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Abstract

:

Increased effectiveness of methane drainage from sealed post-mining goaves in hard coal mines contributes to reduced methane emission from goaves into the mine ventilation system. This paper focuses on issues concerning the assessment of the additional amount of methane released from the goaf into mine workings during periods of atmospheric pressure drops, which can be captured with a methane drainage system. Thanks to the solutions presented in the paper, it is possible to control the efficiency of the goaf drainage system, which in turn leads to the reduction of methane emission from the mine ventilation air into Earth’s atmosphere. These solutions are of great added value for both the environment and coal mines as they reduce the costs arising from greenhouse gas emissions that are incurred by mining companies, increasing the efficiency of methane capture and its use in gas engines or district heating systems. The paper uses relationships relating to the influence of atmospheric pressure changes on the process of gas release from the goaf according to the hysteresis loop of methane release during atmospheric pressure changes, which was developed based on conducted research. The analysis and conclusions presented in this paper may facilitate the development of strategies aimed at reducing methane emissions from a mine’s ventilated air into Earth’s atmosphere.
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1. Introduction


The efficient utilization of recoverable methane resources emitted into sealed post-mining goaves is of great importance to mining companies pursuing strategies to capture methane by means of various methane drainage systems [1,2,3,4]. The impact of atmospheric pressure changes on methane emission in operating and decommissioned mines, as well as other places of its possible occurrence, e.g., landfills, is becoming an increasingly relevant area of concern [5,6,7,8,9,10,11,12,13]. In ventilated mine workings, the inflow of methane into the mine’s air from sealed goaves significantly affects the safety of miners. To ensure worker safety, technological processes in which the release of methane into mine air is recorded are analyzed, and a ventilation and methane balance is carried out [14,15,16,17,18,19,20,21,22,23,24]. It should be mentioned that changes in atmospheric pressure and their impact on the content of methane and other gases in mine air are controlled by monitoring systems and analyzed by the supervisory services of mine ventilation departments. Methane is captured with mine drainage systems and then used to produce combined heat and power through use in gas engines or as a fuel for heat production in district heating systems [2,3,25,26,27]. Ensuring the best possible efficiency of the above-mentioned methane utilization systems depends on the effectiveness of methane drainage systems. The volume of methane captured with this system and then utilized is inextricably linked with reductions in its emission into the atmosphere. This is a particularly important task for the Polish hard coal mining sector. Poland is the main hard coal producer in the European Union (approx. 96%), although the current level of extraction is far from the level of 1990 (151.3 million tons), and in 2022 it amounted to 43.53 million tons (Figure 1) [28].



Considering the coal balance resources and further exploitation, the economical use of methane to produce combined energy (electricity and heat) should be developed to the greatest possible extent and is regarded as a goal of the coal mine strategy aimed at the maximum reduction of methane emission to the atmosphere. To achieve this, solutions must be sought to increase the effectiveness of methane drainage systems in operating areas and sealed post-mining goaves.



The volume of methane released into longwall goaves and sealed post-mining goaves in hard coal mines constitutes the main source of its subsequent emission. The release of methane into sealed post-mining goaves after the completion of exploitation in methane seams is a result of the degassing of distressed underworked and overworked seams, which are within the stress-relief range of an operated longwall.



The volume of coal, its methane-bearing capacity, and the time that has elapsed since the completion of longwall extraction from the coal seam determines the volume of the methane flow into the sealed goaf space. Sealed post-mining goaves located in the vicinity of distressed unextracted under- and overworked seams with a primary methane-bearing capacity of more than 2.5 m3 CH4/Mgcsw contribute to methane inflow over approximately 15 years after the completion of longwall extraction [21,29]. Forecast volumes of methane released into goaves are correlated with the absolute total volume of methane during longwall extraction and the time that has elapsed after sealing the area after the longwall extraction was completed. Sealed post-mining goaves can be described as those connected to the mine ventilation system or those cut off from it. Goaves that are connected to the ventilation system are also connected to the stress-relief zones of the currently operating longwall, while goaves that are cut off have no ventilation dependence on the longwall currently in operation.




2. Materials and Methods


Studies aimed at estimating the value of methane inflow to sealed post-mining goaves after the completion of longwall extraction carried out between 1998 and 2000 allowed for the development of a simplified model of methane release into sealed goaves [29]. The model of methane release into sealed goaves is determined using Equation (1).


      V  ˙    z r   = 0.2 ·     V  ˙    ś r     ·   1 −   U   15     ;    m 3     CH 4  / min  



(1)




where:




	
      V  ˙    z r    —is the average absolute methane emission throughout the life of a longwall during the mining operation period in m3 CH4/min,



	
U—is the number of years after mining operations ceased.








A graphical illustration of the release of methane into the longwall environment during its exploitation and then into the goaf after its completion over the next 15 years is presented in Figure 2. The red line represents the model, and Curves 1, 2, and 3 reflect the methane quantities emitted into the goaves of mined seams, depending on the different contributions of undermined as well as overmined seams.



Using Equation (1), it is possible to assess the volume of methane released into the sealed post-mining goaf in subsequent years after the completion of longwall extraction.



Draining methane from the goaves that are both connected to and cut off from the longwalls in operation reduces their volumetric methane potential. In the case of post-mining goaves that are connected to the environment of the longwalls under operation, their drainage often reduces the value of methane released into the workings of the longwall being extracted.



Draining methane from the post-mining goaves that are cut off from the longwalls in operation increases the total volume of methane captured from mine goaves, at the same time reducing the methane emission from the environment of sealed goaves into ventilated mine workings. The volume of methane flow released from the sealed post-mining goaf is influenced by atmospheric pressure changes [5,6,7]. Hysteresis is the phenomenon of the dependence of the current state of a system on states in preceding moments. In this paper, the phenomenon of hysteresis relates to the change in the composition of gas in mine workings as a result of changes in atmospheric pressure—the existence of a pressure difference is a direct factor influencing the flow rates and quantities of gas flowing out of the goaf into the mine air. On a graph of two dependent quantities, the phenomenon of hysteresis is usually shown as a hysteresis loop. Figure 3 uses a hysteresis loop to illustrate the change in the volume of gases in goaves, including methane released from post-mining goaves into the workings during atmospheric pressure changes.



A decrease in atmospheric pressure from P1 to P2 results in an increase in the volume of goaf gases from V1 to V2. The increase in the goaf gas pressure triggers the process of migration of goaf gases together with methane into ventilated mine workings. During the period of increasing atmospheric pressure, the reverse process occurs, in which air migrates from ventilated mine workings into the goaves. The volume of methane additionally released from the goaf will be significantly influenced by the course and duration of the decreasing atmospheric pressure period.



The impact of atmospheric pressure changes on the additional volume of methane flow that can be captured with the methane drainage system during an atmospheric pressure drop is important in the way it affects the reduction of methane migration into the mine ventilation system. When longwalls are operated in seams of high methane concentration, the percentage of methane released into the goaf is between 60 and 80% of the total amount of methane released into the longwall environment.



The level of methane released from the goaf into ventilated workings of the longwall environment causes a change in the methane concentration in the air in the longwall ventilation path and in the paths of air discharge from the longwall.



When the atmospheric pressure changes, i.e., from a higher-pressure value to a lower one, the increase in the volume of gases in the longwall goaf results in its migration to the lower-pressure areas in ventilated workings of the longwall area. This change in atmospheric pressure periodically contributes to:




	
increased migration of methane from the goaf into ventilated mine workings, resulting in an increase in methane concentration in the ventilation air,



	
increased efficiency of the longwall goaf methane drainage system,



	
increased release of methane from goaves that are connected to and cut off from the environment of currently operated longwalls as well as to mine workings located in the vicinity of sealed post-mining goaves of previously extracted longwalls.








Methane concentration in the goaf atmosphere depends on the following factors:




	
the volume of methane flowing into the goaf as a result of degassing of distressed over- and underworked currently exploited or abandoned seams,



	
the tightness of the sealing of post-mining goaves isolated from ventilated mine workings,



	
the longwall ventilation method and its location in the ventilation subsystem,



	
the development of the field of aerodynamic potentials in the junctions of the ventilation system surrounding the goaf.








The above-mentioned factors have an impact on both the distribution of methane concentration in post-mining goaves and methane volumetric flows coming from goaves to adjacent ventilated workings. Frequent changes in the values of methane concentration recorded by the sensors of automatic methanometry are regarded as confirmation of upcoming atmospheric pressure changes.



The coefficient of irregularity of methane release into currently excavated longwalls is 1.55 [21,29]. It means that due to technological operations in the longwall and decreasing atmospheric pressure, the volume of methane released into the longwall area may increase by 55% compared to the total methane average value. When operating longwalls with a high concentration of extraction, ventilated by the “U” method along a coal face, the coefficient of irregularity of methane release is often higher than 1.55, which is the value adopted at the stage of designing the longwall. This is mainly caused by significant atmospheric pressure drops. The volume of goaf gas with methane released during changes in atmospheric pressure can be estimated based on Clapeyron’s equation describing the ideal gas law. Clapeyron’s equation is applicable to the ideal gas; however, it can be used for real gases that exhibit small deviations.



For the fixed quantity of gas, all the parameters describing its state (volume, pressure, and temperature) can be related by the following equation.


    p × V   T   = c o n s t  



(2)







Regardless of the atmospheric pressure changes occurring over a period of time (working shift, day, or longer), the volume of the goaf should be considered to be a constant value. The volume of free space in the goaf of a longwall being extracted is assumed to be 30% of the volume of the coal extracted in the longwall parcel. One year after the completion of the longwall plot extraction, the volume of free space in the goaf is assumed to be 10% of the total volume of coal extracted by longwall mining.



During atmospheric pressure changes, the goaf gas with methane changes from the first state to the second state, which is characterized by a different volume, pressure, and temperature. With a constant volume of goaf gas with methane, the existence of two states can be represented by the following Equation (3):


      p   1   ×     V   1       T   1     =     p   2   ×   V   2       T   2      



(3)







Assuming that T1 = T2 = const. despite the distribution of temperature values along the goaf border, Equation (3) can be multiplied by the temperature T on both sides, obtaining (4):


    p   1   ×     V   1   =   p   2   ×   V   2    



(4)




where:




	
V1—absolute methane volume in the goaf is the product of the actual goaf volume and the average methane concentration in the goaf (in state 1) Figure 3,



	
V2—absolute methane volume in the goaf after an atmospheric pressure change from p1 to p2 (to state 2) Figure 3,



	
p1—atmospheric pressure (in state 1) before its decrease or increase (from state 1 to state 2) Figure 3,



	
p2—atmospheric pressure (in state 2).








Equation (4) expresses the Boyle-Mariotte law, i.e., at constant temperature, the product of volume and pressure is a constant quantity—an isothermal transformation. During atmospheric pressure changes, p1 (state 1) changes to p2 (state 2) Figure 3. The amount of methane released from the goaf during atmospheric pressure changes is influenced by the pressure gradient ranging from p1 (state 1) to p2 (state 2) over a given time interval. The maximum actual pressure gradient over 1 h is 4 hPa, while over 24 h, it is 24 hPa, i.e., an average of 1 hPa per hour. The release of methane from the longwall goaf into the workings of the longwall environment during atmospheric pressure drops is illustrated by examples later in this paper (Results).




3. Results


3.1. Additional Methane Volumetric Flow Released from the Goaf of an Operating Longwall to Mine Workings in Its Area during an Atmospheric Pressure Drop


Longwall 4, with a panel length of 1400 m, has reached the longwall face advance of 1200 m. The parameters of the longwall are as follows: height of the mining gate 2.5 m, longwall length 200 m. The volume of the post-mining goaf, taking into account a reconsolidation coefficient of 0.3, is 180,000 m3. Calculations were carried out for three average values of methane concentrations in the goaf of Longwall 4, which are 20%, 30%, and 40%. The absolute volumes of methane in the goaf are:




	
at 20% CH4; volume of methane in the goaf is 36,000 m3 CH4,



	
at 30% CH4; volume of methane in the goaf is 54,000 m3 CH4,



	
at 40% CH4; volume of methane in the goaf is 72,000 m3 CH4.








Three pressure drop variants over a period of 10 h were adopted, respectively:




	
Variant I—25 hPa over 10 h, i.e., 2.5 hPa/1 h,



	
Variant II—20 hPa over 10 h, i.e., 2.0 hPa/1 h,



	
Variant III—12 hPa over 10 h, i.e., 1.2 hPa/1 h,



	
An initial atmospheric pressure value of P1, i.e., 1,015,000 Pa, was adopted for three pressure drop variants from which a pressure drop of the values corresponding to the three variants occurs over 10 h. Calculation of the emitted methane volume for respective pressure drop variants and calculation of the additional averaged emitted methane flow per minute over 10 h are summarized in Table 1 and graphically illustrated in Figure 4.









3.2. Additional Methane Volumetric Flow from Longwall Goafs (4 Longwalls) to the Workings in Their Area during Pressure Drops


The above calculations (Section 3.1) of methane release from goaves to mine workings during the period of atmospheric pressure drop include the goaf in the plot of the currently operating longwall. Usually, this goaf is connected to the goaves of previously extracted longwalls; therefore, while maintaining the assumptions made for Longwall 4, this longwall was additionally situated in the vicinity of post-mining goaves of three previously extracted longwalls (1, 2, and 3), as presented in Figure 5.



With the height of 2.5 m, the volume of free space in post-mining goaves of Longwalls 1, 2, and 3 is 217,000 m3 after their reconsolidation given a coefficient of 0.1, and 180,000 m3 of Longwall 4 given a coefficient of 0.3.



The total volume of free space connected to the ventilation system post-mining goaf in the seam mined by Longwall 4 is 397,000 m3.



For calculations, as before, three variants of the atmospheric pressure drop were adopted for the longwall over a period of 10 h, i.e., 25 hPa, 20 hPa, and 12 hPa. For each of these variants, average values of methane concentration in the goaf were adopted, i.e., 20%, 30%, and 40%.



Column 5 of Table 2 shows the additional total volume of methane released during 10 h from the goaf of operating Longwall 4 and from the post-mining goaves of previously extracted Longwalls 1, 2, and 3. Calculation results are presented in Table 2 and graphically in Figure 6.



During the atmospheric pressure drop, methane from the vicinity of currently extracted longwall 4 and from connected goaves of previously extracted Longwalls 1, 2, and 3 forms an additional volume that will be released into the goaf of the operating longwall environment and from behind the stopping systems of the goaves of previously extracted three Longwalls.



A comparative analysis of the volume of methane released from the post-mining goaf of a single longwall (Table 1) and that of the same longwall surrounded by the post-mining goaves of previously extracted three longwalls (Table 2) indicates that the vicinity of the additional goaf volume of the previously extracted longwall has a significant influence on the additional volume of methane released from the goaf into mine workings.




3.3. Methane Release from Sealed Goaf of Four Extracted Longwalls to Ventilated Mine Workings


After the completion of longwall operations, the post-mining goaf is sealed. Most often, the plot of the next longwall extracted in the seam has a direct or indirect goaf contact with the goaf of the previously extracted longwall or is separated by a narrow coal pillar. Regardless of the existing goaf connections, the currently operated longwall is sealed with explosion-proof stoppings from ventilated mine workings. Over a long period of about 15 years after the completion of longwall extraction, methane flows into the goaf as a result of degasification of distressed under- and overworked seams located within the zone of operational stress relief. The forecast of methane release to post-mining goaves in subsequent years after the exploitation is completed is calculated based on Formula/Equation (1) presented in this paper. The above-mentioned model of forecasting methane release refers to unflooded goaves. A model of methane release forecast to flooded goaves, developed at the Central Mining Institute, is presented in publication [21]. The above-mentioned forecasting model takes into account the influence of the water column hydrostatic pressure in the goaf, bearing in mind the surface area of the flooded goaf, on the development of the forecast volume of released methane flow in subsequent years after completion of the longwall operation.



In this part of the paper, data for the calculations come from post-mining goaves of four extracted longwalls in the seam section identified in Figure 5. However, after the extraction of Longwall 4 is completed and it is sealed with TI-7 and TI-8 sealing walls, data for the analysis will come from the complex of post-mining goaves cut off from the ventilation system.



The goaf area of extracted longwalls in the seam section under operation is 1,148,000 m2, and the volume of extracted coal with an average longwall face height of 2.5 m is 2,870,000 m3. Adopting a goaf consolidation coefficient of 0.1, the volume of free space in the reconsolidated goaves of four extracted longwalls is 287,000 m3. Post-mining goaves are separated from the ramp, connecting the mining level with the ventilation level with explosion-proof stoppings.



Methane migrates from the goaf into mine workings surrounded by (explosion-proof) stoppings and then to the interlevel ramp in the seam to be discharged into the mine’s return shaft. Both the tightness of stoppings and the amount of methane flowing into the goaf after being released in the process of degassing the distressed coal seam influence the distribution of methane concentrations in sealed goaves.



In Figure 7, out of eight stoppings, TI-1, TI-2, and TI-3 are very likely to function as return systems, while TI-8, TI-7, and TI-6 are likely to function as intake systems.



The functions of these stoppings separating post-mining goaves will determine the possible outflow of methane in their vicinity to the interlevel ramp.



During atmospheric pressure drops, stoppings for returns will be characterized by a positive difference in aerodynamic potential values in front of and behind the stopping system. Stoppings with ±0 mm water column (inert) may change from intake to return ones. In the case of intake-stopping systems, the negative potential difference in front of and behind the stoppings decreases during atmospheric pressure drops.



An increase in the volume of goaf gases in a tightly sealed goaf space may make all stoppings function as return systems. Table 3 presents the results of calculations of the additional volume of methane released from the goaf into ventilated mine workings for three values of methane concentration in the goaf, i.e., 20%, 30%, and 40%. As before, the calculations were made for 3 variants of atmospheric pressure drop. The last column of Table 3 lists the calculated absolute volumes of additional methane released in the vicinity of stopping systems during periods of atmospheric pressure drops.





4. Discussion


4.1. Additional Methane Volumetric Flow Released from the Goaf of Longwall 4 to the Workings in Its Vicinity during Atmospheric Pressure Drops


Calculations made for Longwall 4 indicate that average methane concentrations in the post-mining goaf of Longwall 4 and adopted values of atmospheric pressure drop over 10 h result in an additional inflow of methane migrating from the goaf to the workings of the Longwall environment. Three variants of atmospheric pressure drop during ten hours adopted for calculations are 25 hPa, 20 hPa, and 12 hPa.



In column 2 of Table 1, three average methane concentration values in the goaf were adopted for each variant of pressure drop, namely 20%, 30%, and 40%. Column 5 of Table 1 lists additional volumes of methane released from the goaf into mine workings during atmospheric pressure drops. Column 6 of Table 1 lists average methane volumes additionally released per minute over 10 h. Calculations are made based on data coming from the goaf of one longwall that is not connected with adjacent goaves within this seam or connected with other seams by means of a stress-relief zone.



Graphical interpretation of additional volume of methane released from the post-mining goaf of a single longwall for 3 variants of atmospheric pressure drops of 25 hPa, 20 hPa, and 12 hPa over 10 h presented with nomograms in Figure 4 allows for two main conclusions to be drawn:




	
For an adopted value of atmospheric pressure drop in the longwall goaf, during the adopted 10-h period, an increase in average methane concentration in longwall goaf leads to a linear growth of the volume of methane additionally released to the workings of the longwall environment,



	
The rising pressure gradient of a pressure drop over the time interval causes an increase in the volume of methane additionally released from the goaf into the workings of the longwall environment.









4.2. Additional Methane Volumetric Flow Released from Goafs (of Four Longwalls) to the Longwall Area Workings during Atmospheric Pressure Drops


Results of calculations presented in column 6 of Table 2 prove that the additional methane volumetric flow released from connected goaves of previously extracted Longwalls 1, 2, and 3 with the goaf of the operating Longwall 4 represents a significant value. The increase in methane outflow from the longwall goaf of approximately 5 m3 CH4/min will create a significant methane hazard in the area of the junction of the longwall and the ventilating roadway. Longwall 4 is ventilated using the “U” method along the coal face. During the atmospheric pressure drop, methane concentration in Longwall 4, in the area of the goaf of the ventilating roadway of this longwall that is being decommissioned, may exceed the regulatory limit for ventilating roadways.



When a drop in atmospheric pressure is anticipated, measures should be taken to increase the effectiveness of operational methane draining of Longwall 4 and TI-1 stopping, which definitely functions as the main return way for post-mining goaves of extracted Longwalls 1, 2, and 3. After the completion of operations with Longwall 4, Figure 5, and after the goaf sealing, the post-mining goaves will be cut off from the ventilation system with an inflow of recoverable methane resources to their space.




4.3. Methane Release from Sealed Goafs of Four Selected Longwalls to the Workings in the Mine Ventilation System


If no methane drainage of post-mining goaves is carried out, an additional volume of methane migrates surrounded by (explosion-proof) stoppings into ventilated mine workings.



Nomograms in Figure 8 refer to 3 variants of atmospheric pressure drop and provide a graphical representation of the following:




	
The additional volume of methane produced in post-mining goaves as a result of atmospheric pressure drop in m3 CH4,



	
The additional methane flow in m3 CH4/min that can be captured by the goaf drainage system, reducing its emission to the workings and, at the same time, the amount of methane emitted to the atmosphere through ventilation shafts.








The last column of Table 3 lists additional methane volumetric flows that can be captured with drainage systems from post-mining goaves during periods of atmospheric pressure drops, converted into m3 CH4/min. Nomograms in Figure 8 provide a graphical interpretation of the presented results of calculations.



Two axes of ordinates refer, respectively, to the additional methane volume in the goaf for three variants of the atmospheric pressure drop and to the additional methane volumetric flow that can be captured during the period of the atmospheric pressure drop.



The pressure gradient over 10 h of the pressure drop for Variants I, II, and III, respectively, made it possible to calculate the value of the additional methane flow that could be captured with the drainage system.



Red nomograms presented in Figure 8 allow the assessment of additional methane volume that can be captured by draining post-mining goaves.





5. Conclusions


Methane volumetric flow released into sealed post-mining goaves comes second only to the release of methane into the longwall environment in coal mines with high methane concentrations. The new strategy for reducing methane emissions into the mine environment aims to increase the efficiency of post-mining goaf methane drainage systems. The discussed issue of increasing the efficiency of post-mining goaf methane drainage systems during atmospheric pressure drops should be included in the developed program of the future mining strategy aimed at reducing methane emissions to the atmosphere.



Calculations presented in this paper facilitate the identification and assessment of the additional volume of methane that is released from goaves of operating longwalls and sealed post-mining goaves.



In the case of multi-seam mining with connected goaves, post-mining goaves are connected by the stress-relief zones of extracted longwalls in adjacent seams. Thanks to the connection of the stress-relief zones caused by the exploitation of multiple seams, a complex of post-mining goaves is formed, which in turn leads to the creation of conditions for methane migration both along the post-mining goaf elevation and spatially. Methane migration takes different directions induced by differences in the values of the aerodynamic potential field within one ventilation subsystem. The diagonal nature of the post-mining goaf complex may be influenced by the parameters of the main fans at the return shafts. During changes in atmospheric pressure, the spatial location of goaves in the mine’s ventilation sub-networks has a great impact on the directions of methane migration in goaves.
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Figure 1. Graphic presentation of coal balance resources and coal production from 2002 to 2022 in Poland [28]. 
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Figure 2. Release of methane into the longwall environment during its exploitation, and then into the goaf after its completion over the next 15 years [10]. 
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Figure 3. Hysteresis loop of the change in the volume of mine gases in the goaf with changes in atmospheric pressure. 
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Figure 4. Nomogram of the additional volume of methane released from the goaf of Longwall 4 during a 10-h atmospheric pressure drop in three variants: 25 hPa, 20 hPa, and 12 hPa. 
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Figure 5. Illustration of connected to the ventilation system post-mining goaves of three extracted. 
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Figure 6. Nomogram of the additional volume of released methane during a 10-h atmospheric pressure drop in three variants of 25 hPa, 20 hPa, and 12 hPa for Longwall 4, with the impact of previously mined Longwalls 1, 2 and 3 taken into account. 
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Figure 7. Drawing of sealed post-mining goaves cut off from the ventilation system in a seam section. 
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Figure 8. Nomogram of the additional volume of methane released from sealed goaves into ventilated mine workings during a 10-h atmospheric pressure drop for three variants of the pressure drop: 25 hPa, 20 hPa, and 12 hPa. 
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Table 1. Summary of amounts calculated for additional methane emitted over the duration of the atmospheric pressure drop with values of 25 hPa, 20 hPa, and 12 hPa over 10 h for Longwall 4.
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Atmospheric Pressure Drop

Variants (Pa, hPa)

	
Average CH4 Concentration in the Longwall Goaf (%)

	
Goaf Methane

Volume before

Atmospheric Pressure Drop      V   1      (m3 CH4)

	
Goaf Methane Volume after Atmospheric Pressure Drop      V   2      (m3 CH4)

	
Additional Volume of Methane Emitted over a 10-h Period of Atmospheric Pressure Drop      V   2   −   V   1      (m3 CH4)

	
Additional Methane Emission Increase from the Goaf to Mine Workings during the Atmospheric Pressure Drop      V  ˙     (m3 CH4/min)






	
Variant I

pressure drop of 25 hPa

(101,500–99,000 Pa)

	
20

	
36,000

	
36,909

	
909

	
1.52




	
30

	
54,000

	
55,364

	
1364

	
2.27




	
40

	
72,000

	
73,818

	
1818

	
3.03




	
Variant II

pressure drop of 20 hPa

(101,500–99,500 Pa)

	
20

	
36,000

	
36,724

	
724

	
1.21




	
30

	
54,000

	
55,085

	
1085

	
1.81




	
40

	
72,000

	
73,447

	
1447

	
2.41




	
Variant III

pressure drop of 12 hPa

(101,500–100,300 Pa)

	
20

	
36,000

	
36,431

	
431

	
0.72




	
30

	
54,000

	
54,646

	
646

	
1.08




	
40

	
72,000

	
72,861

	
861

	
1.44











 





Table 2. Comparison of calculation results of additional volumes of methane released during the atmospheric pressure drop of 25 hPa, 20 hPa, and 12 hPa over a 10-h period for Longwall 4, with consideration of the impact of previously extracted Longwalls 1, 2 and 3.
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Atmospheric Pressure Drop

Variants (Pa, hPa)

	
Average CH4 Concentration in the Longwall Goaf (%)

	
Goaf Methane

Volume before

Atmospheric

Pressure Drop

     V   1      (m3 CH4)

	
Goaf Methane

Volume after

Atmospheric

Pressure Drop

     V   2      (m3 CH4)

	
Additional Volume of Methane Emitted over a 10-h Period of Atmospheric

Pressure Drop

     V   2   −   V   1      (m3 CH4)

	
Additional Methane Emission Increase from the Goaf to Mine Workings

during the

Atmospheric

Pressure Drop

     V  ˙     (m3 CH4/min)






	
Variant I

pressure drop of 25 hPa

(101,500–99,000 Pa)

	
20

	
79,400

	
81,405

	
2005

	
3.34




	
30

	
119,100

	
122,108

	
3008

	
5.01




	
40

	
158,800

	
162,810

	
4010

	
6.68




	
Variant II

pressure drop of 20 hPa

(101,500–99,500 Pa)

	
20

	
79,400

	
80,996

	
1596

	
2.66




	
30

	
119,100

	
121,494

	
2394

	
3.99




	
40

	
158,800

	
161,992

	
3192

	
5.32




	
Variant III

pressure drop of 12 hPa

(101,500–100,300 Pa)

	
20

	
79,400

	
80,349

	
949

	
1.58




	
30

	
119,100

	
120,525

	
1425

	
2.38




	
40

	
158,800

	
160,700

	
1900

	
3.17











 





Table 3. Summary of calculated volumes of additional methane released from sealed post-mining goaves into ventilated mine workings over 10 h of atmospheric pressure drops of 25 hPa, 20 hPa, and 12 hPa.
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Atmospheric Pressure Drop

Variants (Pa, hPa)

	
Average CH4

Concentration in the Longwall Goaf (%)

	
Goaf Methane

Volume before

Atmospheric

Pressure Drop

     V   1      (m3 CH4)

	
Goaf Methane

Volume after

Atmospheric

Pressure Drop

     V   2      (m3 CH4)

	
Additional Volume of Methane Emitted over a 10-h Period of Atmospheric

Pressure Drop

     V   2   −   V   1      (m3 CH4)

	
Additional Methane Emission Increase from the Goaf to Mine Workings

during the

Atmospheric

Pressure Drop

     V  ˙     (m3 CH4/min)






	
Variant I

pressure drop of 25 hPa

(101,500–99,000 Pa)

	
20

	
57,400

	
58,849

	
1449

	
2.42




	
30

	
86,100

	
88,274

	
2174

	
3.62




	
40

	
114,800

	
117,699

	
2899

	
4.83




	
Variant II

pressure drop of 20 hPa

(101,500–99,500 Pa)

	
20

	
57,400

	
58,554

	
1154

	
1.92




	
30

	
86,100

	
87,831

	
1731

	
2.89




	
40

	
114,800

	
117,108

	
2308

	
3.85




	
Variant III

pressure drop of 12 hPa

(101,500–100,300 Pa)

	
20

	
57,400

	
58,087

	
687

	
1.15




	
30

	
86,100

	
87,130

	
1030

	
1.72




	
40

	
114,800

	
116,173

	
1373

	
2.29
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