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ABSTRACT 

Face ignitions at the longwall are a serious hazard in underground coal operations and can 

lead to a major mine explosion. Despite having methane monitoring systems mounted on the 

shearer and at various locations on the longwall face, undetected methane accumulations can still 

occur and result in face ignitions. With the use of Computational Fluid Dynamics (CFD), the 

interaction between the air flow at the longwall face and factors that contribute to accumulations 

around the face can be modeled and visualized in great detail. The results confirm that the tailgate 

corner of the longwall face is a critical area prone to face ignitions and thus needs to be properly 

monitored. Roof falls at the tailgate entry inby the face and/or poor caving conditions behind the 

shields can both pose a safety risk at any longwall operation. Poor gob caving can lead to 

insufficient face air quantity with which to dilute methane at the tailgate corner, while a blocking 

of the tailgate by a roof fall can carry methane-contaminated air from behind the shields back into 

the face near the tailgate corner and pull the explosive gas zones (EGZs) inside the gob and closer 

to the face. Additional monitoring locations are deemed necessary to provide early indicators for 

such events. 
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1 CHAPTER 1  

INTRODUCTION 

1.1  Introduction to longwall mining 

Longwall mining is the most commonly used underground coal mining method in the United 

States; in 2013, it contributed 59% of the nation’s total underground coal output (U.S. Energy 

Information Administration, 2015). Longwall mining is best suited for relatively flat seams with 

uniform thickness and few discontinuities. Compared to the conventional room and pillar mining 

method, longwall mining provides higher productivity and recovery rates. This method utilizes a 

high degree of mechanization at the requirement of high capital cost and less geological flexibility. 

The mining process begins by developing two entries of access into the target coal seam. 

These accesses can be in the form of drift for shallower coal seams or a shaft in the cases of deeper, 

thicker seams. After this, a series of entries called main headings are developed using one or more 

continuous miners (CMs) and connected by series of crosscuts, leaving behind  chains of pillars 

that are used for roof support. These main headings serve as major transport arteries for equipment, 

workers and mined coal while also ventilating the mine. In a exhaust ventilation system, a 

ventilation shaft will be sunk early in the development  to carry return air from the mine. To support 

that, ventilation controls are installed on several crosscuts to separate the headings:  intake entries 

to deliver fresh air from surface, and return entries to deliver contaminated air out of the mine. 

From the main headings, a set of gateroads are developed perpendicular to the mains to form a 

large coal panel. Figure 1.1 shows the schematic of longwall mining. 

The coal panel is extracted in increments of 3 to 4 feet using a longwall shearer; the drums of 

the shearer move from the panel’s rear to the front towards the main headings, also called retreat 

mining. Because of that, access to the rear of the longwall panel must be obtained prior to mining, 

and this is achieved by constructing a set of gateroads at both sides of the panel mined  with the 

continuous miner. These gateroads are connected by a series of crosscuts and leaving pillars of 

coal called chain pillars to support these openings. The gateroad adjacent to the previously mined 

longwall panel is called the tailgate, the other the headgate; thus, the tailgate of the current panel 

was the headgate of the previous panel.  
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Figure 1.1: Schematic of longwall mining (Consol Energy, 2016) 

All headgate and tailgates are connected to the main headings, where fresh air is distributed 

and exhaust air leaves the mine. Fresh air is supplied to the face, where mine personnel operate 

the shearer and retreat the shields. Depending on the ventilation design, the contaminated air (often 

called bad air) leaving the longwall face is exhausted to the surface either via a main exhaust shaft 

in the main headings or through a bleeder fan at the back of the panel. At the rear of the longwall 

panel, a start drift called the startup room must also be excavated; the start drive acts as the working 

face and provide space for the shearer, shields and other equipment to be installed. At the other 

end of the panel, a barrier pillar is left behind, shown as a dashed line in Figure 1.2. This pillar will 

not be extracted and will serve to support the main headings. 

A longwall panel typically ranges from 10,000 feet to 20,000 ft in length and from 800 ft to 

1,500 ft in width. From a productivity and recovery perspective, the panel should be as wide and 

as long as possible. However, panel length and width are restricted by ground stability, geological 

disturbances such as major faults, or the potential of roof cave. The height of a typical longwall-

mined coal seam ranges from 9 ft to 11 ft in the western United States, and 5 ft to 8 ft in the eastern 

United States (Gilmore, 2015). Factors such as coal quality and the size of mining equipment can 

influence height. Figure 1.2 shows the overview of a longwall face. 
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Figure 1.2: Overview of a longwall face (Karacan, 2008) 

Hydraulic roof support shield selection is based on mining height and width as well as 

overburden load. Each longwall face typically consists of 150 to 250 shields, each measuring 

approximately 5 ft to 6.6 ft wide. In cases of thin seam mining, the operator is forced to mine part 

of the seam’s roof or floor to accommodate the height of the mining equipment. Modern longwall 

shields are designed to support the roof with two hydraulic jacks. As a shield advances, the roof 

support is lowered and the unit itself is pulled forward by a hydraulic ram called the relay bar, 

attached to the armored face conveyor (AFC). After the advance, the roof support is raised once 

more to support the roof. Figure 1.3 shows the close up view of longwall face. 

 

Figure 1.3: Close-up view of a longwall face (Joy Global, 2016) 
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After being mined, the coal is then transferred to the crusher located at the face’s headgate 

side via the AFC. From here, the conveyer belt transports the crushed coal to the surface. As coal 

is extracted and the longwall face advances, the immediate roof behind the shields collapses and 

forms a caved zone known as the gob. The gob consists of various sizes of rock ranging from large 

boulders to finely crushed gravel, all from the failed overlying roof material that fills the void of 

the mined-out coal seam. Figure 1.4 shows the formation of the gob as the longwall retreats. 

 

Figure 1.4: Representation of an active longwall panel and the formation of the gob (Karacan, 

2008) 

According to a study by Esterhuizen and Karacan (2005), gob height typically ranges from 

three to six times the mining height and is characterized by relatively high permeability and void 

ratios ranging from 30%-45%. Directly above the gob, there is a disturbed zone, the fracture zone, 

which is characterized by having near-vertical fractures and bedding plane shearing. This zone can 

extend up to 60 times the mining height. The region above the fracture zone, the bending zone, 

receives minimal disturbance that results in rock that is not fractured but is deflected over the edges 

of the extracted panel. The extent of each zone is site-specific and highly dependent on surrounding 

geology. Figure 1.5 shows a cross section view of a caved longwall panel.  

In addition to the surface disturbance, panel extraction also causes rock mass disturbances in 

the mine floor. Although the extent of floor disturbance is significantly less compared to surface 

disturbance, in some cases it can result in floor heave producing floor gas emissions or even a gas 

outburst. The gob, because it is filled with rubble and has an unstable roof, is considered an 
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inaccessible area. As a result, taking direct measurements or monitoring inside the gob is nearly 

impossible. 

 

Figure 1.5: Long section view of a caved longwall panel (Esterhuizen and Karacan, 2005) 

1.2 Motivation for Longwall Mining Ventilation Research  

Longwall face ignitions from accumulated methane gas are known to be among the most 

common causes of methane explosions at underground coal operations. Some of these ignitions 

can lead to major mine explosions, such as the Upper Big Branch mine disaster in 2010. This 

incident highlights the importance of understanding airflow and methane distribution, especially 

at the tailgate of the longwall face, and the impact that roof falls in the tailgate entry inby the face 

can have on tailgate ventilation and methane accumulations. 

The objective of this research is to utilize Computational Fluid Dynamics (CFD) modeling to 

identify critical areas near the longwall tailgate where ventilation must be closely monitored, and 

from those, develop general best practices for longwall face ventilation and methane monitoring. 

This was achieved by developing a detailed CFD model to analyze airflow in and around the 

longwall face, analyzing the methane (CH4) distribution and explosibility near the tailgate for a 

bleeder ventilation system, and predicting the impact of tailgate roof falls on ventilation and 

methane distribution at the face and inside the gob. 
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2 CHAPTER 2 

BACKGROUND OF THE STUDY 

2.1 Regulatory requirements for ventilation in U.S. longwall mining 

In the United States, ventilation requirements for underground coal operations are regulated 

under the Code of Federal Regulations (CFR) and enforced by the Mine Safety and Health 

Administration (MSHA). For longwall operations, 30 CFR Part 75.325 requires that at least 30,000 

cubic feet per minute (cfm) of fresh air is supplied to the longwall face, unless the mine operator 

can demonstrate that a lesser air quantity would be sufficient to maintain methane and respirable 

dust below prescribed limits. The ventilation plan, which must be approved by MSHA, must 

include air velocity measurement locations; the specified locations must be at least 50 ft but not 

more than 100 ft from the headgate and tailgate.  

30 CFR Part 75.321 requires the mine operator to maintain a minimum of 19.5 percent oxygen 

and not more than 0.5 percent carbon dioxide in areas where persons work or travel. The supplied 

air must also be sufficient to dilute, render harmless and carry away flammable, explosive, noxious 

and harmful gases, dusts, smoke and fumes. For the maximum allowable methane concentrations, 

30 CFR (§75.323) requires operators to make the necessary ventilation adjustments to reduce 

methane concentrations to below the prescribed limit when: 

 1.0 percent or more methane is present in a working area or intake air course, including a 

belt conveyor air course or in an area where mechanized mining equipment is being 

installed or removed; 

 1.0 percent or more methane is present in a return air split between the last working area 

on an active section and where that split of air meets another split of air, or the location at 

which the split is used to ventilate seals or worked-out areas; 

 1.5 percent or more methane is present in a return air split between a point in the return 

opposite the section loading point and where that split of air meets another split of air, or 

where the split of air is used to ventilate seals or worked-out areas; and 

 2.0 percent or more methane is present in a bleeder split of air immediately before the air 

in the split joins another split of air, or in a return air course other than as described above. 
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The regulation also requires all longwall operators to use bleeder systems unless it can be 

demonstrated that the mined coal is prone to spontaneous combustion. In that case, the operator is 

allowed to use a progressive sealed method known as U-type ventilation. In the U.S., almost all 

longwall operations utilize bleeder systems and only few mines are known to use the progressive 

sealed system. Figure 2.1 shows a comparison of ventilation layouts for bleeder systems and U-

type systems.   

 

Figure 2.1: Longwall ventilation types: Bleeder (left) and U-type (right) (Grubb, 2008) 

In a bleeder design, fresh air is provided from the headgate entries and splits towards the belt 

entry, longwall face and inby the face. Some of this air is expected to pass through the gob and 

dilute the methane inside before merging again at the bleeder entries at the back of the panel and 

exhaust to the surface through the bleeder fan.  

In U-type ventilation, the gob area is sealed progressively by constructing seals in the 

crosscuts along the headgate entries as the longwall face advances; this method also utilizes 

nitrogen injection to inertize gob and gob ventilation boreholes (GVB) to reduce gob methane. 

Although rarely used in United States, U-type ventilation is commonly used in other mining-rich 

countries such as Australia and South Africa. 

2.2 Source of methane inflow at an active longwall panel 

In a longwall operation, methane may come from three main locations: the seam being mined, 

lower coal seams, and the upper seam (the rider seam). Lidin (1961), Thakur (1981), Winter 

(1975), Gunther and Belin (1967) have all conducted studies to determine the extent of gas 

emissions from surrounding gas sources to the working seam, as shown in Figure 2.2.  
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Figure 2.2: Extent of gas emissions space within the gob (Kissell, 2006) 

Based on the graph, the rider seam has more influence on the gas emissions found at the 

working mine level compared to the seam below the mine floor. The range of influence of the 

surrounding coal seam can vary 160m-300m above the working seam and 40m-80m below the 

working seam.  

Major methane sources vary by mine site. In some mines, the majority of methane gas 

originates at the gob area as a result of broken surrounding strata, while some mines only encounter 

significant methane liberation while cutting development and production coal. The leftover coal 

pillar can also produce significant volumes of methane gas in a gassy mine.    

2.3 Methane-air explosive gas mixtures 

Methane and air can become explosive when mixed at certain concentrations. Figure 2.3 

shows explosibility limits for methane-air mixtures.  
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Figure 2.3: Explosibility of methane-air mixtures (Coward and Jones, 1952) 

According to the graph, the mixtures become explosive when 12-20% oxygen and 5.3-15% 

methane are present; this is known as the explosive range. In this case, 15% CH4 is considered the 

upper explosive limit (UEL) and 5.3% CH4 is considered the lower explosive limit (LEL). Outside 

these limits, the mixture is either fuel-rich (for mixtures containing above 15% CH4), where the 

addition of oxygen can shift the mixture back into the explosive range, or in the fuel-lean state (for 

mixtures containing below 5% CH4), where it can no longer form an explosive mixture if more 

oxygen is added. This explosibility range is used as a reference by MSHA in 30 CFR. 

In addition to methane, other flammable gases are commonly found in mine gas mixtures, 

such as ethane, hydrogen and carbon monoxide. The addition of other flammable gases to the air 

can change the LEL of the methane-air mixtures. The explosive limits of these flammable gas 

mixtures can be calculated using Le Chatelier’s Law shown below:  

  

Where P1 + P2 +⋅⋅⋅⋅ PX = 100. The number #1, #2, #X represent gas mixtures of gas #1, gas 

#2, and up through gas #X. L is the lower explosive limit of the mixture, P is the proportion of 
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each gas in the mixture, and L1, L2, and LX are the lower explosive limits for each combustible 

gas (Jones, 1929). 

According to this law, if one gas mixture at its lower explosive limit is added to another gas 

mixture, also at its lower explosive limit, then the combination of the mixtures will be at the lower 

explosive limit of the combination. However, this equation can only be used if each flammable 

gas concentration is known.  

Other factors such as pressure and temperature can also change the explosibility limits of 

methane-air mixtures. A study done by Zabetakis (1965) shows that temperature changes only 

have slight impacts on the explosibility limits of methane. For example, at room temperature, 

methane-air mixtures have a LEL and UEL of around 5% and 15%, respectively. The LEL will 

change to 5.6% methane at -100°C (-148°F) and to 4.8% methane at 100°C (212°F), while the 

UEL of methane-air mixtures will change to 16.3% methane at 100°C. Conversely, a study done 

by Kuchta (1985) shows that a change in pressure has a more significant impact on explosibility 

limits of methane. Figure 2.4 shows the variations in methane LEL and UEL with increases in 

pressure. 

 

Figure 2.4: Effect of elevated pressure on methane explosibility limits (Kuchta, 1985) 

The result shows that methane-air mixture explosibility limits vary slightly with reductions in 

pressure, except at very low pressures. However, at higher pressures, the UEL increases greatly 

while the LEL decreases slightly. 
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2.4 Hybrid mixtures of methane and coal dust  

Normally, methane gas has a lower flammable limit (LFL) of 5% methane in methane-air 

mixtures. However, a test done by Cashdollar et al. (1987) shows that the addition of dispersed 

coal dust to methane-air mixtures can reduce the mixture’s LFL. Further laboratory tests with 

various coal dusts mixed with methane gas confirmed this relationship (Cashdollar, 1996). Figure 

2.5 shows changes in methane flammability limits due to the addition of dispersed coal dust. 

 

Figure 2.5: Flammable limits for mixtures of methane and coal dust (Cashdollar, 1987) 

The area on the right and above the dashed line represents flammable mixtures. Based on the 

graph, without the addition of dispersed coal dust, the LFL of methane is 5%. As more coal dust 

is added, this LFL drops on a linear trend until the coal dust concentration reaches 0.1 oz/ft3, where 

the coal dust concentration itself is enough to produce ignition without the addition of methane 

gas. 

2.5 Ignition risks around the longwall face 

Mine explosions are commonly caused by poorly designed ventilation systems, insufficient 

ventilation and inadequate monitoring in critical areas that are prone to methane accumulations. In 

longwall operations, the tailgate corner of the longwall face can be considered one such critical 

area.  

Verma and Brune (2016) summarized the sources responsible for face ignitions between 1983 

and 2014 based on data from the U.S. Mine Safety and Health Administration (MSHA). The 

sources include spontaneous combustion, electrical equipment and switchgear, mechanical heat 
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sources, rock-on-rock or cutter bit friction and lightning strikes. Figure 2.6 shows the distribution 

of face ignition sources in U.S. underground coal operations.  

 

Figure 2.6: Statistical distribution of face ignitions by mining activity (Verma and Brune, 2016) 

Of 1,637 total recorded face ignition cases, frictional ignitions on longwall faces contributed 

to 379 incidents, or 23% of all cases. With the help of technological improvements in water spray 

systems and requirements for continuous gas monitoring, the number of face ignition cases have 

significantly dropped over the past few years. Figure 2.7 shows shearer and continuous face 

ignitions statistics from 1983 to 2014.   

 

Figure 2.7: Frictional ignition statistics (Verma and Brune, 2016) 

Although statistics show a downward trend over the years, frictional ignitions have remained 

a major concern in U.S. underground coal mining operations. History has shown that several major 
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mine disasters began as small face ignitions before transitioning into coal dust explosions, such as 

the Upper Big Branch mine explosion in 2010 that killed 29 miners. 

Although rare, ignitions due to rock-on-rock friction caused by roof falls caving into the 

longwall gob are possible and can also lead to a major mine explosion, such as the Willow Creek 

mine explosion in 1998 and 2000 (Elkins et al., 2001; McKinney et al., 2001). This type of face 

ignition is difficult to prevent, as they are generally located in inaccessible areas and caused by 

ignition sources that can’t be controlled. Regardless of the ignition’s occurrence, each frictional 

ignition has the potential to cause a mine explosion. 

2.6 Factors that can lead to methane accumulation in the tailgate area 

The main purpose of bleeder ventilation is to dilute methane gas and prevent the formation of 

explosive gas mixtures in critical areas, including the tailgate corner. However, accounts from real 

operations, along with experiments and simulation studies by various researchers, have identified 

several factors that can lead to methane accumulation in the tailgate area, and these need to be 

properly addressed. 

2.6.1 Insufficient face air 

Providing proper ventilation to the tailgate side of the longwall face can be a challenge. Thakur 

(2006) stated that, in order to be considered adequate, face ventilation should fulfill three criteria: 

the ability of fresh air to keep methane concentrations below statutory limits; preventing gas 

layering; and the adequacy of air leaking into the gob to push the explosive methane-air mixture 

away from the gob area immediately behind the longwall face where the active roof fall occurrs 

(typically 30m-45m (100-150ft) behind the shields). Figure 2.8 shows the result of a site study 

done in one operating longwall panel with a seam thickness of 1.5m to 1.8m (4.9ft to 5.9ft) 

showing the impact of a wider face on the leakage rate across the face and methane emissions at 

the tail end of the face. 

As the longwall face became wider, the air quantity that managed to reach the tail end of the 

face decreased while higher methane emissions were detected at the tail end of the face. This means 

that, due to extensive leakage and the amount of methane emissions produced along the face, there 

will be a limit when it is no longer possible to supply enough face air to meet the statutory limit.  
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Figure 2.8: Face air leakage and cumulative tailgate methane on a longwall face (Thakur, 2006) 

Similar results were also reported by Schatzel et al. (2012) based on an experimental study 

conducted at a longwall operating in the Pittsburgh seam in Pennsylvania. The experiments were 

done by dividing the longwall face into several segments and placing a methane monitor at each 

station. Figure 2.9 shows the longwall ventilation configuration and experimental set-up.   

 

Figure 2.9: Longwall ventilation configuration and monitoring locations (Schatzel, 2012)   

The 315m-wide longwall face was divided into four equal segments. The methane sensors 

were installed at shields 20, 80 and 145. Numbers 35, 157 and 290 represent the distance in meters 

of each monitoring location from the headgate corner. The monitoring periods were divided during 

the shearer head-to-tail (H-T) passes and tail-to-head (T-H) passes. The results of three days of 

methane monitoring during the head-to-tail and tail-to-head passes can be seen in Figure 2.10 

below. 
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Figure 2.10: Cumulative face methane emissions for three days of monitoring (Schatzel, 2012) 

Overall, higher face methane emissions were recorded during the head-to-tail passes, with the 

highest methane emissions recorded on day three. Although the results were site-specific, it clearly 

shows the relation between longer face lengths and higher cumulative methane emissions at the 

tailgate corner. 

In addition to face emission increases, caving conditions behind the face should also be a 

major concern. Syd Peng (1984) conducted on-site experiments in West Virginia coal mines to 

study air velocity distribution on mechanized longwall faces. The experiments were conducted 

using smoke tubes at four longwall faces, each with different roof conditions and roof-caving 

compactness in the gob. Several surveying stations were set up along the longwall face, starting 

from headgate entry T-junction until the third support from the tailgate entry T-junction.  

The results show that roof-caving conditions inside the gob have a significant impact on the 

extent of air leakage. Figure 2.11 below shows air quantity distribution along the longwall face for 

four different panels.  
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Figure 2.11: Air quantity distribution along a longwall face (Peng, 1983). 

Panels 1 and 3 represent a case of longwall faces with a relatively stable roof and good caving 

conditions behind the shields. In both panels, the immediate roof fell periodically with short delay 

after the shields moved forward. As a result, there is no significant air leakage from the face area 

into the gob, and most of the fresh air supplied to the longwall face managed to reach the last 

survey station near the tailgate corner.  

Panels 2 and 4 represent a case of longwall faces with stable roofs and poor caving condition 

behind the shields. On Panel 2, the immediate roof in the gob was not tightly compacted and there 

was a visible space above the rock pile. The open space allowed the majority of the face air to leak 

into the gob and resulted in only 20%-40% of fresh air supplied to the face managing to reach the 

tailgate. In the case of Panel 4, the immediate roof in the middle of the panel caved properly right 

after support advance; however, large areas on both the headgate and tailgate ends did not cave 

completely and resulted in void areas ranging from 13-30m (43ft-100ft) long and 6-10m (20ft-

33ft) deep in the gob. As a result, about 30%-50% of the fresh air supplied to the longwall leaked 

into the gob near the headgate corner. Some of this leaked air then returned to the face, in the area 
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where the immediate roof is tightly caved, and continued to gradually leak back into the gob as it 

approached the poorly caved area near the tailgate corner. By the time it reached the tailgate corner, 

the majority of the air supplied to the face had already leaked into the gob. 

Krog et al. (2014) conducted a study on airflow patterns along longwall faces in bleeder 

ventilated systems. Three tracer gas tests were conducted at different gas release locations and 

bleeder setups. Several sampling locations measuring arrival times and gas concentrations were 

set across the longwall face inby the shield line. The tracer gas containing 99.95% sulfur 

hexafluoride (SF6) was released at the start of the longwall section in tests 1 and 2. Both tests were 

done on the same longwall panel that utilizes the t-split bleeder ventilation system. Figure 2.12 

shows the schematic of a longwall district and ventilation system experiment setup for tests 1 and 

2. 

 

Figure 2.12: Sample tube placement for test 1 (left) and test 2 (right) (Krog et al, 2014) 

The result of the first test shows that about half of the airflow measured at the tailgate corner 

came from the face, while the remainder came from behind the shields. A similar trend was 

observed during the second test, with 60% of total air supplied to the face flowing from behind the 

shields. In the third test, the tracer gas was released on the longwall face at shield 19. Unlike the 

previous two, the third test was done on a different longwall panel utilizing an internal bleeder 

system where most of the tailgate airflow was directed towards the main return and then diverted 

towards the bleeder system. Figure 2.13 shows the schematic of the longwall district and 

ventilation system experiment setup for test 3. 
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Figure 2.13: Sample tube placement for test 3 (Krog et al, 2014) 

Even with a different tailgate setup, the result of the third test also showed a similar airflow 

pattern across the longwall face. Half of the airflow moving away from the longwall tailgate corner 

and towards the back bleeders did not come from the longwall face, but rather flowed from behind 

the shields. These tests clearly showed that significant air leakage across the face is common in 

longwall bleeder ventilation systems.  

2.6.2 Barometric pressure changes 

Changes in barometric pressure, whether it is a gradual daily fluctuation or an abrupt change 

such as with a case of stormy weather, can have an impact on methane outflow from the 

surrounding coal strata and inside the gob. Previous studies done by various researchers (McIntosh, 

1957; Boyer, 1964; Kissell et al., 1973; Fauconnier, 1992; Belle, 2014; Wasilewski, 2014; Lolon 

et al., 2015) have identified the relationship between changes in barometric pressure and the 

outgassing of methane in underground coal operations. A rise in barometric pressure may push 

fresh air into the gob, also known as the gob “breathing in,” while the fall in external barometric 

pressures may cause a potential outflow of methane gas from the gob, also known as gob 
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“breathing out.” These phenomena are believed to have contributed to several underground coal 

mine explosions cases in the United States. 

A computational fluid dynamic (CFD) modeling study done by Lolon et al. (2016) on the 

effect of barometric pressure changes on methane distribution inside longwall gob shows that 

fluctuations of barometric pressure outside the mine can affect the size and location of explosive 

gas zones (EGZs) in bleeder ventilated longwall gobs. An increase of barometric pressure will 

result in more ingression of bleeder and face air into the gob, diluting methane and reducing the 

EGZ volume inside the gob. Figure 2.14 shows the change of EGZ distribution inside the gob due 

to barometric pressure increases. 

 

Figure 2.14: EGZ transformation during rising barometric pressures (Lolon et al., 2016). 

An increase in outside pressure induces more ingression of fresh air into the gob from the 

surrounding longwall face and bleeder entries. As a result, the EGZ inside the gob is pushed further 

toward the center of the gob as the barometric pressure continues to rise. Generally, the rise of 

barometric pressure will not pose an issue to the operation’s safety; however, when barometric 

pressures drop, the methane inside the gob will expand into the adjacent bleeder entries, 

accompanied by more methane inflow strata. This methane outgassing would also push the 

explosive gas zones closer to the longwall face, as seen in Figure 2.15.  
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Figure 2.15: EGZ transformation during falling barometric pressures (Lolon et al., 2016) 

In addition to changes in barometric pressure, sudden change in mine pressure due to local 

events such as roof falls in critical areas, can also affect methane flow in and out of the gob. 

2.6.3 Tailgate ventilation setup 

Yuan et al. (2012) conducted a study on ventilation flow paths in longwall gobs using CFD. 

Three different ventilation systems were compared, which included one-entry and two-entry 

bleederless systems and a three-entry bleeder system.  

The modeled longwall panel was 3,300ft long, 1,000ft wide and 164ft high. Porous media 

with a permeability of 9x10-8 m2 was used to represent the longwall face shields and the longwall 

gob interior was modeled as five zones with permeability ranging from to 7x 0-7 m2 around the 

gob edge to 2x10-8 m2 for the gob center. The result in Figure 2.16 shows that, in bleederless 

ventilation systems, the flow through the gob was mainly concentrated behind the shields and the 

air that leaked through the shields at the headgate side was forced back into the face near the 

tailgate side.  
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Figure 2.16: Flow path lines colored by velocity magnitude (m/s) for a bleederless system (Yuan 

et al., 2012) 

In the case of a bleeder system, the gob airflow was mainly concentrated behind the shields, 

along the tailgate entry and near the back end of the gob. Furthermore, the flow path lines shown 

in Figure 2.17 show that the air that leaked through the shields at the headgate side did not flow 

back into the face at the tailgate side and flows in the least compacted zone through the gob. 

 

Figure 2.17: Flow path lines colored by velocity (m/s) for a three-entry bleeder system (Yuan et 

al., 2012) 

In addition to the type of ventilation system used, changes in tailgate ventilation can also lead 

to methane accumulations around the tailgate corner. This was previously demonstrated in the 

Upper Big Branch mine explosion in 2010.  
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2.7 Case study: UBB mine explosion April 5, 2010 

The Upper Big Branch mine (UBB) was owned by Massey Energy and operated by 

Performance Coal Company. The mine was located in Montcoal, Raleigh County, West Virginia. 

It utilized the longwall mining method and produced approximately 41.4 million tons of coal from 

1994 to 2010. 

On April 5, 2010, at 3:02 p.m., an explosion occurred that killed 29 miners and injured two 

others. At the time of the explosion, the active panel was producing coal from the Eagle seam and 

had already advanced about 6,000ft from the panel startup room. The seam itself was only 26-40 

inches in thickness, at times separated into two benches by a sandstone parting several inches thick. 

Due to equipment height limitations, the mine cut 2.5ft of sandstone roof in addition to the 4.5ft 

coal seam, resulting in total mining height of 7 feet. The longwall face was 1,000ft wide and was 

supported by 176 Joy twin-leg shields. A double drum shearer was used to cut the coal face, where 

a bi-directional cutting method was utilized. The average mine entry was 7ft high by 19ft wide.   

2.7.1 The UBB ventilation system 

The UBB mine was ventilated using three fans installed at the surface, as shown in Figure 

2.18. Two of them were blowing fans installed at drift openings of the North and South portals, 

while the third fan was an exhaust fan installed atop a 16-foot diameter airshaft located near 

Bandytown. Combined, the three fans supplied around 1,014,000 cfm of fresh air to the mine. 

 

Figure 2.18: UBB ventilation layout at the time of the mine explosion in 2010 (Phillips, 2012) 
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UBB utilized a bleeder ventilation system with T-split at the longwall face tailgate to ventilate 

the gob corner. This ventilation plan, shown in Figure 2.19, was approved by MSHA on December 

18, 2009. 

 

Figure 2.19: Longwall face ventilation plan included in the UBB Ventilation Plan (Phillips, 

2012) 

According to UBB’s section-specific methane dust control plan, there was a minimum airflow 

requirement of 400 linear feet per minute (lfm) at shield 9, or 50 feet off the headgate, and 250 lfm 

at shield 160, or 100 feet off the tailgate. The ventilation quantity record, shown in Figure 2.20, 

shows that on the day of the explosion, around 57,000 cfm of airflow was supplied to the longwall 

face.  

  

Figure 2.20: UBB air quantity record, with units listed in cfm (Phillips, 2012) 
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The amount of airflow supplied to the face the day of the explosion was significantly lower 

than the typical rate. Investigators concluded that the T-split did not provide enough airflow to 

safely dilute the methane released prior to the localized methane explosion.  

2.7.2 Changes in tailgate ventilation  

It is believed that one of the main contributors to the explosion was a change in tailgate 

ventilation control due to a tight roof fall blocking the tailgate entry inby the face. Figure 2.21 

shows the condition of the tailgate entry inby the longwall face after being blocked by the roof 

fall. Although the picture was taken during the mine explosion investigation, several pieces of 

evidence were found by investigators; for example, small pieces of freshly fallen white sandstone 

and coatings of soot on the fallen rubble both indicate that the intersection had caved prior to the 

explosion. 

 

Figure 2.21: Condition of the tailgate entry inby the face after a roof fall occurred (Phillips, 

2012) 

Investigators determined that inadequate roof control was the cause of the roof fall in the 

tailgate entry about 45ft inby the face. The support requirement-based roof control plan involved 

installing two rows of posts or two 8ft cable bolts in the tailgate entry as supplemental support. 

However, the investigation found that only one row of posts was installed in the tailgate entry. In 

addition to inadequate roof control, an analysis done by MSHA on UBB’s coal pillar design 

indicated that the pillars did not meet NIOSH recommendations, which specifically outlined a 

Pillar Stability Factor (PSF) of 1.13 requiring a 125ft crosscut and entry centers. Instead, the mine 

had 100ft crosscuts on 95ft--105ft centers which yielded a Pillar Stability Factor of only 0.82.  
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The mine’s roof fall restricted the face air access to the bleeder entry, thus forcing the operator 

to partially open the crosscut stopping outby the face to provide new access to the bleeder entry. 

Figure 2.22 below shows an illustration of the ventilation changes in the tailgate T-split area at the 

UBB mine. 

 

Figure 2.22: Changes in UBB’s tailgate ventilation due to a roof fall (Phillips, 2012) 

2.7.3 Possible ignition source 

A post-incident investigation suggested that the explosion started as a methane gas explosion 

at the longwall tailgate T-split area before transitioning to a coal dust explosion. The ignition 

source was believed to be frictional impact, as the shearer was cutting sandstone roof, or by rock 

colliding with steel supports (or other rock) while falling from the sandstone roof behind the 

longwall shield; the former was deemed the most likely. 

On the day of the explosion, the investigation report indicates that significant methane gas 

with flow rate of several hundred cubic feet per minute was released from a series of 81 floor 

fractures between shields 160 and 170, when the longwall mined past a fault zone. Due to tailgate 

ventilation changes, the gas that was supposed to flow towards the back of the panel was instead 

pulled toward the tailgate corner and was believed to have interacted with the shearer’s tailgate 

drum. 

The shearer used at the UBB mine was equipped with a methane monitor to provide constant 

methane readings. Another methane monitor sensor was located under the tail drive motor covers 

at the tailgate side of the face. After the explosion, both sensors were examined, but neither sensor 

reported any methane reading exceeding regulatory limits prior to the explosion. However, the 

report also indicated that the shearer was not equipped with sprays behind the bits, and at least two 
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shearer bits on the tail side cutting drum showed signs of severe wear to both the bit and carbide 

tip. A further inspection also found that seven sprays were missing from the shearer tail drum, 

creating inadequate dust and explosion control. 

During the investigation following the explosion, MSHA conducted smoke tests near the 

tailgate of UBB’s longwall to replicate the tailgate condition prior to the explosion and determine 

the airflow path around this area that lead to a face ignition by the shearer tailgate drum. Figure 

2.23 shows the test setup along with the location of the shearer and methane sensors. 

 

Figure 2.23: Diagram of UBB’s longwall face showing locations of the methane sensors 

(Phillips, 2012) 

The tests were conducted by releasing smoke from behind shields 160, 170 and 176 separately. 

The first test location was behind shield 160, where the smoke traveled downwind behind the 

shields until it reached an area where the gob had fallen tight against the shields, near shield 164, 

before migrating from behind the shields out into the walkway and continuing to travel over the 

shearer, tailgate drive and methane monitor sensors. When the smoke was released from behind 

shield 170, it traveled behind the shields until it reached shield 173. From this location, some of 

the smoke traveled behind the shields and into the tailgate entry, while the rest of the smoke came 

out of the shields into the walkway and traveled toward the shearer tailgate drum. The test 

conducted from behind shield 176 produced a similar result. In both tests, the smoke managed to 

travel across the tailgate drum of the shearer without passing the two methane sensors. 

Although both the longwall face and ventilation conditions at the time of the test were different 

than in the moments prior to explosion, this experiment provided a good indication of the existence 

of a flow path behind the shields that allowed methane gas from the gob to reach the shearer tailgate 
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drum without passing the two methane sensors. These results are in agreement with several studies 

done regarding airflow path across a longwall face in a bleeder ventilated panel that have shown 

that flow paths around gobs are concentrated mainly where gob permeability is the highest, which 

includes the area behind the shields. This result further suggests that the combination of 

insufficient face air and tailgate ventilation changes allow undetected methane to accumulate near 

the tailgate corner. 

Brune and Sapko (2012) conducted computational fluid dynamics (CFD) simulations using 

the Fire Dynamics Simulator (FDS) developed by the National Institute of Standards and 

Technology (NIST) to analyze ventilation and potential methane accumulations and mixing 

patterns in the longwall tailgate corner area after a roof fall on the tailgate entry inby the face. 

Figure 2.24 shows the longwall tailgate corner model used for the simulations.   

 

Figure 2.24: The FDS model for a typical longwall bleeder tailgate (Brune and Sapko, 2012) 

The model was set up so that 80,000 cfm of fresh air was flowing from the longwall face while 

the tailgate entry was established as an intake, supplying 10,000 cfm of fresh air. The outby 

crosscut was partially open to allow access to the bleeder entry after the roof fall occurred inby the 

face and restricted the flow. Various tailgate caving conditions were simulated to study methane 

outflow patterns from the gob corner. Figure 2.25 represents a case where 1,000 cfm of methane 

is outgassing from the tailgate gob corner on a different tailgate opening after a roof fall. It should 

be noted that, at a face quantity of 56,000 cfm, 1,000 cfm methane would be just below the 2% 

statutory limit for bleeder entries. 
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Figure 2.25: Effect of a roof fall inby the tailgate on explosive mixture formations (Brune and 

Sapko, 2012) 

After the roof fall reduced the opening area of the tailgate inby the face, the methane that 

previously pulled directly toward the back of the panel is now being pulled into the open crosscut 

outby the face. This had allowed methane to accumulate around the tailgate corner outby the face 

and, depending on the roof fall tightness, the explosive mixtures could reach the shearer tailgate 

drum. The results also show that the methane monitor located at the tailgate drive and shearer body 

failed to detect this methane accumulation, even after it became explosive and reached the shearer 

tailgate drum.  

The investigation report also referred to the possibility of falling rock inside the gob as the 

ignition source. This theory suggested that the explosion was triggered by a gas ignition located 

behind the shields near the tailgate. The ignited methane was believed to burn behind the shield 

toward the tailgate, where it dispersed combustible coal dust and initiated the coal dust explosion. 

The most likely source of ignition in this case was the friction between the newly caved immediate 

roof, which consisted of sandstone rocks, with the rock rubble inside the gob. Previous studies 

have demonstrated that collision and rubbing of sandstone rocks can create sparks hot enough to 

ignite methane gas.  
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The UBB mine was known to have had problems with floor methane; air quality samples 

taken from the longwall face’s immediate return showed 0.06% methane in 61,650 cfm, which 

indicates that most of the methane measured at the Bandytown bleeder fan were originated from 

the gob floor. Several cases of methane outbursts were previously reported on January 4, 1997; 

July 3, 2003; and February 18, 2004. Figure 2.26 shows the locations of the reported methane 

outbursts. 

 

Figure 2.26: UBB mine map showing the location of the 2010 explosion and prior gas outburst 

events (Phillips, 2012) 

The 2003 and 2004 incidents were reported to have had no significant impact on mining 

operations. However, the methane outburst in 1997 reportedly caused a gas ignition inside the gob, 

and a resulting fire burned behind the shields on the face side of the gob for some time. These 

previous three gas outburst events raise the possibility that the 2010 incident was started by a 

methane outburst behind the shield near the tailgate corner, before being ignited by a roof fall. 

This theory is further supported by the evidence found along the face that did not indicate methane 

deflagration occurring there. Figure 2.27 shows the possible explosion location of the 2010 UBB 

explosion.   
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Figure 2.27: Summary of flame propagation during the UBB mine explosion (Phillips, 2012) 

2.7.4 Lessons learned from the UBB explosion 

Maintaining adequate roof support at the T-split area is important in a longwall bleeder 

operation. The change in tailgate ventilation due to a roof fall blocking the tailgate entry inby the 

face was clearly the main contributor to this event, as it allowed the methane behind the shields to 

be carried back into the tailgate corner instead being pulled back toward the bleeder entry.   

Several cases of methane ignitions inside the gob in 1997, 2003 and 2004 show that methane 

buildup behind the shields can pose a serious risk. Being located in an inaccessible area also makes 

performing gas monitoring difficult. One way to prevent ignition inside the gob is to rely on the 

fresh air leaking across the longwall face to dilute the methane inside the gob. This would also 

mean that sufficient air must be supplied to the longwall face to ventilate both the area behind the 

shields and tailgate side of the face.  
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The UBB mine explosion also demonstrated that the current practice of installing methane 

monitors on the tailgate drive and shearer body are not effective in detecting possible methane 

accumulations behind the shields and tailgate corner. Both monitoring locations failed to detect 

the outgassing of methane from the gob. Further study is required to determine additional 

monitoring location or locations that can give an indication of change in tailgate ventilation and 

possible methane accumulation around the tailgate corner. 

2.7 Effective methane monitoring location 

30 CFR 27 requires the installation of a methane monitoring system on the shearer and a 

warning device that triggers when methane concentrations above 1.0% are detected; additionally, 

it must automatically shut off equipment power when the methane concentration reaches 2.0%. 

Additional gas readings can be done using portable methane detectors in accessible areas that are 

considered poorly ventilated or where the dilution of methane is impaired.  

Assessing an explosion hazard based on an instrument reading can be misleading, as it is 

highly dependent on the location being measured. MSHA requires that all tests for methane 

concentrations must be made at least 12 inches from the roof, face, ribs and floor, primarily 

because methane often enters the mine workings as a localized source at a high concentration. 

Figure 2.28 shows an example of how methane gas enters mine workings through a crack in the 

rock and subsequently diluted by the moving air stream.  

 

Figure 2.28: Illustration of methane being diluted into a moving air stream (Kissell, 2006) 
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This illustration shows how the measuring location can have significant impact on the methane 

readings. One can expect to receive high methane readings if it is performed close to the methane 

source, especially if there is not enough air to immediately dilute it. Methane, as it is lighter than 

air,  tends to form a high concentration layer along the mine roof, but if sufficient ventilation air 

is present, the incoming methane gas can be progressively diluted until it is below prescribed 

limits.  

Studies performed on ventilation patterns and methane emission at longwall faces have 

suggested that the majority of face methane is produced by coal breakage by the shearer (Cecala 

et al., 1985a, 1989; Denk and Wirth, 1991). Two methane monitors are usually installed at the 

longwall face, with one monitor mounted at the shearer and the other near the tailgate side of the 

face. The methane concentration reading at the shearer is generally higher than the concentration 

at the tailgate. An experiment conducted by Kissell and Cecala, et al. (2006) showed that during 

the tail-to-head pass, methane concentrations at the shearer would exceeded 1.0% several times, 

but no methane concentration above 1.0% was recorded by the tailgate methane monitor. This 

indicates that the methane concentration recorded by the tailgate monitor is not a good 

representation of face condition.  

The shearer is a primary ignition source for longwall operations, which makes the placement 

location of the methane monitor on the shearer body critical. Unlike portable handheld detectors, 

where a peak emission can be easily missed because of infrequent reading intervals, machine-

mounted monitors are expected to operate continuously and must be able to identify emission 

peaks and automatically shut off electrical equipment when methane levels exceed the prescribed 

limit. Cecala et al. (1993) conducted a full-scale laboratory study to determine the best methane 

monitoring location on the shearer. In it, methane was released at the shearer drums and the 

concentrations were measured at four potential monitoring locations atop the shearer body (shown 

in Figure 2.29).  

It was found that locations A though C gave approximately the same methane concentration 

readings. The values measured in these locations were found to be two times higher than that 

measured at location D. However, since the location of these three monitors were close to the coal 

face, these monitors were prone to being damaged, covered with coal dust and soaked by water 
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sprays. Thus, location D was deemed the best choice for a monitoring location, even though it gave 

a much lower methane concentration reading compared to the other three. 

 

Figure 2.29: Methane monitoring location testing (Cecala, 1993) 

This experiment showed that although the current practice of installing methane monitors at 

the shearer body and tailgate drive can detect methane emissions from the coal face, these locations 

were not effective in detecting possible methane outgassing from the gob.  
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3 CHAPTER 3  

CFD MODELING OF THE LONGWALL FACE 

3.1 Longwall Model Geometry  

The longwall geometry was built using a combination of Dassault Systemes® SolidWorks® 

and ANSYS® DesignModelerTM, while the CFD simulations were performed using the 

commercial software package ANSYS® FLUENT®. The model geometry shown in Figure 3.1 is 

based on an actual longwall mining operation in the United States.  

 

Figure 3.1: Plan view of longwall bleeder model geometry and location of ventilation controls 

The illustrated, and actual, panel is 3,300ft long and 1,000ft wide and the coal seam is 7ft 

high. The coal chain pillar dimension is 80ft x 60ft. Gateroad dimensions are 20ft by 7ft, consisting 

of one headgate entry, a belt entry and four tailgate entries. The roof directly behind the shield has 

not fully caved, resulting in a large void behind the shields that extends up to 50ft inby the face on 
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the tailgate side. The gob and fracture zone heights are 33ft and 23ft, respectively. Figure 3.2 

shows the close-up view of longwall face geometry. 

 

Figure 3.2: Close-up view of longwall face geometry 

The longwall face is supported by 176 shields. Each shield is 23ft long, 5.8ft wide and 7ft 

high, with the exception of the first and the last three shields that all need to accommodate the 

headgate and tailgate drive. On the back of each shield, there is a 3ft2 opening that allows air to 

exit and enter the face. On the headgate side, a ventilation curtain extends from the rib of the chain 

pillar to shield 6. The shearer was assumed to be cutting the tailgate corner of the coal face. The 

shearer body is 3.7ft in height, with cutting drum diameters of 5ft wide and a cutting depth of 3.3ft. 

The longwall face model includes the operational components typically found in a longwall 

operation, such as a shearer, stage loader, face conveyor, shield supports, face curtain, gob plate 

and the headgate and tailgate drives. A detailed view of the longwall face equipment models is 

shown in Figure 3.3. 
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Figure 3.3: Detailed view of longwall face equipment models 

3.2 Ventilation Network Simulation  

The mine utilizes a bleeder ventilation system with a T-split on the tailgate side. The stoppings 

on the tailgate side are removed approximately every five crosscuts to allow the face air to pass to 

the bleeder entry. The ventilation network for the base model is presented in Figure 3.4. 
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Figure 3.4: Ventilation network model 

At the front of the panel, 100,000 cfm of fresh air is delivered from the headgate entry; 25,000 

cfm assumed to leak through the headgate curtains and 10,000 cfm of air is returned through the 

belt entry, resulting in 65,000 cfm of air delivered to the face. Each tailgate entry and three bleeder 

entries are set to supply 10,000 cfm of air. The air quantities at the back of the bleeder are 

controlled with a series of bleeder regulators. R1 and R2 represent regulators that allow 10,000 

cfm and 30,000 cfm of air to pass through, respectively. 

Two different ventilation scenarios were considered for this study. The first represents the 

normal ventilation conditions for the mine, while the second represents a case of a roof fall in the 

tailgate entry 50ft inby the longwall face, forcing a change in tailgate ventilation. Figure 3.5 and 

Figure 3.6 each illustrate the two ventilation scenarios from the plan view. 
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3.2.1 Scenario 1: Normal tailgate ventilation setup 

 

Figure 3.5: Ventilation model showing normal tailgate ventilation direction 

The arrows in the figure show airflow direction; the dark blue color represents fresh air and 

the red represents contaminated air. In a normal ventilation setup, airflow from the face mixes with 

fresh air from the tailgate entry and flows toward the bleeder entry through the open crosscut inby 

the face. This tailgate setup allows air current from the face to sweep and ventilate the tailgate 

corner of the gob.  

3.2.2 Scenario 2: Tailgate entry blocked by roof fall inby the longwall face 

 

Figure 3.6: Ventilation model showing changes in tailgate ventilation direction after a roof fall 
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In this scenario, it is assumed that a tight roof fall has blocked the tailgate entry inby the face 

and is forcing the operator to change tailgate ventilation controls. Since the majority of airflow 

coming from the face is no longer able to enter the bleeder entry, the stoppings outby the face must 

be opened to allow new ventilation access from the face toward the bleeder entries. As a result, 

face airflow is now directed toward the nearest open crosscut outby the face.  

3.3 Meshing 

The accuracy of the numerical modeling solution is highly dependent on cell quality. ANSYS 

identified the major parameters that can be used to assess overall mesh quality, including overall 

cell skewness, orthogonal quality and aspect ratio. ANSYS (2014) has provided the following 

definition for cell properties: 

 Skewness is defined as the difference between the shape of the cell and the shape of an 

equilateral cell of equivalent volume. Table 3.1 shows guidelines that can be used to assess 

the mesh quality based on the maximum cell skewness values. 

Table 3.1: Cell Skewness Guidelines (ANSYS, 2014) 

 

 Aspect ratio is a measure of cell stretching. The recommended value for this property is below 

5 for flow located away from the walls, with an exception for quadrilateral/hexahedral/wedge 

cells inside the boundary layer. In general, the maximum aspect ratio should be kept below 35 

for the stability of the energy solution.     

 Orthogonal quality for cells is computed using the vector from the cell centroid to each of its 

faces, the corresponding face area vector and the vector from the cell centroid to the centroids 

of each of the adjacent cells. Table 3.2 shows guidelines that can be used to assess the mesh 

quality based on the maximum cell skewness values. 

Table 3.2: Cell Orthogonal Quality Guidelines (ANSYS, 2014) 
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In order to produce good overall mesh quality for the model, the longwall panel model was 

separated into five parts, shown in Figure 3.7, and were meshed individually.  

 

Figure 3.7: Geometry separation for meshing 

The meshing approach and mesh quality for each part are provided below: 

3.3.1 Longwall face and belt entry 

The longwall face is the most important part for this study, but also the hardest to mesh. The 

inclusion of operational components typically found in a longwall operation resulted in complex 

geometry with lots of sharp edges and corners. The mesh consisted of around 3.7 million 

tetrahedral cells with sizes ranging from 0.12m to 0.27m. The resulting mesh, shown in Figure 3.8, 

had a maximum skewness of 0.89, maximum aspect ratio of 11.8 and a minimum orthogonal 

quality of 0.18. Although the aspect ratio and skewness are above the recommended values, the 

resulted mesh managed to achieve good convergence during the simulation. 

 

Figure 3.8: Mesh - Longwall face 
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The belt entry was 195ft long and consisted of around 49,000 cells. The geometry was meshed 

using a cut-cell method with cell size of 1ft, which resulted in seven cell divisions in the 7ft entry 

height and 19 cell divisions in the 20ft entry width. The resulting mesh, shown in Figure 3.9, had 

a maximum skewness of 0.64, maximum aspect ratio of 4.9 and a minimum orthogonal quality of 

0.55, which meets the standard. 

 

Figure 3.9: Mesh - Belt entry 

3.3.2 Mine entries and crosscuts 

Both mine entries and crosscuts were meshed as one single geometry consisting of around 2.3 

million hexahedral cells. The geometry was meshed using a cut-cell method with a fixed cell size 

of 1.3ft, which resulted in six cell divisions in the 7ft entry height and 15 cell divisions in the 20ft 

entry width. The resulting mesh, shown in Figure 3.10, had a maximum skewness of 0.78, 

maximum aspect ratio of 2.9 and a minimum orthogonal quality of 0.70, which meets the standard. 

 

Figure 3.10: Mesh - Mine entries and crosscuts 
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3.3.3 Longwall gob 

The gob mesh had a total of approximately 5.7 million cells and consisted of the uncaved 

immediate roof behind the shields, the gob fringe on the headgate and tailgate side of the gob, the 

supported tailgate entry extending 400ft inby the face on tailgate side and the gob itself. These 

four components were meshed together using a cut-cell method with cell sizes ranging from 0.92ft, 

the smallest size, for the supported tailgate entry, immediate roof and gob fringes, to the largest 

size of 3.67ft for the gob center. The resulting overall mesh, shown in Figure 3.11, had a maximum 

skewness of 0.77, maximum aspect ratio of 5.7 and a minimum orthogonal quality of 0.40, which 

meets the standard. 

 

Figure 3.11: Mesh - Gob, immediate roof, and roof fall area 

3.3.4 Fracture zone  

The fracture zone was meshed separately from the gob and consisted of around 400,000 cells. 

The geometry was meshed using a cut-cell method with cell sizes ranging from the smallest size 
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of 1.84ft at the zone edge to the largest cell size 14.7ft at the center of the zone. The resulting 

mesh, shown in Figure 3.12, had a maximum skewness of 0.69, maximum aspect ratio of 3.9, and 

a minimum orthogonal quality of 0.34, which meets the standard. 

 

Figure 3.12: Mesh - Fracture zone 

In total, the model was meshed with 12 million cells. Table 3.3 shows a summary of the mesh 

quality for each part. 

Table 3.3: Summary of Mesh Quality 

Zone Parameter 

Value 

Number of Cells 
Min Max Average 

LW Face 

Skewness 0 0.89 0.24 

3,688,899 Aspect Ratio 1.2 11.8 1.9 

Orthogonal Q 0.18 1.0 0.85 

Belt Entry 

Skewness 0 0.64 0.01 

48,862 Aspect Ratio 1.1 4.9 1.2 

Orthogonal Q 0.55 1.00 0.998 

Bleeder Entries 

Skewness 0 0.78 0.0 

2,279,646 Aspect Ratio 1.0 2.9 1.1 

Orthogonal Q 0.70 1.0 0.999 

Gob 

Skewness 0 0.77 0.03 

5,574,114 Aspect Ratio 1.0 5.7 1.1 

Orthogonal Q 0.40 1.0 0.98 

Fracture 

Skewness 0 0.69 0.01 

399,697 Aspect Ratio 1.0 3.9 1.0 

Orthogonal Q 0.34 1.0 0.98 
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3.4 Gob and fracture zone characteristics  

The flow inside the gob is highly dependent on gob permeability and porosity distribution. 

Low gob permeability will result in a higher gob resistance and reduction in the ability of fresh air 

to pass through the gob. Gob characteristics are site specific and can vary greatly depending on 

overburden conditions. Gob characteristic development and validation is not part of this study.  

Several studies have been done by other researchers to determine the permeability and 

porosity of longwall gob. Some of them, such as Marts (2014), was developed using surface 

subsidence data obtained from several mine sites. Other models were developed based on the 

predictive approach using fractal scaling in the porous medium with principles of fluid flow 

(Karacan, 2010), or caving and block dimensions in relation to the effect of block dimensions and 

fall heights on the void ratio (Esterhuizen and Karacan, 2007). A list of gob permeability and 

resistance values obtained from literature can be seen in Table 3.4. 

Table 3.4: Gob Permeability and Resistance from Literature 

 

Although gob permeability and porosity distribution were site specific, the results of these 

studies show similar trends in terms of the characteristics of the gob with the highest permeability 

and porosity behind the face shields and around the gob edge; they become significantly less 

permeable as it get closer to the center of the gob. Figure 3.13 shows the results of the studies on 

permeability distribution inside the gob that has been performed by various researchers. 
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Figure 3.13: Permeability distribution in the fully caved gob from literature 

The gob characteristics used in this study were based on a model developed by Marts, et al. 

(2014) with adjustments made to permeability value. Gob porosity ranged from 14% in the gob 

center to 40% near the face, while gob permeability ranged from 2x10-8 to 7x10-7 m2. The gob 

fringes at the headgate and tailgate side of the gob were also modeled as porous media with 

uniform porosity of 50% and a permeability value of 2x10-8 m2. In FLUENT, porous media 

permeability is assigned as resistance, which is the inverse value of permeability. Figure 3.14 

shows the gob resistance and porosity distribution used in this study. 

Sensitivity studies were also conducted using gob characteristics developed by other 

researchers to verify the trends observed in the simulation results. The results can be seen in the 

appendix. 
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Figure 3.14: Base case gob resistance (left, in 1/m2) and porosity (right) 

Similar to the gob, the permeability and porosity values reported indicate that it is highly 

dependent on the local geology and mining height. Saki (2015) compiled the range of permeability 

for fractured zone layers for different rock types (shown in  

Table 3.5). These values were based on previous studies done by various researchers 

(Lowndes et al., 2002; Kelsey et al., 2003; Esterhuizen et al., 2005; Lewis et al., 2006; Marts et 

al., 2014). 

Table 3.5: In-situ Permeability of Fractured Zones, from Literature (Saki, 2015) 
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In this study, the fracture zone was simplified and modeled as a 23ft high porous media with 

uniform permeability of 1 x 10-13 m2 and 2% porosity. To check the sensitivity of the fracture zone 

permeability on the simulation result, three simulations were run using different permeability 

values (1 x 10-12, and 1 x 10-14 m2), with the same amount of methane put into each model. The 

results, presented in the appendix, show that the change in permeability only affected the pressure 

required to supply the same amount of methane to the model, without having any significant impact 

on the methane distribution inside the gob.  

3.5 Modeling a roof fall blocking the tailgate 

In the second ventilation scenario, it was assumed that a tight roof fall was blocking the 

tailgate entry 50ft inby the face. Figure 3.15 shows the location of the roof fall in the tailgate entry. 

 

Figure 3.15: Location of roof fall in the model 

Prior to the roof fall, the tailgate area inby the face (in yellow) was modeled as an open entry 

that represented a supported entry. The mine operator only removed one of every five stoppings, 

which required them to maintain at least five tailgate crosscuts inby the face to be fully supported. 

Post-fall, this area was changed to a porous media with permeability of 1x10-8 m2 and 5% porosity. 

These values are used for the base case to represent a tight roof fall. Different permeability values 

were also tested, and the result is presented in Section 4.2.  

3.6 Explosive Gas Zone (EGZ) Mixture Analysis 

The explosibility of methane-air mixtures is analyzed based on Coward's Triangle. For better 

visualization, each cell is colorized based on its methane and oxygen concentration, and further 
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separated into six zones. These zone assignments were added to the simulation results using an 

algorithm developed by Worrall (2012), shown in Figure 3.16, that characterizes the mixture and 

assigns a value for each cell that corresponds to the appropriate color zone.  

 

Figure 3.16: Explosive gas zone (EGZ) algorithm (Worrall, 2012) 

The red color represents explosive gas mixtures, or EGZs, the yellow is fuel-rich inert and 

green is fuel-lean inert. Orange represents methane-air mixtures that are close to becoming 

explosive. Blue represents inert, oxygen-rich mixtures with less than 4% methane, including fresh 

air. This color-coded Coward’s Triangle is used to analyze explosive gas mixtures for the 

simulation results presented in this report. 

3.7 FLUENT Setup 

3.7.1 FLUENT Solver Settings 

The FLUENT software settings for the solver are shown in Table 3.6. The pressure-based 

solver is used for incompressible flow and the velocity formulation is set to absolute for slow-

moving fluids. The time formulation is set to steady-state and the gravity is set to 9.81 m/s2.  
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Table 3.6: FLUENT Solver Settings 

 

3.7.2 FLUENT Model Settings 

FLUENT model settings used in this study are shown in  

Table 3.7. Based on the parametric study conducted, a realizable k-ε turbulent model was 

chosen for this simulation as it produced the best convergence result. The Standard Wall Function 

was also chosen, as it allows adjustment for wall roughness. This adjustment, further discussed in 

Section 3.7.5, is deemed necessary to produce realistic pressure drops across the longwall face.  

The porous media model is applied to the gob and fracture zone using the superficial velocity 

formulation. The viscous resistance for the two porous media were applied using the FLUENT 

User Defined Function (UDF) developed by Gilmore, et al. (2014). The inertial resistance term for 

the porous media is set to zero.  

Table 3.7: FLUENT Model Settings 
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3.7.3 FLUENT Materials Settings 

FLUENT material settings for gas species are shown in Table 3.8. The methane-air mixture 

species formulation includes five species. The species transport was further simplified by 

removing oxygen, carbon dioxide, water vapor and nitrogen from the equation, leaving only two 

species, methane and air, to be modeled. The use of these two species reduced the computational 

time and model complexity because the solver only required solving the methane species transport 

equation instead of multiple species. The remaining parameters are kept at default settings. 

Table 3.8: FLUENT Materials Settings 

 

3.7.4 FLUENT Discretization and Solution Settings 

The FLUENT solution method settings are given in Table 3.9. Both the default Semi-Implicit 

Method for Pressure-Linkage Equations (SIMPLE) and coupled algorithm were tested for the 

pressure-velocity coupling method. Although computationally more expensive, it was found that 

the coupled method produce a better convergence, as presented in section 3.8 of this report.  

The least squares cell based gradient scheme were used to solve spatial discretization 

respectively. Standard settings were kept for the pressure discretization scheme, as it was found to 

produce the best convergence results compared to other schemes. However, this pressure scheme 

is only applied to non-porous media flows. For porous media flows, FLUENT recommended the 

use of PRESTO! (PREssure STaggering Option), which computes the face pressure in addition to 

the cell pressure. In FLUENT Version 16.0, PRESTO! is intrinsically used by the solver for all 

porous media cell zones, which makes the selected pressure schemes only applicable for non-
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porous media zones. The remaining momentum, turbulent, energy and species transport equations 

were set as a second-order scheme for better accuracy. 

Table 3.9: FLUENT Solution Method 

 

3.7.5 Boundary Conditions 

A parametric study was conducted to determine the most suitable boundary conditions for the 

simulation. The convergence results, which will be discussed in Section 3.8, suggested that except 

the global continuity residual, velocity boundary condition provides better overall convergence 

compared to the pressure boundary, especially for the momentum parameter. However, to achieve 

a more realistic pressure field such as in the real mine situation, pressure boundaries have to be 

used. Balancing each inlet boundary to achieve the desired airflow quantity using pressure inlets 

was found to be difficult. To resolve this problem, the inlets were first set as velocity inlets to 

enable the accurate setting for desired flow rate; this approach provides a good estimation of the 

pressure required for each inlet boundary to achieve the desired airflow quantity. After required 

pressure values were obtained, all boundaries were switched to pressure inlets and the model was 

re-run to obtain final results. The ventilation air quantities used for the base case model can be 

seen in Table 3.10. This base case represents a normal ventilation set-up for the mine.  
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Figure 3.17: CFD longwall model boundary locations 

Table 3.10: Boundary Conditions for Base Model   

 

The condition of airflow quantity at each boundary in the models were set to match values 

typically found in operating mines and met the regulatory requirements prescribed in 30 CFR. 

Therefore, the resulted airflow distribution within the model would give a good representation of 

real longwall mine ventilation conditions. 
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The inlets of the model are the headgate entry (Point A) supplying air to the face, four tailgate 

entries (Point C, D, E, F), and a methane source from the top of the fracture zone (Point G). Each 

inlet is first set with a velocity magnitude normal to that boundary, with a turbulent hydraulic 

diameter of 3.2 m (10.5 ft) and a turbulent intensity of 3%. The species mole fraction is set to 0% 

methane for all fresh air entries. The outlet of the model includes the belt entry (Point B) and the 

bleeder entry (Point J), connected to the bleeder fan. Both outlets were set as pressure outlets with 

values obtained from the velocity boundary for the belt entry and zero-gauge pressure for the 

bleeder fan entry. Both entries were set to have the same turbulent backflow conditions as the 

inlets. 

In this study, only the methane coming from an upper rider seam located in the fracture zone 

is modeled. It is assumed that the rider seam supplies methane from an infinitely large reservoir in 

an evenly distributed manner. Figure 3.18 shows the location of the methane source used in the 

simulation. 

 

Figure 3.18: Methane source location 

The top of the fracture zone has a surface area of around 3,298,000 ft2 on a 3,300ft-long, 

1,000ft-wide longwall panel. The species mole fraction is set to 100% methane, while the turbulent 

conditions at the methane inlet boundary are set with an intensity of 0.1% and length scale of 2ft. 

The methane inlet volume was calibrated to supply a concentration of 1% methane at the bleeder 

outlets. Both velocity and pressure boundary conditions were tested and calibrated to achieve the 

desired methane inflow. It was found that the use of velocity and pressure boundaries for methane 

inlets produced similar results, with slight differences in the methane distribution inside the gob 

and the methane volume amount inside the model. The result of this comparison study is presented 
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in Section 3.8. Further consideration of modeling methane source is discussed by Worrall (2012) 

and Gilmore (2015). 

3.7.6 Wall roughness adjustment 

The inclusion of the geometry that represent shields, the armored face conveyor, the tailgate 

and headgate drives and the crusher obstructing the headgate entry is necessary to provide better 

accuracy of airflow distribution, turbulent flows and the pressure drop across the longwall face. 

The pressure drop can significantly affect airflow distribution, especially across the face and gob, 

thus affecting the methane distribution inside the gob. However, it was found that the addition of 

these geometries was not enough to produce the desired pressure drop, and additional adjustments 

on wall roughness for the face and mine entries were required to better reflect the pressure drop 

and airway roughnesses typically found in underground coal mines.  

Several studies have been done by researchers to determine the friction factor values typically 

found in underground coal mines. Table 3.11 and Table 3.12 show the estimated friction factor 

values for various coal mine airway conditions. 

Table 3.11: Friction Factor Value for Different Airway Types (Kharkar et al., 1974) 

*  

 

Table 3.12: Friction Factor Value for Different Airway Types (Kingery, 1960) 
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A more recent study done by Prosser and Wallace (2002) at 14 coal and soft rock mines across 

the United States shows a similar result. The surveyed mine airways were divided into four 

categories. The intake airway is defined as a clean rectangular entry with roof bolts and limited 

mesh lining, while a return airway is defined as a rectangular airway with some irregularities, roof 

bolts and limited mesh. Most measurements were taken in straight airways airways and rectangular 

surface areas. The results can be seen in Table 3.13. 

Table 3.13: Standardized Friction Factors for Coal Mine Airways (Prosser and Wallace, 2002) 

 

The mean friction factor for return entries is generally higher than that of intake entries. This 

result is to be expected, considering that intake entries are better maintained than return entries. 

The friction factor for the cribbed drift appears to be significantly higher compared to the other 

entries, and that seems to vary based on cribbing dimensions and set-up.  

A parametric study was done on FLUENT to determine the equivalent wall roughness 

parameter that represents the conditions in a real mine. The simulation set-up for this study is 

presented in Figure 3.19. 

 

Figure 3.19: Simulation set-up for an equivalent wall roughness study 
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The study involved varying the roughness height parameter for the wall boundary condition. 

The airflow quantity was kept constant at 100,000 cfm. The wall roughness constant was also kept 

at 1 to represent a non-uniform rough wall condition while different value of roughness height 

were used. Four different mesh size were tested, shown in Figure 3.20. 

 

Figure 3.20: Mesh used for wall roughness test 

  Based on the resulting pressure drop for different roughness heights, the Atkinson friction 

factor can be calculated using the following formulas:  

              

The result, presented in Figure 3.21, shows that an additional roughness adjustment is required 

to achieve the more realistic airway roughness condition found in typical underground coal mines.  
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Figure 3.21: Equivalent Atkinson’s friction factor as a function of wall roughness height 

Without any adjustments and a roughness height of 0m, the airway friction factor closely 

resembles a smooth airway. Based on the values listed in literature, a wall roughness height of 

0.15m-0.50m (0.49-1.64ft) represents a reasonable value for the moderately to highly obstructed 

coal mine entries presented in Table 3.11 and Table 3.12. For this study, a roughness height value 

of 0.3m (1ft) was chosen to represent the wall roughness condition in a longwall coal mine. It was 

also found that the result without the addition of inflation layers near the wall cannot accurately 

resolve the effect of wall roughness near the wall. The resulting pressure drop is higher than it 

should be, which then reflected on the calculated friction factor value. However, considering the 

difference in the result and the number of cell required to mesh it, the currently used mesh size 

0.36m for the mine entry is deemed reasonable. 

3.8 Solution Approach and Convergence 

For a steady-state simulation, good convergence is achieved when there are no longer any 

significant changes in the solution with further iterations. To determine convergence, FLUENT 

recommends checking the following: 

 Discrete conservation equations are solved to a specific tolerance; 

 Overall mass, momentum, energy and scalar balances; 
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 A decrease in residuals by at least three orders of magnitude; 

 An energy residual decrease by six orders of magnitude; 

 A species residual decrease by five orders of magnitude; and 

 Monitor relevant key variables 

Following this guideline, the convergence criteria used for all models in this study is as 

follows: 

 Continuity: 1x10-3  

 Momentum: 1x10-4  

 Turbulence parameter, Kappa and Epsilon: 1x10-3  

 Energy: 1x10-6  

 Methane species: 1x10-5 

To achieve good convergence, the initial solutions were solved for the turbulent case, followed 

by the energy equations. Several surface monitors were set at various locations in the model, which 

include the monitoring of: 

 Airflow quantity at longwall shield 9 and 161; 

 Airflow quantity passing through the headgate ventilation curtain; 

 Methane concentrations at the outlet 

Figure 3.22 and Figure 3.23 show the comparison of convergence results for the base case model 

using velocity and pressure boundary conditions. The residuals appear steady for species and 

energy but fluctuate for momentum equations, especially for the pressure boundary case. In both 

cases, there is no longer significant change in the monitored key variables with further iterations 

and the overall mass balance is achieved, thus the convergence is considered to be reached. Based 

on the residual value for each parameter, the pressure boundary case achieve a better overall 

convergence compared to the velocity boundary case.  
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Figure 3.22: Convergence results for a base case using velocity boundaries 

 

Figure 3.23: Convergence results for the base case using pressure boundaries. 
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Figure 3.24 show the convergence results for the ventilation scenario after a roof fall. For this 

case, all boundaries were set as pressure boundaries. The convergence result shows similar residual 

characteristics with the base case that utilize a pressure boundary condition. The residual for the 

continuity, turbulent, energy and species equations appear to be steady, while the momentum 

equations show a large fluctuation. However, the monitored key variables no longer change with 

further iterations and the overall mass balance is achieved, thus the convergence is considered to 

be reached. 

 

Figure 3.24: Convergence results for the ventilation scenario after a roof fall occurred 

Figure 3.25 shows the convergence mass flow balance for the two ventilation scenarios. 

 

Figure 3.25: Convergence mass flow balance  
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The same solution approach and convergence criteria were used for all models presented in 

this study. A mesh independent study was also conducted to further verify the result. This process 

involved refining the mesh and analyzing the percent change in a variable of interest to an 

acceptable value. The result of the mesh independent study are presented in the appendix. 
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4 CHAPTER 4 

ANALYSIS OF RESULTS 

4.1 Airflow distribution across longwall face 

4.1.1 Normal ventilation conditions 

In normal ventilation, 100,000 cfm of fresh air is delivered from the headgate entry; 25,000 

cfm is assumed to leak through the headgate curtains and 10,000 cfm of air is returned through the 

belt entry, resulting in 65,000 cfm of air delivered to the longwall face. The tailgate entry and three 

bleeder entries are each set to supply 10,000 cfm of air. The result of the CFD simulation for 

airflow distribution across the face in normal ventilation conditions is shown in Figure 4.1. An 

elevation of 2.3ft from the mine floor was chosen for this, as it clearly shows the air leakage 

through the back of the shields and the airflow blockage by the face equipment, while the 

measurement of 5ft from the mine floor was chosen to show the location of the shearer tailgate 

drum, which has the potential to ignite the air-methane mixtures at the tailgate corner once the 

tailgate ventilation changes.   

Airflow distribution at the headgate side of the face shows that the stageloader, headgate drive 

and crusher at the headgate intersection provide an obstruction for airflow trying to enter the face. 

The majority of that flow passes over these obstacles through a reduced opening, resulting in an 

increase of airflow velocity in this area. The pathlines of leaked fresh air around the headgate 

corner, which is presented in Figure 4.2, also shows that some of the fresh air supplied to the face 

is leaking into the gob through the face curtain and through the gaps behind the shields.  

Near the face’s headgate corner, a small portion of this leaked fresh air flows through the high 

permeability area along the gob’s headgate side, enters back into the headgate entry and mixes 

with the fresh air that passed though the headgate curtain. The remainder of leaked fresh air toward 

the tailgate flows either along the gob void behind the shields of the face or through the gob directly 

toward the back of the panel, as shown in Figure 4.3. 
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Figure 4.1: Airflow distribution at headgate and tailgate corners before a roof fall 

 

Figure 4.2: Close-up view of headgate ventilation showing velocity pathlines of leaked face air 
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Figure 4.3: Close-up view of tailgate ventilation showing velocity pathlines of leaked face air 

Airflow distribution at the tailgate side of the face, shown in Figure 4.1, indicates that the area 

near the tailgate corner is poorly ventilated. As the shearer is located at the tailgate corner and the 

gob plate is restricting flow, the opening for the face airflow is significantly reduced. As a result, 

given the poor caving conditions, air will find a path of least resistance, through the void directly 

behind the shields. Most of the fresh air supplied to the face is leaking into the gob through the 

gaps behind the shields. Figure 4.4 shows the cross-section view of airflow distribution at various 

locations across the longwall face. 

 

Figure 4.4: Cross-section view of longwall face air flow velocity before the roof fall 
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The results show that, near the headgate of the face, most of the supplied fresh air is 

concentrated near the coal face, especially prior to shield 6 where the face ventilation curtain is 

set; however, as airflow passed shield 6, the fresh air started to leak through the gaps behind the 

shields. By the time it reached the tailgate side of the face, the majority of supplied air flows behind 

the shields parallel to the face, leaving only small quantity of fresh air to flow inside the last couple 

of shields where the shearer is located. Figure 4.5 shows the leakage rate across the longwall face 

in normal ventilation conditions. 

 

Figure 4.5: Air quantity distribution along the longwall face before the roof fall 

Airflow distribution across the face shows there was minimum leakage between shield 1 and 

6 due to the face ventilation curtain. However, significant leakage occurred starting at shield 7 

until the last shield. Out of the 65,000 cfm supplied to the face, only around 10,000 cfm remained 

on the face at the tailgate. This amount of airflow is likely insufficient to dilute the methane along 

the face and can cause an accumulation of methane at the shearer. The extent of air leakage is 

highly affected by the caving condition behind the shields, the pressure drop across the face and 

the ventilation system used. In progressively sealed gobs, the fresh air that leaked into the gob at 

the headgate corner and along the face will be pulled back into the face through the shield gaps as 
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it approaches the tailgate, as demonstrated by Yuan et al. (2012) and Saki (2015). In bleeder 

systems, the air that leaks into the gob does not return to the face, but rather flows directly towards 

the bleeder fan at the back.  

4.1.2 Tailgate entry blocked by a roof fall inby the longwall face 

After a tight roof fall blocks the tailgate entry inby the face, stoppings outby the face must be 

opened to allow ventilation access from the face to the bleeder entries. As a result, airflow from 

the face is now directed toward the nearest open crosscut outby the face. Figure 4.6 shows a 

comparison of airflow distribution around the tailgate area before and after the roof fall. 

 

Figure 4.6: Comparison of tailgate conditions before (left) and after (right) a roof fall occurred 

The roof fall also increased the mine resistance, especially on the tailgate side. This has 

resulted in changes in airflow quantity flowing from the tailgate entries. The opening of the 

stopping outby the face provided a new, less restrictive airway for fresh air supplied from the 

tailgate entry, which resulted in a significant increase of airflow quantity from that point. At the 

same time, the fresh air supplied through tailgate entry numbers 2 and 3 were reduced due to this 

pressure change. Figure 4.7 shows the new air quantity flowing from the tailgate entries after the 

roof fall occurred. 
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Figure 4.7: Change in airflow quantity supplied from the tailgate entries due to a roof fall 

The cross-section view of the airflow distribution at various locations across longwall face 

after the roof fall occurred is shown in Figure 4.8. 

 

Figure 4.8: Cross-section view of  longwall face air flow velocity after the roof fall 

Airflow distribution near the headgate corner shows a similar trend with the one observed in 

the case prior to the roof fall. However, airflow near the tailgate side, at shield 174, is now mostly 
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concentrated close to the coal face instead being pulled back into the back of shield, as was the 

case prior to the roof fall. This result indicates that some of the air that leaked into the gob may 

flow back into the face near the tailgate corner. This phenomenon can be analyzed in more detail 

by comparing the face leakage rate before and after the roof fall occurred, which is presented in 

Figure 4.9. 

 

Figure 4.9: Air quantity distribution along the longwall face after a roof fall 

The comparison of the face air leakage rates for the two tailgate ventilation scenarios shows a 

significant quantity difference at the last couple of shields near the tailgate corner; according to 

this, some of the leaked air that traveled into the void area behind the shields flows back into the 

face area. The pathlines of the leaked airflow traveling behind the shields, shown in Figure 4.10, 

clearly shows this effect. 
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Figure 4.10: Pathlines of air velocity showing leaked airflow direction near the tailgate corner 

The major issue with this new tailgate ventilation arrangement is the inability of the supplied 

fresh air to properly dilute the tailgate gob corner. Furthermore, the supplied fresh air from the 

tailgate entry is no longer reaching the shearer at the tailgate corner, as it is instead flowing directly 

toward the newly opened crosscut outby the face. 

4.2 Effect of a Roof Fall on Methane Distribution at the Longwall Face Tailgate Area 

To study the effect of a roof fall on the distribution of methane inside the gob, the CFD model 

was set up to produce a methane volume concentration of approximately 1% CH4 at the bleeder 

fan.  

4.2.1 Normal ventilation conditions 

Figure 4.11 shows methane distribution around the tailgate corner before the roof fall.  
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Figure 4.11: Methane distribution around longwall face tailgate before a roof fall, units in mole 

fraction 

Pre-fall, the close-up view of the tailgate conditions show that the face air sweeps the corner 

of the gob on the tailgate side and prevents methane accumulation in this area. The results also 

show that, although the fresh air leaks across the face has significantly reduced air quantity at the 

tailgate corner, this leaked air help preventing methane buildup in the gob area immediately behind 

the longwall face.   

4.2.2 Tailgate entry blocked by the roof fall inby the longwall face 

Figure 4.12 shows the methane distribution around the tailgate corner after the roof fall 

blocked the tailgate entry. The roof fall in the tailgate entry inby the face forces a large air current 

to flow to the newly opened crosscut outby the face. In addition, methane from inside the gob will 

be pulled toward the tailgate corner. The close-up view of the tailgate area shows that contaminated 

air traveling behind the shields returns to the face near the tailgate and then travels outby the face, 

passing close to the tailgate-side shearer drum. This ventilation condition can create explosion 

hazards if the shearer manages to interact with the shearer drum while cutting the coal face at the 

tailgate corner. The roof fall’s impact on methane accumulations and mixing patterns in the tailgate 

area depend largely on the tightness of the fall and the amount of methane outgassing from the gob 

at the tailgate corner, as demonstrated in a study by Brune and Sapko (2012). 
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Figure 4.12: Methane distribution around the longwall face tailgate after a roof fall; units in mole 

fraction 

4.3 Effect of the Roof Fall on Methane Distribution inside the Gob 

Figure 4.13 shows the comparison of methane distribution inside the gob before and after the 

roof fall. 
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Figure 4.13: Comparison of methane distribution inside the gob 

The roof fall at the tailgate entry hindered fresh air from diluting the methane at the tailgate 

gob corner, thus allowing the methane inside the gob to accumulate around that area.  

The impact of the roof fall on the methane distribution inside the gob can also be analyzed by 

observing the formation and movements of EGZs in the gob. Figure 4.14 shows a comparison of 

the formation of EGZ inside the gob before and after the roof fall occurred at 5ft above the floor.  

Before the roof fall occurred, the EGZ is located at the back of the gob and far from the 

longwall face; after the roof fall blocked the tailgate entry, that area is now filled with near-

explosive gas mixtures and the EGZ is being pulled closer to the longwall face, where it can be 

ignited by the shearer’s cutting action. The extent of the EGZ movement will vary based on gob 

characteristics and the amount of methane originated from the gob. 
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Figure 4.14: Comparison of EGZ distribution inside gob, based on Coward’s Triangle. 

For comparison, Figure 4.15 shows the case when a roof fall with less tightness occurred on 

the tailgate entry. In this case, the fall is modeled as a porous medium with a permeability value 

of 1x10-6 m2, instead of 1x10-8 m2 as was used in the base case. 
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Figure 4.15: Comparison of EGZ distribution inside the gob for a tighter roof fall case 

If the EGZ manages to reach the active roof fall area behind the shields, this will create an 

explosion hazard due to the possibility of ignition caused by rock-on-rock friction when the 

immediate roof caves into the gob, such in the case of the Willow Creek mine explosions in 1998 

and 2000 (Elkins et al., 2001; McKinney et al., 2001). 



75 
 

Several factors, such as gob characteristics, the pressure drop across the gob, the amount of 

methane originating from the gob, the ventilation setup and the immediate roof caving condition 

can affect the formation of the EGZ. However, the same trends are observed in all cases in which 

the methane accumulates near the tailgate corner of the gob and the methane in the gob behind the 

shields is brought back into the face at the tailgate corner area after a roof fall. The results of this 

sensitivity study are presented in the appendix. 
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5 CHAPTER 5  

RECOMMENDATIONS FOR ADDITIONAL METHANE MONITORING 

The Willow Creek and UBB mine explosions highlight the need for additional monitoring 

locations to detect methane outgassing from the gob due to changes in tailgate ventilation, 

barometric pressure drops and other factors. Based on the literature and studies done on this topic, 

in order to be considered effective, the proposed monitoring locations should satisfy the following 

criteria: 

 Give early indication of changes in tailgate ventilation;  

 Give early indication of methane outgassing from the gob; 

 A fixed location, moved along with the face advance; and 

 Located in area that is not prone to damage, or which can be covered with coal dust or soaked 

by water sprays 

The simulation results show that the area most prone to methane accumulation is located 

around the tailgate side of the longwall face. The ventilation in this area is highly affected by the 

caving condition behind the shields and is sensitive to changes in the tailgate setup, thus the need 

to be properly monitored. Figure 5.1 and Figure 5.2 each show the airflow and methane distribution 

near the tailgate corner after the roof fall. 

 

Figure 5.1: Pathlines showing airflow distribution near the tailgate after a roof fall, units in 

ft/min 
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Figure 5.2: Pathlines showing methane distribution near the tailgate after a roof fall 

The results clearly show the possibility of methane from the gob to enter the longwall face, 

bypassing the methane monitor mounted on the shearer body and tailgate drive, and interacting 

with the shearer tailgate drum. Therefore, the proposed additional methane monitoring location 

must also resolve this issue. 

Based on the observed airflow and methane patterns near the tailgate corner, the best location 

to install the additional methane monitor should be close to the shield gaps at the back of the last 

few shields near the tailgate corner. The proposed locations for the methane monitor are presented 

in Figure 5.3. These locations satisfy the requirements listed above and do not require significant 

modification the existing longwall shields model. These locations move along with the advance of 

the face, are not prone to damage or covered with coal dust, and should be able to give early 

indications of potential methane entering from the gob into the longwall face. 
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Figure 5.3: Proposed methane monitoring locations 

It is important to note that the proposed monitoring locations presented in this study are still 

in preliminary stages and require further validation with experimental study and approval from 

MSHA. One of the notable issue is that there may be excessive shut-downs if shut-down monitors 

were placed here using the same methane limit currently prescribed in the 30CFR. Continuous 

monitors without shut-down capability may need to be tested extensively prior to mandating shut-

down monitors in this area of the shields. 
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6 CHAPTER 6  

CONCLUSIONS 

The use of computational fluid dynamics (CFD) can provide a detailed interaction between 

air flow at the longwall face and leaks in the voids behind the shields. In addition, the impact of a 

roof fall in the immediate tailgate entry can be modeled and visualized. The resulting airflow 

profiles and methane-air mixture conditions can provide a better understanding of tailgate 

ventilation hazards caused by the accumulation of methane near the tailgate corner. 

The results confirm that the tailgate corner of the longwall face is a critical area that is prone 

to face ignitions and needs to be properly monitored. Caving conditions behind the shields have a 

significant impact on the ventilation conditions of the tailgate corner area. Poor gob caving can 

lead to insufficient fresh air at the tailgate corner and also make this area prone to methane 

accumulations and explosion hazards. 

Roof falls in the tailgate entry inby the face can create an explosion hazard. Not only does the 

roof fall hinder the ability of face air to dilute methane accumulations in the tailgate corner, it can 

also deflect contaminated air from the gob back into the face and pull the EGZ inside the gob 

closer to the face. Roof control at the tailgate and ventilation monitoring there are, therefore, 

important to preventing longwall face ignitions. 

The current practice of mounting methane monitors at the tailgate drive and shearer body is 

not effective for detecting methane outgassing from the gob to the face. Additional monitoring 

location is deemed necessary to provide an early indication for such an event. 

Maintaining effective bleeder ventilation is key in ensuring the safety of the longwall 

operation. Adequate face ventilation, good roof control and proper methane monitoring locations 

can all help minimize the explosion risk around the tailgate corner of the longwall face. 
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7 APPENDIX A 

A.1 GRID INDEPENDENT STUDY 

Table A1: Mesh refinement for grid independent study 

Zone 
 Number of cell  

 Base   Refined  

 LW face     3,688,899        4,210,895  

 Gob     5,574,114      13,600,723  

 

A1.1 Comparison of airflow leakage across the longwall face 

Table A2: Comparison of airflow leakage across the longwall face for grid independent study 

Location Q (cfm) Difference 

Shield# Refined Base Q (cfm) %  

1 63,782 63,570  212 0.3 

4 63,697 63,549  148 0.2 

6 62,892 62,828  64 0.1 

9 58,400 58,484  85 0.1 

20 46,703 46,660  42 0.1 

40 39,752 39,752  0 0.0 

60 31,849  31,764  85 0.3 

80 20,109 20,025  85 0.4 

100 14,176 14,146  30 0.2 

120 11,443 11,432  11 0.1 

140 10,574 10,510  64 0.6 

160 9,239 9,165  74 0.8 

170 8,243 8,215  28 0.3 

174 6,950 6,950  0 0.0 

176 5,658 5,666  8 0.1 
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Figure A1: Comparison of airflow leakage across the longwall face for grid independent study 

A1.2 Comparison of EGZ inside the gob 

 

Figure A2: Comparison of EGZ inside the gob for grid independent study 
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Table A3: Comparison of EGZ volume inside the gob for grid independent study 

EGZ location 
Volume (m3) Difference 

Refined Base Vol (m3) % 

Gob 2,861,508 2,870,391 8,882 0.3 

 

A.2 SENSITIVITY STUDY 

A2.1 Fracture zone permeability changes 

Base case viscous resistance: 1.0E+13 /m2 

Table A4: Comparison of EGZ volume inside the gob for different fracture zone permeability 

Fracture zone 

viscous res (1/m2) 

EGZ volume (m3) Difference 

New volume Base case Volume (m3) % 

1.0E+14 2,859,653 2,870,391 10,738 0.4 

1.0E+12 2,855,396 2,870,391 14,994 0.5 

 

A2.2 Comparison of EGZ formation inside gob for different gob permeability 

 

Figure A3: Comparison of methane distribution and EGZ inside the gob for different gob 

permeability 
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Figure A4: Comparison of methane distribution and EGZ inside the gob for different gob 
permeability 

 


