3.436e+00
+1,000e-03 < R +1,000e-03 £
+9.167e-04 A +9.167e-04
+8.333e-04 \ +8333e-04
+7.500e-04 ] +7.500e-04
+6,667e-04 4 +6,667e-04
+5.833e-04 +5.833e-04
+5,000e-04 < J +5,000e-04 4
+4.167e-04 N e +4.167¢-04 . »”
+3.333e-04 B — +3.333e-04 -
+2.500e-04 +2.500e-04 \_/
+1.667e-04 +1.667e-04
+8.333e-05 +8.333e-05
20000600 Step: GASIFICATION-MAINTAININGTEMPERATURE +0.000e+00" step: COOLING

Increment  60: Step Time = 3.8880E+06 Increment  75: Step Time = 5.1840E+06

Primary Var: PEEQ Primary Var: PEEQ

Deformed Var: U Deformation Scale Factor: +1.000e+00 Deformed Var: U Deformation Scale Factor: +1.000e+00

(c) (d)





media/file27.jpg





media/file3.jpg
1.0

—8—DI24-1-15
—e—DI2-4-1-16
—A—D124-2-15
—v—DI2-4-2-16

capacity (MI/m’K)

200 400 600 800 1000
Temperature (°C)





media/file9.png
200

120 +D12-4-9. 10
-o-D12-4-11. 12, 13
160 1 -+ D12-4-15. 16
140 -
& 120 |
3
o 100 -
@)
- 80 -
60 -
40 I I I I |
0 200 400 600 800 1000
Temperature (°C)
(a)
30
+D12-4-9. 10
25 A *-D12-4-11. 12. 13
4+ D12-4-15. 16
20 =
)
-y
E 19 #
X
10 -
5 o
0 I I I I I
0 200 400 600 800 1000
Temperature (°C)

(b)






media/file42.jpg
N os 0 =
N = e

[—

(© (d)

Wit e
ey

(e) )





media/file22.png





media/file19.jpg
Sandstone of 67.33 m

Mudstone of 21.12 m

Sandstone of 9,85 m
Mudstone of .70 m
Coal seam of 8.00m
Sandstone of 260 m

Mudstone of 9.75 m

sandstone of 10.08m

Mudstone of 15.70 m

sandstone of 61.87 m

Ui

Sandstone.

|

20m

210m





media/file66.png
PEEQ

0.14 0.14
E— Equivalent density =0.1 g/lem3 —— Equivalent density = 0.1 g/cm3
E— Equ?valem denS?ty =0.2 g/em3 1 Equivalent density = 0.2 g/cm3
—— Equivalent density = 0.3 g/cm3 —— Equivalent density = 0.3 g/cm3
0.12- —— Equivalent density = 0.4 g/em3 0.12 —— Equivalent density = 0.4 g/cm3
— Equivalent density = 0.5 g/cm3 —— Equivalent density = 0.5 g/cm3
0.10 1 0.10
0.08 0.08
o
&3
@
-
0.06 0.06
0.04 + 0.04
0.02 4 0.02
0.00 T T T T 0.00 T T T T T T T T !
0.0 1.0 20 3.0 4.0 5.0 0.0 10 20 30 40 50 60 70 80
Distance from cavity top (m) Distance from cavity bottom (m)

(a) (b)





media/file58.png
PEEQ

0.14

0.12

0.10

0.08

0.06

0.04

0.02 +

Duration = 30 d
Duration =35 d
Duration =40 d
Duration =45 d
Duration =40 d
Duration = 50 d
Duration =55 d
Duration = 60 d

0.00
0.0

Ll M Ll
2.0 3.0

Distance from cavity top (m)

(a)

4.0

5.0

PEEQ

0.14

0.12 4

0.10 H

0.08

0.06

0.04

0.02 +

0.00

Duration = 30 d
——— Duration = 35 d
Duration =40 d
Duration =45 d
Duration =40 d
Duration = 50 d
——— Duration =55 d
Duration = 60 d

M Ll N T
0.0 1.0 2.0

T T I
3.0 4.0 5.0 6.0 7.0

Distance from cavity bottom (m)

(b)

8.0





media/file40.png
S, S11 S, $11
(Avg: 75%) (Avg: 75%)
+4.69¢+06 +7.45e107
-2.15e+07 +4.25e+07
-4.77e+07 +1.05e+07
7.40e+07 -2.14e+07
1.00e+08 -5.34e+07
1.26e+08 -8.54e+07
1.53e+08 -1.17e+08
1.79e+08 -1.49¢+08
2.05e+08 -1.81e+08
2.31e+08 -2.13e+08
2.57e+08 -2.45e+08
2.84e+08 -2.77e+08
3.10e+08  Step: GASIFICATION-INCREASINGTEMPERATURE -3.09e+08  Step: GASIFICATION-INCREASINGTEMPERATURE
Increment  21: Step Time = 4.3200E+05 Increment ~ 21: Step Time = 4.3200E+05
(a) (b)
S, 11 S, S11
(Avg: 75%) (Avg: 75%)
+9.72e+06 +1.15e+07
20 e—— .
D ad L e ——————————~- -3.13e+
-8.01e+07 -5.27e+07
-1.10e+08 -1.40e+07
-1.40e+08 -9.54e+07
-1.70e+08 -1.17e+08
D 0et10 | 1806+
-2.30e+08 -1.60e
-2.60e+08 -1.81e+08
-2.90e+08 -2.02e+08
-3.20e+08 -2.24e+08
-3.50e+08  Step: GASIFICATION-MAINTAININGTEMPERATURE -2.45e+08  Step: GASIFICATION-MAINTAININGTEMPERATURE
Increment  58: Step Time = 3.8880E+06 Increment  58: Step Time = 3.8380E+06
(c) (d)
S, 11 S, S$11
(Avg: 75%) (Avg: 75%)
4.00e+06 .13e+(
1.50e+07 — - Bt
2.60e+07 - -2.00e+(
3.71e+07 -2.85e+07
4.81e+07 -3.69¢e