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Abstract

:

Ventilation plays a key role in ensuring safe exploitation in underground gassy mines. Over the years, the structure of a mine’s ventilation network changes. Therefore, it becomes necessary to construct new excavations, while some existing excavations lose their potential for future mining activity. Constructing new excavations, especially shafts, is very expensive. Therefore, mine operators are looking for solutions to ensure appropriate ventilation by reorganizing the ventilation network and using existing infrastructure, including shafts. This article presents the example of a coal mine located in the Upper Silesian Coal Basin in Poland to discuss the factors relevant to switching the function of one of the central shafts from a downcast function to an upcast one. This change is accompanied by the closure of a peripheral upcast shaft. The main aim of this change is to assess the possibility of further safe operation without the construction of new shafts. This action also results in the release of the coal currently closed in the pillar of the shaft being closed. Using a numerical model of the mine ventilation network allowed for the comparison of the considered solutions before making final decisions and implementing changes in the network. The calculations showed that it is possible to provide appropriate ventilation in the mine, but it would need to take into account certain technological assumptions, like the additional technical function of the changed shaft. This article discusses the advantages and disadvantages of modifications to the mine ventilation network, as well as their guiding principles, in the context of existing methane hazards. The procedure presented in this article can be adopted in other mine ventilation networks in which analogous modifications are considered.
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1. Introduction


Every underground coal mine is designed in such a way as to enable reaching the desired coal output. The method of deposit opening, including the number of shafts and their functions or the number and depth of mining levels, but also the structure of primary excavations, depends on the positioning of the deposit in the mine area. Over the years, due to the gradual depletion of the deposit, new excavations are performed, and frequently shafts are deepened and new levels are opened to reach deeper coal seams. These developments cause the mine’s ventilation network and its transport methods to change. As a result, parts of the mine infrastructure become redundant and may be closed as a result. In particular, the shafts that have little potential for future extraction due to their localization, depth, technical condition, and ventilation route length offer the possibility to release the coal from their pillars. Closing a shaft, however, increases the equivalent resistance of the ventilation network and reduces the intake air flow supplied to the mine, which may have an adverse effect on the ventilation in underground excavations.



Closing a shaft and reorganizing a mine ventilation network needs to be preceded by a careful analysis. This need becomes paramount in the presence of methane hazards. If the shaft being closed has functioned as an upcast shaft (with fans), it must be replaced by another shaft to maintain the required air flow in the network. To carry out such a closure, it is possible to adapt one of the existing downcast shafts for use as an upcast one. Constructing new shafts is very expensive, so mine operators are looking for solutions to ensure appropriate ventilation by reorganizing the ventilation network and using existing infrastructure. Most often, upcast shafts do not have the characteristics for the proper ventilation of mining districts; however, the electricity consumption required for ventilation using fans increases costs.



The abovementioned problems are very rarely discussed in the literature. The most often discussed general issues are related to the management and optimization of mine ventilation (temporarily reducing air flow for reduced energy consumption and ventilation on demand). Many publications are devoted to the use of software for calculations in ventilation networks and 3D visualization. De Sousa [1] pointed out that to save on costs, modern mining operations must constantly strive toward optimizing the operating efficiency of their ventilation systems. In the article, they presented an overview of mathematical models and techniques used in computer programming and ventilation network models. They also pointed out that a calibrated model needs to be continually refined, maintained, and updated as the mine ventilation system changes in order to be acceptably used in ventilation planning exercises. Wei [2] considered using the ant colony algorithm to solve the problem of mine ventilation system optimization. He concluded that the ant colony algorithm is a very good method for solving complicated combination optimization problems. In another article, Feng et al. [3] presented the use of a 3D simulation system (VENTSIM) in mine ventilation management in the Donghai Mine. They showed that the system satisfies the requirements of mine ventilation management and provides scientific and reliable data for decision-makers, which has improved the level of mine ventilation management. Shen and Wang [4] presented an all-purpose simulation and optimization software for the mine ventilation system of an underground mine programmed with VB language, SQL Server database, and 3D drawing software (SolidWorks). They pointed out that software realizes many functions such as mine ventilation information management, ventilation system project optimization, mine ventilation 3D simulation, etc. Wallace et al. [5] in their article analyzed the state-of-the-art in ventilation addressing the trends connected with ventilation on demand, mine ventilation monitoring systems, using software for planning and predicting, energy savings regarding ventilation and air-cooling systems, and real-time monitoring. They concluded that the use of ventilation modeling software represents a significant time-saving tool and can greatly assist the ventilation engineer in developing complete and thorough designs, allowing for the rapid development of numerous permeations and design options. They also pointed out that tools available to the ventilation engineer are only as good as the project inputs developed by the engineer. Wang et al. [6] dealt with optimizing the performance of refrigeration and ventilation systems to reduce energy consumption. Zhong et al. [7] presented an efficient ventilation network solution based on minimum independent closed loops. Szlązak and Korzec [8] presented the solution for the main fan station for underground mines being decommissioned in terms of reducing energy consumption by ventilation.



There are also some publications regarding the impact of ventilation on hazards, especially methane and fire hazards. Liu et al. [9] presented a case study of an optimized intermittent ventilation strategy based on CFD modeling and the concept of frequency conversion technology. In conclusion, they stated that the conducted studies provide the possibility to design an optimized intermittent ventilation pattern with the same conception of FTC based on the spatiotemporal characteristics of air flow behavior and methane distribution. Pach et al. [10] analyzed reversal ventilation as a prevention method against fire hazards in underground mines. They also considered the occurrence of methane hazards in their research. Tutak et al. [11] presented the impact of the ventilation system on the methane release hazard and spontaneous combustion of coal in the area of exploitation. Szlazak et al. [12] presented a procedure for a coal seam exploitation design under the conditions of methane hazard.



In this article, the authors use the example of a coal mine located in the Upper Silesian Coal Basin in Poland to discuss the factors relevant to changing the function of one of the central shafts from downcast to upcast, which is accompanied by the closure of a peripheral upcast shaft. The main aim of conducting these changes in the mine ventilation network is to assess the possibility of the further safe operation of existing shafts without constructing new shafts. This action would also allow the release of the coal currently closed in the pillar of the shaft that is about to be closed. The calculations were made using a numerical model of the ventilation network and are based on Hardy Cross’s numerical method. The input data for the model of air flow distribution in the network were obtained by conducting ventilation measurements in the mine. In the mine under analysis, extracted coal seams are characterized by high methane content. The ongoing forecasts indicate that considerable methane hazards will continue in the years to come. Using a numerical model of the mine ventilation network allowed us to compare the considered solutions before making final decisions and implementing changes in the network. The calculations showed that it is possible to provide appropriate ventilation in the mine considering certain technological assumptions, especially those connected with the additional technical function of the changed shaft. This article discusses the advantages and disadvantages of modifications to the mine ventilation network, as well as their guiding principles, in the context of existing methane hazards.




2. The Characteristics of the Mine


2.1. General Information


The mine discussed in this article is located in the Upper Silesian Coal Basin (USCB) in Poland. The mine has been active for over 60 years. The area of the mine is 21.31 square kilometers. The estimated coal reserves are 185.12 million tons. The extracted coal is of the 34.2 type. The mine’s ventilation network has an active connection to the adjacent mine.



The location of the USCB in Poland and in Europe is presented in Figure 1. The mine area and the positioning of the shafts are presented in Figure 2.




2.2. The Characteristics of Natural Hazards


Coal is extracted from seams categorized as representing various levels of methane hazard, from I to IV [13]. The studies into the methane content of seams below the level of 650 m, where future extraction is planned, have revealed a further rise in the methane content of coal. Figure 3 presents the changes in the total methane emission and captured methane in the USCB mine from 2013–2022. During this period, the average total methane emission was 132.7 m3/min. During the period analyzed here, however, we can observe considerable increases, especially in 2020 and 2021, connected with the mining in longwalls with a very high methane emission (reaching 80 m3/min). A closer look at the entire period reveals a gradual rise in the amount of released methane caused by the increasing mined seam depth, which is characterized by higher methane content.



In addition to the methane hazard, other hazards occurred in the mine. These hazards are classified according to the Polish mining regulation as follows [13]:




	
Outbursts of gas and rocks—categories II and III (there are three categories and III is the highest category);



	
Dust coal explosion—class B (there are two classes and B is the highest class);



	
Endogenous fire hazard—groups I and II of spontaneous combustion of coal (I and II are the lowest spontaneous combustion groups in the five-level classification);



	
Climate hazard—the average virgin rock temperature is:




	○

	
Level 450 m—26.4 degrees of Celsius;




	○

	
Level 650 m—27.2 degrees of Celsius;




	○

	
Level 850 m—32.4 degrees of Celsius;




	○

	
Level 1050 m—39.7 degrees of Celsius;









	
Water hazard—I and II degrees (there are three degrees and Idegree I is the lowest level—water inflow depends on the part of the deposit);



	
Rockburst hazard—I and II degrees (there are two degrees—the level of rockburst hazard depends on mining depth and part of the deposit).










3. The Numerical Model of the Ventilation Network


3.1. Research Background


Air flow distribution in the mine ventilation networks is described by the four basic equations of fluid dynamics. There are continuity equation, movement equation, energy equation, and equation of gas state [14,15]. In most cases, one-dimensional flow is assumed for simplification.



In practice, a ventilation network is presented in a scheme composed of nodes and edges, termed junctions and branches [14,15,16,17,18,19]. Edges represent different paths of air flow, which are connected by junctions from closed paths, termed fundamental meshes. Meshes are expressed by junction–branch and mesh–junction matrixes. Junction and mesh equations, assuming a constant density of air throughout the branch i, can take the following form:


    ∑  i = 1   N      ε   k i   ·     V  ˙    i   = 0    



(1)




and


    ∑  i = 1   N      α   m i   ·     W   i   −     ∆ p   m i   +   h   n i       = 0    



(2)




Each symbols are explained in the Nomenclature section at the end of the article.



Based on the second Kirchhoff’s circuit law, total pressure drop in a ventilation mesh according to Atkinson’s equation [14,20] can be calculated with the following formula:


    W   i   =   ∑  i = 1   N      α   m i   ·   R   i   ·     V  ˙    i   2   · s g n       V  ˙    i       =   ∑  i = 1   N      α   m i   ·   h   i      



(3)







Formulas (1)–(3) form a system of fundamental meshes equations for which solving the non-lineral programming technique or the Linear Theory are employed [19,21].



In mine practice to solve mesh equations, Hardy-Cross method [16,22] is widely used. This method is an example of a widely known Newton-Raphson numerical scheme [19,23]. The rule of the method consists of finding the roots of the system of equations by applying procedures of successive approximation.



The air flows in branches are replaced with air flows in the basic branches in the mesh   m         V  ˙    i   =   ∑    m  ¯  = 1   M      α   i   m  ¯    ·       V  ˙   ¯      m  ¯      r      . The correction to the air flow   ∆     V  ˙    i     r       for the basic branch is replaced with equivalent correction for mesh   m  :   ∆     V  ˙    i     r   =   α   i   m  ¯    · ∆       V  ˙   ¯      m  ¯      r    . It was also considered that     α   m i   −   α   i   m  ¯    =     α   m i       and   m =   m  ¯    in approximation r, correction of air flow in mesh     m  ¯    is calculated as:


  ∆       V  ˙   ¯      m  ¯      r   =     ∑  i = 1   N      α   m i   ·     h   i   −   R   i   ·     ∑    m  ¯  = 1   M      α   i   m  ¯    ·       V  ˙   ¯      m  ¯      r       ·     ∑    m  ¯  = 1   M      α   i   m  ¯    ·       V  ˙   ¯      m  ¯      r               ∑  i = 1   N      α   m i   ·     2 R   i   ·     ∑    m  ¯  = 1   M      α   i   m  ¯    ·       V  ˙   ¯      m  ¯      r       −   d   h   i     d     V  ˙    i       r          



(4)







In this method, the air flow corrections and airflow changes are determined to balance the calculated pressure losses around each mesh in the network. Successive approximation (r) repeats until consecutive solutions satisfy an accepted convergence criterion.



The analysis of an air flow distribution in mine ventilation network can be per-formed by different simulation packages. The most popular commercial computer programs are VentSim [24], Vuma 3D [25], 3D-Canvent [26], VNetPC2007 [27], or Polish Ventgraph [28]. In underground mines, software is mainly used to optimize a mine ventilation network [23,29,30,31].



In this article, a model of the mine ventilation network was used to conduct a comparison of the considered solutions before making final decisions and implementing changes in the network. Calculations within the model are based on the presented theoretical foundations. The node and mesh equations were solved using Cross’s method. Variant calculations carried out for the ventilation network showed that it is possible to provide appropriate ventilation in the mine while considering certain technological assumptions.




3.2. The Mapping of the Structure of the Mine Ventilation Network


In order to analyze the distribution of air flow, a numerical model of the mine ventilation network was created. The model consisted of 215 nodes and 332 branches. The structure of the ventilation network is presented in Figure 4. The figure shows a full scheme of the current state of the network. Considering the large amount of data and the complexity of the model, a simplified version of the model is presented in Figure 5, showing the general arrangement and the air flow directions from the downcast shafts through the mining districts to the upcast shafts. The calculations presented in the latter part of this article were conducted on the full model of the ventilation network.



In order to update the distribution of the air flow in the model of the ventilation network and to determine the pressure loss, measurements in underground excavations were conducted. The measurements were aimed at identifying the following thermodynamic parameters:




	
Atmospheric pressure at the nodes of the mine ventilation network;



	
Dry bulb temperature and relative humidity of air;



	
Air flow rate in the branches of the ventilation network.








Due to the fact that the parameters of the air are subject to change while measurements are conducted at the bottom of the mine, air pressure and temperature were measured simultaneously on the surface level of the downcast shaft.



Air pressure was measured using precision barometers. The temperature and relative humidity of air were measured with hygrometers, while the air flow rate was measured with vane anemometers. The air velocity was assessed using the traverse method. Along with the air velocity, the cross-section of the excavation was also measured to calculate the air flow in the excavation. Measurements were conducted in a way that enabled the creation of a balance of air flow distribution and compensation for measurement errors.



The analysis of the calculated air flow distribution confirmed the validity of the input data. This is evidenced by the fact that the directions of the air flow in all branches of the network are consistent with those determined by measurements, and the calculated values of air flow approximate the values measured in the ventilation network. Differences between measured and calculated air flows in each branch of the ventilation network do not exceed 5%, which is considered acceptable for this type of calculation. Based on the determined aerodynamic potentials in the network’s nodes, the loss of pressure was calculated for all branches.



The results of air flow calculation carried out for the prepared mine ventilation network were compared with the licensed Ventgraph model used in the mine indicating their consistency. The next part of this article focuses on presenting the air flow in the main parts of the ventilation network, like levels, functional chambers, mining districts, and downcast and upcast shafts. The main purpose of the calculation was to check the possibilities and conditions of changes in the network to ensure appropriate ventilation in mining districts in the future.





4. An Analysis of Airflow Distribution in the Network before Modifications


4.1. Air Flow Distribution


At present, intake air enters the mine through three downcast shafts: Shaft I, Shaft II, and Shaft III. At each level, air is further distributed to the mining districts. Currently, five longwall mining and two independent development heading districts are ongoing.



In the vicinity of downcast shafts, there are functional chambers at the levels of 350 m, 450 m, 650 m, and 850 m. Their functions include pump operation, main switchboard, water drainage, locomotive repair, mechanical and electrical workshops, explosives storage, and locomotive depot.



From the mining districts, the air is returned to the surface via two upcast shafts situated at the peripheries of the network: Shaft IV and Shaft VI.



The total amount of intake air that enters the mine via shafts is 21,100 m3/min; the relative contributions of individual shafts are presented in Table 1. The mine’s ventilation network connects with the adjacent mine, through which approximately 5000 m3/min of air is supplied. This is return air, transferred directly to Shaft VI. In total, 26,100 m3/min of air is supplied to the mine; of this amount, 80% enters the mine via downcast shafts, while the remaining is return air from the adjacent mine.



The largest air flow (11,050 m3/min) enters the mine via shafts to the level of 850 m and constitutes 42% of the total amount of air entering the mine. In terms of the amount of air entering, level 650 m comes second with 8050 m3/min of air, making up almost 31% of the total amount. Smaller air flows reach the levels of 450 m and 350 m: 1600 m3/min and 400 m3/min, respectively, which corresponds to 6.1% and 1.5% of the total amount. Given the present state of the ventilation network, Shaft I supplies 37.9% of all air entering the mine. Shaft III supplies 28.4% of air, while the smallest amount 14.6% is supplied by Shaft II. The remainder of the total air flow is supplied from the ventilation network of the adjacent mine. At each level, part of the air flow is used to ventilate the functional chambers.



Table 2 presents the airflow returned from the mine via ventilation shafts from particular levels. The largest amount of air is removed from the level of 650 m, followed by the level of 350 m. From the level of 650 m, 13,150 m3/min of air is removed, which represents more than 50% of all return air leaving the mine. As for the level of 350 m, the returned amount is 8000 m3/min, i.e., more than 30% of all return air. It must be noted, however, that this distribution results only from the fact that Shaft IV is only 350 m deep, while Shaft VI is not connected to the level of 350 m, but to the level of 450 m. Considering this, it can be assumed that half of all return air in the mine is removed from the level of 650 m and the other half from the levels of 350 m/450 m.



Volumetric flow rates of air supplied to the mining districts are presented in Table 3. Moreover, some districts with longwall development headings are also in progress. If they are located in the district with the longwall, however, they were not included separately in the balance.



The completed balance of intake air indicates that a total amount of 12,950 m3/min supplies the mining districts. Of this amount, 8150 m3/min is distributed to longwalls and 4800 m3/min to places where development headings are constructed and ventilated with an independent air flow. In total, approximately 61% of air supplying the mine via shafts reaches districts with mining activity. About 4000 m3/min of air is used to ventilate functional chambers, which represents approximately 19% of the total amount of air supplied to the mine via shafts. The remaining air is lost in the ventilation network.



The distribution of air flow in the mine is guaranteed by fans installed at Shaft IV and Shaft VI. At Shaft IV, two fans are installed. At present, one of the fans (No. 1) is working, whereas the other (No. 2) is in reserve. At Shaft VI, three fans are installed. At present, two of the fans (No. 1 and No. 2) are working, whereas the third fan (No. 3) is in reserve. Fan parameters are presented in Table 4.



In the current state of the ventilation, the total fan pressure at Shaft IV is 1990 Pa, and its air flow is 14,000 m3/min. External losses of air at Shaft IV amount to 6000 m3/min due to the necessity of supplying air to keep the working fan stable. This solution has many adverse effects and is highly inefficient. Nevertheless, because of the high air drag in the subnetwork, it remains the only viable option.



At Shaft VI two fans are working. Their parameters, especially the total fan pressure, are very similar, and for this reason they are combined in Table 4. The total fan pressure at Shaft VI is approximately 2980 Pa. Their combined air flow is 19,500 m3/min. The external losses of air at Shaft VI are approximately 9% (1850 m3/min).



Figure 6 presents the characteristics of the fan (No. 1) at Shaft IV with its operating point. Figure 7a,b present the characteristics of the fans (No. 1 and No. 2) at Shaft VI with their operating points.



The calculations and the analyses of the fan parameters confirm that the fans installed at Shafts IV and VI work stable and are economically viable.



It must be remembered, however, that the fan at Shaft IV has a very high share of external losses. Due to the very high equivalent drag of the subnetwork, it was decided to unseal the shaft. Had this not been carried out, the fan would have been unstable. Considering the addition of external air, the functioning of this fan must be described as inefficient. This shaft is not likely to contribute to the future mine operation, so it should be closed.




4.2. Conclusions Concerning the Present Situation


Over 60 years of coal exploitation in the analyzed mine has demonstrated the need to exploit lower coal seams. Further development of the mine requires the construction of new excavations. Due to the high development costs, especially the costs of constructing new shafts, the mine operator is planning changes in the ventilation network air flow.



In the mine under discussion, more than 20 million tons of coal is bound in the pillar of Shaft IV. This deposit is already open to mining activity and gaining access to it does not require large investments. Due to this, the mine operators are considering closing Shaft IV to release the deposit bound in its pillar and enable extraction. Closing a ventilation shaft, however, is not possible without securing another way to return air from the underground workings. For this reason, it is speculated that one of the centrally located shafts could be converted from a downcast to an upcast one, a proposal that is discussed at length below. In order to implement such a conversion, it is necessary to carry out an in-depth analysis of its impact on the ventilation network, so that adequate ventilation is guaranteed.





5. An Analysis of the Planned Modifications to the Ventilation Network


5.1. The Scope of the Planned Modifications


To maintain the required intensity of ventilation throughout the mine, the possibility of converting one of the centrally located shafts from a downcast to an upcast one was considered. The only replacement for Shaft IV due to its technical functions and vertical transport in the mine is Shaft III.



An analysis was conducted to assess the possibility of modifying the network in such a way that will ensure sufficient ventilation to continue with the planned extraction. Extraction has been planned in seams 405/1 (three longwalls), 405/3 (four longwalls), 406/3 (five longwalls), 407/3 (five longwalls), 408/2 (six longwalls), 408/3 (six longwalls), and 410 (five longwalls). Most of the planned activity will be conducted between the levels of 850 m and 650 m. An analysis of the planned opening reveals that most of the above seams will have to be supplied with air from the level of 850 m, while the return air will pass to the level of 650 m. Only the deeper seams will be ventilated with air from workings below the level of 850 m.



In their largest scope, modifications to the ventilation network will consist of closing Shaft IV combined with converting Shaft III from a downcast to an upcast one. This will require considerable changes to the ventilation network, including the installation of a primary fan station in the vicinity of Shaft III. These modifications will have a great influence on the distribution of air flow in the ventilation network. The most considerable adaptations will be required in the shaft bottom areas of shafts I, II, and III on every level. This need results from the fact that the shafts are arranged as twins and are linked to the workings on all active levels. Substantial changes will occur in the workings situated between the converted Shaft III and the closed Shaft IV. The scope of the necessary changes, consisting of isolating Shaft III with dams from the other excavations at the levels of 450 m, 650 m, and 850 m is presented in Figure 8a–c. At the level of 650 m, separate ventilation routes of return air will have to be assured to transfer the air to the converted Shaft III. A simplified scheme of the ventilation network after closing Shaft IV combined with converting Shaft III from a downcast to an upcast one is presented in Figure 9.



An important aspect of converting Shaft III is the fact that it is considered a possible route for transporting materials and/or coal output to the surface. The twin-like arrangement of Shaft I, Shaft II, and Shaft III means that the shafts will have to be isolated with sealed dams on virtually every level. In many cases, airtight dams will have to be provided, but at the same time will have to allow the material to pass through. To enable delivery of coal output, apertures for conveyor belts will have to be provided. Should the sealing of the dams be ineffective, considerable loss of air will occur.



In the latter part of this article, we will discuss ventilation options available after closing Shaft IV and at the same time converting Shaft III from a downcast to an upcast one. The calculations take into account the various technical functions performed by Shaft III. Also, the existing connection between the ventilation networks of the analyzed mine and the adjacent mine area was included.




5.2. Possible Equipment of the Shaft after Conversion to an Upcast Shaft


During the analysis of the ventilation possibilities after converting Shaft III, the following variants of the technical functioning of the shaft were considered:




	
Solution 1—removing all shaft hoisting (only the ventilation function of Shaft III is retained);



	
Solution 2—converting the shaft hoisting from skip hoisting to cage hoisting for transporting long elements, and the removal of skip hoisting from the second compartment;



	
Solution 3—the removal of skip hoisting from one of the compartments and converting the shaft hoisting in the other compartment to the functions of transporting both the personnel and the output (cages combined with skips);



	
Solution 4—leaving the skips in both compartments of the shaft.









5.3. An Analysis of the Calculated Values


After closing Shaft IV, the ventilation of the excavations in mining districts should retain its present intensity, which is connected primarily with the forecasts of methane hazard for the years to come. It must be borne in mind that coal extraction in the mine is conducted in the presence of serious methane hazards. Considering the demand for air flow in the mining districts and the central localization of Shaft III relative to Shaft I and Shaft II, which will influence the amount of lost air, the return air flow through Shaft III should amount to 10,000 m3/min. To compensate for the external losses, the required performance of the fan is approximately 11,000 m3/min. The parameters of the fan installed in the network are satisfactory. Taking into account the planned depth of extraction in the western part of the plant, including sublevel mining, the pressure drop of the fan should be approximately 3000–3500 Pa. The calculations related to future extraction in the western part of the mine assume mining activity in two areas: one longwall during exploitation and one area with development workings.



Such parameters, plus a small allowance, are offered by, e.g., a fan whose characteristics are presented in Figure 10. In subsequent calculations, it is assumed that this fan will be employed. The selected parameters of the primary fan (efficiency of approx. 11,000 m3/min; pressure drop of approx. 3000–3500 Pa) will sustain the current air flow to underground workings. An important factor for determining the working parameters of the fan was the technical execution of the dams separating the supply and return air flows.



The preliminary calculations have proved that the current structure of the ventilation network will not provide ventilation routes for the return air. The present scope and state of the excavations make it impossible to allocate a duct of return air leading to Shaft III and allow the removal of return air, mainly from the western part, currently ventilated by Shaft IV. The only possible excavation to serve this purpose could be Maingate Road No. 1 in seam 405/3 at level 650 m, but as was already mentioned, its state and cross-section do not offer a sufficient air flow rate.



In order to increase the capacity of return ventilation routes, it will be necessary to perform an additional excavation parallel to Maingate Road No. 1 in seam 405/3 at level 650 m. The new excavation will join the cross-cut level of 650 m and the shaft bottom at the level of 650 m in the area of Shaft III (Figure 11). According to preliminary estimates, the length of the new excavation will be approximately 800 m, and the cross-section area should be 18.0 m2.



Table 5 presents a summary of the analysis of air flow distribution in the ventilation network after closing Shaft IV and converting Shaft III from a downcast to an upcast one, taking into account the modifications to the equipment installed in Shaft III (solutions 1–4). The table shows evidence for the decrease in air flow in the mining areas compared with the current state and the air flow rates in Shaft III, assuming the new fan will be in operation.



The calculations prove that after performing an additional excavation and providing only the ventilation function (solution 1—no equipment installed) or only the transport function of Shaft III (solution 2), the intensity of ventilation mining districts will be not much smaller than at present. As for the longwall mining districts, the supplied air flow will decrease by about 6÷7%; taking into account the development headings district, the decrease will reach about 12÷13%.



In the case of Shaft III, which is equipped with the coal output delivery function (solutions 3 and 4), the intensity of ventilation in the mining districts will decrease by almost 20%, which must be considered insufficient given the depth of extraction and the scale of methane hazard. Also, losses of air supplied to Shaft III will rise considerably to approximately 48%, which is unfavorable. For this reason, such a structure of ventilation in this mine is unacceptable.



The conducted analyses prove that converting Shaft III from a downcast to an upcast one after closing Shaft IV is a feasible option. The measures assessed here have an enormous advantage: they will release a big part of the deposit (more than 20 million tons) that is currently bound in the pillar of the shaft intended for closure. The deposit is already open and available for mining activity. However, despite performing additional excavations, this measure will cause difficulties with maintaining the current intensity of ventilation in development heading districts (for the analyzed solutions the decrease will reach about 22÷24%). Although it is possible to install a fan in Shaft III that will provide higher intake air flow in the mine ventilation network than in the current state (depending on the analyzed solution it could be about 9÷13% higher intake air flow), the losses of air in the network will aggravate. To a large extent, these losses will be inevitable due to the twin-like arrangement of Shaft III and the downcast Shafts I and II. These shafts will be connected at several levels.



In addition, we must remember the necessity to construct a variety of sealed stoppings to isolate the excavations at the shaft bottoms at particular levels, which may be a challenging task. The dams must be airtight. Also, it must be taken into account that Shaft III is intended to function as a transport route for materials or coal output. On these routes, at the crossings of air supply and return, losses of air are bound to occur. In the case of coal output delivery, however, the losses will be significantly greater than in the case of transport, which will be intermittent. In the case of transport routes, it will be possible to install airtight dams to reduce the amount of escaping air.





6. Results Discussion


This article presents the analysis of changing the function of the central Shaft III from a downcast to an upcast one, accompanied by the closure of the peripheral Shaft IV. The main aim of the changes in the mine ventilation network was to assess the possibility of further safe operation without constructing new shafts. An important aspect of converting Shaft III was the fact that it is considered a possible route for transporting materials and/or coal output to the surface. For this purpose, four different variants (solutions 1÷4) of the technical functioning of Shaft III were analyzed.



In the analyzed mine after closing Shaft IV, the ventilation of the excavations in mining districts should retain its present intensity, which is connected primarily with the forecasts of methane hazard for the years to come. Considering the demand for air flow in the mining districts and the central localization of changed Shaft III relative to Shafts I and II, which will influence the amount of lost air, the return air flow through Shaft III should amount to 10,000 m3/min. To compensate for the external losses, the required performance of the fan is approximately 11,000 m3/min. Taking into account the planned depth of extraction in the western part of the plant, including sublevel mining, the pressure drop of the fan should be approximately 3000–3500 Pa.



The preliminary calculations have proved that the current structure of the ventilation network will not provide ventilation routes for return air after planned modifications. To increase the capacity of return ventilation routes, it will be necessary to perform an additional excavation parallel to Maingate Road No. 1 in seam 405/3 at level 650 m.



A solution presented in this article, consisting of closing Shaft IV and at the same time converting Shaft III from a downcast to an upcast one, has been validated as feasible provided that several conditions are met. As for the mine under analysis, the following conclusions may be drawn:




	
Despite closing Shaft IV, it was possible to achieve a higher intake air flow rate (depending on the analyzed solution it could be about 9÷13% higher intake air flow) by creating additional connections to the converted shaft and selecting an adequate primary fan;



	
Following modifications to the structure of air flow distribution, caused by the necessity to allocate ventilation routes for return air, in the area of Shaft III losses of air from the ventilation network increased (in solution 4, the least favorable solution, they reached almost 48%);



	
Losses of air in the network depend to a large extent on the assumed technical function of Shaft III, which is connected with the airtightness of the dams installed there to separate the flows of the supply and the return air. The most favorable option is to use Shaft III solely for ventilation (without hoisting to transport materials and personnel or to deliver coal output to the surface);



	
Finally, the analysis proved that closing one of the shafts might cause a small reduction in the air flow through districts with mining activity (solution 1). In the case discussed here, the supply air flow to the longwall mining districts decreased by less than 6%; if development mining districts are taken into account, the decrease in air flow is almost 12%. Such drops in the intensity of ventilation are acceptable in the analyzed mine, given the existing and forecasted methane hazard;



	
Closing Shaft IV releases the deposit bound in the pillar of the shaft. The deposit has already been made accessible due to mining works, which is economically advantageous.









7. Conclusions


The example presented in this article proves that after closing Shaft IV combined with the conversion of Shaft III from a downcast to an upcast one it is possible to provide sufficient airflow to the planned exploitation areas. In order to ensure the sufficient capacity of return ventilation routes, however, it is necessary to perform an additional excavation parallel to Maingate Road No. 1 in seam 405/3 at level 650 m. The new excavation should connect the cross-cut level of 650 m to the shaft bottom at the level of 650 m. After the new excavation is performed and assigned only the ventilation function, it is possible to remove return air from the mining areas with an intensity similar to that of the current distribution of air flow. Also, it will be possible to provide the required intake air flow and safe exploitation in the years to come.



The procedure presented in this article can be adopted in other mines. Should analogous modifications be considered in other underground mines, it will be necessary to assess the following aspects:




	
In the decision to convert a downcast shaft into an upcast shaft, the following criteria need to be considered: the current functions of the shaft, the possibility of providing return air ventilation routes to the shaft, and the possibility of installing primary fans in the vicinity of the shaft;



	
The benefits of closing a ventilation shaft may include releasing a deposit located in the shaft area. Decisive factors in selecting the shaft to be closed may be its technical condition or relative insignificance for future extraction;



	
An analysis of hazards present in a given mine, especially methane hazards, should be conducted with respect to the forecasts of the required intensity of ventilation needed during future extraction. In the example analyzed here, despite the possibility of increasing the air flow rate in the ventilation network, the modifications caused a decrease in the amount of air flow supplied to the areas with mining activity.








A very useful tool in the abovementioned investigations might be numerical calculations of the distribution of air flow in the ventilation network. Moreover, to conduct the calculations, it is vital to use a model of the network consistent with the measurements of the distribution of air conducted in the mine under analysis.
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Nomenclature




	   k = 1 ,   2 ,   … P   
	number of independent junctions



	   P   
	number of all independent junctions



	   i = 1 ,   2 ,   … N   
	number of independent ventilation branches



	   N   
	number of all branches



	     ε   k i     
	character-oriented constant of the junction-branch matrix of the network



	     α   m i     
	character-oriented constant of a mesh-branch matrix of a network



	   m = 1 ,   2 ,   … M   
	number of the fundamental mesh   m   of the network



	   M   
	number of all fundamental meshes



	     W   i     
	sum of frictional pressure drop and shock pressure losses in a branch   i  , Pa



	   ∆   p   m i     
	sum of the increase in total pressure across the fan, Pa



	     h   n i     
	natural ventilation pressure gain in branch   i  , Pa



	       V  ˙    i     
	volumetric flow rate of air in branch   i  , m3/s



	     R   i     
	equivalent resistance of branch i, (N·s2)/m8



	   s g n       V  ˙    i       
	positive or negative value depending on the air flow direction within ith branch to the direction defined for the mesh



	     m  ¯      
	mesh in which all air flows in branches are replaced by air flow of a basic branch



	     α   i   m  ¯      
	character-oriented constant of a transpose of a mesh-branch matrix of the network, for replacing air flows in branches by air flows in basic branches



	   r   
	iteration step
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Figure 1. Location of the USCB in Poland and in Europe. 
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Figure 2. Mine area and the positioning of the shafts. 
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Figure 3. Total methane emission and amount of captured methane in 2013–2022. 
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Figure 4. Scheme of the current state of the ventilation network. 






Figure 4. Scheme of the current state of the ventilation network.



[image: Energies 17 01379 g004]







[image: Energies 17 01379 g005] 





Figure 5. Simplified scheme of the ventilation network. 
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Figure 6. Characteristics of fan at Shaft IV: No. 1 with operating points. 
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Figure 7. Characteristics of fans at Shaft VI: No. 1 (a) and No. 2 (b) with their operating points. 
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Figure 8. Dam location at the levels of 450 m (a), 650 m (b), and 850 m (c). 
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Figure 9. Simplified scheme of the ventilation network after closing Shaft IV combined with converting Shaft III from a downcast to an upcast one. 
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Figure 10. Characteristics of the new main fan to Shaft III. 
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Figure 11. The new excavation at the level of 650 m in Shaft III. 
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Table 1. Distribution of intake air in the ventilation network of the mine.
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Level

	
Volumetric Flow Rate, m3/min

	
Flow Rate on

the Level, m3/min

	
Percentage

of Total

Flow Rate, %




	
Shaft I

	
Shaft II

	
Shaft III






	
350 m

	
300

	
50

	
50

	
400

	
1.5




	
450 m

	
600

	
800

	
200

	
1600

	
6.1




	
650 m

	
2550

	
2950

	
2550

	
8050

	
30.8




	
850 m

	
6450

	
-

	
4600

	
11,050

	
42.3




	
Total

	
9900

	
3800

	
7400

	
-

	
-




	
Intake air entering the mine through shafts

	
21,100

	
80.8




	
Intake air from the adjacent mine

	
5000

	
19.2




	
Total

	
26,100

	
100.0











 





Table 2. Distribution of return air in the ventilation network of the mine.
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Level

	
Volumetric Flow Rate, m3/min

	
Flow Rate on

the Level,

m3/min

	
Percentage

of Total

Flow Rate, %




	
Shaft IV

	
Shaft VI






	
350 m

	
8000

	
-

	
8000

	
30.7




	
450 m

	
-

	
4450

	
4450

	
17.0




	
650 m

	
-

	
13,150

	
13,150

	
50.4




	
850 m

	
-

	
500

	
500

	
1.9




	
Total

	
8000

	
18,100

	
26,100

	
100











 





Table 3. Intake air distribution for longwall mining and development heading districts.
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Mining District

	
Volumetric Flow Rate, m3/min




	
To the Mining

District

	
To the

Longwall Face






	
District 1—Longwall 1 in seam 405/3

	
1100

	
650




	
District 2—Longwall 2 in seam 407/3

	
1350

	
950




	
District 3—Longwall 3 in seam 404/4

	
1550

	
1200




	
District 4—Longwall 4 in seam 405/1

	
2650

	
1200




	
District 5—Longwall 5 in seam 408/3

	
1500

	
900




	
Total (longwall mining districts)

	
8150

	
4900




	
Development headings—districts 6 and 7

	
4800

	
-




	
Total (longwall mining

and development heading districts)

	
12,950

	
-











 





Table 4. Parameters of the main fans.
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Shaft

	
Number

of Working Fans

	
Volumetric Air Flow, m3/min

	
Total

Pressure, Pa

	
Equivalent Orifice, m2




	
In the Shaft

	
External Losses

	
Fan

Air Flow

	
Shaft

	
Fan






	
IV

	
1

	
8000

	
6000

	
14,000

	
1990

	
3.81

	
6.23




	
V

	
2

	
18,100

	
1850

	
19,950

	
2980

	
7.00

	
7.26




	
Total

	
26,100

	
7850

	
33,950

	

	

	











 





Table 5. Summary of the analysis of air flow distribution in the ventilation network after closing Shaft IV and converting Shaft III from a downcast to an upcast one.
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Description

	
Unit

	
Current State

	
Solution 1

	
Solution 2

	
Solution 3

	
Solution 4




	
Without New Excavation

	
After Performing an Additional Excavation to Shaft III






	
Total intake air supplied to the

mine through the shafts

	
m3/min

	
21,100

	
19,140

	
23,440

	
23,100

	
24,030

	
23,750




	
Total intake air supplied to the mine

	
26,100

	
24,390

	
28,890

	
28,540

	
29,500

	
29,200




	
Increase in total intake air supplied to the mine according to the current state

	
m3/min

	
-

	
−1710

	
2790

	
2440

	
3400

	
3100




	
%

	
-

	
−6.55

	
10.69

	
9.35

	
13.03

	
11.88




	
Intake air supplied

to the mining districts

	
m3/min

	
12,950

	
9450

	
11,410

	
11,250

	
10,420

	
10,420




	

	
Longwall mining districts

	
8150

	
5630

	
7680

	
7600

	
6780

	
6750




	
Development headings district

	
4800

	
3820

	
3730

	
3650

	
3640

	
3670




	
Decrease in mining districts ventilation intensity

	
%

	
-

	
−27.0

	
−11.9

	
−13.1

	
−19.5

	
−19.5




	

	
Longwall mining districts

	
-

	
−30.9

	
−5.8

	
−6.7

	
−16.8

	
−17.2




	
Development headings district

	
-

	
−20.4

	
−22.3

	
−24.0

	
−24.2

	
−23.5




	
Returned air removed from the mine by Shaft III

	
m3/min

	
-

	
6630

	
11,920

	
11,510

	
12,560

	
12,210
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