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ABSTRACT: A methane explosion can occur in a coal mine goaf when the methane 

concentration is within its explosive limits. Therefore, the distribution of the methane 

concentration around a spontaneous coal combustion area is important to assess the risk of a 

coal combustion-triggered methane explosion in a coal mine goaf. Although significant 

studies have previously been conducted, the mechanism of this disaster formation has not 

been well understood, and no effective mitigation measures have been developed. Although 

the thermal buoyancy effect has been recognized in natural convections, this effect in a coal 

combustion-triggered methane flow is rarely considered. The impact of thermal buoyancy on 

the methane migration in a coal mine goaf is the goal of this study.  

In this study, an integrated investigation utilizing experiments and modelling was conducted 

to investigate the disaster formation mechanism and possible mitigation measures of a coal 

combustion-triggered methane explosion in a coal mine goaf. For the experiment, a coal mine 

goaf area was locally heated to produce the buoyancy effect, and the local methane 

accumulation was measured at the spontaneous coal combustion location. To explain this 

observation, a coupled gas flow and thermal transport model utilizing the buoyancy effect 

was developed and verified against experimental observations. Based on the experimental 

observations and numerical results, the formation processes of a coal combustion-induced 

methane accumulation in a coal mine goaf area are summarized as follows: 

(1) Formation of Negative Pressure: The high temperature of spontaneous coal combustion 

decreases the gas density, which produces the buoyancy effect and causes negative 

pressure in the spontaneous coal combustion area to form;  

(2) Buoyancy-Driven Methane Flow: The negative pressure leads to an inflow of the 

surrounding methane, and the buoyancy effect causes an upward methane flow at the coal 

combustion location in the coal mine goaf area;  
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(3) Re-distribution of Methane Concentration: The methane inflow and the upward 

methane movement result in methane accumulation at the spontaneous coal combustion 

location. The accumulated methane is ignited by coal combustion to form a methane 

explosion disaster. 

A new model was applied to investigate possible mitigation measures through ventilation 

dilution at the early, middle, and late stages of spontaneous coal combustion in a coal mine 

goaf area. Based on the simulation results, the effects of ventilation dilution on mitigation are 

summarized as follows: 

(1) Alteration of Methane Accumulation Patterns: The ventilation dilution could decrease 

the methane concentration in the coal mine goaf area in a short time by increasing the air 

leakage to dilute the methane concentration and influence the coal combustion-induced 

buoyancy effect;  

(2) Control of Critical Methane Concentration: If spontaneous coal combustion occurs on 

the air-inlet side, ventilation dilution could effectively decrease the risk of a methane 

explosion by reducing the methane concentration below the explosive methane limits at 

the coal combustion location; 

(3) Roles at Different Stages: If spontaneous coal combustion occurs on the air-return side, 

ventilation dilution does not decrease the methane concentration below the explosive 

limits at the early stage of spontaneous coal combustion. At the middle and late stages of 

spontaneous coal combustion, ventilation dilution decreases the methane concentration 

into the explosive methane limits, which increases the risk of a methane explosion. 
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摘  要 (ABSTRACT IN CHINESE) 

        采空区瓦斯浓度处于爆炸极限范围内时，可能会发生瓦斯爆炸灾害。因此，采空

区煤自燃区域周围的瓦斯浓度分布是判断瓦斯爆炸危险性的重要依据。尽管开展了大

量采空区灾害研究，但采空区煤自燃诱发瓦斯爆炸的灾害形成机理仍不清楚，有效的

灾害缓解措施仍待研究。热浮力效应已被证明能够增强自然对流运动，但是采空区煤

自燃引起的瓦斯流动中较少考虑热浮力效应。因此，本研究的内容为热浮力效应在煤

自燃诱发瓦斯爆炸灾害形成机理和缓解措施中的作用。 

        本文通过实验模拟和数值建模研究了采空区煤自燃引爆瓦斯的灾害形成机理及可

能的缓解措施。在实验研究中，对采空区进行局部加热以产生浮力效应，获得了煤自

燃点瓦斯积聚现象。为解释该瓦斯积聚现象，建立了耦合浮力效应的气体流动模型，

并得到了实验结果验证。基于实验观察和数值模拟结果，揭示的采空区煤自燃引爆瓦

斯的灾害形成机理如下： 

1. 煤自燃高温降低气体密度，在煤燃烧区域产生浮力效应并形成负压； 

2. 在负压作用下，周围瓦斯被卷吸进入煤自燃区域，这些瓦斯在浮力作用下进一

步形成瓦斯上升气流； 

3. 流入的瓦斯和上升的瓦斯气流在煤自燃区域形成瓦斯积聚，积聚的瓦斯被煤自

燃高温点燃形成瓦斯爆炸灾害。 

        应用新的气体流动模型研究了加强通风措施在采空区煤自燃早期、中期和晚期阶

段的灾害防治作用。基于模拟结果，揭示的加强通风措施的灾害防治作用如下： 

1. 加强通风措施能够增大漏风稀释瓦斯浓度并影响煤自燃点浮力效应，从而迅速

降低采空区瓦斯浓度； 

2. 煤自燃发生在采空区进风侧时，加强通风措施能够将煤自燃区域瓦斯浓度降低

到瓦斯爆炸极限以下，从而有效降低瓦斯爆炸危险性； 

3. 煤自燃发生在采空区回风侧时，在煤自燃早期阶段，加强通风措施不能够将瓦

斯浓度降低到瓦斯爆炸极限以下；在煤自燃中、后期阶段，加强通风措施将瓦

斯浓度降低到瓦斯爆炸极限范围内，增大了瓦斯爆炸危险性。 
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Chapter 1 Introduction  

In a coal mined-out area, a coal combustion-triggered methane explosion disaster 

becomes a serious threat to coal mining safety because of its destructive damage. As the 

depth of underground coal mining increases, the preheating effect of the ground 

temperature increases, resulting in the increase in the risk of a spontaneous coal 

combustion disaster. Additionally, the high methane content in coalbeds aggravates the 

danger of a methane disaster. To implement effective measures to prevent coal 

combustion-triggered methane explosions in coal mine goaf areas, an understanding of 

the disaster formation mechanism is needed to disrupt the disaster formation process. A 

methane explosion can occur when methane reaches its explosive concentration limit and 

ignites. Therefore, the methane migration and methane concentration distribution around 

a spontaneous coal combustion area are important factors to assess the disaster risk in a 

coal mine goaf area. Due to the inaccessibility of coal mine goaf areas, engineering field 

research is usually difficult to conduct. Therefore, experimental research and numerical 

research are normally used to study the disaster formation process of a coal combustion-

triggered methane explosion in a coal mine goaf area.  

In this chapter, the background knowledge of spontaneous coal combustion, methane 

explosions and coal mine goafs is introduced. Furthermore, the limitations of previous 

research on a coal combustion-triggered methane explosion in coal mine goafs are 

interpreted. Thereafter, the targets and approaches to reveal the disaster formation 

mechanism of a coal combustion-triggered methane explosion in a coal mine goaf area 

are elucidated. In addition, the organization of the thesis is presented at the end of this 

chapter.  
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1.1 Background 

1.1.1 Coal Mine Goafs  

A coal mine goaf is an underground empty space that is filled with collapsed rock and 

residual coal after underground coal extraction (Xia et al., 2017; Brune, 2013). In coal 

mines, the fully mechanized caving mining method is popular because of its higher 

production efficiency, which can satisfy huge coal consumption demands. In this coal 

mining method, the coal above the cutting height caves behind the hydraulic supports. 

Then, this coal is transferred out through rear conveyors (Rakesh et al., 2015). However, 

the coal cannot totally cave, and the caved coal cannot be completely transferred out, 

resulting in residual coal buried in coal mine goafs. When coal is mined out, the 

overlying rock strata will deform and collapse to fill the coal mine goaf area due to the 

lack of strata support. During this process, many fracture and void spaces develop in the 

deformed strata and coal mine goafs to form coal mine goaf porosity as shown in Figure 

1-1.  

 

Figure 1-1 Layout of underground longwall mining face (Reid et al., 2010). 
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According to the characteristics of the rock deformation, a coal mine goaf is usually 

divided into three zones in the vertical direction, namely, the ‘caved zone’, the ‘fracture 

zone’ and the ‘sinking zone’, as shown in Figure 1-2 (Guo et al., 2018). Accordingly, the 

coal mine goaf porosity has different distribution characteristics in these three zones. The 

coal mine goaf is directly connected to the mining face, where ventilation is necessary 

for fresh air and a safe mining environment. Some airflow flows into the coal mine goaf 

area due to the higher porosity in the shallow area of the coal mine goaf, which is called 

the air leakage phenomenon in coal mine goafs (Xia et al., 2017). Meantime, the 

pressure-relief methane can migrate from coalbeds to a coal mine goaf due to the strata 

deformation. 

 

Figure 1-2 Sectional view of coal mine goaf (Guo et al., 2018). 

1.1.2 Spontaneous Coal Combustion  

Spontaneous coal combustion is a complex oxidation reaction process. Due to 

intermolecular forces, oxygen in the air can be spontaneously adsorbed onto coal to start 

the coal combustion process (Deng et al., 2015; Banerjee, 2008). Due to the air leakage 

in a coal mine goaf, the oxygen can be adsorbed on the residual coal to start coal 

oxidation, resulting in spontaneous coal combustion in a coal mine goaf (Ahmet and 

Basil, 2015). Initially, coal oxidation is slow, and some heat is produced to gradually 

increase the temperature in an appropriate thermal storage environment. As the coal 

temperature increases, fast coal oxidation is activated, and a much greater quantity of 
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heat is generated (Onifade et al., 2018). When the critical self-heating temperature of 

coal is reached, the coal oxidation process will speed up until the coal burns 

spontaneously (Sun et al., 2019). Figure 1-3 shows the spontaneous coal combustion 

phenomenon and its formation conditions. Based on the conditions for spontaneous coal 

combustion, some disaster prevention products and measures are developed. These 

products and measures include cement grouting, inert gas injection, inhibitor spray and 

three-phase foam injection (Zhou et al., 2013; Zhu et al., 2011; Lu et al., 2017; Deng et 

al., 2018). These products and measures are mainly used to enhance the cooling effect 

and reduce contact between oxygen and coal. 

 

Figure 1-3 Spontaneous coal combustion and formation conditions. 

1.1.3 Methane Explosions  
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combustion, electrical apparatus and cables, electrostatic discharge and mechanical 
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equipment to develop into methane explosions. Therefore, the formation conditions for a 

methane explosion include an appropriate oxygen concentration, an explosive methane 

concentration and an appropriate ignition source, as shown in Figure 1-4 (Kundu et al., 

2016). 

 

Figure 1-4 Formation conditions of Methane explosion (Sapko et al., 2010). 

 When methane moves to the heating area of coal combustion, it is likely for methane 

to be ignited. The local flame keeps spreading to the unburned gas mixture (Huang et al., 
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because of the higher burning speed caused by the preheating effect of the pressure wave 

on the unburned gas mixture (Moen et al., 1980). Consequently, the continuous pressure 

wave accumulates together to form a destructive shock wave, which finally leads to the 

methane explosion disaster. Research shows that the explosive methane limits in the air 
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0.4 %, as shown in Fig. 1-5 (Bunev et al, 2013; Chen et al., 2011). The experimental 
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reaches its maximum when the methane concentration is approximately 9 % 

(Vanderstraeten et al., 1997; Zhu et al., 2015; Mittal, 2017; Ma et al., 2020).  

 

Figure 1-5 Coward explosive triangle for methane. 
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Due to the fractures, methane can migrate and accumulate in a coal mine goaf. The 

release source of methane for a coal mine goaf includes the attenuate release source, 

stable release source and release point (Li, 2007). The methane desorbed from the 

residual coal in a coal mine goaf and upper protective coal seam is an attenuate methane 

release source. The methane continuously desorbed from the lower protective coal seam 

is a stable methane release source. The methane from a certain local area and a rock fall 

is a methane release point. Due to the pressure-relief effect of a coal mine goaf, methane 

can stably migrate into the goaf area from the residual and adjacent coal seams (Liu et al., 

2017). This methane can accumulate in the goaf because of the little dilution effect of air 

leakage from the mining face. In the heating process of spontaneous coal combustion, 

flammable gases, such as carbon monoxide, ethylene and acetylene, can occur, which 

enlarge the explosive limit for methane. When methane moves to a coal combustion area 

in a coal mine goaf, it is likely for the heating area to cause methane explosions.  

In research on coal combustion-triggered methane explosions in coal mine goafs, the 

location of spontaneous coal combustion and the nearby methane concentration 

distribution are the key factors to consider when assessing the disaster formation risk. 

Due to the difficulty of collecting data in a coal mine goaf, engineering and experimental 

research results are usually limited. A numerical simulation is normally used to study the 

detailed temperature distribution and the methane concentration distribution in a coal 

mine goaf (Cheng et al., 2012; Brune, 2010). The distributions of the temperature and 

gas concentration in coal mine goafs can be obtained using on-site data collection or 

numerical simulation. Research shows that spontaneous coal combustion usually occurs 

on either the air-inlet side or the air-return side of the coal mine goaf (Xia et al., 2017; 

Yuan and Smith, 2008). The porosity at these two locations is larger due to the loose 

compaction effect caused by the support of the coal mine goaf boundary. Therefore, 
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more air leakage provides enough oxygen for coal oxidation flows to these two locations. 

To determine the area and the stage of spontaneous coal combustion in coal mine goafs, 

a tube bundle monitoring system is often used to collect and analyze atmospheric data 

(Zipf et al., 2013). During the spontaneous coal combustion process, the oxygen 

concentration decreases due to oxygen consumption. Therefore, the oxygen 

concentration distribution in coal mine goafs is used to determine a spontaneous coal 

combustion area. Meanwhile, ethylene and acetylene are characteristic gases of 

spontaneous coal combustion when the temperature reaches 400 K and 500 K, 

respectively (Karolina and Adam, 2018). Consequently, these two gases are used to 

determine the occurrence and stage of spontaneous coal combustion. The location of 

spontaneous coal combustion is rather stable once it appears because spontaneous coal 

oxidation usually needs some time to develop into spontaneous coal combustion. After 

determination of spontaneous coal combustion, the methane concentration distribution 

would be the next key factor to determine. The methane concentration distribution can be 

obtained by collecting and analyzing the atmospheric data in coal mine goafs using a 

tube bundle monitoring system.  

Although a tube bundle monitoring system can obtain atmospheric data in coal mine 

goafs, the static atmospheric data collected at limited monitoring points are not enough to 

analyze the dynamic formation process of a coal combustion-triggered methane 

explosion. In addition, the tube bundle monitoring system can be damaged in the 

complex coal mine goafs, which makes the atmospheric data insufficiently reliable. To 

overcome the disadvantages of a tube bundle monitoring system, a numerical simulation 

is normally adopted to study the dynamic disaster formation process in coal mine goafs. 

In a numerical simulation, the gas flow model is the basis of obtaining the distributions 

of the temperature and gas concentration in a coal mine goaf. The gas flow model usually 
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consists of field equations and coupling equations (Liang et al., 2018; Xia et al., 2017; 

Yuan and Smith, 2008). Based on the distributions of the oxygen and methane 

concentrations in coal mine goafs, spontaneous coal combustion areas and explosive 

methane concentration areas can be identified (Ma et al., 2019; Li et al., 2018). The 

overlapping area of these two areas is treated as a dangerous area for a coal combustion-

triggered methane explosion in coal mine goafs (Xia et al., 2017; Ma et al., 2019).  

1.3 Statement of Problem, Objective and Approach 

To prevent a coal combustion-triggered methane explosion in a coal mine goaf, the 

first step is to reveal the disaster formation process. Then, rational measures can be taken 

to cut off the disaster formation process as shown in Figure 1-6. The methane migration 

under the influence of spontaneous coal combustion in a coal mine goaf is the key to 

analyze the disaster formation process. According to the atmospheric data in a coal mine 

goaf, the distributions of temperature and methane concentration can be obtained. 

However, the high temperature can change methane migration and explosive conditions 

in coal mine goafs at any time. The static monitor data are insufficient to analyze this 

dynamic disaster formation process due to the limited monitor points and monitor time 

interval. Although this problem can be solved using numerical simulations, the gas flow 

model in the numerical simulation needs to be further studied. 

In previous numerical simulation research, the dynamic distributions of the oxygen 

concentration, methane concentration and temperature in a coal mine goaf are obtained 

based on the gas flow model (Liang et al., 2018; Xia et al., 2017; Yuan and Smith, 2008). 

However, the important thermal buoyancy effect caused by the high temperature of coal 

combustion is seldom considered. The thermal buoyancy effect has been recognized to 

enhance natural convection, which is especially true around a spontaneous combustion 
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area where the airflow is slow (Das et al., 2017; Montague et al., 2018). The local 

buoyancy effect can obviously impact the airflow movement around a spontaneous coal 

combustion area in a coal mine goaf (Zhang et al., 2019). Furthermore, the high 

temperature of coal combustion could influence the species diffusion by changing the 

temperature-dependent diffusion coefficient. As a result, the high temperature of coal 

combustion makes the local airflow movement complex in coal mine goafs (Montague et 

al., 2018; Mohammadmoradi et al., 2018; Degam, 2018). Omission of the thermal 

buoyancy effect may result in improper characterization of the disaster formation process 

in coal mine goafs. 

 

Figure 1-6 Coal combustion-induced methane explosions in a coal mine goaf. 

In this study, an integrated investigation using experimentation and modelling was 

conducted to investigate the disaster formation mechanism of a methane explosion 

caused by coal combustion in a coal mine goaf. For the experiment, a coal mine goaf was 
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experimental and numerical results. Finally, the disaster prevention effect of ventilation 

dilution was analyzed based on the presented disaster formation mechanism. 

1.4 Organization of this Thesis 

Chapter 1 introduces coal mine goafs, spontaneous coal combustion, methane 

explosions and research on coal combustion-triggered methane explosions in coal mine 

goafs. In addition, the objective and approach of this thesis are presented after the 

statement of the current research problem. 

Chapter 2 summarizes research on methane concentration distributions in coal mine 

goafs and analyzed the effect of high temperature on the airflow field in a coal mine goaf. 

Engineering and experimental research on methane concentration in a coal mine goaf are 

limited due to the difficulty of collecting data. To overcome this disadvantage, numerical 

simulations are normally adopted to study the disaster formation process. Numerical 

modelling is analyzed to include the effect of the coal combustion temperature on the 

airflow movement in a coal mine goaf. 

Chapter 3 introduces the experimental platform built to study the methane 

concentration distribution in a spontaneous coal combustion environment of a coal mine 

goaf. Through a comparison of the experimental results under different spontaneous coal 

combustion conditions, a methane accumulation phenomenon is found in the coal 

combustion area. This phenomenon has seldom been reported and cannot be explained 

by previous gas flow models. 

Chapter 4 implements the developed gas flow model in the COMSOL software and 

obtains numerical simulation results that are validated by experimental results. Based on 

the verified numerical simulation results, more details of the airflow field are found and 
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analyzed to explain the methane accumulation phenomenon at the spontaneous coal 

combustion location. 

Chapter 5 compares the numerical simulation results with and without the buoyancy 

effect to highlight the significance of the buoyancy effect in the disaster formation 

process. Then, the sensitivity of the new gas flow model is investigated at different coal 

combustion temperatures. Finally, a porous chimney effect is proposed to explain the 

mechanism of coal combustion-induced methane accumulation in a coal mine goaf. 

Chapter 6 investigates the disaster prevention effect of ventilation dilution on the coal 

combustion-induced methane accumulation in a coal mine goaf based on the presented 

disaster formation mechanism. Through a comparison of the methane concentration 

distributions before and after the ventilation dilution, the different disaster prevention 

effects of ventilation dilution are found and analyzed. 

Chapter 7 summarizes the main findings of this research work. 
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Chapter 2 Literature Review 

Spontaneous coal combustion is a common disaster in coal mines. The methane 

concentration distribution around a spontaneous coal combustion area in coal mine goafs 

is the key factor to assess the risk of methane explosion. Due to the great difficulty in 

collecting data in a whole coal mine goaf, the methane concentration is usually measured 

at limited points. An analysis based on limited data lays the foundation for further 

research. To complement and enrich this research, a numerical simulation is normally 

adopted to study the dynamic methane concentration distribution in coal mine goafs. 

However, the 

2.1 Spontaneous Coal Combustion and Prevention Measures  

The characteristics of spontaneous coal combustion are related to coal properties and 

oxidation conditions. The coal properties include the degree of coal metamorphism, 

molecular structure of coal, pore structure of coal, specific heat of coal and so on. The 

external oxidation condition usually includes the oxygen concentration, water content, 

particle sizes and heat storage environment. The coal oxidation can be analyzed from the 

perspective of the oxidation stage, index gas, oxygen consumption rate and so on. The 

process of spontaneous coal combustion can be divided into the preparation period, the 

self-heating period and the combustion period (Xia et al., 2015). During this process, the 

oxygen consumption rate shows the negative exponential distribution (Xia et al., 2015). 

In the preparation period, the coal temperature increases slowly because of the small 

oxygen consumption rate. With the slow increase of coal temperature, the coal oxidation 

develops into the self-heating period. The coal temperature increases quickly due to the 

big oxygen consumption. Besides, the index gas, such as the ethylene and acetylene, 
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appears (Shi and Qin, 2019; Ren et al., 2009). When the ignition temperature of coal is 

reached, the coal combustion occurs. The research shows that different active groups 

participate in the process of coal oxidation (Ahmet and Basil, 2015). These active groups 

are activated in different steps. Oxygen reacts with some active groups in coal molecule 

to produce the active mid products and heat. With the increase of temperature, more 

active groups react with oxygen to produce huge heat. This accumulated heat makes coal 

combust by reaching the ignition temperature of coal. The water content, lean oxygen, 

inert gas and methane can influence the coal oxidation process. The water content can 

impose negative and positive impacts on the coal oxidation (Qin et al., 2018). In the 

environment of the low oxygen concentration, the sufficient coal oxidation is difficult to 

finish (Liu et al., 2018). The inert gas always inhibits coal oxidation though it flows 

away quickly (Liu et al., 2020).  

In underground coal mines, it is difficult to determine the process and location of the 

spontaneous coal combustion in coal mine goafs. By monitoring the index gases and 

oxygen concentration, the possible area of the spontaneous coal combustion can be 

obtained (Xie et al., 2011). However, the complex environment of coal mine goafs, such 

as the caving rock, can make the tube monitoring system ineffective, resulting in the less 

atmospheric data. The experimental platform can solve this problem by setting the 

monitoring devices in a stable environment. More data, such as the pressure, temperature 

and airflow velocity can be observed in experiments (Li et al., 2020; Feng et al., 2018). 

To achieve conditions close to the actual spontaneous combustion conditions, researchers 

have built experimental models, such as coal stockpiles and big experimental ovens, to 

simulate the spontaneous combustion under different experimental conditions to 

elucidate the physics behind these phenomena (Smith et al., 2005; Hooman et al., 2014; 

Taraba et al., 2014; Ejlali and Hooman, 2011). Numerical simulations can implement the 
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engineering and experimental research in an effective way. The monitoring data can be 

collected in the whole geometric model at all time in numerical simulations (Li et al., 

2020; Xia et al., 2016). Furthermore, numerical simulations can be used to apply and 

validate the theoretic modelling. Based on the mechanism of spontaneous coal 

combustion and coal oxidation environment, many measures and products were 

developed to prevent this disaster in coal mines. These measures and products include 

the injection of inert gas, the injection of three-phase foam, inhibitors and cement slurry 

Zhou et al., 2013; Zhu et al., 2011; Lu et al., 2017; Deng et al., 2018. The injection of 

inert gas can reduce the contact between coal and oxygen to prevent spontaneous coal 

combustion. The injection of three-phase foam and cement slurry can enhance the 

cooling effect and reduce the coal-oxygen contact. The inhibitors reduce the coal-oxygen 

contact and increase the conditions of coal oxidation. 

2.2 Methane Explosions and Mitigation Measures  

In Australia and China, methane explosions occurred many times in underground coal 

mines and caused serious fatalities. In 1994, a methane explosion killed 11 miners in 

Moura No.2 Mine in Queensland (Cliff and Humphreys, 1996; Judith, 2007). The loose 

coal accumulating around the columns and under the floor ramps was exposed to oxygen, 

which spontaneously start a heating process. Meantime, the ventilation system that can 

prevent the coal from heating was obviously inadequate. As a result, the heating coal 

triggered a methane explosion and killed 11 miners. Another methane explosion occurred 

in the No. 5 mine of Box Flat Extended Collieries on 31
st
 July 1972 (Depart of Natural 

Resources and Mines, 1972). This methane explosion was triggered by the spontaneous 

combustion of a pile of fallen coal in the No.2 level of No. 2 South Secion and it costed 

17 lives. In this disaster, a ventilation fan was stopped for 11 hours, which caused the 
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reduced airflow to unsuccessfully prevent heat accumulation to self-ignition. In China, a 

methane explosion killed 32 miners in Baoxing Coal Mine in Heilongjiang Province in 

2003 (Zhou, 2012). This methane explosion was triggered by spontaneous coal 

combustion during the sealing process of the coal mine goaf. Similarly, spontaneous coal 

combustion occurred in the sealing process of the coal mine goaf in Babao Coal Mine in 

Jilin Province, which caused a methane explosion and costed 53 lives in 2013 (Zhou, 

2012). In underground coal mines, electrical apparatus and cables, electrostatic discharge, 

mechanical equipment, safety lamps and rock friction can be possible ignition sources for 

methane explosions other than spontaneous coal combustion.  

Based on the engineering experience and scientific research, the coal mine ventilation 

is an important measure to avoid possible disasters in underground coal mines. In 

America, the bleeder ventilation system is adopted to ventilate the worked-out areas to 

control explosion hazards during and after pillar recovery (Brune, 2013; Brune et al., 

2017). This ventilation method allows fresh air to flow through different coal mine goafs 

to decrease the methane concentration in them. Because the air leakage flows through a 

large area in coal mine goafs, this bleeder ventilation system increases the risk of 

spontaneous coal combustion, which also increases the risk of a methane explosion. In 

Europe, Australia and China, the bleederless ventilation system is usually adopted due to 

the tendency of coal to spontaneously combust (Brune, 2013; Brune et al., 2017).  In a 

bleederless ventilation system, less air flows through the coal mine goaf to decrease the 

risk of spontaneous coal combustion. However, the methane concentration in the coal 

mine goaf is high due to the small dilution effect of the air leakage. To stay outside the 

range of the critical methane concentration, methane drainage measures are applied in 

coal mine goafs to reduce the methane concentration. Engineering practice shows that 

methane drainage increases air leakage, which increases the risk of spontaneous coal 
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combustion in coal mine goafs (Yu, 2014; Yang et al., 2018). For a coal mine goaf, a ‘J’ 

shape ventilation system effectively decreases the methane concentration at the upper 

end of the mining face by enlarging air leakage to exhaust methane through the exclusive 

roadway. However, the risk of spontaneous coal combustion in a coal mine goaf 

increases (Liu et al., 2013). Based on a comparison of experimental results from 

ventilation systems that have a ‘U’ shape, ‘U+L’ shape and ‘U+I’ shape, the latter two 

ventilation systems can better reduce the methane concentration at the upper end of the 

mining face (Yang, 2014). Although it is difficult to collect comprehensive data in coal 

mine goafs, the limited engineering research and experimental research on methane 

concentration distributions in coal mine goafs lay the foundation for the further research. 

Based on the research on the methane explosion cases in coal mines, the methane 

concentration distribution around the heating area is important for determining the risk of 

a methane explosion. In the previous research, the distributions of oxygen concentration 

and methane concentration are used to analyze the possible areas of spontaneous coal 

combustion and methane explosion (Liang et al., 2018; Xia et al., 2017; Yuan and Smith, 

2008). The gas concentration shows monotonous distribution in both the dip direction 

and strike direction. The vertical buoyancy effect of coal combustion cannot be realized 

in the 2D simulations in which the horizontal atmospheric data need to monitor (Li et al., 

2020). As a result, the effect of coal combustion on methane migration in coal mine 

goafs is still not clear. To reveal the mechanism of coal combustion-induced methane 

explosion in coal mine goafs, the coal combustion-induced buoyancy effect on methane 

migration needs to be realized and analyzed in detail. 



 
School of Engineering 

                                                                                The University of Western Australia 

- 18 - 
 

2.3 Knowledge Gap 

Research on spontaneous coal combustion and methane explosions in coal mine goafs 

is introduced from the perspective of engineering practices, experimental simulations and 

numerical simulations. Based on the analysis on the disaster formation conditions, the 

disaster prevention measures are developed. However, the effect of coal combustion on 

methane migration was seldom considered. The process and mechanism of coal 

combustion-induced methane explosion have not been well understood.  
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Chapter 3 Experimental Investigation of Methane Migration  

Based on the theoretic analysis, the high temperature of coal combustion can 

influence the local airflow movement. This experiment was conducted to study the effect 

of coal combustion on methane migration in a 3D goaf area because of the huge 

difficulty in obtaining atmospheric data in an engineering coal mine goaf area. Meantime, 

more information of the spatial atmospheric data can be collected to better understand the 

effect of coal combustion on methane migration. Therefore, special distributions of 

temperature and methane concentration are expected in this experiment. 

3.1 Design and Fabrication of the Experimental Platform 

3.1.1 Experimental setup 

The experimental platform was built according to the conditions of the coal mining 

face of the Xing’an coal mine in Heilongjiang, China (Jiao et al., 2012). The length of 

the mining face is 120 m and longwall mechanical mining with caving method is applied. 

The coal seam has the spontaneous coal combustion risk and is liable to dust explosion. 

The spontaneous combustion period is 6 months. The gas content in coal seam is 5-7 m
3
/t 

and the absolute gas emission rate is 25-31.5 m
3
/min. To conduct the experiment in the 

laboratory, the experimental platform is reduced to one hundredth its original size. The 

experiment platform consists of an air-inlet roadway, air-return roadway, mining face, 

coal mine goaf, gas releasing chamber, heating device, ventilation fan and data collection 

device. The experimental platform is shown in Figure 3-1 and the size of the 

experimental platform is listed in Table 3-1. 
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Table 3-1 Experimental platform size. 

Platform element Size  (length × width× height) 

Air-inlet/Air-return roadway 20 cm × 4 cm ×3 cm 

Mining face 120 cm × 5 cm ×3 cm 

Coal mine goaf 200 cm × 120 cm ×60 cm 

Gas releasing chamber 200 cm × 120 cm ×5 cm 

Heating module 144 mm×124 mm×6 mm 

 

Figure 3-1 Experimental platform for methane migration in coal mine goaf.  

The similarity criteria are used to determine the rationality of this experimental 

research. Five dimensionless numbers from three similarity theories are usually used to 

describe the fluid flow characteristics, namely, the Euler’s number, the Reynolds number, 

the Froude number, the Mach number and the Weber number (Snyder, 1972).   Based on 

the characteristics of airflow movement in a coal mine goaf, the Euler’s number, the 

Reynolds number and the Froude number are the main similarity criteria. The Reynolds 

number is the ratio of inertia force to viscous force. The Froude number is the ratio of 

inertia force to gravitational force. The Euler number is the ratio of pressure force to 

inertia force. These three dimensionless numbers reflect the significance of the inertia 

force, the viscous forces, the gravitational force and the pressure gradient, which is 

important for airflow movement in coal mine goafs. Due to that the ground air is forced 

into the ventilation system in an underground coal mine, these three dimensionless 

A 
C 

B 

E 

D 

(A-ventilation device, B-coal mine goaf, C-gas releasing device,  

D-temperature monitor device, E-gas concentration monitor device) 
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numbers for the engineering goaf and this experimental platform are close to each other 

because of the similar parameters that are used in the equations. The equations for these 

three dimensionless numbers are described below, 

𝐸𝑢 =
𝑝

𝜌𝑣2
 (3-1) 

𝑅𝑒 =
𝜌𝑣𝐿

𝜇𝑓
 (3-2) 

𝐹𝑟 =
𝑣

(𝑔𝑙)0.5
 (3-3) 

where 𝑝 is the pressure (Pa),  𝜌 is the fluid density (kg/m
3
),  𝑣 is the velocity vector (m/s),  

𝐿 is a characteristic linear dimension (m),  𝜇𝑓 is the viscosity of fluid (kg/m·s),  𝑔 is the 

gravity acceleration (m/s
2
),  𝑙 is the length of flow (m).  

In the experimental platform, the coal mine goaf is filled with stone and some sand to 

mimic to the real thermal environment. Stone with a particle size of 2 cm, 3 cm and 

above 3 cm is distributed in the coal mine goaf with some sand under the guidance of the 

porosity distribution of the coal mine goaf described in section 2.2. The high temperature 

of spontaneous coal combustion is achieved by a voltage regulator and a resistor slice in 

the coal mine goaf. The temperature can be controlled by adjusting the voltage regulator 

and no reaction gas influences the gas monitor’s accuracy. According to engineering 

research on the location of spontaneous coal combustions, sets of heating modules are 

placed on both the air-inlet side and the air-return side in the coal mine goaf. Ethylene is 

usually adopted as the characteristic gas product of coal combustion at 400 K to 

determine the appearance of spontaneous coal combustion in a coal mine goaf (Karolina 

and Adam, 2018). With the consideration that the experimental material has the ability to 

withstand this temperature, the heating temperature is set to be approximately 404 K, 45 

cm away from the mining face and 15 cm away from the nearby coal mine goaf 
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boundary. Meanwhile, temperature sensors are buried at the monitor point to collect data 

in the coal mine goaf. In this experimental research, the methane desorbed from the 

residual coal and from the lower coalbed is considered to be the methane source. A gas 

releasing chamber is designed to be connected to the coal mine goaf from the bottom. In 

the methane releasing chamber, a breathable film is used to increase the vertical flow 

resistance to realize a homogeneous release of the methane. To avoid a possible methane 

explosion in the experiment, helium is used instead of methane because they have similar 

densities, which plays an important role in this experiment. By adjusting the rotameter, 

150 ml per minute of helium is released from the gas cylinder into the coal mine goaf.  

  
 

Load-bearing Grille Breathable film  Velocity measurement tube 

   

   
 Voltage regulator Gas concentration monitor Airflow velocity monitor 

   

   
Temperature sensor Temperature acquisition 

module 

Rotameter 

Figure 3-2 Materials and devices for experiment. 

To emphasize the methane migration under the influence of coal combustion in a coal 

mine goaf, the gas concentration is described as methane concentration though helium 

was used in this experiment. The ventilation fan with the stepless speed regulation 
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function provides the airflow to the mining face, which is also the source of air leakage 

in a coal mine goaf. According to the Mine Safety Regulations, the minimum ventilation 

velocity in the mining face and the roadway should be greater than 0.25 m/s, while the 

maximum velocity is less than 4 m/s (State, 2016). With consideration of the monitor 

accuracy in the experiment, the ventilation velocity in the mining face is set to be 0.2 m/s, 

0.6 m/s and 1.0 m/s as the minimum, normal and maximum ventilation velocities, 

respectively. Some materials and devices used to build the experimental platform and 

conduct the experiment are listed in Figure 3-2. 

3.1.2 Test procedures and data collection 

The gas movement in the downsized experiment platform can be influenced by 

external factors. To reduce external influences on the experimental research, the 

experiments are conducted under similar and stable weather conditions. Gas tightness 

and residual gas concentration are tested before conducting the experiment to ensure 

minimal error. Based on the test results, the methane concentration distribution in the 

coal mine goaf usually becomes stable in 1.5 hours. 

Table 3-2 Experimental design for studying methane migration in a coal mine goaf. 

Coal combustion situation Data to collect 

No spontaneous coal combustion temperature, methane concentration, airflow velocity, 

pressure, airflow temperature 

Spontaneous coal combustion 

on air-inlet side 

temperature, methane concentration, airflow velocity, 

pressure, airflow temperature 

Spontaneous coal combustion 

on air-return side 

temperature, methane concentration, airflow velocity, 

pressure, airflow temperature 

To capture the details of the methane migration in the coal mine goaf, the time 

interval of the data collection is set to ten minutes. To determine the effect of 

spontaneous coal combustion on the methane concentration distribution in a coal mine 

goaf, experiments are conducted under the different conditions described in Table 3-2. 
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According to the experimental results and the analysis, the representative data along lines 

L-SLine2, L-DLine2 and L-SLine5 will be analyzed in detail to effectively and easily 

describe the new experimental phenomena. Due to the accuracy of the monitor device, 

the temperature and the methane concentration are the only effective data measured at 

the monitor points in the downsized experiment platform. 

 

Figure 3-3 Layout of heating modules and monitor points in coal mine goaf. 

To collect the atmospheric data in a spontaneous coal combustion environment of a 

coal mine goaf, three monitor layers are set in the ‘three vertical zones’ after the 

numerical calculation. In the vertical direction (z direction), monitor layers 1, 2 and 3 are 

1 cm (z = 1 cm), 8 cm (z = 8 cm) and 20 cm (z = 20 cm) away from the bottom of the 
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coal mine goaf, respectively. Each layer has 25 monitor points with the same layout as 

shown in Figure 3-3. Taking one layer as an example, the five monitor points in the 

strike direction are approximately 20 cm, 45 cm, 75 cm, 105 cm and 155 cm away from 

the mining face. The five monitor points in the dip direction are approximately 10 cm, 35 

cm, 60 cm, 85 cm and 110 cm away from the air-inlet boundary. The bundle tubes are 

buried at the monitor points to measure the methane concentration using a gas monitor. 

Furthermore, the velocity measurement tubes are buried at the monitor points to measure 

the airflow velocity, airflow temperature and pressure. For clarity, the direction from the 

mining face toward the deep coal mine goaf is defined as the strike direction, while the 

direction from the air-inlet side toward the air-return side is defined as the dip direction. 

In the strike direction, the coal combustion area side close to the mining face is defined 

as the windward side, while the opposite side is defined as the leeward side. 

3.2 Experimental Results and Analysis without Spontaneous Coal 

Combustion 

The temperature and methane concentration are important parameters to analyze the 

effect of spontaneous coal combustion on the methane migration in a coal mine goaf. 

Without spontaneous coal combustion in a coal mine goaf, the temperature is always the 

indoor temperature (294 K) everywhere in the coal mine goaf. Under this condition, the 

methane concentration distribution in the coal mine goaf is shown in Figure 3-4. 

According to the methane concentration distribution in a coal mine goaf, the methane 

concentration monotonically increases in both the strike direction and dip direction in the 

three monitor layers. The methane concentration at the representative monitor points is 

listed in Table 3-3 and Table 3-4.  
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Figure 3-4 Methane concentration distributions in coal mine goaf without spontaneous 

coal combustion. 

The methane concentration distribution at the ventilation velocity of 0.2 m/s for 

monitor layer 1 at the five monitor points along line L1-SLine2 (z = 1 cm) is 0 %, 0.2 %, 

1.5 %, 3.8 % and 7.8 %, respectively. The methane concentration at the five monitor 

points along line L1-DLine2 (z = 1 cm) is 0 %, 0.2 %, 0.8 %, 1.5 % and 2.5 %, 

respectively. In monitor layer 2, the methane concentration at the five monitor points 

along line L2-SLine2 (z = 8 cm) is 0 %, 0 %, 0.9 %, 3.3 % and 5.8 %, respectively. The 

methane concentration at the five monitor points along line L2-DLine2 (z = 8 cm) is 0 %, 

0 %, 0.5 %, 1.2 % and 2.1 %, respectively. In monitor layer 3, the methane concentration 
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at the five monitor points along line L3-SLine2 (z = 20 cm) is 0 %, 0 %, 0.5 %, 2 % and 

3.8 %, respectively. The methane concentration at the five monitor points along line L3-

DLine2 (z = 20 cm) is 0 %, 0 %, 0.1 %, 0.9 % and 1.5 %, respectively. The distribution 

curve of the methane concentration in the strike direction and the dip direction are shown 

in Figure 3-5. 

Table 3-3 Methane concentration distribution along line L-SLine2 without coal 

combustion.   

 Ventilation 

velocity / m/s 

Point A2 

/ % 

Point B2 

/ % 

Point C2 

/ % 

Point D2 

/ % 

Point E2 

/ % 

Monitor layer 1 

(z = 1 cm) 

0.2 0 0.2 1.5 3.8 7.8 

0.6 0 0 1.1 2.5 5.8 

1.0 0 0 0 2.4 5.6 

Monitor layer 2 

(z = 8 cm) 

0.2 0 0 0.9 3.3 5.8 

0.6 0 0 1.8 2 4.3 

1.0 0 0 0 1.9 4.1 

Monitor layer 3 

(z = 20 cm) 

0.2 0 0 0.5 2 3.8 

0.6 0 0 0.3 1.5 3.7 

1.0 0 0 0 1.3 3 

Table 3-4 Methane concentration distribution along line L-DLine2 without coal 

combustion.     

 Ventilation 

velocity / m/s 

Point B1 

/ % 

Point B2 

/ % 

Point B3 

/ % 

Point B4 

/ % 

Point B5 

/ % 

Monitor layer 1 

(z = 1 cm) 

0.2 0 0.2 0.8 1.5 2.5 

0.6 0 0 0.5 1.1 2.3 

1.0 0 0 0 0.5 1.7 

Monitor layer 2 

(z = 8 cm) 

0.2 0 0 0.5 1.2 2.1 

0.6 0 0 0.3 0.8 1.7 

1.0 0 0 0 0.2 1 

Monitor layer 3 

(z = 20 cm) 

0.2 0 0 0 0.2 1.5 

0.6 0 0 0.1 0.4 1 

1.0 0 0 0 0.1 0.5 
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Figure 3-5 Methane concentration distribution curves along L-DLine2 and L-SLine2 

without coal combustion. 

Without spontaneous coal combustion in a coal mine goaf, air leakage is the main 

reason for the methane concentration distribution. Due to the coal mine goaf porosity and 

ventilation at the mining face, inevitable air leakage starts from the joint of the air-inlet 

roadway and coal mine goaf, then flows through the coal mine goaf along the arc-shaped 

flow path and, finally, moves back to the air-return roadway (Xia et al., 2016; Yuan and 

Smith, 2014; Liang et al., 2017). During this flow process, the kinetic energy of the air 
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leakage gradually decreases due to flow resistance in the coal mine goaf. The airflow 

state changes from turbulent flow in the shallow area of the coal mine goaf to laminar 

flow in the deep area of the coal mine goaf. The dilution effect of air leakage on the 

methane concentration gradually decreases along the arc-shaped flow path. Therefore, 

the methane concentration gradually increases along the flow path of the air leakage. In 

the vertical direction, the porosity decreases and the flow resistance increases due to the 

caving characteristic of the rock in a coal mine goaf. Meanwhile, methane gradually rises 

up from the bottom of the coal mine goaf because of its smaller density. Under the 

superimposed effect of the air leakage movement and upward methane movement, the 

methane concentration increases from the air-inlet side in the shallow area of the coal 

mine goaf to the air-return side in the deep area of the coal mine goaf. As the ventilation 

velocity increases, the methane concentration decreases to different degrees because of 

the increasing dilution effect of the air leakage. The change of the methane concentration 

distribution curve under different ventilation velocities is shown in Figure 3-6. 

Without spontaneous coal combustion in a coal mine goaf, the methane concentration 

distribution monotonically increases in both the strike direction and dip direction. Air 

leakage is the main factor to determine the methane concentration distribution in a coal 

mine goaf without spontaneous coal combustion. The air leakage gradually weakens 

along the flow path that starts from the air-inlet side and ends on the air-return side. As a 

result, the dilution effect of air leakage on the methane concentration decreases along this 

flow path of air leakage, resulting in the monotonic distribution of methane concentration 

in both the strike direction and dip direction. In the subsequent research analysis, these 

results will be used as the reference samples to highlight the effect of spontaneous coal 

combustion on the methane concentration distribution in a coal mine goaf.  
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Figure 3-6 Influence of ventilation velocity on methane concentration distribution 

along L1-DLine2 and L1-SLine2 without coal combustion. 

3.3 Results and Analysis for the Inlet Side Experiment 

The spontaneous coal combustion area of 404 K is set to be approximately 45 cm 

away from the mining face and 15 cm from the air-inlet side boundary of the coal mine 

goaf. The coal combustion area is 14.4 cm long and 12.4 cm wide. Under the influence 

of the spontaneous coal combustion area, the temperature and the methane concentration 

in the coal mine goaf are measured effectively under the different ventilation velocities 

(0.2 m/s, 0.6 m/s and 1.0 m/s). 

The temperature distribution in the coal mine goaf is shown in Figure 3-7. The high 

temperature area is a little larger than the heating area, resulting in a sharp temperature 

gradient around the coal combustion area. The temperature decreases to be 

approximately the indoor temperature, 293 K, at other monitor points outside the coal 

combustion area. In the strike direction, the temperature at the five monitor points along 

line L1-SLine2 (z = 1 cm) is 293 K, 404 K, 302 K, 293 K and 293 K, respectively. In the 

dip direction, the temperature at the five monitor points along line L1-DLine2 (z = 1 cm) 

is 300 K, 404 K, 293 K, 293 K and 293 K, respectively. The temperature gradient 

reaches 3.9 K/cm around the coal combustion area. As the ventilation velocity increases, 

the temperature in the coal combustion area decreases a little, as shown in Figure 3-8.  
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Figure 3-7 Temperature distribution in coal mine goaf with coal combustion on air-

inlet side.  

 

Figure 3-8 Influence of ventilation velocity on temperature distribution along L1-

DLine2 and L1-SLine2.  

The methane concentration distribution in the coal mine goaf with spontaneous coal 

combustion on the air-inlet side is shown in Figure 3-9. One special phenomenon and 

one common phenomenon can be found in the experimental results. The special 

phenomenon is the methane accumulation has the shape of an ‘ƞ’ around the coal 

combustion area. The common one is the general increase in the methane concentration 

in both the strike direction and dip direction. As the ventilation velocity increases, the 

methane concentration in the coal mine goaf decreases to different degrees. 
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Figure 3-9 Methane concentration distributions in coal mine goaf with coal 

combustion on air-inlet side. 

Methane accumulation is very obvious in monitor layer 1 in the coal mine goaf. 

Taking the methane concentration distribution at the ventilation velocity of 0.2 m/s as the 

example, in monitor layer 1, the methane concentration at the five monitor points along 

line L1-SLine2 (z = 1 cm) is 0 %, 2.5 %, 1.9 %, 4.2 % and 6.1 %, respectively. The 

methane concentration at the five monitor points along line L1-DLine2 (z = 1 cm) is 0 %, 

2.5 %, 1.4 %, 2 % and 3.2 %, respectively. When the air leakage and methane migrate to 

the ‘fracture zone’, the methane concentration decreases due to the decreasing porosity 

and increasing flow resistance. However, methane accumulation is still obvious at the 
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corresponding coal combustion location. In monitor layer 2, the methane concentration at 

the five monitor points along line L2-SLine2 (z = 8 cm) is 0 %, 1.4 %, 0.9 %, 3.2 % and 

5.1 %, respectively. The methane concentration at the five monitor points along line L2-

DLine2 (z = 8 cm) is 0 %, 1.4 %, 1.1 %, 1.8 % and 2.4 %, respectively. When the air 

leakage and methane reach the ‘sinking zone’, the methane accumulation disappears due 

to the small porosity and huge flow resistance. In monitor layer 3, the methane 

concentration at the five monitor points along line L3-SLine2 (z = 20 cm) is 0 %, 0.4 %, 

0.6 %, 1.2 % and 3.5 %, respectively. The methane concentration at the five monitor 

points along line L3-DLine2 (z = 20 cm) is 0 %, 0.4 %, 0.8 %, 1.2 % and 1.6 %, 

respectively. As the ventilation velocity increases, the methane accumulation weakens 

and the methane concentration decreases in the coal mine goaf. When the ventilation 

velocity reaches 1.0 m/s, the methane accumulation disappears. The methane 

concentration at the monitor points along lines L-SLine2 and L-DLine2 at different 

ventilation velocities is listed in Table 3-5 and Table 3-6, respectively. 

Table 3-5 Methane concentration distribution along L-SLine2 with coal combustion 

on air-inlet side.    

 Ventilation 

velocity / m/s 

Point A2 

/ % 

Point B2 

/ % 

Point C2 

/ % 

Point D2 

/ % 

Point E2 

/ % 

Monitor layer 1 

(z = 1 cm) 

0.2 0 2.5 1.9 4.2 6.1 

0.6 0 1.9 1.3 3.5 5.2 

1.0 0 0 1 2.9 3.8 

Monitor layer 2 

(z = 8 cm) 

0.2 0 1.4 0.9 3.2 5.1 

0.6 0 1 0.8 2.2 3.6 

1.0 0 0 0.5 2 3 

Monitor layer 3 

(z = 20 cm) 

0.2 0 0.4 0.6 1.2 3.5 

0.6 0 0 0.5 1 3 

1.0 0 0 0.4 0.8 2 

 



 
School of Engineering 

                                                                                The University of Western Australia 

- 34 - 
 

Table 3-6 Methane concentration distribution along L-DLine2 with coal combustion 

on air-inlet side.   

 Ventilation 

velocity / m/s 

Point B1 

/ % 

Point  B2 

/ % 

Point B3 

/ % 

Point B4 

/ % 

Point B5 

/ % 

Monitor layer 1 

(z = 1 cm) 

0.2 0 2.5 1.4 2 3.2 

0.6 0 1.9 1.1 1.7 2.3 

1.0 0 0 0.6 1.4 1.9 

Monitor layer 2 

(z = 8 cm) 

0.2 0 1.4 1.1 1.8 2.4 

0.6 0 1 0.8 1.2 1.5 

1.0 0 0 0.6 0.9 1.2 

Monitor layer 3 

(z = 20 cm) 

0.2 0 0.4 0.8 1.2 1.6 

0.6 0 0 0.5 0.8 1.2 

1.0 0 0 0.3 0.5 0.7 

 

Due to the methane accumulation in the spontaneous coal combustion area in the coal 

mine goaf, a jump in the methane concentration always occurs at the coal combustion 

location in the methane concentration distribution curve shown in Figure 3-10. In the 

strike direction, the methane concentration drops after an increase from the mining face 

to the coal combustion area. Next, the methane concentration increases again. In the dip 

direction, the methane concentration also drops after an increase from the air-inlet side to 

the coal combustion location. Then, the methane concentration increases to the air-return 

side.  

As the ventilation velocity increases, the methane accumulation weakens and the 

methane concentration in the coal mine goaf decreases as shown in Figure 3-11. The 

methane concentration jump at the coal combustion location disappears when the 

ventilation velocity reaches 1.0 m/s. Based on the methane concentration distribution in 

the three monitor layers in the coal mine goaf, the methane accumulation is more obvious 

in the bottom of the coal mine goaf. Furthermore, due to the small thermal property of 
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the rock, the high temperature area of spontaneous coal combustion also exists at the 

bottom of the coal mine goaf. Therefore, this research will focus on the methane 

concentration distribution and temperature distribution in monitor layer 1. 

 

Figure 3-10 Methane concentration distribution curves along L-DLine2 and L-SLine2 

with coal combustion on air-inlet side. 
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Figure 3-11 Influence of ventilation velocity on methane concentration distribution 

along L1-DLine2 and L1-SLine2 with coal combustion on air-inlet side. 

Since methane accumulation only appears in the spontaneous coal combustion area, 

coal combustion is considered to be the reason for this experimental phenomenon. There 

must be a new factor caused by coal combustion to influence methane migration and 

cause methane accumulation. According to the ideal gas law introduced in section 2.2, 

coal combustion can influence the airflow movement due to the buoyancy effect. The 

high temperature of coal combustion causes a vertical air density difference that 

produces the buoyancy effect. Under the effect of the buoyant force, the hot methane 

vertically moves to the upper location in a higher velocity, resulting in the methane 

accumulation at the coal combustion location. With the decrease of temperature in the 

vertical direction, the buoyancy effect and the methane accumulation weaken gradually.  

Outside the influence area of spontaneous coal combustion, the methane concentration 

distribution is mainly determined by air leakage in a coal mine goaf. As analyzed in 

section 3.2, the dilution effect of air leakage decreases along the arc-shaped flow path in 

the coal mine goaf. Therefore, the methane concentration generally increases from the 

air-inlet side to the air-return side in a coal mine goaf. 

Comparisons of the methane concentration distribution in the coal mine goaf with and 

without coal combustion on the air-inlet side are shown in Figure 3-12 and Figure 3-13. 
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The methane concentration distribution around the coal combustion area in the coal mine 

goaf is the obvious difference in Figure 3-12. While, the methane concentration jump in 

the methane concentration distribution curve at the coal combustion location is the clear 

difference in Figure 3-13. Outside the high temperature area, the methane concentration 

distributions are similar to each other under these two conditions. 

 

Figure 3-12 Methane concentration distributions in coal mine goaf with and without 

coal combustion on air-inlet side. 

 

Figure 3-13 Methane concentration distribution curves along L1-DLine2 and L1-

SLine2 with and without coal combustion on air-inlet side. 
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temperature area is slightly larger than the heating area and forms a large temperature 

gradient around the coal combustion area. The temperature decreases to be 

approximately the indoor temperature, 293 K, at other monitor points outside the coal 

combustion area. In the strike direction, the temperature at the five monitor points along 

line L1-SLine5 (z = 1 cm) is 295 K, 404 K, 302 K, 293 K and 293 K, respectively. In the 

dip direction, the temperature at the five monitor points along line L1-DLine2 (z = 1 cm) 

is 293 K, 293 K, 293 K, 300 K and 404 K, respectively. The temperature gradient 

reaches 4 K/cm around the coal combustion area. As the ventilation velocity increases, 

the temperature distribution in the coal mine goaf changes little, as shown in Figure 3-15. 

 

Figure 3-14 Temperature distribution in coal mine goaf with coal combustion on air-

return side. 

 

Figure 3-15 Influence of ventilation velocity on temperature distribution along L1-

DLine2 and L1-SLine5.  
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Figure 3-16 Methane concentration distributions in coal mine goaf with coal 

combustion on air-return side. 

The methane concentration distribution in a coal mine goaf with spontaneous coal 

combustion on the air-return side is shown in Figure 3-16. One special phenomenon and 

one common phenomenon are found in the experimental results. The special 

phenomenon is that the methane accumulation has the shape of an upside down ‘n’ in the 

coal combustion area on the air-return side. The common phenomenon is that the general 

increase in the methane concentration in both the strike direction and dip direction. As 

the ventilation velocity increases, the methane concentration in the coal mine goaf 

decreases to different degrees; however, the methane accumulation phenomenon remains 
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in the coal combustion area. The methane concentration along line L-SLine5 and L-

DLine2 at different ventilation velocities is listed in Table 3-7 and Table 3-8, 

respectively. 

Table 3-7 Methane concentration distribution along L-SLine5 with coal combustion 

on air-return side.   

 Ventilation 

velocity / m/s 

Point A5 

/ % 

Point B5 

/ % 

Point C5 

/ % 

Point D5 

/ % 

Point E5 

/ % 

Monitor layer 1 

(z = 1 cm) 

0.2 0.6 4.9 3.2 6.4 10.2 

0.6 0.4 4.3 2.9 6 9.6 

1.0 0 3.7 2.5 5.6 8.4 

Monitor layer 2 

(z = 8 cm) 

0.2 0.4 4.2 2.6 4.1 8.1 

0.6 0.3 3.9 2 3.9 8 

1.0 0 3.2 1.7 3.6 7.2 

Monitor layer 3 

(z = 20 cm) 

0.2 0.2 2.9 1.9 3.3 5.2 

0.6 0.2 2.5 1.6 2.9 5 

1.0 0 2 1.2 2.6 4.7 

 

Table 3-8 Methane concentration distribution along L-DLine2 with coal combustion 

on air-return side.   

 Ventilation 

velocity / m/s 

Point B1 

/ % 

Point B2 

/ % 

Point B3 

/ % 

Point B4 

/ % 

Point B5 

/ % 

Monitor layer 1 

(z = 1 cm) 

0.2 0.5 0.7 1.3 3.6 4.9 

0.6 0 0 1 3 4.4 

1.0 0 0 0.8 2.6 3.7 

Monitor layer 2 

(z = 8 cm) 

0.2 0.4 0.4 0.8 3.1 4.2 

0.6 0 0 0.7 2.3 3.9 

1.0 0 0 0.5 1.9 3.2 

Monitor layer 3 

(z = 20 cm) 

0.2 0 0.2 0.6 1.5 2.8 

0.6 0 0 0.4 1.3 2.5 

1.0 0 0 0.3 1.1 2 
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Using the methane concentration distribution at the ventilation velocity of 0.2 m/s as 

an example, in monitor layer 1, the methane concentration at the five monitor points 

along line L1-SLine5 (z = 1 cm) is 0.5 %, 4.9 %, 3.2 %, 6.3 % and 10.2 %, respectively. 

The methane concentration at the five monitor points along line L1-DLine2 (z = 1 cm) is 

0.5 %, 0.7 %, 1.3 %, 3.6 % and 4.9 %, respectively. When the methane migrates to the 

‘fracture zone’, the methane accumulation expands to this area with the reduced methane 

concentration. In monitor layer 2, the methane concentration at the five monitor points 

along line L2-SLine5 (z = 8 cm) is 0.4 %, 4.2 %, 2.6 %, 4.1 % and 8.1 %, respectively. 

The methane concentration at the five monitor points along line L2-DLine2 (z = 8 cm) is 

0.4 %, 0.4 %, 0.8 %, 3.1 % and 4.2 %, respectively. When the air leakage and the 

methane migrate to the ‘sinking zone’, the accumulated methane concentration further 

decreases. In monitor layer 3, the methane concentration at the five monitor points along 

line L3-SLine5 (z = 20 cm) is 0.2 %, 2.8 %, 1.8 %, 3.1 % and 5.2 %, respectively. The 

methane concentration at the five monitor points along line L3-DLine2 (z = 20 cm) is 

0.2 %, 0.2 %, 0.4 %, 1.5 % and 2.8 %, respectively. 

Due to methane accumulation in the spontaneous coal combustion area on the air-

return side in the coal mine goaf, a sharp increase in the methane concentration at the 

coal combustion location is very obvious in the methane concentration distribution curve 

shown in Figure 3-17. In the strike direction, the methane concentration drops a little 

after an increase from the mining face to the coal combustion area. Then, the methane 

concentration increases again. In the dip direction, the monotonic increase of the 

methane concentration experiences slow growth on the air-inlet side and fast growth on 

the air-return side in the coal mine goaf. The slope of the methane concentration 

distribution curve is much larger on the air-return side. As the ventilation velocity 

increases, the methane concentration in the coal mine goaf decreases to different degrees, 
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as shown in Figure 3-18. Based on the methane concentration distribution inside and 

outside of the spontaneous coal combustion area, the coal combustion-induced buoyancy 

effect and the dilution effect of the air leakage are the main reasons for the new methane 

concentration distribution in the coal mine goaf. The coal combustion causes methane 

accumulation at the coal combustion location, and the air leakage produces the general 

monotonic distribution of methane concentration in both the strike and dip directions. 

 

Figure 3-17 Methane concentration distribution curves along L-DLine2 and L-SLine5 

with coal combustion on air-return side. 
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Figure 3-18 Influence of ventilation velocity on methane concentration distribution 

along L1-DLine2 and L1-SLine5 with coal combustion on air-return side. 

Comparisons of the methane concentration distribution in the coal mine goaf with and 

without spontaneous coal combustion on the air-return side are shown in Figure 3-19 and 

Figure 3-20. The obvious difference of the methane concentration distribution is the 

methane accumulation at the coal combustion location in Figure 3-19. A clear methane 

concentration difference and an obvious methane concentration jump are found by 

comparing the methane concentration distribution curves in Figure 3-20. Therefore, 

spontaneous coal combustion on the air-return side does influence the methane 

concentration distribution and methane migration in a coal mine goaf.  

 

Figure 3-19 Methane concentration distributions in coal mine goaf with and without 

coal combustion on air-return side. 
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Figure 3-20 Methane concentration distribution curves along L1-DLine2 and L1-

SLine5 with and without coal combustion on air-return side. 

3.5 Brief Summary 

The experimental platform was built to simulate methane migration in a spontaneous 

coal combustion environment of a coal mine goaf. The experimental results show that the 

methane concentration monotonically increases in the strike direction and dip direction 

without spontaneous coal combustion in the coal mine goaf. When spontaneous coal 

combustion occurs on the air-inlet side in the coal mine goaf, the methane concentration 

distribution has the shape of an ‘ƞ’ at the coal combustion location. When spontaneous 

coal combustion occurs on the air-return side in a coal mine goaf, the methane 

concentration distribution has the shape of an upside down ‘n’ at the coal combustion 

location. Spontaneous coal combustion causes local methane accumulation in a coal 

mine goaf.  
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Chapter 4 Numerical Studies of Methane Accumulation  

According to the experimental results, the methane accumulation phenomenon 

occurred in the spontaneous coal combustion area. The methane concentration obviously 

increases at the coal combustion location in a coal mine goaf. Although methane 

accumulation was found during the disaster formation process, a detailed disaster 

formation process is not available. In this chapter, a new gas flow model for a 

spontaneous coal combustion environment in a coal mine goaf is proposed and validated. 

The characteristic of this gas flow model is the incorporation of the buoyancy effect in a 

3D coal mine goaf. Through experimental validation of the numerical gas flow model, 

dynamic methane migration was revealed to explain the disaster formation process of the 

coal combustion-induced methane accumulation in a coal mine goaf.   

4.1 Numerical Modelling and Simulation Setup 

4.1.1 Numerical Modelling 

In numerical simulation research, the Euler method is usually used to analyze fluid 

flow because it focuses on the flow space rather than the fluid, which avoids complex 

fluid deformation (Anderson, 1995). The Euler method analysis starts from the 

representative elementary volume (REV), as shown in Figure 4-1. The REV is a fixed 

unit volume selected from the flow space to analyze the change in different physical 

quantities, such as fluid mass, fluid velocity and fluid temperature. The change in a 

quantity in an REV is determined by the conservation relationship among the quantity 

increment (the inflow term), the quantity reduction (the outflow term), the quantity sink 

term and the quantity source term. The quantity conservation law is a theoretical 

foundation, and it should always be satisfied during the fluid flow process. For airflow 
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movement in a coal mine goaf, the conservation law includes the mass conservation 

equation, the momentum conservation equation and the energy conservation equation, 

which are also called the governing equations in previous research (Xia et al., 2016; 

Yuan and Smith, 2008). Other equations are needed to describe the specific environment 

for fluid flow. For a coal mine goaf, these equations are called the coupling equations. 

The coupling equations usually include the state equation for the ideal gas law, the 

species transport equation, the coal mine goaf porosity equation and the coal mine goaf 

permeability equation (Xia et al., 2016; Yuan and Smith, 2008; Li, 2008). 

 

Figure 4-1 Schematic map of Euler method. 

4.1.1.1 Governing Equations 

(1) Mass Conservation Equation 

The mass conservation equation presented below describes the mass change in the 

form of fluid density based on the REV. The change rate of a fluid mass is determined by 

the sum of the inflow mass, the outflow mass and the mass source/sink term. According 

to the Euler method, the change in a fluid flow velocity is determined by the change of 

the fluid density and the mass source/sink term in the REV (Anderson, 1995; Xia et al., 

2016; Yuan and Smith, 2008).   

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝒖) = 𝑞 (4-1) 
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(Quantity increment) 

Outflow term 
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where 𝜌 is the fluid density (kg/m
3
); 𝒖 is the velocity vector (m/s); 𝑞 is the fluid mass 

source/sink term (kg/(m
3
·s)). 

Based on the mass conservation equation, the change in the fluid flow velocity is 

determined by the change in the fluid density when the mass source term and sink term 

are assumed to be zero. According to the state equation for the ideal gas, there is an 

inverse relationship between temperature and gas density when other parameters remain 

unchanged. A change in the fluid density occurs in three situations, and this change leads 

to three changes in the fluid flow velocity based on the mass conservation equation. If 

the outflow density equals the inflow density, the outflow velocity should be equal to the 

inflow velocity to satisfy the mass conservation law. This is situation 1 shown in Figure 

4-2. If the outflow density is smaller than the inflow density, the outflow velocity should 

be larger than the inflow velocity to satisfy the mass conservation law. This is situation 2 

shown in Figure 4-2. In situation 3, as shown in Figure 4-2, the outflow density is larger 

than the inflow density. The outflow velocity should be smaller than the inflow velocity 

to satisfy the mass conservation law. 

The above three situations of the fluid flow can be found in a coal mine goaf. Taking 

one unit volume out of the coal mine goaf as the REV, the change in airflow velocity can 

be analyzed based on the air density change in the mass conservation law. The 

spontaneous coal combustion area is a local high temperature area in a coal mine goaf. 

Outside the high temperature area of coal combustion, the gas density remains 

unchanged and the gas flow velocity is the same, as shown in the analysis of situation 1. 

For the gas flowing into the spontaneous coal combustion area, the gas density decreases 

due to the heating effect of coal combustion. Therefore, the gas flow velocity will speed 

up, as shown in the analysis of situation 2. If the gas is flowing out of the spontaneous 

coal combustion area, the gas density increases due to the temperature decrease. 
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Therefore, the gas flow velocity will reduce, as shown in the analysis of situation 3. 

According to the mass conservation equation, a spontaneous coal combustion area can 

seriously change the surrounding airflow in a coal mine goaf. 

 

Figure 4-2 Change of fluid flow velocity caused by fluid density variation. 

(2) Momentum Conservation Equation 

The momentum conservation equation for fluid flow undergoes a large change due to 

the different characteristics of the flow state represented by the Reynolds number. For 

example, the Navier-Stokes equation is used to describe momentum conservation for 

turbulent fluid flow, the Forchheimer-Darcy equation is adopted for transitional fluid 

flow, while the Darcy equation is used for laminar fluid flow. In a coal mine goaf, the 

airflow state changes due to the variable flow resistance in different areas (Ren et al., 

2018; Yuan and Smith, 2008; Zhai et al., 2019; Wang et al., 2019). Air leakage is the 

main airflow in coal mine goafs and comes from necessary ventilation of the mining face. 
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From a shallow area to a deep area in a coal mine goaf, the airflow experiences a 

turbulent flow state, transitional flow state and laminar flow state, as shown in Figure 4-3. 

 

Figure 4-3 Airflow state in coal mine goaf. 

In the shallow area of a coal mine goaf, air leakage is in a turbulent flow state. In this 

area, the rock just caved for a short time and the broken rock is not completely 

compacted, resulting in a higher porosity. Additionally, the air leakage retains high 

kinetic energy from the high flow velocity inherited from the airflow in the mining face 

and the air-inlet roadway. For the turbulent airflow state, the Navier-Stokes equation is 

usually adopted to describe the momentum conservation law (Yuan and Smith, 2008; 

Chorin and Marsden, 1993). When the air leakage flows into a deeper area of the coal 

mine goaf, the airflow state gradually changes from turbulent airflow into transitional 

airflow due to the decreasing porosity and increasing flow resistance (Richard, 2015).  In 

this area, the coal mine goaf porosity becomes small because of the increasing 

compaction effect on the caved rock. Accordingly, the airflow resistance increases, 

which reduces the airflow velocity. For the transitional airflow state, the inertial force 

becomes the dominant factor that influences the airflow. Forchheimer (1901) studied a 

transitional flow in a porous medium and found that the inertial force is proportional to 

the square of the flow velocity. The inertial force term is usually included in Darcy’s law 

to describe the momentum conservation equation for transitional airflow. If the air 

leakage reaches a deep area in a coal mine goaf, the airflow state changes from 
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transitional airflow to laminar airflow. In a deep area, the caved rock is compacted 

tightly by the upper strata, which results in a minimum porosity and a large flow 

resistance. Meanwhile, the kinetic energy of the air leakage becomes small due to energy 

consumption. For laminar airflow, the fluid viscosity and pressure difference are the 

main factors that determine the fluid movement, and Darcy’s law is adopted to describe 

the momentum conservation equation (Xia et al., 2017; Darcy, 1856).  

The above three momentum conservation equations describe the three airflow states 

in a coal mine goaf. Air leakage is the important airflow in a coal mine goaf, and it starts 

from the mining face and flows through the coal mine goaf. During this process, the 

airflow state experiences the turbulent flow state, transitional flow state and laminar flow 

state. Therefore, a comprehensive equation is needed to reflect the different flow 

characteristics of the airflow in different areas of a coal mine goaf. The Brinkman 

equation describes the different dominant factors in the varying airflow states. This 

equation is adopted to describe the airflow movement in a coal mine goaf and it is 

described below as (Kuznetsov, 1998; Nield and Bejan, 2006; Hooman et al., 2017), 

𝜌

𝜑
(

𝜕𝒖

𝜕𝑡
+ (𝒖 ∙ ∇)

𝒖

𝜑
) = −∇𝑝 + ∇ ∙ [

1

𝜑
{𝜇(∇𝒖 + (∇𝒖)𝑇)}]  

− (𝑘−1𝜇 + 𝛽|𝒖| +
𝑄𝑏𝑟

𝜑2
) 𝒖 + 𝑭 (4-2) 

where 𝜌 is the fluid density (kg/m
3
);  𝜑 is the porosity; 𝑝 is the fluid pressure (Pa); 𝜇 is 

the fluid viscosity (Pa·s); 𝑘 is the permeability (m
2
); 𝛽 is the Forchheimer coefficient 

related to the flow regime (kg/m
4
); 𝑄𝑏𝑟 is the mass source or mass sink (kg/(m

3
·s)); 𝑭 is 

the fluid volume force (N/m
3
). 

 (3) Energy Conservation Equation 

Spontaneous coal combustion in a coal mine goaf can influence the temperature 

distribution and change the kinetic energy of the airflow. A temperature change will be 
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analyzed in this section since a change in the airflow movement caused by a high 

temperature has been analyzed in the above sections. According to different 

considerations of a temperature difference between a solid and a fluid, two forms of the 

energy conservation equation are proposed, the thermal equilibrium state and the thermal 

nonequilibrium state, as shown in Figure 4-4 (Ioan and Derek, 2001). In the thermal 

nonequilibrium state, the fluid and the solid have different temperatures, resulting in heat 

transfer between these two phases (Rees et al., 2008; Xia et al., 2015). Due to the slow 

airflow at the location of a spontaneous coal combustion and small thermal properties of 

rock and coal in a coal mine goaf, there is no temperature difference between the fluid 

and solid in the goaf area, and the thermal equilibrium state is adopted.  

 

Figure 4-4 Illustration of thermal equilibrium and non-equilibrium states. 

In the thermal equilibrium state, the fluid and solid are considered to have the same 

temperature and there is no heat transfer between them (Yuan and Smith, 2008; Xia et al., 

2015; Carras and Young, 1994). The energy transformation in the equation contains the 

heat source term, conductive heat flux term, heat inflow term and heat outflow term. The 

thermal equilibrium equation is described below as (Yuan and Smith, 2008; Xia et al., 

2015), 
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（𝜌𝑐𝑝）
𝑒𝑓𝑓

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝑓𝒖 ∙ ∇𝑇 + ∇ ∙ (−𝑘𝑒𝑓𝑓∇𝑇) = 𝑄 (4-3) 

（𝜌𝑐𝑝）
𝑒𝑓𝑓

= 𝜑𝜌
𝑓

𝐶𝑝𝑓 + (1 − 𝜑)𝜌
𝑠
𝐶𝑝𝑠 (4-4) 

𝑘𝑒𝑓𝑓 =  𝜑𝜉
𝑓

+ (1 − 𝜑)𝜉
𝑠
 (4-5) 

where 𝐶𝑝𝑓 and 𝐶𝑝𝑠 are the fluid heat capacity and solid heat capacity at constant pressure 

(J/(kg·K)), respectively;  𝜑  is the porosity; 𝜌𝑓  and 𝜌𝑠  are the fluid density and solid 

density (kg/m
3
), respectively; 𝑇  is the temperature (K); 𝜉𝑓  and 𝜉𝑠  are the thermal 

conductivity for the fluid and solid (W/(m·K)), respectively; 𝑄 is the heat source or heat 

sink (W/m
3
); （𝜌𝑐𝑝）

𝑒𝑓𝑓
 is the effective volumetric heat capacity at constant pressure, 

J/(kg·K); 𝑘𝑒𝑓𝑓 is the effective thermal conductivity, W/(m·K). 

For fluid flow in a porous medium, the thermal dispersion caused by different flow 

velocities and different flow paths should be considered. Thermal dispersion is related to 

the fluid flow state and flow velocity, and it is usually treated as a new part of the 

effective thermal conductivity. Thermal dispersion can be determined by the equations 

below (Nield and Bejan, 2006), 

∇ ∙ (𝑎∇𝑇) = ∇ ∙ 𝑬 ∙ ∇𝑇 (4-6) 

𝑎 =
𝑘𝑒𝑓𝑓

（𝜌𝑐𝑝）
𝑒𝑓𝑓

 (4-7) 

𝐸𝑖𝑗 = 𝐹1𝛿𝑖𝑗 + 𝐹2𝑉𝑖𝑉𝑗 (4-8) 

where 𝑎 is the thermal diffusivity of the medium (m
2
/s); 𝑬  is the dispersion tensor (m

2
/s); 

𝑉𝑖 is the i
th

 component of the intrinsic velocity vector (m/s);  𝐹1 and 𝐹2 are functions of 

the pore size, Pelect and Reynolds numbers of the fluid flow.  
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4.1.1.2 Coupling Equations 

(1) Equation of State for an Ideal Gas 

The ideal gas law is the key to understand the effect of temperature on gas density, 

and it brings a new influence to the coupling equations (Moran and Shapiro, 2006; Xia et 

al., 2015). According to the ideal gas law, the gas density shows an inverse relationship 

with temperature. A temperature increase leads to a gas density decrease. Therefore, the 

high temperature of spontaneous coal combustion can cause a decrease in the local gas 

density in a coal mine goaf. Through the ideal gas law, the effect of spontaneous coal 

combustion on airflow movement is realized. The equation of state for the ideal gas is 

described below as (Welty et al., 2014), 

𝜌 =
𝑝𝑀

𝑅𝑇
 (4-9) 

where 𝑝 is the pressure (Pa); 𝑀 is the molecular mass of gas (g/mol); 𝑅 is the ideal gas 

constant, 8.3144624 J/(mol·K); 𝑇 is the temperature (K). 

The buoyancy force appears in the form of the difference of the fluid gravity. 

Therefore, the coal combustion-induced buoyancy force can be determined based on the 

gas density in the above equation. According to research, ethylene and acetylene appear 

around 400 K and 500 K, respectively, as the characteristic products of spontaneous coal 

combustion (Xie et al., 2011). Furthermore, the coal combustion temperature can reach 

the ignite temperature of methane, around 900 K (Kundu et al., 2016). According to the 

ideal gas law, the gas density decreases by approximately 25 % at 400 K, 40 % at 500 K 

and 67 % at 900 K. The change in gas density with temperature is shown in Figure 4-5. 

Accordingly, the gas gravity also decreases by 25 %, 40 % and 67 %, which means the 

buoyancy force increases. 
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Figure 4-5 Air density change with coal combustion temperature. 

 (2) Porosity and Permeability of a Coal Mine Goaf  

When the coal is mined out, the upper rock strata will cave and fill the coal mine goaf 

area due to the lack of support. Many fractures and void spaces are formed during this 

process, resulting in coal mine goaf porosity. The volume of the caved rock expands 

because of the void space between the broken rocks. The bulking factor (BF) is used to 

describe the volume ratio of the broken rock volume to the original rock volume (Shao et 

al., 2011; Qin et al., 2016). Therefore, coal mine goaf porosity can be described by the 

rock BF. The coal mine goaf area is like a packed bed filled with rock of different sizes. 

For the packed bed, the Ergun model of permeability is usually adopted and it is related 

to porosity (Luo et al., 2012; Byon and Kim, 2013). Consequently, the porosity and 

permeability of a coal mine goaf can be described by the rock BF as (Xia et al., 2016; 

Liang and Wang, 2017; Carman, 1937), 

𝜑 = 1 −
1

𝜆
 (4-10) 

𝑘 =
𝐷𝑝

2
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where 𝜑  is the porosity; 𝜆  is the rock BF; 𝑘  is the permeability (m
2
); 𝐷𝑝  is the coal 

diameter (m). 

 

Figure 4-6 Distribution of ‘vertical three zones’ in coal mine goaf. 

According to the deformation characteristics of the rock mass in a coal mined-out area, 

the coal mine goaf is divided into three zones in the vertical direction, namely, the ‘caved 

zone’, the ‘fracture zone’ and the ‘sinking zone’ shown in Figure 4-6 (Palchik, 2015; 

Guo et al., 2018). The ‘caved zone’ is at the bottom in the vertical direction (Brune and 

Saki, 2017; Karacan, 2010). Due to the lack of strata support, the upper rock mass breaks 

and collapses to fill the coal mine goaf area. Therefore, the rock BF in the ‘caved zone’ is 

larger because of the seriously broken rock, which leads to a higher porosity. The 

‘fracture zone’ is between the ‘caved zone’ and the ‘sinking zone’ (Saki, 2016; Peng and 

Chiang, 1984). Due to the support of the ‘caved zone’, the rock strata in the ‘fracture 

zone’ deform to produce many fractures. The result is the rock BF in the fracture zone is 

smaller, which leads to a smaller porosity. The ‘sinking zone’ is close to the earth surface, 

far away from the ‘caved zone’ (Guo et al., 2018). Due to the support of the ‘fracture 

zone’ and the ‘caved zone’, little deformation is developed in the ‘sinking zone’. 

Therefore, the porosity is normally considered to be one in the ‘sinking zone’.   

Based on the caving characteristics of the rock strata in coal mine goafs, three 

assumptions have been developed for describing the rock BF distribution: (1) the vertical 

rock BF in the ‘caved zone’ is the same as its horizontal value; (2) the vertical rock BF in 

the ‘fracture zone’ changes gradually and continuously; and (3) the vertical rock BF is 

Sinking zone 

Fracture zone 

Caved zone 
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continuous between the adjacent two zones. Then, the rock BF distribution in a coal mine 

goaf can be described as (Guo et al., 2018), 

𝜆𝑣𝑏 = 𝜆ℎ𝑏 (4-12) 

𝜆𝑣𝑓 = 𝜆𝑣𝑏 − (𝜆𝑣𝑏 − 1)
ln(ℎ + 1)

ln(𝐻𝑓 + 1)
 (4-13) 

𝜆𝑣𝑠 = 1 (4-14) 

where 𝜆𝑣𝑏 is the vertical rock BF in the ‘caved zone’; 𝜆ℎ𝑏 is the horizontal rock BF in the 

‘caved zone’; 𝜆𝑣𝑓 is the vertical rock BF in the ‘fracture zone’; 𝐻𝑓 is the height of the 

‘fracture zone’ (m); ℎ is the height location in the ‘fracture zone’ (m); 𝜆𝑣𝑠 is vertical rock 

BF in the ‘sinking zone’.  

According to the rock BF distribution in a coal mine goaf, the height of the ‘fracture 

zone’ and the horizontal rock BF in the ‘caved zone’ are key factors to determine the 

coal mine goaf porosity. The height of the ‘fracture zone’ can be determined based on 

engineering experience (Zhang, 2019; Ning et al., 2019; Liu et al., 2019). After 

determination of the height of the ‘fracture zone’, the spatial distribution of the coal mine 

goaf porosity is needed to determine the horizontal rock BF distribution in the ‘caved 

zone’. In the horizontal direction, the rock BF distribution in the ‘caved zone’ is related 

to its location in a coal mine goaf (Taraba and Michalec, 2011; Xia et al., 2015). Due to 

the support of the coal mine goaf boundary, the size of the caved rock is large and the 

compaction effect is small around the boundary of a coal mine goaf, resulting in large 

porosity. The compaction effect gradually increases when the location moves to the 

central area in the deep zone of a coal mine goaf, resulting in small porosity there as 

shown in Figure 4-7. Therefore, the horizontal rock BF distribution in the ‘caved zone’ 

can be described as (Xia et al., 2016),     

𝜆ℎ𝑏 =  𝜆ℎ𝑏,𝑚𝑖𝑛 + (𝜆ℎ𝑏,𝑚𝑎𝑥 − 𝜆ℎ𝑏,𝑚𝑖𝑛)𝑒(−𝑎1𝑑1(1−𝑒−𝑐1𝑎0𝑑0))  (4-15) 
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where 𝜆ℎ𝑏  is the horizontal rock BF in the ‘caved zone’; 𝜆ℎ𝑏,𝑚𝑖𝑛  and 𝜆ℎ𝑏,𝑚𝑎𝑥  are the 

horizontal rock BF minimum and maximum in the ‘caved zone’, respectively; 𝑎1is the 

attenuation rate of the distance to the mining face; 𝑑1 is the distance to the mining face 

(m); 𝑐1  is the adjustment coefficient; 𝑎0  is the attenuation rate of the distance to the 

boundary in the dip direction; 𝑑0 is the distance to the boundary in the dip direction (m).  

 

Figure 4-7 Porosity distribution in coal mine goaf. 

 (3) Species Transport Equation 

In the airflow of multiple species, molecule diffusion is a common phenomenon. 

Molecule diffusion driven by a gas concentration difference is important and Fick’s law 

of diffusion is usually adopted to describe it (Cussler, 1997; Yuan and Smith, 2008). 

Furthermore, the airflow motion enhances the gas diffusion. For a coal mine goaf, the 

typical species transport equation is described as (Socolofsky and Jirka, 2005),  

𝜕

𝜕𝑡
(𝐶𝑖) + 𝛻 ∙ (𝐷𝑚𝛻𝐶𝑖) + 𝛻 ∙ (𝒖𝐶𝑖) = 𝑅 (4-16) 

where 𝐶𝑖  is the concentration of species 𝑖  (mol/m
3
); 𝐷𝑚  is the molecular diffusion 

coefficient (m
2
/s); 𝒖 is the velocity field; 𝑅 is the species source/sink term (mol/(m

3
·s)). 

In the above species diffusion equation, the molecule diffusion coefficient is a key 

parameter that is proportional to the temperature. A high temperature can enhance the 

gas diffusion. The molecule diffusion coefficient can be determined using the Stokes-

Einstein-Sutherland equation described below as (Edward, 1970), 
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𝐷𝑚 =
k𝑇

6𝜋𝜇𝑟
 (4-17) 

where k is the Boltzmann constant (1.380649×10
-23

 J/K); 𝑇 is the temperature (K); 𝑟 is 

the radius of sphere (m); 𝜇 is the fluid viscosity (Pa·s). 

Another method to calculate the molecule diffusion coefficient is the theory of 

Chapman-Enskog described below as (Cussler, 1997), 

𝐷𝑚 =
𝐴 ∙ 𝑇3 2⁄ √1 𝑀1⁄ + 1 𝑀2⁄

𝑝𝜎12
2 Ω

 (4-18) 

where 𝐴 is the empirical coefficient; 𝑇 is the absolute temperature (K); 𝑝 is the pressure 

in atmospheres (Pa); 𝑀𝑖  is the molecular mass of gas species i (g/mol); 𝜎12  is the 

collision diameter (m); Ω is the collision times.  

Different from gas diffusion in a free space, gas diffusion in a porous medium needs 

to be described using the effective diffusion coefficient. The effective diffusion 

coefficient is related to porosity and tortuosity, and it can be determined by the below 

equation (Chou et al., 2012; Iiyama and Hasegawa, 2005; Tjaden et al., 2016; Pisani, 

2011), 

𝐷𝑒𝑚 =
𝜑

𝜏
𝐷𝑚 (4-19) 

where 𝐷𝑒𝑚 is the effective molecular diffusion coefficient (m
2
/s); 𝜑 is the porosity; 𝜏 is 

the tortuosity; 𝐷𝑚 is the molecular diffusion coefficient (m
2
/s).  

The porous medium also causes mechanical dispersion to influence the species 

transport. Mechanical dispersion occurs due to the different flow velocities and the 

different flow paths in a porous structure, as shown in Figure 4-8. The dispersion 

coefficient is usually divided into the longitudinal dispersion coefficient and the 

transverse dispersion coefficient (Delgado, 2007).  
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Figure 4-8 Reasons for mechanical dispersion in porous medium (Fetter, 2000). 

The longitudinal dispersion coefficient and the transverse dispersion coefficient 

constitute the dispersion tensor that describes mechanical dispersion in a porous medium. 

In the species diffusion equation, the mechanical dispersion coefficient is considered to 

be a part of the new diffusion coefficient that contains the molecule diffusion coefficient. 

Therefore, the new diffusion coefficient is described as below (Yu et al., 1999), 

𝐷 = 𝐷𝑒𝑚 + 𝐷𝑑 (4-20) 

where 𝐷𝑒𝑚 is the effective molecular diffusion coefficient (m
2
/s); 𝐷𝑑 is the mechanical 

dispersion coefficient. 

According to the above analysis, the species transport equation is influenced by the 

high temperature in spontaneous coal combustion. Furthermore, the species transport 

equation in a coal mine goaf should consider the effective molecular diffusion and the 

mechanical dispersion caused by a porous medium. Therefore, the modified Fick’s law 

of diffusion is adopted for species transport in a coal mine goaf, and it is described as 

(Yu et al., 1999; Socolofsky and Jirka, 2005), 

𝜕

𝜕𝑡
(𝐶𝑖) + 𝛻 ∙ ((𝐷𝑒𝑚 + 𝐷𝑑)𝛻𝐶𝑖) + 𝛻 ∙ (𝒖𝐶𝑖) = 0 (4-21) 
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where 𝐶𝑖  is the concentration of species 𝑖  (mol/m
3
); 𝐷𝑒𝑚  is the effective molecular 

diffusion coefficient (m
2
/s); 𝐷𝑑 is the mechanical dispersion coefficient; 𝒖 is the velocity 

field; 𝑅 is the species source/sink term (mol/(m
3
·s)). 
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The developed gas flow model for a spontaneous coal combustion environment in a 

coal mine goaf is shown in Figure 4-9. The gas flow model coupled the thermal 

buoyancy effect of the coal combustion by characterizing the effect of the temperature on 

the gas movement. Through the ideal gas law, a change in air density influences the 

airflow velocity around the spontaneous coal combustion area. Meanwhile, the vertical 

buoyancy force changes the airflow direction at the coal combustion location. 

Furthermore, the effect of mechanical dispersion in a porous coal mine goaf on the 

temperature distribution and species transport is considered in the gas flow model.  

4.1.2 Numerical Simulation Setup 

To apply the gas flow model in numerical research, the geometry model shown in 

Figure 4-10 was built based on the size of the experimental platform. Through the 

COMSOL Multiphysics software, the gas flow model was applied to the geometry model 

to study methane migration in a coal mine goaf.  

 

Figure 4-10 Geometry model of coal mine goaf in numerical simulation. 

The details of numerical simulation setup are listed in Table 4-1. In this new gas flow 

model, many parameters are variables related to temperature; therefore, their values are 

Coal mine goaf 

Air-return roadway 

Mining face 

Inner combustion area 1 

Gas releasing chamber 

Inner combustion area 2 
Experimental 

platform 

Air-inlet roadway 
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not presented here and only the constant parameters in the gas flow model are listed in 

Table 4-2 (Welty et al., 2014; Xia et al., 2016; Guo et al., 2018; Edward, 1970; Cussler, 

1997).  

Table 4-1 Setups of the numerical simulation. 

Initial conditions Description  

Airflow velocity in goaf 0 m/s 

Pressure in goaf 0 Pa 

Airflow velocity in air-inlet roadway 0.45 m/s 

Airflow velocity in mining face 0.2 m/s 

Airflow velocity in air-return roadway 0.45 m/s 

Porosity of the coal mine goaf See equation in Section 4.1.1.2 

Volume force See equation in Section 4.1.1.1 

Temperature 293 K 

Temperature source 50000 W/ m
3
 

Gas concentration in the coal mine goaf O2: 9.5 mol/ m
3
, N2: 34.5 mol/ m

3
 

Gas concentration in inlet airflow O2: 9.5 mol/ m
3
, N2: 34.5 mol/ m

3
 

Gas diffusion coefficient See equation in Section4.1.1.2 

Mechanical dispersion coefficient See equation in Section 4.1.1.2 

  

Boundary conditions Description 

Air-inlet boundary Inlet, 0.2 m/s; O2: 9.5 mol/ m
3
, N2: 34.5 mol/ m

3
 

Air-return boundary Outflow, 0.2 m/s  

Other face boundary Wall 

All  boundary Adiabatic 

Gas release rate 0.15 mol/ m
3
 

  

Meshing  1390 cuboid elements 

Tolerance  5E-4 

Convergence Convergent 

 

 

 



 
School of Engineering 

                                                                                The University of Western Australia 

- 63 - 
 

Table 4-2 Constant parameters in numerical gas flow model.  

Parameter Value Parameter Value 

Minimum of the horizontal bulking 

factor  (𝜆ℎ𝑏,𝑚𝑖𝑛) 
1.15 

Maximum of the horizontal 

bulking factor    (𝜆ℎ𝑏,𝑚𝑎𝑥) 
1.5 

Height of ‘fracture zone’ (𝐻𝑓, m) 0.6 Ideal gas constant (R, J/(mol·K)) 8.3144624 

Bulking factor attenuation ratios (𝑎0) 0.268 Boltzmann constant (k, J/K) 1.38 × 10-23  

Geometric adjustment factor (𝑐1) 0.12 Coal diameter (𝐷𝑝, m) 0.04 

Relative molecular mass of gas  

 (M, g/mol) 

28.96 (Air)；  

4.0 (He) 

Radius of sphere (𝑟,10-9 m) 

0.13 (He)； 

0.173 (O2)； 

0.182 (N2) 

Bulking factor attenuation ratios (𝑎1) 0.0368 Methane release volume (ml/min) 150 

Roadway (length*width*height, cm) 20 × 4 ×3  
Coal mine goaf 

(length*width*height, dm) 
20 ×12 ×8 

Mining face (length*width*height, cm) 5 ×120 × 3  
Heating module 

(length*width*height, mm) 
144 ×124 ×6  

Ventilation rate (m/s) 0.2 m/s Heating temperature (K) 404 

4.2 Numerical Results and Analysis for the Air-Inlet Side 

According to the experimental results, methane accumulation in the shape of an ‘ƞ’ 

appears in the spontaneous coal combustion area on the air-inlet side. This section 

analyzes the numerical simulation results of the methane concentration distribution 

around the spontaneous coal combustion area on the air-inlet side of a coal mine goaf. To 

avoid analysis of similar methane accumulations, the numerical simulation results at a 

ventilation velocity of 0.2 m/s will be analyzed in detail.  

4.2.1 Validation of Distributions of Temperature and Methane Concentration  

The temperature distribution in a coal mine goaf with coal combustion on the air-inlet 

side is shown in Figure 4-11. The temperature in the coal combustion center is 406 K, 

close to the experimental temperature, 404 K. The high temperature area is close to the 

heating area, resulting in a large temperature gradient around the coal combustion area. 

Outside the heating area, the temperature decreases to the indoor temperature at a 
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location more than 20 cm from the coal combustion center. Besides, the high temperature 

area shows a slight shrinkage on the windward side of the combustion area.  

 

Figure 4-11 Comparison of temperature distributions in coal mine goaf with coal 

combustion on air-inlet side. 

 

Figure 4-12 Temperature distribution curves around coal combustion area on air-inlet 

side. 

In the strike direction, the temperature at the five monitor points along line L1-SLine2 

(z = 1 cm) is 293 K, 406 K, 315 K, 293 K and 293 K, respectively. In the dip direction, 

the temperature at the five monitor points along line L1-DLine2 (z = 1 cm) is 320 K, 406 
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K, 293 K, 293 K and 293 K, respectively. A comparison between the experimental and 

simulation results of the temperature distribution curve is shown in Figure 4-12. The 

temperature gradient on the windward side of the coal combustion area is calculated to 

be 3.76 K/cm, which is slightly larger than the temperature gradient on the leeward side 

of 3.64 K/cm. At the corresponding coal combustion location in monitor layers 2 and 3, 

the temperature gradient is 3.2 K/cm and 0.6 K/cm, respectively. The vertical 

temperature gradient in the coal combustion area is approximately 3.76 K/cm.  

The characteristic of the temperature distribution in the coal mine goaf is related to 

the air leakage movement, thermal property of the stone and air in the coal mine goaf. 

The thermal conductivity for the solid and air in the coal mine goaf is small, 2 W/(m·K) 

for the stone, 0.25 W/(m·K) for the coal and 0.024 W/(m·K) for the air. As a result, the 

heat produced by spontaneous coal combustion is restricted in the heating area due to 

low thermal conduction, resulting in a limited high temperature area and sharp 

temperature gradient. Meanwhile, the air leakage movement also influences the 

temperature distribution. In Figure 4-11, the arc-shaped flow path of air leakage starts 

from the air-inlet side and ends on the air-return side. Due to airflow inertia, the strong 

air leakage on the air-inlet side enhances the heat dissipation on the windward side of the 

coal combustion area, resulting in shrinkage of the high temperature area there.  

The distribution of the methane concentration in the coal mine goaf with spontaneous 

coal combustion on the air-inlet side is shown in Figure 4-13. Similar to the experimental 

results, one special phenomenon and one common phenomenon are found in the 

numerical simulation result of the methane concentration distribution in the coal mine 

goaf. The special phenomenon is the local methane accumulation at the upper right 

corner of the coal combustion area. In the strike direction, the numerical simulation 

results show that the methane concentration at the five monitor points along line L1-
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SLine2 is 0 %, 1.8 %, 1.6 %, 3.6 % and 6.8 %, respectively, while the experimental 

methane concentration at the five monitor points is 0 %, 2.5 %, 1.9 %, 5.2 % and 9 %, 

respectively. In the dip direction, the numerical simulation results show that the methane 

concentration at the five monitor points along line L1-DLine2 is 0 %, 1.6 %, 1 %, 1.6 % 

and 3 %, respectively, while the experimental methane concentration at the five monitor 

points is 0 %, 2.1 %, 1.4 %, 2 % and 3.6 %, respectively. A comparison of the 

consistency of the methane concentration distribution curve along line L-SLine2 is 

shown in Figure 4-14. 

 

Figure 4-13 Comparison of methane concentration distributions in coal mine goaf 

with coal combustion on air-inlet side. 
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Figure 4-14 Comparison of methane concentration distribution curves along L-SLine2 

and L-DLine2. 

In Figure 4-14, an obvious concentration jump is found in the generally increasing 

trend of the methane concentration in both the strike direction and dip direction. 

According to the numerical simulation result, the methane accumulation is not in the coal 

combustion area but at the upper right corner of the coal combustion area. Taking the air-

inlet corner in the coal mine goaf as the origin, the location of the coal combustion center 

is (45, 22), while the methane accumulation location is (55, 30). The drifting distance is 

10 cm and 8 cm in the strike direction and dip direction, respectively. The common 

phenomenon is a general increase in the methane concentration in both the dip direction 

and strike direction, which was proven by previous research (Qin et al., 2016; Li et al., 

2018; Yang et al., 2018; Ma et al., 2019; Xia et al., 2015). For example, the methane 

concentration at the five monitor points along line L1-SLine3 is 0.8 %, 1.4 %, 2.1 %, 3.6 % 

and 8 %, respectively, while the methane concentration at the five monitor points along 

line L1-DLine3 is 1 %, 1.5 %, 2.1 %, 3.1 % and 4.3 %, respectively.  

According to a comparison between the experimental simulation and numerical 

simulation results, the new gas flow model built in this research reproduced the unique 

methane accumulation phenomenon in a coal combustion area and the common methane 

concentration distribution in a coal mine goaf. Based on the new characteristic of the gas 

flow model in the numerical simulation, the high temperature of coal combustion is one 
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important reason for methane accumulation. According to the ideal gas law, the high 

temperature of coal combustion decreases the air density that produces the buoyancy 

force and the upward airflow in the coal combustion area (Degam, 2018; Das et al., 2017; 

Montague et al., 2018; Mohammadmoradi et al., 2018; Azimifar and Payan, 2016; Li et 

al., 2019). To comprehensively study methane migration, this research further analyzed 

the distribution of the airflow velocity, air density, air gravity and air pressure in a coal 

mine goaf based on validated numerical simulation results.  

4.2.2 Distributions of Air Density and Air Gravity  

The distribution of air density in a coal mine goaf with spontaneous coal combustion 

on the air-inlet side is shown in Figure 4-15. The air density decreases dramatically in the 

coal combustion area. When the temperature reaches 406 K, the air density is 0.78 kg/m
3
, 

which is 28 % smaller than the air density at the indoor temperature of 1.08 kg/m
3
. Due 

to the sharp temperature gradient around the coal combustion area, as shown in Figure 4-

12, the air density changes fast around the coal combustion area. In the strike direction, 

the air density distribution curve along line L-SLine2 has the shape of a funnel, as shown 

in Figure 4-16a. The vertical air density monotonically decreases as the height increases, 

as shown in Figure 4-16b. The air density reduces to 0.85 kg/m
3
 and 1.02 kg/m

3
 at the 

corresponding coal combustion locations in monitor layers 2 and 3, respectively.  

 

Figure 4-15 Air density distributions in coal mine goaf with coal combustion on air-

inlet side. 
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Figure 4-16 Air density distribution curves around coal combustion area on air-inlet 

side. 

The buoyancy force is stated in the form of the gravity difference. In the strike 

direction, the air gravity distribution around the spontaneous coal combustion area is 

shown in Figure 4-17. In monitor layer 1, the air gravity increases from 7.65 N/m
3
 in the 

coal combustion center to 10.6 N/m
3
 at a location 20 cm away from the coal combustion 

center. In monitor layers 2 and 3, the air density at the corresponding coal combustion 

location is 8.3 N/m
3
 and 10 N/m

3
, respectively. The gravity difference will definitely 

change the airflow movement through the buoyancy force. The upward airflow at the 

coal combustion location can be deduced because of the buoyancy effect. Furthermore, 

the coal mine goaf porosity and air leakage could make the upward airflow more 

complex during its rising process.  

 

Figure 4-17 Air gravity distribution curves around coal combustion area on air-inlet 

side. 
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4.2.3 Distribution of Airflow Movement  

The distribution of the airflow movement in a coal mine goaf with coal combustion on 

the air-inlet side is shown in Figure 4-18. The common airflow movement in the coal 

mine goaf is air leakage. The air leakage is caused by coal mine goaf porosity and 

ventilation in the mining face. Due to the pressure difference between the air-inlet 

roadway and the air-return roadway, the air leakage flows along the arc-shaped flow path, 

as shown in Figure 4-18, starting from the air-inlet corner and ending at the air-return 

corner in the coal mine goaf. Based on the color bar in Figure 4-18, the unique airflow 

movement at the coal combustion location and methane accumulation location, includes 

an upward airflow and vortex airflow. The vortex airflow consists of the upward airflow 

in the combustion area, the downward airflow around the combustion area and the air 

suction on the bottom of the coal mine goaf.  

 

Figure 4-18 Airflow distribution in coal mine goaf with coal combustion on air-inlet 

side. 
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In Figure 4-19, the upward airflow movement in the coal combustion area is reflected 

in the jump of the vertical airflow component in the airflow velocity distribution curve. 

In the three monitor layers, the vertical airflow velocity at the corresponding coal 

combustion location is 0.03 m/s, 0.035 m/s and 0.018 m/s, respectively. The coal 

combustion-induced buoyancy force provides the dynamic for upward airflow. 

According to the temperature distribution characteristic, the buoyancy force is larger on 

the coal mine goaf bottom. However, the strong air leakage horizontally influences the 

vertical airflow movement in the coal combustion area. As the height increases, the air 

leakage quickly weakens and the buoyancy force becomes the dominant factor again. 

Therefore, the vertical airflow velocity on the coal mine goaf bottom is not the largest 

effect.  

                        

Figure 4-19 Airflow velocity distribution curves around coal combustion area on air-

inlet side. 
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coal combustion area, it is unavoidable for the upward airflow to have horizontal 

movement because of the coal mine goaf porosity. When the airflow horizontally moves 

out of the high temperature area, the air temperature decreases to the normal temperature 

and the air gravity increases back to its normal value. As the air gravity increases, the 

airflow changes from an upward movement to a downward movement, resulting in a 

downward airflow movement around the coal combustion area. Due to the impact effect 

of air leakage from the mining face, a downward airflow appears at a location closer to 

the mining face on the windward side, resulting in different scales of downward airflow 

on the windward side versus the leeward side.  

The last part of the vortex airflow is an airflow changes from downward to upward 

movements, and this can be explained by the negative pressure formed in the coal 

combustion area. In a porous coal mine goaf, the thermal buoyancy effect develops into a 

chimney effect and a negative pressure is formed in the combustion area. The negative 

pressure of the chimney effect is analyzed in detail in the next section. The negative 

pressure leads to an inflow of the surrounding airflow. In this way, a complete vortex is 

formed by the upward airflow in the combustion area, the downward airflow around the 

combustion area and the suction airflow on the bottom.  

 

Figure 4-20 Airflow parameter distribution curves along L1-SLine2 with coal 

combustion on air-inlet side. 
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According to Figure 4-20a, an obvious correspondence between the change of the 

upward airflow velocity and the change of the air gravity can be found at the coal 

combustion location. The air gravity change results from the air density change. Figure 

4-20b shows the air density reduction at the coal combustion location. Therefore, 

spontaneous coal combustion on the air-inlet side changes the air density to produce the 

buoyancy effect and influence the airflow movement. In the numerical simulation results, 

the new airflow movement speculated based on fluid dynamic theory is realized at the 

coal combustion location using the gas flow model developed for a spontaneous coal 

combustion environment in a coal mine goaf.  

4.2.4 Distribution of Pressure  

The spontaneous coal combustion area influences the airflow movement as well as the 

pressure distribution in a coal mine goaf. The pressure distribution in a coal mine goaf 

with coal combustion on the air-inlet side is shown in Figure 4-21. The pressure 

distribution shows different characteristics in different monitor layers. A relatively low 

pressure area is formed in monitor layer 1, while a relatively high pressure area is formed 

in monitor layers 2 and 3. In monitor layer 1 (z = 1 cm), the pressure at the five monitor 

points along line L1-SLine2 is 1.082 Pa, 1.018 Pa, 1.068 Pa, 1.077 Pa and 1.076 Pa, 

respectively. In monitor layer 2 (z = 8 cm), the pressure at the five monitor points along 

line L2-SLine2 is 0.502 Pa, 0.518 Pa, 0.493 Pa, 0.492 Pa and 0.491 Pa, respectively. In 

monitor layer 3 (z = 20 cm), the pressure at the five monitor points along line L3-SLine2 

is -0.77 Pa, -0.745 Pa, -0.78 Pa, -0.782 Pa and -0.785 Pa, respectively. The sudden 

pressure drop and sudden pressure jump in the pressure distribution curve mean a 

negative pressure and positive pressure formed at the corresponding coal combustion 

locations. From the numerical calculation, the negative pressure in monitor layer 1 is 
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0.05 Pa, while the positive pressure in monitor layers 2 and 3 is 0.018 Pa and 0.035 Pa, 

respectively. Taking the pressure at the coal combustion location as the benchmark, the 

pressure difference distribution curve along line L-SLine2 is shown in Figure 4-22. A 

common and typical phenomenon of the pressure distribution is the pressure gradient 

vertical to the flow path of air leakage in the horizontal plane. As analyzed above, the 

general flow path of the air leakage is in the shape of an arch, starting from the air-inlet 

side and ending on the air-return side in a coal mine goaf. Along the flow path, the air 

leakage gradually weakens because of flow resistance. Therefore, the pressure decreases 

along the flow path of the air leakage from the air-inlet side to the air-return side in a 

coal mine goaf. Due to the influence of a local pressure change caused by the coal 

combustion area on the air-inlet side, a typical pressure distribution can be observed 

better on the air-return side.  

Based on the comparison, the pressure distribution characteristic at the coal 

combustion location is in accordance with the chimney effect. The chimney effect is 

formed by a vertical air density difference caused by temperature (Cammelli and 

Mijorski, 2016; Thorpe, 2017). The buoyancy force is the direct reason for the chimney 

effect. One obvious phenomenon of the chimney effect is the hot upward airflow, as 

analyzed above. The upward airflow starts from the heating area and then gradually 

weakens as the temperature decreases along the rising path. During this process, a 

negative pressure is formed in the heating area while a positive pressure is formed along 

the upward flow path. The negative pressure at the base causes the air inflow to form an 

air suction phenomenon. In a coal mine goaf, the high temperature of spontaneous coal 

combustion decreases the air density to form a buoyancy force and upward airflow. Due 

to coal mine goaf porosity, the coal combustion area and upward airflow are properly 

isolated from their surroundings, and the buoyancy effect develops into the chimney 
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effect. Meanwhile, a negative pressure is formed in the coal combustion area and a 

positive pressure is formed along the flow path of the upward airflow. 

 

Figure 4-21 Pressure distributions in coal mine goaf with coal combustion on air-inlet 

side. 

 

Figure 4-22 Pressure difference distribution curves along L-SLine2 with coal 

combustion on air-inlet side. 
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Methane accumulation at the upper right corner of the coal combustion area on the 

air-inlet side of the coal mine goaf can be explained by the superimposed effect of the 

chimney effect and air leakage. Because of the chimney effect that formed at the coal 

combustion location, the dense methane at the bottom is sucked into the coal combustion 

area. Under the influence of the buoyancy force, the methane is pushed to flow upward. 

As a result, methane accumulation occurs at the coal combustion location. During this 

process, the strong air leakage on the air-inlet side horizontally influences the upward 

flow path of methane. Therefore, the methane accumulation location drifts to the upper 

right corner of the coal combustion area. 

4.3 Numerical Results and Analysis for the Air-Return Side 

According to the experimental results, the methane accumulation appears in the shape 

of an upside down ‘n’ in the spontaneous coal combustion area on the air-return side of a 

coal mine goaf. In this section, the numerical simulation results of the methane 

concentration distribution around a spontaneous coal combustion area on the air-return 

side will be described and analyzed. To avoid analyzing similar methane accumulation 

phenomena, the numerical simulation results at a ventilation velocity of 0.2 m/s will be 

analyzed in detail by comparing these results to the experimental results.  

4.3.1 Validation of Distributions of Temperature and Methane Concentration 

The temperature distribution in a coal mine goaf with spontaneous coal combustion 

on the air-return side is shown in Figure 4-23. The high temperature area is just slightly 

larger than the heating module size, resulting in a large temperature gradient around the 

coal combustion area. Meanwhile, the high temperature area is symmetrical in the strike 

direction. The maximum temperature is 403 K in the coal combustion center, close to the 

experimental temperature, 404 K. Outside the heating area, the temperature is 
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approximately the indoor temperature, 293 K. In the strike direction, the temperature at 

the five monitor points along line L1-SLine5 (z = 1 cm) is 310 K, 403 K, 293 K, 293 K 

and 293 K, respectively. In the dip direction, the temperature at the five monitor points 

along line L1-DLine2 (z = 1 cm) is 293 K, 293 K, 293 K, 310 K and 403 K, respectively. 

A comparison of the temperature distribution curve between the experimental and 

numerical results is shown in Figure 4-24. After calculation, the temperature gradient in 

monitor layer 1 reaches 3.7 K/cm, while the temperature gradient in monitor layer 2 and 

monitor layer 3 is 3.2 K/cm and 0.6 K/cm, respectively. The vertical temperature 

gradient in the coal combustion area is approximately 3.7 K/cm.  

 

Figure 4-23 Comparison of temperature distributions in coal mine goaf with coal 

combustion on air-return side. 

The characteristic of the temperature distribution in a coal mine goaf is mainly 

determined by the thermal property of the stone and the air. The thermal conductivity of 
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little effect on the temperature distribution and the high temperature area maintains its 

shape close to the heating module on the air-return side in the coal mine goaf. 

 

Figure 4-24 Temperature distribution curves around coal combustion area on air-

return side. 
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line L1-SLine5 is 0.6 %, 4.9 %, 3.2 %, 6.4 % and 10.2 %, respectively. In the dip 

direction, the methane concentration at the five monitor points along line L1-DLine2 is 

0.3 %, 0.3 %, 1 %, 3.2 % and 4.1 %, respectively. The experimental methane 

concentration at the five monitor points along line L1-DLine2 is 0.5 %, 0.7 %, 1.3 %, 

3.6 % and 4.9 %, respectively.  

 

Figure 4-25 Comparison of methane concentration distributions in coal mine goaf 

with coal combustion on air-return side. 

A comparison of the methane concentration distribution curve along lines L-SLine5 
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The common phenomenon of methane concentration distribution is the gentle increasing 

trend of methane concentration in both the dip and strike directions, which has been 

proven by previous research (Qin et al., 2016; Li et al., 2018; Yang et al., 2018; Ma et al., 

2019; Xia et al., 2015). For example, the methane concentration at the five monitor 

points along line L1-SLine3 is 0.6 %, 1.2 %, 2 %, 3.4 % and 7.8 %, respectively. The 

methane concentration at the five monitor points along line L1-DLine3 is 1.4 %, 1.8 %, 

2.3 %, 2.8 % and 3.6 %, respectively. 

 

Figure 4-26 Comparison of methane concentration distribution curves along L-SLine5 

and L-DLine2. 

By applying the new gas flow model, the numerical simulation reproduced the 

methane accumulation in the coal combustion area and the common methane 
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migration comprehensively, this research further analyzed the distribution of airflow 
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velocity, air density, air gravity and air pressure in a coal mine goaf based on the above 

validation of the numerical simulation results.  

4.3.2 Distributions of Air Density and Air Gravity  

The distribution of the air density in a coal mine goaf with spontaneous coal 

combustion on the air-return side is shown in Figure 4-27. In the coal combustion area, 

the air density decreases to 0.78 kg/m
3
 at 403 K, 28 % smaller than the air density of 1.08 

kg/m
3
 at the indoor temperature. According to the ideal gas law, the change of the air 

density should be inverse the temperature change. Therefore, in the strike direction, the 

air density distribution curve along line L-SLine5 has the shape of a funnel, as shown in 

Figure 4-28a. Meanwhile, the vertical air density monotonically decreases as the height 

increases, as shown in Figure 4-28b. The air density decreases to 0.9 kg/m
3
 and 1.06 

kg/m
3
 at the corresponding coal combustion location in monitor layers 2 and 3, 

respectively. According to the change in air density, spontaneous coal combustion 

seriously decreases the air density at the coal combustion location.  

 

Figure 4-27 Air density distribution in coal mine goaf with coal combustion on air-

return side. 
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N/m
3
 at a location 20 cm away from the coal combustion center. In the vertical direction, 

the air density on monitor layers 2 and 3 is 8.8 N/m
3
 and 10.4 N/m

3
, respectively. The 

vertical buoyancy force caused by the air density change will push the air to form an 

upward airflow in the coal combustion area.  

 

Figure 4-28 Air density distribution curves around coal combustion area on air-return 

side. 

 

Figure 4-29 Air gravity distribution curves around coal combustion area on air-return 

side. 

4.3.3 Distribution of Airflow Movement  

The distribution of the airflow movement in a coal mine goaf with spontaneous coal 

combustion on the air-return side is shown in Figure 4-30. The unique upward airflow 

and special vortex airflow in the coal combustion area can be found at the coal 

combustion location and methane accumulation location. The scale of the vortex airflow 
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on the windward of the coal combustion area is smaller. The common air leakage 

movement is also displayed in Figure 4-30. 

 

Figure 4-30 Airflow distribution in coal mine goaf with coal combustion on air-return 

side. 

 

Figure 4-31 Airflow velocity distribution curves around coal combustion area on air-

return side. 
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monitor layers. The vertical airflow velocity at the coal combustion location in the three 

monitor layers reaches 0.013 m/s, 0.008 m/s and 0.0022 m/s, respectively. Due to weak 

air leakage on the air-return side in a coal mine goaf, the coal combustion-induced 

buoyancy force is the dominant factor that determines the airflow movement in the coal 

combustion area. According to the ideal gas law, the buoyancy force reaches the biggest 

value at the bottom of the coal combustion area. As the height increases, the buoyancy 

force gradually decreases. Under the small influence of air leakage, the upward airflow 

velocity is largest for monitor layer 1. As the vertical temperature decreases, the upward 

airflow velocity gradually decreases as the buoyancy force decreases. 

The downward airflow is another important part of the vortex airflow. As shown in 

Figure 4-31a, in monitor layer 1 (z = 1 cm), the vertical component of the airflow 

velocity reaches -0.002 m/s on the windward side and -0.001 m/s on the leeward side. 

The negative vertical component of the airflow velocity means downward airflow. In 

monitor layer 2 (z = 8 cm), the vertical component of the airflow velocity reaches -0.002 

m/s on the windward side and -0.0005 m/s on the leeward side. The downward airflow 

on the windward side of the coal combustion area changes little, while it weakens on the 

leeward side. This response is related to the air leakage movement on the air-return side 

in the coal mine goaf. The air leakage flows back to the air-return roadway through the 

air-return corner in the coal mine goaf. On the windward side of the coal combustion 

area, the air leakage in the space will have a downward movement to get into the lower 

entrance to the air-return roadway. As a result, the airflow movement at the air-return 

corner is like an inward spherical radiation. Therefore, the downward movement of the 

air leakage intensifies the downward movement of the vortex airflow on the windward 

side of the coal combustion area, resulting in a different scale of downward airflow 

movement on the windward side than the leeward side of the coal combustion area. 
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At last, the vortex airflow is formed by air suction that changes the airflow from a 

downward movement to an upward movement at the base. Similarly, this is achieved by 

the negative pressure of the chimney effect described in section 4.2.3. In a porous coal 

mine goaf, the coal combustion-induced buoyancy effect develops into a chimney effect 

in the spontaneous coal combustion area. The negative pressure of the chimney effect 

appears at the bottom and it inhales the surrounding air into the coal combustion area. 

The pressure distribution in a coal mine goaf will be analyzed in detail in the next section. 

As a result, the complete vortex airflow is formed by the upward airflow, downward 

airflow and air suction at the coal combustion location.  

 

Figure 4-32 Airflow parameter distribution curves along L1-SLine5 with coal 

combustion on air-return side. 

Based on Figure 4-32, a corresponding relationship between temperature, air density, 

air gravity and airflow velocity is found at the coal combustion location. The high 

temperature of spontaneous coal combustion on the air-return side decreases the air 

density. Then, the vertical air density difference forms the buoyancy force that pushes the 

air to flow upward. All these changes just happen in the spontaneous coal combustion 

area in the coal mine goaf. Therefore, the speculated change of the airflow movement in 

section 2.2 is realized in the numerical simulation results by applying the new gas flow 

model in a coal mine goaf. The unique local airflow movement and the common air 
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leakage movement in a coal mine goaf are found in Figure 4-30. The air leakage 

movement and the reason are similar to the description and the analysis in section 4.2.3. 

4.3.4 Distribution of Pressure  

The pressure distribution in a coal mine goaf with spontaneous coal combustion on 

the air-return side is shown in Figure 4-33. The relatively low pressure area and the 

relatively high pressure are found at the corresponding spontaneous coal combustion 

locations. In monitor layer 1 (z = 1 cm), the pressure at the five monitor points along line 

L1-SLine4 is 1.63 Pa, 1.608 Pa, 1.69 Pa, 1.71 Pa and 1.72 Pa, respectively. In monitor 

layer 2 (z = 8 cm), the pressure at the five monitor points along line L2-SLine4 is 1.065 

Pa, 1.107 Pa, 1.098 Pa, 1.12 Pa and 1.135 Pa, respectively. In monitor layer 3 (z = 20 

cm), the pressure at the five monitor points along line L3-SLine4 is -0.187 Pa, -0.148 Pa, 

-0.162 Pa, -0.15 Pa and -0.14 Pa, respectively. In the pressure distribution curve in 

Figure 4-33, a pressure drop is found at the coal combustion location in monitor layer 1, 

while a pressure jump is found at the corresponding coal combustion location in monitor 

layers 2 and 3. From calculations, the negative pressure in monitor layer 1 is 0.06 Pa, 

while the positive pressure in monitor layers 2 and 3 is 0.025 Pa and 0.0265 Pa, 

respectively. Taking the pressure at the coal combustion location as the benchmark, the 

distribution curve of the pressure difference in the strike direction is shown in Figure 4-

34. The common and typical phenomenon of the pressure distribution is the pressure 

gradient extends vertically to the flow path of air leakage on the horizontal plane. The 

main reason is the energy consumption of the air leakage along the arc-shaped flow path 

in the coal mine goaf as analyzed in section 4.2.4. Due to the influence of the 

spontaneous coal combustion area on the air-return side, the common pressure 

distribution is better observed on the air-inlet side in the coal mine goaf. 
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Figure 4-33 Pressure distributions in coal mine goaf with coal combustion on air-

return side. 

After a comparison, the characteristic of the pressure distribution at the coal 

combustion location on the air-return side is in accordance with a typical chimney effect. 

As analyzed in section 4.2.4, the chimney effect is formed by the vertical air density 

difference (Cammelli and Mijorski, 2016; Thorpe, 2017). The upward airflow, the 

negative pressure at the base and the positive pressure at the top are typical 

characteristics of the chimney effect. The upward airflow starts from the heat source and 

forms a negative pressure there. Along the upward flow path, a positive pressure is 

formed. The negative pressure area causes the inflow of the surrounding air. Accordingly, 

the methane accumulation in the coal combustion area on the air-return side can be 

explained by the chimney effect. The spontaneous coal combustion area decreases the air 
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density, which produces the buoyancy effect and the chimney effect. During this process, 

the local negative pressure of the chimney effect causes the surrounding methane to flow 

into the coal combustion area. Under the buoyancy effect, this methane forms an upward 

methane movement. Meanwhile, the weak air leakage has little impact on the methane 

movement around the coal combustion area. As a result, the methane accumulation is 

formed at the coal combustion location under the chimney effect.  

 

Figure 4-34 Pressure difference distribution curves along L-SLine4 with coal 

combustion on air-return side. 

4.4 Brief Summary 

A new gas flow model coupling the buoyancy effect was developed and applied to 

simulate methane migration in a spontaneous coal combustion environment of a coal 

mine goaf. The methane accumulation at the spontaneous coal combustion location was 

predicted in the numerical simulation results and validated by the experimental results. 

According to the characteristics of the new gas flow model, the temperature increases to 

cause air density reduction and buoyancy force. The upward airflow, vortex airflow and 

negative pressure formed at the spontaneous coal combustion location are predicted and 

analyzed to explain the methane accumulation phenomenon.  
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Chapter 5 Mechanism of Methane Accumulation  

The unique methane accumulation phenomena in the experimental results are 

reproduced in the numerical simulation results by applying the new gas flow model in a 

coal mine goaf. The important characteristic of this gas flow model is the incorporation 

of the thermal buoyancy effect. In this chapter, the significance of the buoyancy effect on 

gas movement in a coal mine goaf is studied through a comparison of the numerical 

simulation results with and without the buoyancy effect. Then, the sensitivity of the gas 

flow model coupled the buoyancy effect is studied by analyzing the numerical simulation 

results under different coal combustion temperatures. Finally, a formation mechanism of 

a coal combustion-induced methane accumulation in a coal mine goaf is revealed. 

5.1 Comparison of Gas Flow Models for a Coal Mine Goaf  

In recent years, great progress has been made in modelling theory and numerical 

simulation of a gas flow in a coal mine goaf. The distribution of gas concentration and 

temperature in coal mine goafs can be obtained through 2D numerical simulation. 

However, gas density is usually treated as a constant in the literature. Therefore, a gas 

density change caused by spontaneous coal combustion is not realized, resulting in no 

buoyancy force in the coal mine goaf. Meanwhile, the 2D numerical simulation results 

did not reveal the vertical buoyancy effect when the simulation focuses on the horizontal 

plane. In reality, the gas density changes with temperature and then the buoyancy effect 

appears. In the numerical simulation, the relationship among gas density, temperature 

and gas gravity can be controlled independently to realize different research goals. To 

highlight the importance of the thermal buoyancy effect in a coal combustion 
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environment of a coal mine goaf, numerical simulation research with and without 

buoyancy effect is conducted based on the experimental conditions. 

5.1.1 Comparison of Numerical Simulation Results for Coal Combustion on 

the Air-Inlet Side  

A comparison of the methane concentration distributions with and without the coal 

combustion-induced buoyancy effect on the air-inlet side in a coal mine goaf is shown in 

Figure 5-1. The general distribution of the methane concentration in a coal mine goaf in 

these two numerical simulation results is similar to each other. The methane 

concentration shows a general increasing trend in both the strike direction and dip 

direction. An obvious difference is the methane concentration distribution around the 

coal combustion area. Without the buoyancy effect, the methane concentration increases 

steadily through the coal combustion area. Under the influence of the buoyancy effect, 

the methane concentration distribution has the shape of an ‘ ƞ ’ around the coal 

combustion area. The methane concentration jumps in the coal combustion area, 

resulting in a methane concentration that is higher than the surrounding area.  

The comparison of the methane concentration distribution along line L-SLine2 and L-

DLine2 is shown in Figure 5-2. In the strike direction in monitor layer 1 (z = 1 cm), 

without the buoyancy effect, the methane concentration at the five monitor points along 

line L1-SLine2 is 0 %, 0.5 %, 1 %, 2.2 % and 5.5 %, respectively. Under the influence of 

the buoyancy effect, the methane concentration at the five monitor points along line L1-

SLine2 is 0 %, 1.8 %, 1.6 %, 3.6 % and 6.8 %, respectively. In the dip direction in 

monitor layer 1 (z = 1 cm), without the buoyancy effect, the methane concentration at the 

five monitor points along line L1-DLine2 is 0 %, 0.45 %, 1 %, 1.45 % and 1.74 %, 

respectively. Under the influence of the buoyancy effect, the methane concentration at 
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the five monitor points along line L1-DLine2 is 0 %, 1.6 %, 1 %, 1.6 % and 3 %, 

respectively. 

 

Figure 5-1 Methane concentration distributions in coal mine goaf with and without 

coal combustion-induced buoyancy effect on air-inlet side. 

Compared to the methane concentration without the influence of the buoyancy effect, 

the methane concentration jump caused by the coal combustion-induced buoyancy effect 

is obvious at the coal combustion location. In the strike direction in monitor layer 2 (z = 

8 cm), without the buoyancy effect, the methane concentration at the five monitor points 

along line L2-SLine2 is 0 %, 0.3 %, 0.7 %, 1.4 % and 3.6 %, respectively. Under the 

influence of the buoyancy effect, the methane concentration at the five monitor points 

along line L2-SLine2 is 0 %, 1.1 %, 0.7 %, 2 % and 3.6 %, respectively. In the dip 
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direction in monitor layer 2 (z = 8 cm), without the buoyancy effect, the methane 

concentration at the five monitor points along line L2-DLine2 is 0 %, 0.35 %, 0.6 %, 

0.95 % and 1.3 %, respectively. Under the influence of the buoyancy effect, the methane 

concentration at the five monitor points along line L2-DLine2 is 0 %, 1.1 %, 0.7 %, 1.1 % 

and 2 %, respectively. As seen in the comparison of the methane concentration 

distribution curves in Figure 5-2, a methane concentration jump appears at the coal 

combustion location in monitor layers 1 and 2 under the influence of the buoyancy effect. 

Without the buoyancy effect, the methane concentration increases steadily and gradually 

along the monitor lines in the coal mine goaf. Due to the dilution effect of strong air 

leakage on the air-inlet side and decreasing porosity in the vertical direction, the methane 

concentration jump caused by the buoyancy effect almost disappears in monitor layer 3, 

which results in a methane concentration distribution that is close to the numerical 

simulation result without the buoyancy effect. 

 

Figure 5-2 Methane concentration distribution curves along L-SLine2 and L-DLine2 

with and without coal combustion-induced buoyancy effect on air-inlet side. 

The distribution of air density in a coal mine goaf with and without the coal 

combustion-induced buoyancy effect on the air-inlet side is shown in Figure 5-3. Under 

these two conditions, the air density changes differently in the vertical direction. In 

monitor layer 1 (z = 1 cm), the air density reduction area obviously shrinks on the 
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windward side of the coal combustion area, resulting in an asymmetrical air density 

distribution. At the same temperature in the coal combustion area, the air density reduces 

to 0.78 kg/m
3
, which is the same value as shown in Figure 5-4. Due to the shrinkage of 

the air density reduction area, the air density gradient is sharper on the windward side of 

the coal combustion area under the buoyancy effect. In the vertical direction, the air 

density reduction under the buoyancy effect is more obvious than the result without the 

buoyancy effect, as shown in Figure 5-4. In monitor layer 2 (z = 8 cm), the air density 

without the buoyancy effect is 0.92 kg/m
3
, which is 7.5 % larger than the air density with 

the buoyancy effect, 0.85 kg/m
3
. In monitor layer 3 (z = 20 cm), the air density without 

the buoyancy effect is 1.07 kg/m
3
, which is 4.2 % larger than the air density with the 

buoyancy effect, 1.025 kg/m
3
. Therefore, the change in the air density is faster and larger 

in the vertical direction under the buoyancy effect. The air density change and the 

corresponding temperature change around the coal combustion area are shown in Figure 

5-5. 

 

Figure 5-3 Air density distributions in coal mine goaf with and without coal 

combustion-induced buoyancy effect on air-inlet side. 

The different changes in air density for these two conditions is related to the airflow 

movement around the coal combustion area. Under the influence of the buoyancy effect, 

negative pressure and upward airflow are formed in the coal combustion area. The 

negative pressure increases the inflow of the air leakage from the windward side of the 
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coal combustion area. Consequently, the temperature on the windward side decreases due 

to the increased air leakage flux. Therefore, the air density reduction area shrinks on the 

windward side of the coal combustion area. Meanwhile, the upward hot airflow increases 

the heat propagation distance in the vertical direction, resulting in higher temperatures in 

monitor layers 2 and 3. As a result, the air density reduction area is larger in the vertical 

direction. Without the buoyancy effect, air leakage exerts impact on the temperature 

distribution on the windward side of the coal combustion area. Meanwhile, there is no 

special airflow movement to enhance heat propagation in the vertical direction. 

 

Figure 5-4 Air density distribution curves along L-SLine2 with and without coal 

combustion-induced buoyancy effect on air-inlet side. 

 

Figure 5-5 Air density and temperature distribution curves along L-SLine2 with and 

without coal combustion-induced buoyancy effect on air-inlet side. 

The pressure distribution in a coal mine goaf with and without the coal combustion-

induced buoyancy effect on the air-inlet side is shown in Figure 5-6. The negative 
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positive pressure caused by the effect of strong air leakage. Without the buoyancy effect, 

local positive pressure is found on the windward side of the coal combustion area in the 

three monitor layers. Under the influence of the buoyancy effect, a local negative 

pressure is found at the coal combustion location in monitor layer 1 and local positive 

pressure is found at the corresponding coal combustion location in monitor layers 2 and 3.  

 

Figure 5-6 Pressure distributions in coal mine goaf with and without coal combustion-

induced buoyancy effect on air-inlet side. 

In monitor layer 1 (z = 1 cm), without the buoyancy effect, the pressure at the five 

monitor points along line L1-SLine2 is 0.84 Pa, 0.83 Pa, 0.817 Pa, 0.81 Pa and 0.807 Pa, 

respectively. Under the influence of the buoyancy effect, the pressure at the five monitor 

points along line L1-SLine2 is 1.082 Pa, 1.018 Pa, 1.068 Pa, 1.077 Pa and 1.076 Pa, 
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respectively. In monitor layer 2 (z = 8 cm), without the buoyancy effect, the pressure at 

the five monitor points along line L2-SLine2 is 0.828 Pa, 0.828 Pa, 0.815 Pa, 0.81 Pa and 

0.806 Pa, respectively. Under the influence of the buoyancy effect, the pressure at the 

five monitor points along line L2-SLine2 is 10.502 Pa, 0.518 Pa, 0.493 Pa, 0.492 Pa and 

0.491 Pa, respectively. In monitor layer 3 (z = 20 cm), without the buoyancy effect, the 

pressure at the five monitor points along line L3-SLine2 is -0.818 Pa, -0.819 Pa, -0.813 

Pa, -0.808 Pa and -0.807 Pa, respectively. Under the influence of the buoyancy effect, the 

pressure at the five monitor points along line L3-SLine2 is -0.77 Pa, -0.745 Pa, -0.78 Pa, 

-0.782 Pa and -0.785 Pa, respectively. The pressure distribution curves with and without 

the coal combustion-induced buoyancy effect are shown in Figure 5-7. 

The comparison of pressure distribution curves, as shown in Figure 5-7, reveals the 

pressure jump appears on the windward side of the coal combustion area without the 

buoyancy effect. This area is approximately 25 cm away from the mining face. This local 

positive pressure is caused by air leakage blocked by the porosity reduction. During the 

spontaneous coal combustion process, the coking of coal appears in the coal combustion 

area to decrease the fracture porosity (Mohanty et al., 2019). In the numerical simulation, 

the porosity reduction caused by a resistor slice is considered. Therefore, the resistor 

slice works as the coking of the coal to locally increase the flow resistance to the strong 

air leakage on the air-inlet side. Consequently, the local pressure increase appears on the 

windward side of the coal combustion area. In contrast, a negative pressure is formed by 

the coal combustion-induced buoyancy effect in the coal combustion area. Meanwhile, a 

local positive pressure is formed above the coal combustion area. The calculated pressure 

change caused by the buoyancy effect in monitor layers 1, 2 and 3 is -0.06 Pa, 0.025 Pa 

and 0.0265 Pa, respectively. Without the buoyancy effect, the pressure change in monitor 

layers 1, 2 and 3 is 0.0015 Pa, 0.0065 Pa and 0.0035 Pa, respectively. 
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Figure 5-7 Pressure distribution curves along L-SLine2 with and without coal 

combustion-induced buoyancy effect on air-inlet side. 

The airflow movement in a coal mine goaf with and without the coal combustion-

induced buoyancy effect on the air-inlet side is shown in Figure 5-8. The similar airflow 

movements in the numerical simulation results are the air leakage. The air leakage flows 

from the air-inlet corner to the air-return corner through the arc-shaped flow path in a 

coal mine goaf. The main differences in the airflow movement caused by the buoyancy 

effect are the upward airflow and the vortex airflow in the coal combustion area. Without 

the buoyancy effect, there is no obvious airflow change at the coal combustion location. 
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Figure 5-8 Airflow distributions in coal mine goaf with and without coal combustion-

induced buoyancy effect on air-inlet side. 

The airflow velocity distribution curves in the coal mine goaf with and without the 

coal combustion-induced buoyancy effect on the air-inlet side are shown in Figure 5-9. 

Without the buoyancy effect, the vertical component of the airflow velocity at the coal 

combustion location in monitor layers 1, 2 and 3 reaches 0.0015 m/s, 0.0085 m/s and 

0.002 m/s, respectively. There is no downward airflow around the coal combustion area. 

Under the influence of the buoyancy effect, the vertical component of the airflow 

velocity at the coal combustion location in monitor layers 1, 2 and 3 reaches 0.03 m/s, 

0.035 m/s and 0.018 m/s, respectively. Meanwhile, in monitor layer 1 (z = 1 cm), the 
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vertical component of the airflow velocity reaches -0.001 m/s on the windward side of 

the coal combustion area and -0.002 m/s on the leeward side of the coal combustion area. 

These negative velocities mean a downward airflow exists around the coal combustion 

area. Therefore, the airflow movement is very different at the coal combustion location 

under these two conditions. Although the air density decreases as the coal combustion 

temperature increases, the upward airflow and the vortex airflow do not appear without 

the buoyancy effect. 

 

Figure 5-9 Vertical airflow velocity distribution curves along L-SLine2 with and 

without coal combustion-induced buoyancy effect on air-inlet side. 

5.1.2 Comparison of Numerical Simulation Results for Coal Combustion on 

the Air-Return Side  

The methane concentration distributions in a coal mine goaf with and without the coal 

combustion-induced buoyancy effect on the air-return side are shown in Figure 5-10. The 

methane concentration shows a general increasing trend in both the strike direction and 

dip direction. Meanwhile, the methane concentration distribution has the shape of an 

upside down ‘n’ around the coal combustion area under the buoyancy effect. 

Furthermore, the methane accumulation in the coal combustion area cannot form without 

the buoyancy effect. 
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The methane concentration distribution curve along line L-SLine5 and L-DLine2 is 

shown in Figure 5-11. In the strike direction in monitor layer 1 (z = 1 cm), the methane 

concentration without the coal combustion-induced buoyancy effect at the five monitor 

points along line L1-SLine5 is 0.8 %, 1.5 %, 3 %, 5 % and 9.5 %, respectively. Under the 

buoyancy effect, the methane concentration at the five monitor points along line L1-

SLine5 is 1 %, 4.1 %, 2.9 %, 4.7 % and 9.1 %, respectively. In the dip direction in 

monitor layer 1 (z = 1 cm), without the buoyancy effect, the methane concentration at the 

five monitor points along line L1-DLine2 is 0.45 %, 0.75 %, 1.08 %, 1.35 % and 1.48 %, 

respectively. Under the buoyancy effect, the methane concentration at the five monitor 

points along line L1-DLine2 is 0.3 %, 0.3 %, 1 %, 3.2 % and 4.1 %, respectively. 

Compared to the steady increase of methane concentration without the buoyancy effect, 

an obvious jump in the methane concentration caused by the buoyancy effect occurs at 

the coal combustion location. In the strike direction in monitor layer 2 (z = 8 cm), 

without the buoyancy effect, the methane concentration at the five monitor points along 

line L2-SLine5 is 0.5 %, 1.3 %, 2 %, 3.4 % and 6.7 %, respectively. Under the buoyancy 

effect, the methane concentration at the five monitor points along line L2-SLine5 is 

0.5 %, 3.8 %, 2 %, 3.3 % and 7 %, respectively. In the dip direction in monitor layer 2 (z 

= 8 cm), without the buoyancy effect, the methane concentration at the five monitor 

points along line L2-DLine2 is 0.3 %, 0.45 %, 0.65 %, 0.85 % and 1.1 %, respectively. 

Under the influence of the buoyancy effect, the methane concentration at the five 

monitor points along line L2-DLine2 is 0.2 %, 0.2 %, 0.2 %, 2.9 % and 3.8 %, 

respectively. Even in monitor layer 3, the methane accumulation caused by the buoyancy 

effect is still obvious. In the strike direction in monitor layer 3 (z = 20 cm), without the 

buoyancy effect, the methane concentration at the five monitor points along line L3-

SLine5 is 0.3 %, 0.8 %, 1.2 %, 2 % and 4.3 %, respectively. Under the buoyancy effect, 
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the methane concentration at the five monitor points along line L3-SLine5 is 0.5 %, 

2.2 %, 1.3 %, 2.2 % and 4.2 %, respectively. In the dip direction in monitor layer 3 (z = 

20 cm), without the influence of the buoyancy effect, the methane concentration at the 

five monitor points along line L3-DLine2 is 0.18 %, 0.25 %, 0.34 %, 0.47 %  and 0.72 %, 

respectively. Under the buoyancy effect, the methane concentration at the five monitor 

points along line L3-DLine2 is 0.18 %, 0.18 %, 0.18 %, 1 % and 2.2 %, respectively. A 

comparison of the methane concentration distribution curves is shown in Figure 5-11. 

 

Figure 5-10 Methane concentration distributions in coal mine goaf with and without 

coal combustion-induced buoyancy effect on air-return side. 
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Figure 5-11 Methane concentration distribution curves along L-SLine5 and L-DLine2 

with and without coal combustion-induced buoyancy effect on air-return side. 

 

Figure 5-12 Air density distributions in coal mine goaf with and without coal 

combustion-induced buoyancy effect on air-return side. 

 

Figure 5-13 Air density distribution curves along L-SLine5 with and without coal 

combustion-induced buoyancy effect on air-return side. 

The distribution of the air density in a coal mine goaf with and without the buoyancy 

effect on the air-return side is shown in Figure 5-12. In the strike direction in monitor 

layer 1, the distribution of the air density is symmetrical around the coal combustion area. 
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There is little difference between the horizontal air density distributions under these two 

conditions. The air density decreases to the same density of 0.78 kg/m
3
 in the coal 

combustion center, while the air density outside the influence area of the coal 

combustion is 1.08 kg/m
3
. In the vertical direction, the decrease in the air density under 

the buoyancy effect is slightly larger. In monitor layer 2 (z = 8 cm) the air density 

without the buoyancy effect is 0.92 kg/m
3
, 2.2 % larger than the air density under the 

buoyancy effect, 0.9 kg/m
3
. In monitor layer 3 (z = 20 cm), the air density without the 

buoyancy effect is 1.07 kg/m
3
, 1 % larger than the air density under the buoyancy effect, 

1.06 kg/m
3
. The air density distribution along line L-SLine5 is shown in Figure 5-13. 

The air density change and corresponding temperature change around the coal 

combustion area are shown in Figure 5-14. The small difference in the air density change 

under these two conditions is mainly related to the airflow movement at the coal 

combustion location. Due to flow resistance, the air leakage weakens and imposes little 

impact on the airflow movement on the air-return side in the coal mine goaf. Therefore, 

the coal combustion-induced buoyancy effect becomes the main factor to change the 

airflow around the coal combustion area. Due to the small influence of the air leakage, 

the negative pressure that formed in the coal combustion area causes a stable inflow of 

the surrounding air to form an upward airflow. Without a strong air leakage to increase 

the airflow flux in the coal combustion area, the vertical heat propagation is limited to 

the coal combustion location. Consequently, the vertical air density reduction under the 

buoyancy effect is slightly larger than the result without the buoyancy effect. Therefore, 

the temperature distribution on the air-return side is rather stable. The coal combustion-

induced buoyancy effect is the main factor that influences the vertical temperature 

distribution due to weak air leakage on the air-return side in a coal mine goaf.  
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Figure 5-14 Air density and temperature distribution curves along L-SLine5 with and 

without coal combustion-induced buoyancy effect on air-return side. 

 

Figure 5-15 Pressure distributions in coal mine goaf with and without coal 

combustion-induced buoyancy effect on air-return side. 
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buoyancy effect, the pressure distribution in the strike direction monotonically increases 

in the three monitor layers. In contrast, under the influence of the buoyancy effect, a 

local negative pressure is formed at the coal combustion location in monitor layer 1, 

while a local positive pressure is formed at the corresponding coal combustion location 

in monitor layers 2 and 3.  

A comparison of the pressure distribution curves is shown in Figure 5-16. In monitor 

layer 1 (z = 1 cm), without the buoyancy effect, the pressure at the five monitor points 

along line L1-SLine4 is 1.203 Pa, 1.233 Pa, 1.245 Pa, 1.257 Pa and 1.266 Pa, 

respectively. Under the buoyancy effect, the pressure at the five monitor points along line 

L1-SLine4 is 1.63 Pa, 1.608 Pa, 1.69 Pa, 1.71 Pa and 1.72 Pa, respectively. A pressure 

drop appears at the coal combustion location in the pressure distribution curve. In 

monitor layer 2 (z = 8 cm), without the buoyancy effect, the pressure at the five monitor 

points along line L2-SLine4 is 1.207 Pa, 1.235 Pa, 1.245 Pa, 1.257 Pa and 1.267 Pa, 

respectively. Under the buoyancy effect, the pressure at the five monitor points along line 

L2-SLine4 is 1.065 Pa, 1.107 Pa, 1.098 Pa, 1.12 Pa and 1.135 Pa, respectively. In 

monitor layer 3 (z = 20 cm), without the buoyancy effect, the pressure at the five monitor 

points along line L3-SLine4 is 1.215 Pa, 1.235 Pa, 1.247 Pa, 1.257 Pa and 1.267 Pa, 

respectively. Under the buoyancy effect, the pressure at the five monitor points along line 

L3-SLine4 is -0.187 Pa, -0.148 Pa, -0.162 Pa, -0.15 Pa and -0.14 Pa, respectively. The 

pressure jump appears at the corresponding coal combustion location in monitor layer 2 

and 3. Owing to the weak air leakage on the air-return side, the downward airflow near 

the mining face doesn’t cause obvious pressure change without the buoyancy effect.  In 

contrast, a pressure jump appears at the coal combustion location in monitor layers 2 and 

3. Due to weak air leakage on the air-return side, the downward airflow near the mining 

face does not cause an obvious pressure change without the buoyancy effect. In contrast, 
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a negative pressure and positive pressure are formed at the coal combustion location if 

the buoyancy effect is considered.  

 

Figure 5-16 Pressure distribution curves along L-SLine4 with and without coal 

combustion-induced buoyancy effect on air-return side. 

The distribution of the airflow movement in a coal mine goaf with and without the 

coal combustion-induced buoyancy force on the air-return side is shown in Figure 5-17. 

The air leakage has a similar airflow movement and it appears in the coal mine goaf 

under these two conditions. The air leakage starts from the air-inlet corner and ends at 

the air-return corner after experiencing an arc-shaped flow path in the coal mine goaf. On 

the air-return side in the coal mine goaf, the airflow movement is like an inward 

spherical radiation toward the air-return corner. A different airflow movement appears at 

the coal combustion location. Under the buoyancy effect, the special upward airflow and 

a1. z = 1 cm 

(No buoyancy effect) 

b2. z = 8 cm 

(Buoyancy effect) 

c2. z = 20 cm 

(Buoyancy effect) 

Pressure drop 

Pressure jump 
P

re
ss

u
re

 /
 P

a 

Pressure jump 

P
re

ss
u
re

 /
 P

a 
P

re
ss

u
re

 /
 P

a 

P
re

ss
u
re

 /
 P

a 
P

re
ss

u
re

 /
 P

a 
P

re
ss

u
re

 /
 P

a 

a2. z = 1 cm 

(Buoyancy effect) 

b1. z = 8 cm 

(No buoyancy effect) 

c1. z = 20 cm 

(No buoyancy effect) 

Location in strike direction / cm Location in strike direction / cm 

Location in strike direction / cm Location in strike direction / cm 

Location in strike direction / cm Location in strike direction / cm 



 
School of Engineering 

                                                                                The University of Western Australia 

- 107 - 
 

the vortex airflow form in the coal combustion area. These new airflow movements only 

occur with the coal combustion-induced buoyancy effect.  

 

Figure 5-17 Airflow distributions in coal mine goaf with and without coal 

combustion-induced buoyancy effect on air-return side. 

The airflow velocity distribution in a coal mine goaf with and without the buoyancy 

effect on the air-return side is shown in Figure 5-18. Without the buoyancy effect, the 

vertical component of the airflow velocity at the corresponding combustion location in 

monitor layers 1, 2 and 3 reaches -0.0005 m/s, -0.0007 m/s and -0.0008 m/s, respectively. 

The airflow at the coal combustion location is always a downward movement. In contrast, 

under the buoyancy effect, the vertical component of the airflow velocity at the 

corresponding coal combustion location in monitor layers 1, 2 and 3 reaches 0.013 m/s, 

0.008 m/s and 0.0022 m/s, respectively, which indicates an upward airflow in the coal 

No unique airflow movement 

 

Flow path of air leakage  

a. No buoyancy effect 

 

b. Buoyancy effect 

Flow path of air leakage  

Upward airflow and 

vortex airflow 



 
School of Engineering 

                                                                                The University of Western Australia 

- 108 - 
 

combustion area. Meanwhile, the vertical component of the airflow velocity on the 

windward side and leeward side of the coal combustion area reaches -0.0005 m/s and -

0.001 m/s, respectively, which means downward airflow around the coal combustion 

area. Therefore, the airflow movement is very different at the coal combustion location 

under these two conditions. Without the buoyancy effect, there is only downward airflow 

at the coal combustion location on the air-return side in the coal mine goaf. Under the 

buoyancy effect, there are an obvious upward airflow in the coal combustion area and  

vortex airflow around the coal combustion area. 

                       

Figure 5-18 Vertical airflow velocity distribution curves along L-SLine5 with and without 

coal combustion-induced buoyancy effect on air-return side. 

5.2 Sensitivity of the Gas Flow Model Coupled Buoyancy Effect 

In the experimental research on the formation process of a coal combustion-induced 
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gases are usually used to determine the stage of spontaneous coal combustion through the 

tube bundle system in a coal mine goaf (Xie et al., 2011). Coal burning occurs when the 

ignition temperature for coal, around 700 K, is reached (Wang, 2011).  The minimum 

ignition temperature of methane is greater than 900 K. Based on these temperatures, the 

author chosen 700 K, 400 K and 500 K as the representative ignition temperature, 

formation temperatures of ethylene and acetylene, respectively to the sensitivity of the 

gas flow model.  

 

Figure 5-19 Methane concentration distribution curves along L1-SLine2 and L1-

SLine5 under different temperatures. 

 

Figure 5-20 Methane concentration changes at coal combustion location. 
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SLine2 (z = 1 cm) is 0 %, 1.8 %, 1.6 %, 2.5 % and 6.2 %, respectively. When coal 

combustion temperature reaches 500 K, the methane concentration at the five monitor 

points along line L1-SLine2 (z = 1 cm) reaches 0 %, 2.4 %, 2.1 %, 2.8 % and 6.3 %, 

respectively. When coal combustion temperature reaches 700 K, the methane 

concentration at the five monitor points along line L1-SLine2 (z = 1 cm) increases to 0 %, 

3.4 %, 3 %, 3.7 % and 6.5 %, respectively. When coal combustion temperature reaches 

1000 K, the methane concentration at the five monitor points along line L1-SLine2 (z = 1 

cm) increases to 0 %, 4.2 %, 4 %, 4.4 % and 7.3 %, respectively. As shown in Figure 5-

20a, the accumulated methane concentration at the coal combustion location increases 

from 1.8 % at 400 K to 4.2 % at 1000 K. The methane concentration on the windward 

side of the coal combustion area changes little, while it gradually increases on the 

leeward side. The methane concentration distributions in a coal mine goaf with a 

spontaneous coal combustion area on the air-inlet side are shown in Figure 5-21. 

 

Figure 5-21 Methane concentration distributions in coal mine goaf under different 

coal combustion temperatures on air-inlet side. 
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When spontaneous coal combustion area appears on the air-return side and the 

combustion temperature reaches 400 K, the methane concentration at the five monitor 

points along line L1-SLine5 (z = 1 cm) is 1 %, 4.1 %, 2.9 %, 4.7 % and 9.1 %, 

respectively. When coal combustion temperature reaches 500 K, the methane 

concentration at the five monitor points along line L1-SLine5 (z = 1 cm) reaches 1.7 %, 

4.9 %, 3.2 %, 4.5 % and 9.5 %, respectively. When coal combustion temperature reaches 

700 K, the methane concentration at the five monitor points along line L1-SLine5 (z = 1 

cm) is 2 %, 5.7 %, 4.1 %, 4.8 % and 9.5 %, respectively. When coal combustion 

temperature reaches 1000 K, the methane concentration at the five monitor points along 

line L1-SLine5 (z = 1 cm) is 2.5 %, 7 %, 5.2 %, 5.6 % and 9.7 %, respectively. As shown 

in Figure 5-20b, the accumulated methane concentration at the coal combustion location 

increases from 4.1 % at 400 K to 7 % at 1000 K. The methane concentration distributions 

in a coal mine goaf with a spontaneous coal combustion area on the air-return side are 

shown in Figure 5-22.  

 

Figure 5-22 Methane concentration distributions in coal mine goaf under different 

coal combustion temperatures on air-return side. 
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Figure 5-23 Air density distribution curves along L1-SLine2 and L1-SLine5 under 

different coal combustion temperatures. 

 

Figure 5-24 Air density and gravity changes with coal combustion temperature. 
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shrinkage of the air density reduction area on the windward side weakens as the 

temperature increases. As shown in Figure 5-24a, the air density at the coal combustion 

location decreases from 0.78 kg/m
3
 at 400 K to 0.3 kg/m

3
 at 1000 K. The air gravity 

change is shown in Figure 5-24b. The air density distributions in a coal mine goaf with a 

coal combustion area on the air-inlet side are shown in Figure 5-25. 

 

Figure 5-25 Air density distributions in coal mine goaf under different coal 

combustion temperatures on air-inlet side. 

 

Figure 5-26 Air density distributions in coal mine goaf under different coal 

combustion temperatures on air-return side. 
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When coal combustion area appears on the air-return side and the combustion 

temperature is 400 K, the air density at the five monitor points along line L1-SLine5 (z = 

1 cm) is 0.99 kg/m
3
, 0.78 kg/m

3
, 1.08 kg/m

3
, 1.08 kg/m

3
 and 1.08 kg/m

3
, respectively. 

When the coal combustion temperature reaches 500 K, the air density at the five monitor 

points along line L1-SLine5 (z = 1 cm) is 0.94 kg/m
3
, 0.63 kg/m

3
, 1.08 kg/m

3
, 1.08 

kg/m
3
 and 1.08 kg/m

3
, respectively. When the coal combustion temperature is 700 K, the 

air density at the five monitor points along line L1-SLine5 (z = 1 cm) is 0.86 kg/m
3
, 0.45 

kg/m
3
, 1.08 kg/m

3
, 1.08 kg/m

3
 and 1.08 kg/m

3
, respectively. When the coal combustion 

temperature reaches 1000 K, the air density at the five monitor points along line L1-

SLine5 (z = 1 cm) is 0.75 kg/m
3
, 0.3 kg/m

3
, 1.08 kg/m

3
, 1.08 kg/m

3
 and 1.08 kg/m

3
, 

respectively. As shown in Figure 5-24a, the air density at the coal combustion location 

decreases from 0.78 kg/m
3
 at 400 K to 0.3 kg/m

3
 at 1000 K. The air gravity change is 

shown in Figure 5-24b. The air density distributions in a coal mine goaf with a 

spontaneous coal combustion area on the air-return side are shown in Figure 5-26. 

 

Figure 5-27 Pressure distributions in coal mine goaf under different coal combustion 

temperatures on air-inlet side. 
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Under different coal combustion temperatures on the air-inlet side, the pressure 

distribution in a coal mine goaf is shown in Figure 5-27. When the coal combustion 

temperature is 400 K, the pressure at the five monitor points along line L1-SLine2 (z = 1 

cm) is 1.082 Pa, 1.018 Pa, 1.068 Pa, 1.077 Pa and 1.076 Pa, respectively. When the coal 

combustion temperature reaches 500 K, the pressure at the five monitor points along line 

L1-SLine2 (z = 1 cm) is 1.07 Pa, 0.975 Pa, 1.06 Pa, 1.078 Pa and 1.078 Pa, respectively. 

When the coal combustion temperature reaches 700 K, the pressure at the five monitor 

points along line L1-SLine2 (z = 1 cm) is 1.028 Pa, 0.88 Pa, 1.04 Pa, 1.08 Pa and 1.084 

Pa, respectively. When the coal combustion temperature is 1000 K, the pressure at the 

five monitor points along line L1-SLine2 (z = 1 cm) is 1.01 Pa, 0.81 Pa, 1.02 Pa, 1.08 Pa 

and 1.09 Pa, respectively. Taking the pressure in the coal combustion center as the 

benchmark, the pressure change curve along line L1-SLine2 is shown in Figure 5-29a. 

As shown in Figure 5-30a, the negative pressure formed at the coal combustion location 

increases from 0.057 Pa at 400 K to 0.205 Pa at 1000 K.  

 

Figure 5-28 Pressure distributions in coal mine goaf under different coal combustion 

temperatures on air-return side. 
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Figure 5-29 Pressure difference distribution curves along L1-SLine2 and L1-SLine4 

under different coal combustion temperatures. 

 

Figure 5-30 Pressure difference changes at coal combustion location.  

Under different coal combustion temperatures on the air-return side, the pressure 

distributions in a coal mine goaf are shown in Figure 5-28. When the coal combustion 

temperature reaches 400 K, the pressure at the five monitor points along line L1-SLine4 

(z = 1 cm) is 1.63 Pa, 1.608 Pa, 1.685 Pa, 1.707 Pa and 1.72 Pa, respectively. When the 

coal combustion temperature is 500 K, the pressure at the five monitor points along line 

L1-SLine4 (z = 1 cm) is 1.618 Pa, 1.56 Pa, 1.68 Pa, 1.71 Pa and 1.725 Pa, respectively. 

When the coal combustion temperature reaches 700 K, the pressure at the five monitor 

points along line L1-SLine4 (z = 1 cm) is 1.59 Pa, 1.48 Pa, 1.67 Pa, 1.718 Pa and 1.73 Pa, 

respectively. When the coal combustion temperature reaches 1000 K, the pressure at the 

five monitor points along line L1-SLine4 (z = 1 cm) is 1.55 Pa, 1.39 Pa, 1.65 Pa, 1.73 Pa 
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and 1.75 Pa, respectively. Taking the pressure in the coal combustion center as the 

benchmark, the pressure change curve along L1-SLine4 is shown in Figure 5-29b. After 

the calculation, the negative pressure at the coal combustion location increases from 

0.0495 Pa at 400 K to 0.21 Pa at 1000 K as shown in Figure 5-30b. 

5.3 Formation Mechanism of Methane Accumulation  

According to the experimental and numerical research results, a methane 

accumulation appears at the spontaneous coal combustion location in a coal mine goaf, 

which increases the danger of a coal combustion-triggered methane explosion disaster. 

Based on the numerical research results, a series of changes in the airflow field appear at 

the coal combustion location during the formation process of methane accumulation in a 

coal mine goaf. For example, the air density and air gravity decrease, and the upward 

airflow and the vortex airflow develop, and a negative pressure and positive pressure 

develop at the coal combustion location. After the comparison, the airflow characteristics 

at the coal combustion location are in accordance with the chimney effect. 

 

Figure 5-31 Porous chimney effect caused by spontaneous coal combustion in coal 

mine goaf. 
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The chimney effect is a common phenomenon in buildings. The chimney effect is the 

airflow movement that results from an indoor-to-outdoor air density difference caused by 

a temperature change (Cammelli and Mijorski, 2016). The temperature difference 

between the inside and the outside of a building produces the buoyancy force. The 

magnitude and direction of the buoyancy force are determined by the temperature 

gradient. Due to the inside space being connected to the outside space, the chimney 

effect in a building could cause an indoor-to-outdoor airflow convection. If the 

temperature is higher inside the building, an upward airflow is formed and the air flows 

out from the top. Meanwhile, a negative pressure is formed at the base that causes the 

surrounding air to the flow into the building. If the temperature is lower inside the 

building, an opposite airflow movement will form. As shown in Figure 5-31a, an 

industrial chimney shows the chimney effect better for a high temperature difference and 

small flow resistance. In the typical chimney effect, the air is heated at the base to form 

an upward airflow. During this process, a negative pressure forms at the base to form air 

suction while a positive pressure forms along the upward flow path. A larger temperature 

difference causes a larger chimney effect.  

At the spontaneous coal combustion location in a coal mine goaf, the local airflow 

movements show a new airflow phenomenon besides the typical airflow characteristics 

of the chimney effect. In this research, the airflow characteristic at the coal combustion 

location in a coal mine goaf is called the porous chimney effect. At first, the porous 

chimney effect has all the airflow characteristics of the chimney effect, such as upward 

airflow, air suction, negative pressure and positive pressure. Compared to the typical 

chimney effect, the new airflow movements of the porous chimney effect include a 

transverse airflow, downward airflow and vortex airflow, as shown in Figure 5-31b. Due 

to the complex distribution of coal mine goaf porosity, it is inevitable for the upward 
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airflow at the coal combustion location to have horizontal movement during its upward 

flow path. When the transverse airflow moves out of the high temperature area, the 

buoyancy force weakens and disappears due to the temperature decrease. Therefore, the 

upward airflow movement turns into a downward airflow movement around the coal 

combustion area. When the downward airflow reaches the coal combustion area at the 

bottom, it is pumped into the coal combustion area due to the negative pressure. 

Consequently, the vortex airflow is formed by the upward airflow, transverse airflow, 

downward airflow and air suction. In a coal mine goaf, the void space and the fractures at 

the coal combustion location provide flow channels for the outward movement of inner 

airflow as well as an invasion movement of the external airflow. As shown in Figure 5-

31c, when the external airflow is strong enough, it can overcome the chimney effect to 

rush into the coal combustion area and influence the upward airflow movement.  

Based on the experimental and numerical simulation results, the porous chimney 

effect can be used to reveal the disaster formation mechanism of a coal combustion-

triggered methane explosion in a coal mine goaf. Under the porous chimney effect, the 

methane accumulation and special airflow movements appear at the coal combustion 

location. The formation processes of a methane explosion disaster in a coal mine goaf are 

detailed as follows: (1) the high temperature of spontaneous coal combustion decreases 

the air density to form the local buoyancy effect, and then the buoyancy effect develops 

into the porous chimney effect in a porous coal mine goaf; (2) under the porous chimney 

effect, a negative pressure is formed in the coal combustion area that causes the 

continuous inflow of nearby dense methane, resulting in methane accumulation in the 

coal combustion area; (3) the accumulated methane in the coal combustion area is forced 

to flow upward under the buoyancy effect, resulting in vertical methane accumulation at 

the coal combustion location; (4) during the rising process of the methane flow, some 
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methane horizontally moves out of the high temperature area due to the coal mine goaf 

porosity, this methane flow changes from an upward movement to a downward 

movement; (5) when the downward methane flow reaches the coal mine goaf bottom, the 

methane is pumped into the coal combustion area again due to the negative pressure, 

resulting in methane accumulation at the coal combustion location; (6) the air leakage 

may influence the porous chimney effect on the air-inlet side and cause the methane 

accumulation location to drift, which seldom happens at the coal combustion location on 

the air-return side; (7) the accumulated methane is ignited by the high temperature of 

spontaneous coal combustion to form a methane explosion disaster in a coal mine goaf. 

5.4 Brief Summary 

Without the buoyancy effect, the experimental methane accumulation results cannot 

be reproduced in the numerical simulation results. Meanwhile, upward airflow, vortex 

airflow and negative pressure are not found at the coal combustion location. The gas flow 

model coupled buoyancy effect is sensitive to temperature. Methane accumulation can 

form at 400 K. As the temperature of the coal combustion increases, the accumulated 

methane concentration gradually increases to its maximum. Based on the characteristics 

of the airflow field at the coal combustion location, the porous chimney effect is 

proposed to reveal the disaster formation mechanism of a coal combustion-triggered 

methane explosion in a coal mine goaf.  
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Chapter 6 Mitigation of Methane Accumulation  

A coal combustion-triggered methane explosion in a coal mine goaf is the 

superimposed result of methane migration and an increasing coal combustion 

temperature. Early detection of spontaneous coal combustion and methane accumulation 

is important step to initiate preventive measures to avoid a possible methane explosion 

disaster. Based on the conditions of this explosion disaster, many disaster prevention 

measures, such as inert gas injection, are developed to reduce coal-oxygen contact and 

improve explosive methane limit (Greuer, 1974; Ma et al., 2010). Ventilation dilution is 

an empirical engineering measure proposed to prevent a coal combustion-triggered 

methane explosion disaster in a coal mine goaf (Tutak and Brodny, 2018; State, 2016; 

Kissell, 2006). However, the disaster prevention effect of the ventilation dilution is not 

clear enough. Based on the disaster formation mechanism revealed in this research, the 

disaster prevention effect of the ventilation dilution is studied in this chapter.  

According to engineering research, methane concentration in a coal mine goaf can 

reach 40 % and even higher (Yu, 2014). Therefore, a methane concentration of 40 % is 

adopted as one condition in the numerical simulation research. Meanwhile, based on the 

temperature of ethylene from coal combustion and ignition temperatures of coal and 

methane, 400 K, 700 K and 900 K are adopted to represent the early stage, middle stage 

and late stage of spontaneous coal combustion in a coal mine goaf. According to the coal 

mine safety regulations in China, the ventilation efficiency should be greater than 60 % 

and a spare ventilation fan is necessary (Zhang, 2007; State, 2016). Additionally, some 

local auxiliary devices can be used to enhance the ventilation. Consequently, airflow 

velocities of 0.2 m/s and 1.2 m/s are selected as the normal ventilation condition and the 

enhanced ventilation condition, respectively. Therefore, the dynamic disaster prevention 
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effect of the ventilation dilution under these conditions is studied in a numerical 

simulation. 

6.1 Early Stage of Spontaneous Coal Combustion 

When the spontaneous coal combustion temperature is around 400 K, ethylene will 

appear as the characteristic gas and it can be used to determine the early stage of 

spontaneous coal combustion in a coal mine goaf. To study the disaster prevention effect 

of the ventilation dilution in this coal combustion stage, the distribution of methane 

concentration, temperature and negative pressure are analyzed at four times, 40, 80, 120, 

and 160 minutes. The ventilation dilution begins at 120 minutes.  

6.1.1 Spontaneous Coal Combustion on the Air-Inlet Side  

When a spontaneous coal combustion area appears on the air-inlet side in a coal mine 

goaf, a dynamic methane concentration distribution occurs as shown in Figure 6-1. The 

red dot in the figure means the area where the temperature is above 400 K. At 40 minutes, 

the methane concentration in the coal combustion area is 1 % and the coal combustion 

temperature does not reach 400 K. The methane accumulation is not obvious at this 

moment. At 80 minutes, the methane accumulation starts to appear at the upper right 

corner of the coal combustion area. The accumulated methane concentration is 2.5 % and 

the coal combustion temperature is 385 K. At 120 minutes, the coal combustion 

temperature reaches 400 K and the accumulated methane accumulation reaches 7.5 % at 

the upper right corner of the coal combustion area. In the strike direction, the points 

where the temperature is 400 K along line L1-SLine2 are selected as the representative 

points to show the change in the methane concentration. Taking the location of the coal 

combustion center as the origin, the change of the methane concentration at the 

representative points is shown in Figure 6-2.  
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Figure 6-1 Effect of ventilation dilution on methane accumulation at coal combustion 

location on air-inlet side (T = 400 K). 

 

Figure 6-2 Effect of ventilation dilution on methane concentration at coal combustion 

location on air-inlet side (T = 400 K). 

Before ventilation dilution, the maximum methane concentration at point (5, 0) 

reaches 4.4 % on the leeward side of the coal combustion area, while the minimum 

methane concentration reaches 2.4 % at point (-4, 0) on the windward side of the coal 

combustion area. After ventilation dilution starts at 120 minutes, the accumulated 

methane concentration reduces fast. At 160 minutes, the methane concentration at the 
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above two points decrease to 1.7 % and 1.1 %, respectively. The accumulated methane 

concentration at the upper right corner of the coal combustion area decreases to 3.8 %. 

Meanwhile, points (8, 0) and (-2, 0) become the new locations where the temperature is 

400 K with an increase in the coal combustion temperature. The maximum methane 

concentration decreases to 2 % at point (8, 0) on the leeward side of the coal combustion 

area, while the minimum methane concentration decreases to be 1.2 % at point (-2, 0) on 

the windward side of the coal combustion area. 

 

Figure 6-3 Effect of ventilation dilution on temperature distribution at coal 

combustion location on air-inlet side (T = 400 K).  

The ventilation dilution also influences the temperature distribution around the coal 

combustion area. The temperature distribution of the section view before and after the 

ventilation dilution is shown in Figure 6-3. The red arrow represents the airflow direction 

in the figure. Before ventilation dilution, the temperature distribution around the coal 

combustion area is in the shape of a semicircle with a slight shrinkage on the windward 

side. The main airflow movement is the upward airflow in the coal combustion area. 

After ventilation dilution, the temperature distribution changes to be a half ellipse with 

an obvious shrinkage on the windward side. Meanwhile, the upward airflow in the coal 

combustion area inclines to the leeward side. Due to ventilation dilution, the air leakage 
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flux increases, which enhances the vertical heat dissipation at the coal combustion 

location, resulting in a smaller temperature gradient in the vertical direction.  

 

Figure 6-4 Effect of ventilation dilution on temperature distribution curves around 

coal combustion area on air-inlet side (T = 400 K). 

A detailed influence of ventilation dilution on the temperature distribution can be 

found through the change in the temperature distribution curve shown in Figure 6-4. In 

the horizontal direction, the ventilation dilution leads to a drift of the center of the high 

temperature area. In monitor layer 1 (z = 1 cm), the center of the high temperature area 

moves to the leeward side by 2 cm after ventilation dilution. In monitor layer 2 (z = 8 

cm), the center of the high temperature area moves to the leeward side by 4 cm after 

ventilation dilution. In the vertical direction, the temperature difference caused by 

ventilation dilution is almost zero in monitor layers 1 and 2. However, close to monitor 
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layer 3, the temperature difference reaches a maximum, 15 K. Thereafter, the 

temperature difference gradually decreases to zero as the height increases. 

 

Figure 6-5 Effect of ventilation dilution on pressure difference in coal combustion 

area on air-inlet side (T = 400 K). 

According to the change in the methane concentration distribution and temperature 

distribution in the coal mine goaf, ventilation dilution can effectively decrease the risk of 

a methane explosion when a spontaneous coal combustion area of 400 K appears on the 

air-inlet side in a coal mine goaf. An obvious methane accumulation occurs at the 

spontaneous coal combustion location and the methane concentration is close the 

explosive methane concentration limits. Under this condition, the ventilation dilution can 

decrease the accumulated methane concentration to a safer range quickly. Since the 

methane accumulation is caused by the porous chimney effect, the ventilation dilution 

decreases the accumulated methane concentration by enlarging the air leakage to 

influence the porous chimney effect. The competition between the enhanced air leakage 

and the porous chimney effect is shown by the change in the pressure difference in the 

coal combustion area, as shown in Figure 6-5. The negative pressure of the porous 

chimney effect changes to positive pressure after ventilation dilution.  
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6.1.2 Spontaneous Coal Combustion on the Air-Return Side  

When a spontaneous coal combustion area appears on the air-return side in a coal 

mine goaf, a change in the methane concentration distribution occurs, as shown in Figure 

6-6. The red dot represents the area where the temperature is above 390 K. At 40 minutes, 

the coal combustion temperature is approximately 345 K. The methane accumulation is 

obvious at this moment and the accumulated methane concentration reaches 12.5 % in 

the coal combustion area. At 80 minutes, the coal combustion temperature is 

approximately 375 K. The methane accumulation gets consolidated and the accumulated 

methane concentration increases to 14 %. At 120 minutes, the coal combustion 

temperature reaches 396 K and the accumulated methane concentration reaches 15.5 %. 

In the strike direction, points where the temperature is 390 K along line L1-SLine5 are 

selected as the representative points to show the change in methane concentration. 

Taking the location of the coal combustion center as the origin, the change in methane 

concentration at the representative points is shown in Figure 6-7. Before ventilation 

dilution, the maximum methane concentration reaches 15.5 % at point (4, 0) on the 

leeward side of the coal combustion area, while the minimum methane concentration 

reaches 12.5 % at point (-5, 0) on the windward side. After ventilation dilution begins at 

120 minutes, the methane concentration in the accumulation area reduces quickly. At 160 

minutes, the methane concentration at the above two points decreases to 9.2 % and 7.8 %, 

respectively. The accumulated methane concentration decreases to 8.8 % although 

methane accumulation is still obvious in the coal combustion area. Meantime, point (7, 0) 

and point (-8, 0) become the new location where the temperature is 400 K with an 

increase in the coal combustion temperature. The maximum methane concentration 

decreases to 9.5 % at point (7, 0) on the leeward side of the coal combustion area, while 
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the minimum methane concentration decreases to 7 % at point (-8, 0) on the windward 

side. 

 

Figure 6-6 Effect of ventilation dilution on methane accumulation at coal combustion 

location on air-return side (T = 400 K). 

 

Figure 6-7 Effect of ventilation dilution on methane concentration at coal combustion 

location on air-return side (T = 400 K). 
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Figure 6-8 Effect of ventilation dilution on temperature distribution at coal 

combustion location on air-return side (T = 400 K). 

 

Figure 6-9 Effect of ventilation dilution on temperature distribution curves around 

coal combustion area on air-return side (T = 400 K). 
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With spontaneous coal combustion on the air-return side in a coal mine goaf, the 

temperature distribution on the section view before and after ventilation dilution is 

shown in Figure 6-8. The red arrow represents the airflow direction. Before ventilation 

dilution, the temperature distribution around the coal combustion area has the shape of a 

symmetrical semicircle. The main airflow in the coal combustion area is an upward 

movement. After ventilation dilution, the temperature distribution changes little without 

obvious deformation. Meanwhile, the main airflow in the coal combustion area slightly 

inclines to the windward side. Meanwhile, the vortex airflow outside the combustion area 

weakens a little. However, the center of the high temperature area does not move. 

Additionally, the horizontal and vertical temperature differences change little, as shown 

in Figure 6-9. Therefore, ventilation dilution exerts little impact on the temperature 

distribution around the coal combustion area on the air-return side in a coal mine goaf.  

 

Figure 6-10 Effect of ventilation dilution on pressure difference in coal combustion 

area on air-return side (T = 400 K).  

Based on these research results and analysis, methane accumulation appears easily 

and stably in the spontaneous coal combustion area on the air-return side although 
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accumulated methane concentration is always in the explosive methane limits before and 
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after ventilation dilution. Because of the large amount of energy consumed along the 

flow path of air leakage, the ventilation dilution exerts limited impact on the porous 

chimney effect in the coal combustion area on the air-return side. At this moment, the 

main effect of ventilation dilution is to dilute the methane concentration around the coal 

combustion area. The air leakage flows back to the air-return roadway on the windward 

side of the coal combustion area, resulting in a weakening of the negative pressure of the 

porous chimney effect on the windward side, as shown in Figure 6-10. 

6.2 Middle Stage of Spontaneous Coal Combustion 

The ignition temperature of coal is around 700 K and this temperature is selected to 

represent the middle stage of spontaneous coal combustion in a coal mine goaf. The 

disaster prevention effect of ventilation dilution in this coal combustion stage is analyzed 

using the distribution of the methane concentration, temperature and pressure in the coal 

mine goaf at four times, 40, 80, 120, and 160 minutes. The ventilation dilution starts at 

120 minutes.  

6.2.1 Spontaneous Coal Combustion on the Air-Inlet Side  

When the spontaneous coal combustion area appears on the air-inlet side in a coal 

mine goaf and the temperature reaches 700 K, the methane concentration distribution at 

different times is shown in Figure 6-11. The red dot in the figure means the area where 

the temperature is above 700 K. At 40 minutes, the methane concentration in the coal 

combustion area is 3 % and the coal combustion temperature does not reach 700 K. 

However, a slight methane accumulation is found at the upper right corner of the coal 

combustion area. At 80 minutes, the coal combustion temperature reaches 655 K and the 

methane concentration in the coal combustion area reaches 4.2 %. The accumulated 

methane concentration reaches 9.5 % at the upper right corner of the coal combustion 
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area. At 120 minutes, the coal combustion temperature reaches 700 K and the methane 

concentration in the coal combustion area increases to 5.9 %. Meanwhile, the methane 

accumulation consolidates at the upper right corner of the coal combustion area. The 

accumulated methane concentration reaches 11.8 %. In the strike direction, the points 

where the temperature is 700 K along line L1-SLine2 are selected as the representative 

points to show the change in methane concentration. Taking the location of the coal 

combustion center as the origin, the change in methane concentration at the 

representative points is shown in Figure 6-12.  

 

Figure 6-11 Effect of ventilation dilution on methane accumulation at coal 

combustion location on air-inlet side (T = 700 K). 

Before ventilation dilution, the maximum methane concentration at point (5, 0) 

reaches 7.8 % on the leeward side of the coal combustion area, while the minimum 
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combustion area. After ventilation dilution starts at 120 minutes, the accumulated 
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methane concentration decreases to 5.9 % at the upper right corner of the coal 

combustion area, but methane accumulation is still obvious. The points (6, 0) and (-4, 0) 

become the new representative points. The maximum methane concentration decreases to 

be 3 % at point (6, 0) on the leeward side of the coal combustion area, while the 

minimum methane concentration decreases to be 1.8 % at point (-4, 0) on the windward 

side of the coal combustion area. 

 

Figure 6-12 Effect of ventilation dilution on methane concentration at coal 

combustion location on air-inlet side (T = 700 K). 

 

Figure 6-13 Effect of ventilation dilution on temperature distribution at coal 

combustion location on air-inlet side (T = 700 K). 
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airflow direction. Before ventilation dilution, the temperature distribution around the coal 

combustion area has the shape of a half ellipse with slight shrinkage on the windward 

side. The upward airflow in the coal combustion area and the vortex airflow around the 

coal combustion area are obvious. After ventilation dilution, the high temperature area 

expands in the vertical direction with obvious shrinkage on the windward side. However, 

the upward airflow in the coal combustion area is not inclined. Meanwhile, the scale of 

the vortex airflow on the windward increases due to the enhanced air leakage. Therefore, 

the increased air leakage flux strengthens the upward airflow and the vertical heat 

dissipation at the coal combustion location.  

 

Figure 6-14 Effect of ventilation dilution on temperature distribution curves around 

coal combustion area on air-inlet side (T = 700 K). 

According to the temperature distribution curve in Figure 6-14, the ventilation 

dilution leads to a drift of the center of the high temperature area in the horizontal 

direction. In monitor layer 1 (z = 1 cm), the center of the high temperature area moves to 
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the leeward side by 1.5 cm after ventilation dilution. In monitor layer 2 (z = 8 cm), the 

center of the high temperature area moves to the leeward side by 2 cm after ventilation 

dilution. In the vertical direction, the maximum temperature difference increases from 40 

K in monitor layer 2 to 60 K in monitor layer 3 after ventilation dilution. Afterward, the 

temperature difference gradually decreases to be zero as the height increases. Therefore, 

ventilation dilution influences the high temperature area and temperature difference by 

strengthening air leakage.   

 

Figure 6-15 Effect of ventilation dilution on pressure difference in coal combustion 

area on air-inlet side (T = 700 K). 

Based on this research result, the methane accumulation phenomenon is obvious at 

the upper right corner of the spontaneous coal combustion area when a coal combustion 

temperature reaches 700 K on the air-inlet side in a coal mine goaf. The accumulated 

methane concentration is in the explosive methane limits with a high combustion 

temperature, resulting in a high danger of a methane explosion. Under this condition, the 

ventilation dilution can decrease the methane concentration below explosive methane 

limits by enlarging the air leakage in the coal mine goaf. However, the air leakage exerts 

little impact on the strong porous chimney effect at the coal combustion location. The 

change in the pressure difference in Figure 6-15 shows that the negative pressure in the 

coal combustion area changes little after ventilation dilution. The main effect of 
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ventilation dilution is it decreases the accumulated methane concentration by diluting the 

methane concentration outside the coal combustion area. 

6.2.2 Spontaneous Coal Combustion on the Air-Return Side  

When the spontaneous coal combustion temperature reaches 700 K on the air-return 

side in a coal mine goaf, a dynamic methane concentration distribution occurs, as shown 

in Figure 6-16. The red dot zone in the figure represents the area where the temperature 

is above 700 K.  

 

Figure 6-16 Effect of ventilation dilution on methane accumulation at coal 

combustion location on air-return side (T = 700 K). 

At 40 minutes, the coal combustion temperature is around 510 K. An obvious 

methane accumulation is found in the coal combustion area and the accumulated 

methane concentration reaches 18.5 %. At 80 minutes, the coal combustion temperature 

reaches 640 K. The methane accumulation phenomenon consolidates and the 

accumulated methane concentration increases to 21.5 %. At 120 minutes, the coal 

combustion temperature reaches 720 K and the accumulated methane concentration 
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reaches 23 %. In the strike direction, the points where the temperature is 700 K along 

line L1-SLine5 are selected as the representative points to show the change in methane 

concentration. Taking the coal combustion center as the origin, the change in methane 

concentration at the representative points is shown in Figure 6-17.  

 

Figure 6-17 Effect of ventilation dilution on methane concentration at coal 

combustion location on air-return side (T = 700 K). 

Before ventilation dilution, the maximum methane concentration reaches 22 % at 

point (4, 0) on the leeward side of the coal combustion area, while the minimum methane 

concentration reaches 17.8 % at point (-5, 0) on the windward side of the coal 

combustion area. After the ventilation dilution begins at 120 minutes, the methane 

concentration in the accumulation area reduces quickly. The methane concentration at 

the above two points decreases to 12.2 % and 10.2 %, respectively. At 160 minutes, the 

accumulated methane concentration decreases to be 12.5 % although the methane 

accumulation is still obvious in the coal combustion area. Meanwhile, points (6, 0) and (-

7, 0) become the new points where the temperature is 700 K as the coal combustion 

temperature increases. The maximum methane concentration decreases to 12.1 % at point 

(6, 0) on the leeward side of the coal combustion area, while the minimum methane 
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concentration decreases to 9.8 % at point (-7, 0) on the windward side of the coal 

combustion area. 

 

Figure 6-18 Effect of ventilation dilution on temperature distribution at coal 

combustion location on air-return side (T = 700 K). 

With a spontaneous coal combustion area of 700 K on the air-return side in a coal 

mine goaf, the temperature distribution in the section view before and after ventilation 

dilution is shown in Figure 6-18. The red arrow represents the airflow movement 

direction. Before ventilation dilution, the temperature distribution around the coal 

combustion area has the shape of a symmetrical semicircle. The main airflow in the coal 

combustion area has a strong upward movement as the temperature increases. After 

ventilation dilution, the temperature distribution changes little without obvious 

deformation. The strong upward airflow in the coal combustion area hardly inclines to 

the windward side. Additionally, the vortex airflow around the coal combustion area 

changes little. According to Figure 6-19, the center of the high temperature area does not 

move on the horizontal plane. Meanwhile, the horizontal and vertical temperature 

differences change little. Therefore, ventilation dilution exerts little impact on the 

temperature distribution around the coal combustion area on the air-return side in a coal 

mine goaf.  
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Figure 6-19 Effect of ventilation dilution on temperature distribution curves around 

coal combustion area on air-return side (T = 700 K). 

According to the above research results, methane accumulation is always obvious 

before and after ventilation dilution when the spontaneous coal combustion temperature 

reaches 700 K on the air-return side in a coal mine goaf. Due to the strong porous 

chimney effect caused by the higher temperature, the ventilation dilution cannot 

overcome the porous chimney effect on the air-return side. As shown in Figure 6-20, the 

negative pressure in the combustion area changes little before and after ventilation 

dilution. Therefore, the main effect of ventilation dilution is to dilute the methane 

concentration around the coal combustion area. However, the ventilation dilution makes 

the situation more dangerous. Before ventilation dilution, the accumulated methane 

a. Horizontal temperature distribution 

(z = 1 cm) 
b. Horizontal temperature distribution 

(z = 8 cm) 

T
em

p
er

at
u

re
 /

 K
 

T
em

p
er

at
u

re
 /

 K
 

 

c. Vertical temperature distribution 

T
em

p
er

at
u

re
 /

 K
 

Location in strike direction / cm Location in strike direction / cm 

 

Location in vertical direction / cm 

50 K 

Temperature after 

ventilation dilution 

 

Temperature after 

ventilation dilution 

 

Temperature after 

ventilation dilution 

 

Temperature before 

ventilation dilution 

 

Temperature before 

ventilation dilution 

 

Temperature before 

ventilation dilution 

 



 
School of Engineering 

                                                                                The University of Western Australia 

- 140 - 
 

concentration is above the explosive methane limits. After ventilation dilution, the 

accumulated methane concentration decreases into the explosive methane limits with a 

high coal combustion temperature.  

 

Figure 6-20 Effect of ventilation dilution on pressure difference in coal combustion 

area on air-return side (T = 700 K). 

6.3 Late Stage of Spontaneous Coal Combustion 

Experimental research shows that the minimum ignition temperature of methane is 

around 900 K. In this section, a temperature of 900 K is selected for the late stage of 

spontaneous coal combustion in a coal mine goaf. The disaster prevention effect of 

ventilation dilution in this coal combustion stage is studied by analyzing the distribution 

of the methane concentration, temperature and pressure in a coal mine goaf at four times, 

40, 80, 120, and 160 minutes. Ventilation dilution begins at 120 minutes.  

6.3.1 Spontaneous Coal Combustion on the Air-Inlet Side  

When a spontaneous coal combustion area appears on the air-inlet side in a coal mine 

goaf and the coal combustion temperature reaches approximately 900 K, the dynamic 

methane concentration distribution is shown in Figure 6-21. The red dot represents the 

area where the temperature is above 900 K.  
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Figure 6-21 Effect of ventilation dilution on methane accumulation at coal 

combustion location on air-inlet side (T = 900 K). 

At 40 minutes, the methane concentration in the coal combustion area is 3.3 % and 

the coal combustion temperature is around 660 K. A slight methane accumulation is 

found at the upper right corner of the coal combustion area. At 80 minutes, the coal 

combustion temperature reaches 885 K and the methane concentration reaches 5.2 % in 

the coal combustion area. The accumulated methane concentration increases to 10.5 % at 

the upper right corner of the coal combustion area. At 120 minutes, the coal combustion 

temperature reaches 1010 K and the methane concentration reaches 6.5 % in the coal 

combustion area. Meanwhile, the accumulated methane concentration increases to 12.7 % 

at the upper right corner of the coal combustion area. In the strike direction, the points 

where the temperature is 900 K along line L1-SLine2 are selected as the representative 

points to show the change in methane concentration. Taking the coal combustion center 

as the origin, the change in methane concentration at the representative points is shown 

in Figure 6-22. 
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Figure 6-22 Effect of ventilation dilution on methane concentration at coal 

combustion location on air-inlet side (T = 900 K). 

Before ventilation dilution, the maximum methane concentration reaches 8.8 % at 

point (6, 0) on the leeward side of the coal combustion area, while the minimum methane 

concentration reaches 5.3 % at point (-6, 0) on the windward side of the coal combustion 

area. After ventilation dilution begins at 120 minutes, the methane concentration in the 

accumulation area decreases quickly. The methane concentration at the above two 

locations decreases to be 3.7 % and 2.2 %, respectively. At 160 minutes, the accumulated 

methane concentration decreases to 6.4 % at the upper right corner of the coal 

combustion area. However, methane accumulation is still very obvious. Meanwhile, 

point (7, 0) and point (-5, 0) become the new representative points. The maximum 

methane concentration decreases to 3.8 % at point (7, 0) on the leeward side of the coal 

combustion area, while the minimum methane concentration decreases to 2.4 % at point 

(-5, 0) on the windward side. 
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Figure 6-23 Effect of ventilation dilution on temperature distribution at coal 

combustion location on air-inlet side (T = 900 K). 

When the spontaneous coal combustion temperature reaches 900 K on the air-inlet 

side in a coal mine goaf, the temperature distribution on the section views before and 

after ventilation dilution is shown in Figure 6-23. The red arrow represents the airflow 

direction. Before ventilation dilution, the temperature distribution around the coal 

combustion area has the shape of a half ellipse with slight shrinkage on the windward 

side. The upward airflow in the coal combustion area and the vortex airflow around the 

coal combustion area are strong and obvious. After ventilation dilution, the high 

temperature area expands in the vertical direction with a small shrinkage on the 

windward side. Meanwhile, the airflow movement direction at the coal combustion 

location hardly changes. Therefore, the increased air leakage flux strengthens the upward 

airflow and vertical heat dissipation in the coal combustion area, but it exerts little impact 

on the airflow movement direction.  

According to the temperature distribution curve in Figure 6-24, ventilation dilution 

leads to a slight drift of the center of the high temperature area in the horizontal direction. 

In monitor layer 1 (z = 1 cm), the center of the high temperature area moves to the 

leeward side by 1 cm after ventilation dilution. In monitor layer 2 (z = 8 cm), the center 

of the high temperature area moves to the leeward side by 1.5 cm after ventilation 
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dilution. In the vertical direction, the maximum temperature difference between before 

and after ventilation dilution increases from 150 K in monitor layer 2 to 180 K in 

monitor layer 3. Afterward, the temperature difference gradually decreases to zero as the 

height increases. Therefore, ventilation dilution changes the location of the high 

temperature area and the temperature difference by enlarging the air leakage.   

 

Figure 6-24 Effect of ventilation dilution on temperature distribution curves around 

coal combustion area on air-inlet side (T = 900 K). 

Based on the research result, an obvious methane accumulation phenomenon occurs at 

the upper right corner of the spontaneous coal combustion area when the coal 

combustion temperature reaches 900 K on the air-inlet side in a coal mine goaf. Before 

ventilation dilution, the methane concentration in the coal combustion area is in the 

explosive methane limits, resulting in a huge risk of a methane explosion in the coal 
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mine goaf. After ventilation dilution, the methane concentration decreased below the 

explosive methane limits, which means the risk of a methane explosion decreases. 

Although ventilation dilution effectively decreases the accumulated methane 

concentration, the increased air leakage cannot overcome the porous chimney effect. As 

shown in Figure 6-25, the small change in the pressure distribution at the coal 

combustion location shows the limited effect of air leakage on the porous chimney effect. 

For this case, the main effect of ventilation dilution is that it increases air leakage to 

dilute the methane concentration around the coal combustion area.  

 

Figure 6-25 Effect of ventilation dilution on pressure difference in coal combustion 

area on air-inlet side (T = 900 K). 

6.3.2 Spontaneous Coal Combustion on the Air-Return Side  

The methane concentration distribution when the spontaneous coal combustion 

temperature reaches 900 K on the air-return side in a coal mine goaf is shown in Figure 

6-26. The red dot represents the area where the temperature is above 900 K. At 40 

minutes, the coal combustion temperature is 660 K. Methane accumulation is obvious in 

the coal combustion area and the accumulated methane concentration reaches 19 %. At 

80 minutes, the coal combustion temperature reaches 875 K. The methane accumulation 

phenomenon consolidates and the accumulated methane concentration increases to 
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21.2 %. At 120 minutes, the coal combustion temperature reaches 900 K and the 

accumulated methane concentration reaches 22 %. In the strike direction, the points 

where the temperature is 900 K along line L1-SLine5 are selected as the representative 

points to show the change in methane concentration. Taking the coal combustion center 

as the origin, the change in methane concentration at the representative points is shown 

in Figure 6-27. 

 

Figure 6-26 Effect of ventilation dilution on methane accumulation at coal 

combustion location on air-return side (T = 900 K). 

Before ventilation dilution, the maximum methane concentration reaches 21.5 % at 

point (6, 0) on the leeward side of the coal combustion area, while the minimum methane 

concentration reaches 16 % at point (-7, 0) on the windward side. After ventilation 

dilution starting at 120 minutes, the methane concentration in the accumulation area 

reduces quickly. The methane concentration at the above two locations decreases to 12 % 

and 9.8 %, respectively. At 160 minutes, the accumulated methane concentration 

decreases to 12.2 %. Meanwhile, point (7, 0) and point (-8, 0) become the new points 

where the temperature is 900 K. The maximum methane concentration decreases to 12 % 
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at point (7, 0) on the leeward side of the coal combustion area, while the minimum 

methane concentration decreases to be 9.7 % at point (-8, 0) on the windward side. 

 

Figure 6-27 Effect of ventilation dilution on methane concentration at coal 

combustion location on air-return side (T = 900 K). 

 

Figure 6-28 Effect of ventilation dilution on temperature distribution at coal 

combustion location on air-return side (T = 900 K). 

The section views of the temperature distribution in a spontaneous coal combustion 

area of 900 K on the air-return side in a coal mine goaf before and after ventilation 

dilution are shown in Figure 6-28. The red arrow in the figure represents the airflow 

direction. Before and after ventilation dilution, the temperature distribution around the 

coal combustion area always has the shape of a symmetrical semicircle. The temperature 

distribution around the coal combustion area changes little. The main airflow in the coal 
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combustion area is an upward airflow caused by the buoyancy effect. The upward 

airflow barely inclines to either the windward side or the leeward side after ventilation 

dilution. Additionally, the vortex airflow around the coal combustion area changes little. 

In Figure 6-29, the center of the high temperature area does not move on the horizontal 

plane. Meanwhile, the horizontal and vertical temperature differences change little. 

Therefore, ventilation dilution exerts little impact on the temperature distribution around 

a coal combustion area on the air-return side in a coal mine goaf.  

 

Figure 6-29 Effect of ventilation dilution on temperature distribution curves around 

coal combustion area on air-return side (T = 900 K). 

Based on the research result, the methane accumulation phenomenon is very obvious 

in the spontaneous coal combustion area at 900 K on the air-return side in a coal mine 

goaf. The high temperature leads to a strong porous chimney effect and serious methane 
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accumulation. Before ventilation dilution, the accumulated methane concentration in the 

coal combustion area reaches 22 %, which is above the explosive methane concentration 

limits. After ventilation dilution, the accumulated methane concentration in the coal 

combustion area decreases to approximately 11 %, which is within the explosive 

methane concentration limits. Therefore, ventilation dilution increases the danger of a 

coal combustion-triggered methane explosion in the coal mine goaf. According to the 

pressure change shown in Figure 6-30, the increased air leakage cannot overcome the 

porous chimney effect. Therefore, the main effect of ventilation dilution is the dilution 

effect on the methane concentration around the coal combustion area. However, the 

dilution effect of the increased air leakage decreases the methane concentration into the 

explosive methane limits. 

 

Figure 6-30 Effect of ventilation dilution on pressure difference in coal combustion 

area on air-return side (T = 900 K). 

According to the above research results, ventilation dilution can decrease the methane 

concentration quickly at all three stages of spontaneous coal combustion in a coal mine 

goaf. However, the disaster prevention effect of ventilation dilution varies depending on 

the conditions. On the one hand, ventilation dilution increases the air leakage that dilutes 

the methane concentration flowing into the coal combustion area. On the other hand, 

ventilation dilution strengthens the air leakage that weakens the porous chimney effect at 
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the coal combustion location, but this effect is not effective on the air-return side. As the 

coal combustion temperature increases, the porous chimney effect gets stronger and it is 

hardly influenced by the ventilation dilution. In this research, when spontaneous coal 

combustion occurs on the air-inlet side in a coal mine goaf, ventilation dilution can 

effectively decrease the danger of a coal combustion-triggered methane explosion. When 

spontaneous coal combustion occurs on the air-return side in the coal mine goaf, 

ventilation dilution cannot effectively decrease the methane concentration below the 

explosive limits in the early stage of spontaneous coal combustion. In the middle and late 

stages of spontaneous coal combustion, ventilation dilution decreases the methane 

concentration into the explosive methane concentration limits, which increases the risk of 

a methane explosion.  

The ventilation dilution measure should be implemented based on the condition of 

spontaneous coal combustion and the methane accumulation at the coal combustion 

location in a coal mine goaf. With stable methane emission in a coal mine goaf, the 

development of a coal combustion-induced methane accumulation could be prejudged. 

As shown in Figure 6-31, the methane concentration gradually increases to its maximum 

as the temperature increases and stable methane emission exists in the coal mine goaf. 

The atmospheric data in a coal mine goaf can be obtained through a bundle tube monitor 

system. By studying the effect of ventilation dilution on the methane concentration 

distribution in a coal mine goaf, the risk of a methane explosion can be determined in 

advance to provide guidance for disaster prevention measures. Detection and 

extinguishment of early spontaneous coal combustions is very important to avoid a 

possible methane explosion in a coal mine goaf. If spontaneous coal combustion 

develops into the middle or late stages, ventilation reduction is not suggested because of 

the methane accumulation at the coal combustion location. To avoid a coal combustion-
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triggered methane explosion disaster in a coal mine goaf, prevention and extinguishment 

of spontaneous coal combustion are important actions to reduce methane accumulation.  

 

Figure 6-31 Methane concentration changes at coal combustion location. 

6.4 Brief Summary 

Ventilation dilution can increase air leakage to dilute the methane concentration and 

influence the porous chimney effect in a coal mine goaf. If spontaneous coal combustion 

occurs on the air-inlet side, ventilation dilution can effectively decrease the risk of 

methane explosions by diluting the methane concentration and weakening the porous 

chimney effect. Meanwhile, the temperature distribution around the coal combustion area 

is influenced by the ventilation dilution. If spontaneous coal combustion occurs on the 

air-return side, the ventilation dilution does not decrease the risk of methane explosions 

because of its small impact on the porous chimney effect. At the early stage of 

spontaneous coal combustion, the ventilation dilution does not decrease the methane 

concentration below the explosive methane limits. At the middle and late stages of 

spontaneous coal combustion, the ventilation dilution decreases the methane 

concentration into the explosive methane limits, which increases the risk of a methane 

explosion.  

Temperature / K 

C
o

n
ce

n
tr

at
io

n
 /

 %
 

C
o

n
ce

n
tr

at
io

n
 /

 %
 

Temperature / K 

a. Coal combustion on air-inlet side b. Coal combustion on air-return side 



 
School of Engineering 

                                                                                The University of Western Australia 

- 152 - 
 

 Chapter 7 Concluding Remarks 

7.1 Main Findings 

(1) In a coal mine goaf, the high temperature of spontaneous coal combustion can 

decrease the air density, which can change the local airflow based on the fluid dynamics. 

For air flowing into the coal combustion area, the airflow velocity increases. For air 

flowing out of the coal combustion area, the airflow velocity decreases. Additionally, a 

buoyancy force is formed in the coal combustion area to produce an upward airflow. 

Influenced by the airflow movement, the methane migration at the spontaneous coal 

combustion location should have new characteristics.  

 (2) Experimental research shows that spontaneous coal combustion causes local 

methane accumulation. The methane concentration monotonically increases in both the 

strike direction and dip direction without spontaneous coal combustion in a coal mine 

goaf. When spontaneous coal combustion occurs on the air-inlet side in a coal mine goaf, 

the methane concentration distribution has the shape of an ‘ƞ’ at the coal combustion 

location. With spontaneous coal combustion on the air-return side in a coal mine goaf, 

the methane concentration distribution has the shape of an upside down ‘n’ at the coal 

combustion location.  

 (3) The buoyancy effect caused by spontaneous coal combustion should be 

considered in a coal mine goaf. The experimental methane accumulation in a coal mine 

goaf has been reproduced via numerical simulation by including the buoyancy effect in a 

gas flow model. Without the buoyancy effect, the numerical simulation cannot obtain the 

experimental methane accumulation at the coal combustion location.  

(4) The gas flow model coupled with the buoyancy effect is sensitive to temperature. 

In a coal mine goaf, the temperature necessary to form a methane accumulation is far 
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below the ignition temperature of methane. With increasing temperature and stable 

methane emission in a coal mine goaf, the accumulated methane concentration gradually 

reaches its maximum. This research results shows that an obvious methane accumulation 

forms at the coal combustion location when the coal combustion temperature reaches 400 

K. When the coal combustion temperature increases to 900 K, the accumulated methane 

concentration slowly reaches its maximum. 

(5) The formation mechanism of a coal combustion-induced methane accumulation in 

a coal mine goaf can be explained by the porous chimney effect as follows: spontaneous 

coal combustion decreases the air density to form a local buoyancy effect; then, the 

buoyancy effect develops into a porous chimney effect in the porous coal mine goaf; in 

the porous chimney effect, negative pressure is formed in the coal combustion area, 

which pumps the dense methane nearby into this area, resulting in methane accumulation 

in the coal combustion area; the accumulated methane in the coal combustion area is 

pushed by the buoyancy force to flow upward, which results in a vertical methane 

accumulation at the coal combustion location; finally, methane accumulation occurs at 

the coal combustion location under the effect of air leakage. The accumulated methane is 

ignited by coal combustion to form a methane explosion disaster in a coal mine goaf. 

(6) The air leakage competes with the porous chimney effect to influence the methane 

accumulation at the coal combustion location. On the air-inlet side, strong air leakage can 

horizontally influence the vertical porous chimney effect in the coal combustion area, 

resulting in an increase of the upward methane flow. As a result, the methane 

accumulation moves to the upper right corner of the coal combustion area. On the air-

return side, weak air leakage exerts little impact on the porous chimney effect, resulting 

in an obvious methane accumulation in the coal combustion area.  
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 (7) The ventilation dilution can decrease the accumulated methane concentration in a 

short time, but the disaster prevention effect varies for different conditions of 

spontaneous coal combustion in a coal mine goaf. If spontaneous coal combustion occurs 

on the air-inlet side, ventilation dilution can effectively decrease the risk of a methane 

explosion by diluting the methane concentration and weakening the porous chimney 

effect. If spontaneous coal combustion occurs on the air-return side, ventilation dilution 

cannot decrease the methane concentration below the explosive limits at the early stage 

of spontaneous coal combustion. Furthermore, ventilation dilution increases the risk of a 

methane explosion by decreasing the methane concentration into the explosive methane 

limits at the middle and late stages of spontaneous coal combustion.  

7.2 Recommendations for Future Work 

In this thesis, an integrated investigation using experiments and modelling was 

conducted to reveal the mechanism and mitigation of a coal combustion-induced 

methane accumulation in a coal mine goaf. Further investigations are needed in the 

future, as outlined below: 

(1) Due to the limits of the experimental devices, the distributions of temperature and 

the methane concentration were studied in this research. In the future, the distribution of 

the oxygen concentration during the disaster formation process needs to be investigated 

to enrich the literature.   

(2) The porous chimney effect proposed in this research was applied to study the 

disaster prevention effect of ventilation dilution in a coal mine goaf. In the future, this 

theory needs to be improved through more experimental and engineering research.  

(3) Due to the difficulty of taking measurements in a coal mine goaf to prevent a coal 

combustion-triggered methane explosion disaster, disaster prevention measures ahead of 
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the mining face need to be developed. For example, how to realize the long-time pre-

inhibition effect of inert gas on coal oxidation is a good research topic. 
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NOMENCLATURE 

𝜌, 𝜌𝑠 Fluid density, kg/m
3
 

𝑞 Mass source/sink term, kg/(m
3
·s) 

𝑡 Time, s 

𝑢 Velocity vector, m/s 

𝑅𝑒 Reynolds number 

𝐿 Characteristic linear dimension, m 

𝜇 Dynamic viscosity of the fluid, Pa·s 

𝑘 Permeability, m
2
 

𝛽 Forchheimer number 

𝑝 Pressure, Pa 

𝐹 Volume force, N/m
3
 

𝜑 Porosity 

𝑔 Gravity acceleration, m/s
2
 

𝐶𝑝𝑓, 𝐶𝑝𝑠 Fluid/solid heat capacity at constant pressure, J/(kg·K) 

𝜉𝑓, 𝜉𝑠 Thermal conductivity for fluid and solid, W/(m·K) 

𝑄, 𝑄𝑇𝑠 Heat source/sink term, W/m
3
 

(𝜌𝑐𝑝)𝑒𝑓𝑓
 Effective volumetric heat capacity at constant pressure, J/(kg·K) 

𝑘𝑒𝑓𝑓  Effective thermal conductivity, W/(m·K) 

𝑎 Thermal diffusivity, m
2
/s 

𝐸   Dispersion tensor, m
2
/s 

𝑉𝑖 The i
th

 component of the intrinsic velocity vector, m/s 

𝐹1, 𝐹2 Functions  

𝐸11 longitudinal dispersion coefficient, m
2
/s 

𝐸22, 𝐸33 lateral dispersion coefficient, m
2
/s 

𝑀 Molecular mass of gas, g/mol 

𝑅 Ideal gas constant, 8.314J/(mol·K) 

𝜆 Rock bulking factor 

𝐷𝑝 Coal diameter, m 

𝜆𝑣𝑏, 𝜆ℎ𝑏 Vertical/ horizontal rock bulking factor in ‘caved zone’ 

𝜆𝑣𝑓, 𝜆𝑣𝑠 Vertical rock bulking factor in ‘caved/sinking zone’ 
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ℎ  Height location in the ‘fracture zone’, m 

𝐻𝑓 Height of the ‘fracture zone’, m 

M Cutting height of coal mining, m 

𝜆ℎ𝑏,𝑚𝑖𝑛, 𝜆ℎ𝑏,𝑚𝑎𝑥 Horizontal rock bulking factor minimum/maximum in ‘caved zone’ 

𝑎0, 𝑎1 Attenuation rate of the distance to dip boundary/mining face, m
-1

 

𝑑0, 𝑑1 Distance to the dip boundary/mining face, m 

𝑐1 Adjustment coefficient 

𝐶𝑖 Species concentration, mol/m
3
 

𝐷𝑚 Molecular diffusion coefficient, m
2
/s 

𝑅𝑖 Species source/sink term, mol/(m
3
·s) 

𝑘𝑏 Boltzmann constant, 1.380649×10-23 J/K 

𝐴 Empirical coefficient 

𝜎12 Collision diameter, m 

𝛺 Collision times 

𝐷𝑒𝑚 Effective molecular diffusion coefficient, m
2
/s 

𝜏 Tortuosity  

𝐷𝐿 , 𝐷𝑇  Longitudinal/transverse dispersion, m
2
/s 

𝑑 Particle diameter, m 

𝑃𝑒𝐿(∞) Asymptotic value of 𝑃𝑒𝐿  when 𝑅𝑒 → ∞ 

𝐷𝑑 Mechanical dispersion coefficient, m
2
/s 

𝑃𝑒𝑒
′  Effective Péclet number of inert particle 
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