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Abstract

:

The massive emission of low concentrations (≤0.5%) of methane (CH4) from ventilation roadways results in resource waste and environmental pollution. To mitigate these emissions, an enrichment tower for low-concentration methane is designed, and segregation and non-segregation experiments are conducted. The results reveal that stable concentrations of methane under segregation and non-segregation states in the enrichment tower gradually increase with height, with a maximum methane concentration of 0.64% and 0.54%, respectively. This shows that the methane enrichment effect in free diffusion conditions is more significant under the segregation state than under the non-segregation state. The stable concentration of methane in the middle and upper sections of the enrichment tower shows an increasing trend. However, the stable concentration of methane in the lower section of the enrichment tower has an increasing trend (less than 0.50%). According to the methane molecule Boltzmann distribution law, methane concentration enrichment decreases with height, and the conversion of the methane from the segregated to non-segregated is irreversible. Consequently, industrial applications of methane enrichment from buoyant forces are not feasible for low concentrations of methane.
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1. Introduction


During the mining process, a massive amount of methane is discharged, mostly into the atmosphere and thus contributing to the greenhouse effect. Among greenhouse gases, methane contributes to 16% of Earth’s greenhouse effect, compared to 74% for carbon dioxide [1,2,3]. Methane methane has the potential to be released in a future warmer climate with enhanced climate impact [4]. Over the last two hundred and fifty years, the concentration of methane in the atmosphere has increased by 151% [5,6]. Methane is mainly emitted from the agriculture, energy, industry, and waste processing sectors. Coal mining accounts for 22% of methane emissions from the energy sector [7,8].



There are three main contributions to methane emissions from coal mining: (a) mine ventilation air (0.1–1% CH4), (b) methane drained from the seam before mining (60–95% CH4), and (c) methane drained from work areas of the mine (30–95% CH4) [2,9]. These methane contributions are called “ventilation air methane (VAM)” and constitute a low percentage (1%) of methane emissions from coal mining. Low-concentration methane is responsible for 60–70% of total methane emissions related to coal mining [10,11]. The amount of methane discharged into the atmosphere every year is approximately 19 billion m3, which is equivalent to 20,000 T of standard coal [12,13], and this increases every year. Methane, as a greenhouse gas, damages the ozone layer and deteriorates the atmospheric environment [14]. A lot of methane is discharged into the atmosphere as a result of mining activity in Poland [15]. However, methane, as a clean resource, can act as a significant source of energy and provide substantial economic benefit. It is reported that 0.64 million dollars per annum was earned by selling certified emission reduction (CER) generated by one rotary kiln in India, which consumes 4505 tones methane per annum [16]. The electricity generation and safe transportation technologies of low-concentration methane have also been developed to improve the methane utilization rate in China [17,18].



However, when the methane concentration is lower than 30%, methane cannot be used in large-scale industrial applications. For industrial applications, the methane enrichment method should be adopted to improve methane concentrations. There are two main methods of enrichment of low-concentration methane. Chemical methane membrane separation technology [19,20], using a thermal flow reversal reactor, has been shown to increase methane concentrations from 0.22–0.42 vol. % to 89.7–97.5 vol. % [21]. Membrane separation technology requires a high investment, and the membrane is easily clogged by ventilation air methane. Alternatively, low-temperature methane adsorption technology [22,23], a widely used methane oxidation technology [24,25], uses three-bed vacuum swing adsorption tests and can increase low-concentration coal mine methane from 12 vol. % to 26.7 vol. % at adsorption and desorption pressures of 110 kPa abs [26,27]. The absorption technology can achieve methane enrichment in the laboratory, but the methane enrichment is slow. Generally, the VAM of coal mine is about 3000 m3/min, and there are some limitations of industrial applications.



This paper examines the enrichment of low-concentration ventilation air methane in free diffusion conditions. Because the density of methane is lower than air, buoyancy is used to achieve methane enrichment. An earlier study using buoyancy by Y. Wang used a methane cylinder (10 L) to conduct methane buoyancy separation experiments [28]. In the static state, methane in the methane cylinder was uniformly distributed, with no methane accumulation layer and no change in the methane concentration. Thus, the methane cylinder is an isolated system, and it has some limitations. D. Zou used a methane storage pipe to conduct methane separation and enrichment experiments. Under isolated system conditions, the data show that a stable methane layer formed at the top of the pipe, However, the segregation and non-segregation methane experiment are not divided into different experimental groups, and the results are not clear [29]. S. Wang monitored the change of methane concentration in a mine roadway and extraction pipe [30]. They found that methane concentrations did not vary vertically, and there was no methane enrichment with height.



In the above papers, the storage state of methane in air was not clearly illustrated, and some experiments did not show whether the methane injected was in the segregated or non-segregated state. If segregated methane was injected, increasing methane concentrations should be caused by the accumulation of segregated methane rather than the accumulation of methane separated from air. If non-segregated methane was injected and the concentration of methane increases, then methane accumulation is likely caused by methane separation from air. To explore the enrichment characteristic of segregated and non-segregated methane, a custom enrichment tower is constructed to conduct physical on segregated and non-segregated methane. Enrichment of low-concentration ventilation air methane in free diffusion conditions has some innovation. The results are presented with a theoretical explanation.




2. Development of the Methane Enrichment Tower


2.1. Design and Composition of the Enrichment Tower


The methane enrichment tower is designed and developed according to the basic principle of methane buoyancy. The lower section of the device is cylindrical. The upper section is conical and narrows gradually. The height and diameter of the bottom cylinder are both 1 m. The height of conical round table is 1 m, and the material is stainless steel. The enrichment tower is composed of a cylinder, explosion-proof frequency conversion motor, blade, methane and air mixing tube, methane cylinders, methane sensor, flow meter, electric control box, decompression control valve, data integrator, and computer. A sketch and physical map of the enrichment tower system are shown in Figure 1.



The main function and operation of the enrichment tower is described as follows. The lower part of the enrichment tower has two air holes connected to methane cylinders and blowers, and the upper part of the enrichment tower has the vent holes. An explosion-proof inverter motor is installed in the bottom of the enrichment tower to drive the rotor rotation. The blade size is 40 cm in diameter and 5 cm high, which can achieve frequency control and speed to form the internal methane vortex field.



Three infrared methane sensors (Model: XP3000, Chengdu Xinhaosi Electron Detecting Technology Co. Ltd, Chengdu, China) are installed at the top, middle, and bottom of the enrichment tower, with a spacing of 1 m. Each sensor can monitor methane concentrations at different radial distances and is connected to a controller (Model: JB-TB-AT220D, Chengdu Xinhaosi Electron Detecting Technology Co. Ltd, Chengdu, China), isolated adapter (Model: RS485, Chengdu Xinhaosi Electron Detecting Technology Co. Ltd, Chengdu, China), graphical monitoring system controller, and computer, which convert the data into digital signals and display the methane concentrations in real time on the computer in Table 1. The flowmeter monitors the methane that flows into the tower, and the fan controls the methane volume that goes into the enrichment tower.




2.2. Experiment Plan


To investigate methane enrichment in the tower, the methane mixture is continuously injected in the non-isolated test system so that the methane is free to diffuse in the enrichment tower and then discharge. Injected methane is divided into two types: segregated and non-segregated. The low-concentration methane enrichment in the isolated test system is not discussed in this paper.



In the segregated methane test, as shown in Figure 2a, in order to ensure the accuracy of the test, the outlet of the enrichment tower is opened, filled with air with a fan, and then the methane is filled from the methane pipe. The volume ratio of the methane is 0.5% according to the flow rate. Then, the mixed methane is injected with a velocity of 0.5, 1.0, or 1.5 m/s to meet the movement in the free diffusion.



In the non-segregated methane test, as shown in Figure 2b, the outlet is opened, and the concentration of methane in the air inlet is adjusted using a three-way valve (mixer). This ensures that the methane is fully mixed and the methane concentration in the air inlet is 0.5%. Then, the methane mixture is continuously injected at a rate of 0.5 m/s, 1.0 m/s, and 1.5 m/s to achieve free diffusion. The methane sensors are used to monitor the distribution characteristics of the methane concentration in the tower. In both test states, the methane injection duration is 40 min, ensuring that the methane concentration monitored by each sensor remains stable. After the test, the methane bottle is closed, and air is continually injected in to prevent methane accumulation. When the methane concentration drops to less than 0.10%, the system power is cut, and the laboratory is ventilated.



This paper focuses on the enrichment diffusion characteristics due to buoyancy. The characteristics of methane concentrations in a vortex field will be discussed elsewhere. In vortex field conditions, when the rotational speed of the fan is 80 rpm in the non-isolated system, the concentrations of non-segregation methane in the upper, middle and lower sections of the tower are 0.67%, 0.69%, and 0.37%, respectively. The concentrations of segregation methane in upper, middle and lower sections of the tower are 0.54%, 0.55%, and 0.46%, respectively, which will be discussed elsewhere.





3. Analysis of Physical Test Results


3.1. The Results of the Segregation Methane Enrichment Test


In the non-isolated system, the distribution characteristics of methane concentration are monitored by the methane sensor in real time. Figure 3 shows the change in methane concentration over time for different methane velocities in the tower. Figure 3a shows the relationship between the methane concentration and time at several heights and with an inlet velocity of 0.5 m/s. The methane concentration of Sensor 3 (bottom) increases rapidly after the methane injection, and the methane concentration reaches a maximum value of 0.56% at 6 min before it gradually declines. The methane concentration decreases to 0.38% at 20 min. The concentrations of methane of the Sensors 2 and 1 (middle and top) are similar in the middle and top of the enrichment tower. The change of the methane concentration is small in the first 3 min. For Sensors 2 and 1, the methane concentration continues to increase to a steady state, and the methane concentrations are 0.54% and 0.63%, respectively.



The relationship between the methane concentration and the time with an inlet velocity of 1.0 m/s is shown in Figure 3b. Sensor 3 first shows relatively quick growth in methane concentration. After 5 min, the methane concentration reaches the maximum value of 0.57%, and then the methane concentration begins to decrease. At 18 min, the methane concentration decreases to a steady value of 0.38%. The methane concentrations of Sensors 2 and 1 show a small increase in the first 5 min, and then the methane concentrations continue to increase until reaching a stabilized value. Sensor 2 increases to a stable value of the 0.53% at 25 min, and Sensor 1 increases to a stable value of 0.63% at 30 min.



The relationship between the methane concentration and time with an inlet velocity of 1.5 m/s as shown in Figure 3c. Sensor 3 shows a rapid increase in methane concentration. The methane concentration reaches 0.59% at 4 min and then gradually decreases. The methane concentration decreases to a stable value of 0.38% at 18 min. The trends in methane concentration for Sensors 2 and 1 are similar. The methane concentration changes slightly at 7 min, and then the methane concentration continues to increase until it reaches a stable value. The methane concentration of Sensor 2 reaches a stable value of 0.53% at 19 min, and the methane concentration of Sensor 3 reaches a stable value of 0.64% at 30 min.



The monitoring results above show that the methane concentration of Sensor 3, at the bottom of the enrichment tower, initially increased before declining. The concentration of Sensor 2 is similar to that of Sensor 1. The stable values of concentration of methane of Sensor 1 is higher than that of Sensor 2. The values of the methane concentration in the tower generally increases linearly with height.




3.2. The Results of the Non-Segregation Methane Enrichment Test


The distribution characteristics of non-segregation low-concentration methane in the enrichment tower are shown in Figure 3. When the methane velocity is 0.5 m/s (Figure 4a), Sensor 3 first detects methane concentrations. The methane concentration rapidly increases and reaches its maximum value of 0.52% at 5 min. Then, the methane concentration gradually decreases. The methane concentration reaches a stable value of 0.46% at 15 min. The difference in methane concentrations of Sensors 2 and 1 are small at 3 min and then continue to increase to stable values. The methane concentration of Sensor 2 reaches a stable value of 0.51% at 11 min, and the methane concentration of Sensor 1 reaches a stable value of 0.53% at 21 min.



When the methane velocity is 1.0 m/s (Figure 4b), the methane concentration of Sensor 3 reaches a maximum value of 0.52% at 5 min and then drops slightly, reaching a stable value of 0.46% at 15 min. The methane concentrations of Sensors 2 and 1 change slightly at 3 min and then continue to increase to stable values. The methane concentration of Sensor 2 reaches a stable value of 0.51% at 9 min, and the methane concentration of Sensor 1 reaches a stable value of 0.53% at 18 min.



When the methane velocity is 1.5 m/s (Figure 4c), the methane concentration of Sensor 3 reaches a maximum value of 0.51% at 5 min and then gradually decreases. The methane concentration reaches a stable value of 0.47% at 15 min. The methane concentrations of Sensors 2 and 1 change slightly at 4 min and then continue to increase to stable values. The methane concentration of Sensor 2 reaches a stable value of 0.51% at 8 min, and the methane concentration of Sensor 1 reaches a stable value of 0.54% at 16 min.





4. Analysis and Discussion


In non-isolated systems, because of its low density, segregation methane in air will flow until it forms a stable methane accumulation layer, preventing methane and air from achieving a completely uniform state. For non-homogeneous methane under buoyancy forces, the methane molecules are free to diffuse. After various stages of buoyancy-driven motion, methane stratification or methane enrichment occurs at different heights, and the density of the methane follows the Boltzmann distribution law.



According to the theory of methane molecular motion, and assuming temperature stability and a Boltzmann distribution law, the distribution of molecular density and potential energy is given by


   n =  n 0  exp ( −    ε p    k T   )   



(1)




where n is the number of methane molecules per unit volume in space and n0 is the number of methane molecules per unit volume (    ε p  = 0   ). When the methane molecules are in the gravitational field, the gravitational potential of the methane molecules is     ε p  = m g z   . According to Equation (1), the density of the methane molecules at a certain height can be obtained by


   n =  n 0  exp ( −   m g z   k T   )   



(2)




where n0 is the density of the methane particles at the ground surface (z = 0), m is the molar mass of the methane molecules in kg/mol, the acceleration of gravity g = 9.8 m/s2, the Boltzmann constant K = 1.38 × 10−23 J/K, and T is the absolute temperature in Kelvin. The negative sign indicates that a larger density spread results in a smaller density.



Equation (2) reveals the changing characteristics of the density of the methane molecules in a non-isolated system, where variations in molecular density with the height are small. Due to buoyancy, methane expands and floats, and the low-density methane rises relative to the air. Low-concentration methane can be enriched as it rises and concentrates at certain heights. For the static distribution, no temporal variations are considered. Due to buoyancy forces, the methane concentration increases approximately 0.10% for every 10-m rise in vertical height, and the increase in methane density is small. The magnitude of methane enrichment necessary for industrial applications is thus not possible by only concentrating methane at increased heights.



According to previous physical and numerical test data, the methane concentration in the enrichment tower increased from 0.5% to a maximum value of 0.65% under the segregation state. The methane concentration in the enrichment tower increased from 0.50% to a maximum of 0.54% under the non-segregation state. Although both states increased, the magnitude of the increase was small. L. Li adopted an isolated system that was allowed to stand for 59 min. The highest methane concentration increased from 1.0% to 1.0~1.15%, and the total increase was small [31].



However, the paper does not explain whether the methane injected into the enrichment tower is the segregation state or non-segregation state. In the experiment, a few thousand cubic metres of methane are run through the return airway per hour, but for enrichment in a closed static container, industrial applications would be more difficult. When a custom non-isolated system is adopted [29], the methane that is injected into the system is in the segregation state. The initial methane concentration is 0.20%, and the methane density slightly increases to a stable value of 0.25% after 27 min.



The methane concentration in the middle and top of the enrichment tower increases for several reasons. First, the increase in methane concentration in the enrichment tower is not due to the low methane density but because of the segregation state of the methane that is injected into tower. A considerable portion of the methane is in a segregated state, which gradually accumulates. It does not appear that accumulation is caused by non-segregated methane turning into segregated methane. Because of the irregular motion of the methane molecules, conversion of segregated methane to non-segregated methane is irreversible without external energy. Second, the lower section of the enrichment column is continuously injected into the methane mixture in the non-isolated system. The injected methane has a higher kinetic energy and pressure, allowing it to gradually rise due to the transfer of pressure from high to low. The segregated state methane therefore rapidly rises, causing segregated methane enrichment that is monitored. Third, the upper section of the enrichment tower is a cone, with a relatively smaller volume. The unit volume of methane molecules increases, and methane concentration increases are monitored.



In general, the buoyancy-driven enrichment of low-concentration methane results from the interaction of the methane molecules, and the conversion of segregated methane into non-segregated methane is irreversible. If the contact time or the distance between methane and air is increased, then there will be less segregated methane. Without other energy sources (kinetic or heat), the enrichment of methane due to the relative buoyancies of methane and air cannot be achieved.




5. Conclusions


	(1)

	
A methane enrichment tower is designed and developed. The device can monitor methane concentration changes in real time, achieving automatic data storage.




	(2)

	
In the non-isolated system, when segregated methane at different velocities is injected, the methane concentration shows a decreasing distribution characteristic from the top of the tower to the bottom. The maximum methane concentration is 0.64%. When the methane is in a non-segregated state, the methane concentration decreases gradually from top to bottom. The maximum methane concentration is 0.54%. The data show that enrichment of the segregated methane is higher than that of the non-segregated methane.




	(3)

	
The methane concentration of the middle and upper tower sections increases gradually to stable values in the segregated and non-segregated methane enrichment towers, and the stable methane concentration shows a slight increase compared with the initial methane concentration (0.50%). The methane concentration at the bottom of the tower first increases and then decreases to a stable value. The stable methane concentration shows a reducing trend (less than 0.50%).




	(4)

	
According to the Boltzmann distribution law for methane molecules, the methane concentration should only slightly increase with height. Due to the interaction of methane molecules in the gravitational field, the transformation from the segregated methane to non-segregated methane state is irreversible. Therefore, low-concentration methane enrichment due to buoyant forces is not feasible for industrial applications.
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Figure 1. Schematic diagram of methane enrichment tower system. (a) The physical map of the enrichment tower system; (b) the sketch of the enrichment tower system. 1 (1-1, 1-2, 1-3)—methane sensor, 2—tower equipment, 3—data collection system, 4—air inlet, 5—computer, 6—explosion-proof motors by a frequency conversion function, 7—blades, 8—electric control box, 9—fan 10—flowmeter, 11—control valve, 12—methane cylinders, 13—air outlet. 
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Figure 2. Diagram of the methane enrichment experiment in free diffusion conditions. (a) The segregation methane experiment; (b) The non-segregation methane experiment. 
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Figure 3. Graph of the segregation methane concentration versus time in the enrichment tower. (a) Speed of methane injection is 0.5 m/s; (b) Speed of methane injection is 1.0 m/s; (c) Speed of methane injection is 1.5 m/s. 
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Figure 4. Relation graph of non-segregation methane concentration and time in enrichment tower. (a) Speed of methane injection is 0.5 m/s; (b) Speed of methane injection is 1.0 m/s; (c) Speed of methane injection is 1.5 m/s 
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Table 1. Parameter index of XP3000 infrared detector and JB-TB-AT220D Controller.
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Serial Number

	
XP3000 Infrared Detector

	
JB-TB-AT220D Controller






	
1

	
Parameter introduction

	
Parameter index

	
Parameter introduction

	
Parameter index




	
2

	
Test principle

	
Infrared detection

	
Communication loop

	
HBUS four highway




	
3

	
Test range

	
0–5%

	
Test range

	
0–100%




	
4

	
Test accuracy

	
0.01%

	
Display method

	
7 inch, 800 × 480 color screen




	
5

	
Voltage

	
DC 24 V

	
Voltage

	
DC 220 V ± 15%/50 Hz




	
6

	
Total Power

	
≤1.5 W

	
Total Power

	
≤10 W




	
7

	
Test distance

	
≤1500 m

	
Relative humidity

	
<93% RH




	
8

	
Sensor size

	
180 mm × 170 mm × 100 mm

	
Sensor size

	
180 mm × 170 mm × 100 mm




	
9

	
Operating temperature

	
−40–70 °C

	
Operating temperature

	
0~550 °C
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