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ABSTRACT 

 

Fires and explosions in confined spaces are extremely dangerous, destroying homes and 

buildings, damaging infrastructure, and posing a fatal risk to civilians and fire responders. In 

2016 alone, The National Fire and Protection Association estimated over a million reported fires, 

killing 14,650 civilians, 81% of which were home structural fires (Association, 2017). However, 

fires and explosions have been a problem across many industries including oil and gas, textiles, 

sugar refineries, and retail. A common denominator of the majority of incidents is that the fires 

and explosions occurred in confined spaces with complex geometries (i.e. apartment buildings, 

homes, industrial facilities, pipelines). This is important because explosions in confined spaces 

can quickly accelerate and result in catastrophic events; and obstacles in the path of the flame 

could generate a significant amount of turbulence accelerating a high-speed deflagration 

resulting ultimately in a detonation.  

This is especially important for the coal mining industry where methane gas explosions 

are a serious risk in underground mines and can be devastating such as the Upper Big Branch 

(UBB) explosion in West Virginia in 2010 which killed 29 miners (Page, et al., 2011), the 

Willow Creek explosions in Utah in 2000 which killed 2 miners and injured 8 more (McKinney, 

et al., 2001), and the Buchanan Mine in Virginia in 2005 which produced overpressures large 

enough to knock down miners (Carico, 2005). Although significant work has been done over the 

years to help mitigate these explosions, they still pose a fatal risk to workers. To gain a full 

understanding of these gas explosions requires detailed knowledge of mine ventilation schemes, 

the movement of methane gas in the mine, and high-speed methane gas deflagrations in the 

presence of various obstacles and run-up lengths. Therefore, the main objective of this research 

is to build a full-scale, 3D CFD model of a methane explosion in a longwall coal mine and to 

help assess risk and potential mitigation methods. The knowledge and experience gained in this 

research can easily be applied to other large-scale fires and explosions such as the 2017 

Qishayan tunnel explosion in the Guizhou Province of China which killed 12 workers and 

injured more (PTI, 2017). The knowledge gained can also help assess the potential risk and 

provide guidance for stronger prevention strategies against such disasters; as well as guide future 

designs that minimize the potential for such disasters from occurring.  
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Methane deflagration experiments are performed to build a stronger understanding of 

how methane flames propagate and interact with obstacles under conditions typically found in a 

longwall coal mine. Subsequently the data obtained from these experiments is used to validate 

the combustion model across various scales, providing for a robust and accurate model. 

Researchers ignited methane-air mixtures in 12cm and 71cm diameter horizontal, cylindrical 

flame reactors and a rectangular, experimental box with and without obstacles used to simulate 

various gob characteristics. Measurements of methane flame front propagation velocities, 

explosion overpressure, and high-speed imaging was performed to develop a comprehensive 

understanding of flame behavior and provide multiple points of validation for the continual 

improvement of the CFD combustion model. Experimental results show that methane gas 

deflagrations in confined spaces are sensitive to the simulated gob characteristics investigated, 

which includes but are not limited to ignition location, obstacle location, void spacing, and 

obstacle surface topology. Key experiments were reproduced using a two-dimensional (2D) and 

three-dimensional (3D) CFD models and results demonstrate the ability of the model to capture 

methane flame propagation trends seen in experiments, matching maximum flame front 

propagation velocities within 7.5% in some cases. The models predict flame acceleration across 

obstacles, capturing the recirculation zone downstream of solid wall-type obstacles and flame 

propagation through porous gobs. Additionally, the models capture the effects of surface 

topology on local mixing and demonstrates the importance of modeling the gob area discretely 

instead of approximating it as Darcy flow porous media when modeling methane flame 

propagation in this area.  

After validating the different reactor models in 2D and 3D, the CFD combustion model 

was combined with a full-scale, 3D ventilation model of an underground longwall coal mine. 

Using this combined model, researchers have successfully modeled a methane gas explosion in a 

full-scale mine which is the first time this has ever been modeled. The scenario that was modeled 

was an ignition at the longwall face, near the headgate drum of the shearer. Results show a large 

pressure wave traveling at 350m/s leading an expanding flame front with a velocity of 30-35m/s. 

Results show the pressure wave compressing the air ahead of the flame, increasing the 

temperature of the unburned gases. This is an important result because increased temperatures 

can increase combustion rates and accelerate the flame which could potentially transition the 

flame from a deflagration to a detonation. Results from this study also show that the pressure 
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wave diverts airflow away from the longwall face and into the gob. This is potentially dangerous 

because the fresh air could mix with methane leaking from the gob area, creating an explosive 

gas zone in this area. Complimentary to the full-scale, 3D simulation, researchers have also 

developed full-scale 3D sub-section mine models and a 2D mine model as alternative methods of 

simulating these large-scale explosions. Results from these models agree with the full-scale 

simulation and show promise for maintaining model accuracy while reducing simulation time. 

Based on these results, researchers recommend several ways these models can be used to help 

develop stronger prevention and mitigation strategies against such disasters, including the design 

of layout of water sprays and mine layout among some.  
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CHAPTER 1  

INTRODUCTION 

 

Gas explosions are a hazard in the United States and often result in serious injury, death, 

and damage to structures. For example, in 2014 a natural gas explosion in East Harlem, NY 

killed 8 people, injured dozens, and leveled two buildings which were over 4 stories tall (Dunlap, 

2015; Santora, 2014). In 2010, the San Bruno pipeline exploded in a residential area, resulting in 

flames that spread to nearby houses. The Pipeline and Hazardous Materials Safety 

Administration (PHMSA), which oversees 2.7 million miles of pipeline, estimates 131 public 

fatalities from 2005 to 2018 due to significant incidences which include fatalities or injuries 

requiring hospitalization, over $50k in costs, volatile liquid released from 5+ barrels or more, 

and liquid released that results in an unintentional fire or explosion (PHMSA, 2018). These 

statistics do not include pipeline incidents where a fire/explosion was the source of the incident, 

which may increase these numbers. Many of these explosions occur in confined spaces and are 

often exacerbated by nearby obstacles. This is especially true for the underground coal mining 

industry where methane gas explosions can occur deep within a mine, often in working areas. 

It is well known that explosive gas zones (EGZs) of methane and air are present in 

underground longwall coal mines and can be a potential hazard to mine equipment, structures, 

and workers (Brune, 2014; Karacan, Ruiz, Cote, & Phipps, 2011). In extreme cases these EGZs 

can ignite and result in fatal methane gas explosions, as evidenced by the recent mine explosions 

detailed subsequently:  

• In 2000, the Willow Creek mine in Utah, USA, experienced 4 explosions which reversed 

airflow in the mine and resulted in a fire burning behind the shields near the longwall gob 

(McKinney, et al., 2001). The mine fire and explosion at Willow Creek was likely due to 

a roof fall igniting an EGZ in the longwall gob, coupled with a lack of ventilation air, 

resulting in an explosion which killed 2 miners and severely injured 8 others.    

• In 2005, the Buchanan mine in Virginia, USA had a mine fire resulting from a roof fall of 

thick sandstone releasing methane near the shearer (Carico, 2005). Investigators 

hypothesized that the EGZ was ignited from sparks from the shearer or heat from cutting 
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bits. Although the Buchanan mine fire resulted in mine damage, no miners were killed in 

this accident. 

• In 2006, an explosion occurred the Sago mine in West Virginia, USA which killed 12 

miners (one from CO poisoning) and injured 1 (Gates, et al., 2006). The investigative 

report concluded that an EGZ had formed in an area that had been previously mined and 

sealed. The seal was not built properly and investigators believe it may have been able to 

only withstand 20psi of pressure forces whereas pressure forces of the explosion were 

estimated to be greater than 93psi based on damage in the mine area. The ignition source 

was investigated by Sandia National Laboratories who found that likely a lightening 

strike caused an arc in a nearby pump cable which ignited the EGZ.  

• In 2010, there was an explosion at the Upper Big Branch Mine in West Virginia, USA, 

which entrained coal dust leading to a deadly explosion killing 29 miners (Page, et al., 

2011). Reports found that a recent roof fall near the tailgate restricted airflow, allowing 

for an EGZ to form near the shearer. The shearer was cutting sandstone and worn shearer 

bits left hot smears, which ignited the EGZ resulting in an explosion. The pressure waves 

entrained coal dust, due to a lack of rock dust in this area, resulting in a massive coal dust 

explosion. Investigators also found that a water barrier did help to stop some of the flame 

propagation, but recommended looking into different methods for future sealing.  

• In 2014, the Soma Mine explosion in Turkey killed 301 people, trapping hundreds of 

miners underground (Tuysuz, Watson, & Smith-Spark, 2014). Also, in 2016 there were 

two coal mine explosions in China which killed a total of 65 miners (Luu, 2016; Wang & 

Dong, 2016). Unfortunately, there is not enough evidence of these explosions to 

determine the EGZ location and cause for ignition. 

These examples help demonstrate that coal mine explosions are not just a problem in the 

United States, but are an international concern. These examples also show the diversity of 

explosions and causes, as well as the need for improved understanding of these explosions. 

Current methods used to mitigate the likelihood of an explosion include ventilation schemes, 

nitrogen inertization, water sprays, and gob ventilation boreholes among some. However, these 

methods do not totally prevent methane accumulation in the mine since coal beds contain 

methane at high pressures which naturally migrates and outgases during the mining process 

(Karacan, Ruiz, Cote, & Phipps, 2011). Thus, one of the goals of this project is to leverage the 
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models during the design and developmental stage of the underground longwall mine to try to 

reduce the potential for future explosion disasters.  

The amount of methane gas emission depends on a variety of factors both geological and 

operational including the depth of the coal seam, longwall panel size, amount of coal production, 

mining height, and degasification (Karacan, Ruiz, Cote, & Phipps, 2011). These complexities 

added to the fact that mining is a transient process makes it difficult to understand exactly where 

these EGZs are located and migrate. Detailed investigative accident reports and research has 

proven that EGZs exist in the under- and over-lying strata as well as the collapsed strata/gob and 

can migrate towards the working longwall face (Brune, 2014).  

The active panel of a longwall coal mine consists of an entry, the longwall face, the 

headgate and tailgate, the conveyor/belt, and the longwall face as shown in Figure 1.1 and Figure 

1.2. The longwall face is typically 300-400m long and 3m high and the active panel can be up to 

2000m long. A shearer cuts along the coal face, moving back and forth along the face. 

Meanwhile, hydraulic roof supports hold up the strata (roof) and advance forward as the shearer 

cuts away at the face. When the roof supports advance forward, the strata that was once 

supported collapses creating the gob as shown in Figure 1.3. 

 

 
Figure 1.1 Schematic of an active panel of a longwall coal mine. Blue arrows represent airflow 
pattern. Figure courtesy of CSM research group. 
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Figure 1.2 Schematic of an underground longwall coal mine face.  Left: Coal face. Right: 
Hydraulic roof supports and gob. Illustration credit: Larry Scott, Colorado Geological Society 
(Colorado Geological Survey, n.d.). 

 

 
Figure 1.3 Images of a longwall coal mine gob. Image credit: (Worrall, Wachel, Ozbay, Munoz, 
& Grubb, 2012). 

 

The collapsed strata (gob) is a confined, inaccessible area consisting of different rock 

materials, rock shapes, rock sizes, and levels of compaction. The under- and over-lying strata in 

these areas typically have fracture zones where methane migrates, forming high-pressure 

reservoirs. Methane can outgas from the strata areas in addition to the longwall face, conveyor 

belt, and caved rock in the gob (Karacan, Ruiz, Cote, & Phipps, 2011). As fresh ventilation air 

mixes with the methane, the mixture can reach methane-air flammability/explosion limits which 
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is between 5-15% methane by volume at standard ambient temperature and pressure (STP), 

298K, 101kPa. Under certain conditions, these EGZs can be ignited from a variety of sources 

found in a mine including rock-on-rock friction from a roof fall, rock-on-metal friction, 

spontaneous combustion, hot smears, or machine friction. The resulting flame and pressure wave 

from these explosions can be devastating; the Upper Big Branch mine explosion in 2010 

predicted explosion pressures of 170kPa and reflected pressure waves of 720kPa, with flames 

estimated to travel upwards of 450m/s (Page, et al., 2011).  

Therefore, to better understand and mitigate the explosion risks in longwall coal mining, 

researchers at the Colorado School of Mines (CSM) are developing a 3D, coupled CFD and 

combustion model of a longwall coal mine. The main purpose of this model is to 1) predict the 

location and migration of EGZs and 2) simulate a large-scale mine explosion. After integration, 

the coupled model will be used to predict the explosion hazards under various mine conditions to 

help build stronger prevention and mitigation strategies for improved mine and worker safety.  

The specific goal of the research presented in this thesis is to develop a combustion 

model capable of simulating high-speed methane gas deflagrations under various mine 

conditions and to incorporate the combustion model into a 3D, CFD ventilation model of a 

longwall mine and perform large-scale methane gas deflagration simulations. To this end, 

researchers are taking both an experimental and numerical approach to understanding methane 

gas deflagrations and interaction with obstacles across a wide range of scales and obstacle 

configurations. The main purpose of the experimental work is to simulate various mine 

conditions to provide new insights into the flame propagation and pressure wave dynamics 

during a methane explosion to help further validate the combustion model, improving prediction 

accuracy and resulting in robust model. In turn, the combustion model also helps researchers 

further understand the physics of the experiments and helps dictate which experiments may be 

most influential in model development for future work. 

A flow diagram of the development of the ventilation model and combustion model is 

presented in Appendix A. In summary, researchers have developed a 3D, CFD ventilation model 

capable predicting EGZ locations and movement near the gob, longwall face, and tailgate corner   

(Juganda, Brune, Bogin, Grubb, & Lolon, 2017; Lolon, et al., 2015; Lolon S. , Brune, Bogin, 

Grubb, & Juganda, 2017; Lolon S. , et al., 2017; Marts, et al., 2014; Saki, et al., 2015), agreeing 

well with investigative evidence (Brune, 2014; McKinney, et al., 2001; Page, et al., 2011). In 
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tandem, Fig, Bogin, Brune, and Grubb (2016) has designed and built the experimental setups for 

investigation of high-speed methane deflagrations at both laboratory-scale (5cm diameter, 43cm 

length; 9cm diameter, 81cm length; 12cm diameter, 150cm length; 13.6cm diameter, 1.15m 

length; 30.5cm diameter 1.2m length) and large-scale (71cm diameter, 6.1m length) which 

provides guidance in developing the combustion models. Experimental results show that mine 

conditions such as humidity, temperature, and pressure have a significant impact on methane 

flame enhancement across all scales (Fig, Bogin, Brune, & Grubb, 2017). Additionally, Fig, 

Strebinger, Bogin, and Brune, 2018 have shown methane flame enhancement across a simulated 

rock gob.  

The research presented in this thesis aims at providing a more detailed description of 

which physical properties of the gob and mine environment impact methane flame enhancement; 

rock material, void size, void location, obstacle geometry, and porosity. Methane gas explosions 

in a longwall coal mine may occur behind the longwall shields such as the Buchanan mine fire in 

2005 (Carico, 2005), in an entry/exit, or near the longwall face such as the Upper Big Branch 

explosion (Page, et al., 2011) which all have varying degrees of confinement. Thus, this research 

also investigates the impact of confinement on methane flame and pressure wave propagation. 

Finally, the ultimate goal of this project is to combine the CFD ventilation model and 

combustion model and perform large-scale simulations of methane gas explosions in a mine.  
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CHAPTER 2  

BACKGROUND 

 

Combustion is integral to society and daily life, providing heat for living spaces, 

electricity for industrial processes, energy for transportation, and heat for food preparation. There 

are four essential pillars of combustion: heat, fuel, oxidizer, and chemical reactions. The 

combination of the four produces rapid oxidation of a fuel, producing heat and/or light (Turns, 

2012). Since longwall coal mine explosions typically result in a devastating pressure wave or 

blast wave and an either subsonic or supersonic chemical reaction zone, this manuscript is 

mainly concern with understanding combustion flames and not autoignition events, though they 

may be possible.  

Flames are typically categorized by the method of fuel and oxidizer mixing. When fuel 

and oxidizer are mixed before the addition of heat, the resulting flame is called a premixed 

flame, such as spark ignition engines or gas fired furnaces. Non-premixed or diffusion flames 

occur when the fuel and oxidizer mix while chemical reactions occur, such as a cigarette lighter 

or candle flame. In longwall coal mining, typically the methane gas in the mine mixes with the 

fresh ventilation air and as such, any resulting combustion event and flame is either a partially 

premixed or premixed flame. The focus of this study is specifically on premixed flames since the 

resulting explosion can be more deadly than a non-premixed flame.  

There are two types of combustion waves: deflagrations and detonations. Deflagrations 

are combustion waves that propagate at subsonic velocities and are categorized as either laminar 

or turbulent. Under certain conditions deflagrations can transition to detonations (deflagration to 

detonation transition - DDT) which are combustion waves that propagation at supersonic 

velocities. The transition of deflagrations to detonations will be discussed in Section 2.3, but will 

be introduced here briefly. DDT can occur when a mixture is ignited in a confined space and 

sufficient run-up length and/or obstacles are present, resulting in a leading shock wave that is 

coupled to the combustion zone traveling at supersonic velocities. The upstream and downstream 

properties of deflagrations and detonations are significantly different: the ratio of the 

downstream temperature to the upstream temperature for a deflagration is almost 7.5 versus a 

detonation is 8-21 and the ratio of the downstream to the upstream density for a deflagration is 
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0.13 versus 1.7-2.6 for a detonation (Turns, 2012). Also, the pressure jump across a detonation 

wave is over 10 times larger than a deflagration (pressure jump across a deflagration is 

approximately 1) which is why detonations can be so devastating (Turns, 2012). For example, in 

longwall coal mining the Upper Big Branch explosion in 2010, which entrained coal dust leading 

to a more violent explosion, investigators estimated flames traveling upwards of 450m/s and 

pressure waves of 170kPa, which are in the DDT range (Page, et al., 2011). Therefore, many 

researchers in longwall coal mining are interested in understanding deflagrations and DDTs 

(Lee, Knystautas, & Chan, 1985; Oran & Gamezo, 2007; Oran, Gamezo, & Kessler, 2011) 

including the CSM research group.  

As mentioned, deflagrations are either laminar or turbulent flames which is dependent on 

the velocity of the flame, a characteristic length scale dependent on the surrounding 

geometry/environment, and fluid properties. Turbulent flows are dominated by fluid movement 

which is highly fluctuating and chaotic in both space and time and, thus are often difficult to 

define. The turbulent Reynolds number (Re) is used to help quantify a turbulent flow; it is the 

ratio of inertial forces to viscous forces and is defined below in Equation (2.1):  

 

(2.1) 

 
 

where v’rms is the root mean square (RMS) fluctuating velocity of the flow (m/s),  is the integral 

length scale representing the mean size of the large eddies (m), and υ is the kinematic viscosity 

(m2/s) (Irbin, Yetter, & Glumac, 2015; Turns, 2012). For turbulent Reynolds numbers equal to or 

less than one, the flow is considered laminar, otherwise the flow regime is turbulent.  

Turbulent flames have three main reaction regimes: wrinkled laminar flames (flamelets), 

flamelets in eddies, and distributed reaction. These regimes are defined by the relation of laminar 

flame thickness, δL, (i.e. the thickness of the reaction zone by molecular transport) to turbulent 

length scales. The largest turbulent length scale is the macroscale, L, which is dependent on the 

surrounding geometry (e.g. in a cylindrical tube L would be the tube diameter). As mentioned, 

As mentioned, lo is the integral length scale and is always smaller than L. Next is the Taylor 

microscale, λ, which relates flow characteristics to the mean rate of strain (Irbin, Yetter, & 

Glumac, 2015; Turns, 2012). Finally, the smallest length scale is the Kolmogorov microscale, κ, 
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which is the smallest length scale and represents the scale at which turbulent kinetic energy is 

transferred to fluid internal energy (Irbin, Yetter, & Glumac, 2015; Turns, 2012). Knowing all 

this, the wrinkled laminar turbulent flame regime is when the laminar flame thickness is less than 

the smallest turbulent length scale, the Kolmogorov microscale. The flamelets in eddies regime 

is intermediate, when the laminar flame thickness is between the integral length scale and the 

Kolmogorov microscale (Irbin, Yetter, & Glumac, 2015; Turns, 2012). Then the distributed 

reaction regime is when the laminar flame thickness is greater than the integral scale.  

 

 
Figure 2.1 The expansion of unburned gas through a laminar, planar flame.   
 

Typically in combustion the three turbulent regimes are plotted in relation to the turbulent 

Reynolds number, Equation (2.1), and the Damkohler number (Da), Equation (2.2), which is the 

ratio of the characteristic flow time to the characteristic chemical time represented by Equation 

(2.3). 

 

(2.2) 

 
 

(2.3) 

          
 

where SL is the laminar flame speed, which is defined as the “speed of an unstretched laminar 

flame through a quiescent mixture” (Turns, 2012) as shown in Figure 2.1. The flame front moves 

perpendicular in the direction of the unburned fuel/oxidizer mixture (reactants) which has a 
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certain density. As combustion reactions occur, the resulting burned gases have a lower density 

than the reactants. Since the total mass of the system must be conserved, the velocity of the 

burned gases (products) is much higher than the reactants.  

 

(2.4) 

 
 

After substituting Equation (2.3) into Equation (2.2), the Damkohler number is related to 

the ratio of laminar and turbulent lengths scales and velocities (which happen to be the inverse of 

turbulent intensity), Since the Damkohler number is related to turbulence statistics and turbulent 

length scales, it is common to plot the different turbulent flame regimes in terms of Da and Re as 

shown in Figure 2.2.  

 

 
Figure 2.2 Turbulent flame regimes as a function of turbulent Reynolds number and Damkohler 
number. 
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Figure 2.3 Streamlines through a wrinkled flame front. 

 

Since the flame area is not planar and flow velocities are varying, determining the speed 

of a turbulent wrinkled flame as shown in Figure 2.3 is challenging. Many researchers have 

developed correlations for the turbulent flame speed including Damkohler (1940), Clavin and 

Williams (1982), and Klimov (1983) among some. The turbulent flame speed model proposed by 

Damkohler (1940) is a function of the RMS fluctuating flow velocity and the laminar flame 

speed as shown in Equation (2.5): 

 

(2.5) 

 
 

Equation (2.6) shows the turbulent flame speed model proposed by Clavin and Williams (1982). 

C is a constant, typically with a value of 1. 

 

(2.6) 

 
 

Finally, Equation (2.7) shows the turbulent flame speed model proposed by Klimov (1983): 
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(2.7) 

 
 

Unfortunately, many of the turbulent flame speed models do not fully take into account flame 

stretching and stability (Turns, 2012) and so cannot be used for all flows, but are useful for 

estimation.  

For small Damkohler numbers less than 1 and small turbulent Reynolds numbers, the 

turbulent flame regime is a distributed reaction which is a zone between the burned and 

unburned gases which has small integral length scales of eddies, but large RMS velocities. At 

this point, it is unclear whether or not flames occur in this regime since they would be subject to 

large pressure differences and various length scales making the flame front inherently unstable 

(Turns, 2012).  

The last turbulent flame regime is the flamelets in eddies which is dominated by 

moderate Damkohler numbers and high turbulent Reynolds numbers. In this regime, pockets of 

burned and almost burned gas pockets are trapped in the flame zone and are transported to the 

burned gas by turbulent mixing. The combustion rate in this regime depends on the rate of 

unburned gas pockets.  

Premixed turbulent flames travel at subsonic velocities, but they can transition to 

detonations (DDT) depending on the confinement of the geometry, mixture ratio, and ignition 

source (Glassman, Yetter, & Glumac, 2015). For example, in a tube with both ends open or one 

end open, if a mixture is ignited from the open end it will always travel at subsonic velocities. 

However, if a mixture is ignited from the closed end of a tube that is either open-closed or 

closed-closed, then the combustion wave has the potential to reach the speed of sound as long as 

the tube is long enough (Glassman, Yetter, & Glumac, 2015). However, it is still unclear whether 

or not methane can transition to a detonation in coal mining conditions (Oran, Gamezo, & 

Kessler, 2011). Therefore, this research is mainly concerned with methane gas deflagrations and 

the potential of methane flames to transition to a detonation. All the flames presented in this 

proposal are turbulent premixed methane gas deflagrations in the wrinkled laminar regime or 

flamelets in eddies regime. 
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2.1 Parameters influencing laminar flames 

There are many factors that affect the laminar flame velocity of fuel/oxidizer mixtures 

including temperature, pressure, fuel type, and mixture stoichiometry which shall be discussed in 

more detail subsequently. The mixture stoichiometry refers to the amount of oxidizer required to 

completely burn an amount of fuel. Since methane is the predominant fuel in underground 

longwall coal mining, the global equilibrium reaction of methane and air is defined by Equation 

(2.8). In the global equilibrium reaction, methane reacts with air to form carbon dioxide, water, 

and nitrogen.   

 

(2.8) 

 
 

From this global reaction the stoichiometric air-fuel ratio is defined as the ratio of the mass of air 

to mass of fuel required for a stoichiometric reaction of methane and air, Equation (2.9).  

 

(2.9) 

 
 

And finally, the equivalence ratio is the ratio of the stoichiometric air-fuel ratio to the actual air-

fuel ratio:  

 

(2.10) 

 
 

The equivalence ratio is typically used to define the stoichiometry of the mixture. If the 

equivalence ratio is equal to unity, then the fuel-air mixture is stoichiometric. If the mixture has 

excess air, meaning it is fuel lean, then the equivalence ratio is less than unity. If the mixture has 

excess fuel, it is fuel rich and the equivalence ratio is greater than unity.  

As previous discussed, the laminar flame speed of a fuel-oxidizer mixture depends on the 

density of unburned and burned gases, which is coupled to the stoichiometry of the mixture 

through the global reaction. Assuming a single global step chemistry, an estimate of the laminar 
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flame speed can be obtained with assumptions; these assumptions are outlined in Turns, 2012, 

following Spalding’s theory for laminar flame propagation (Spalding, 1979), and will not be 

discussed here (Turns, 2012). After several assumptions, including no pressure change across the 

flame, a general 1-D laminar flame theory is derived from conservation laws: 

 

(2.11) 

 
 

Equation (2.11) shows that the laminar flame speed is a function of thermal diffusivity (α), 

viscosity (υ), the average reaction rate, and density (ρ) which means it is also a function of 

temperature. As can be seen from this equation, the laminar flame speed of a methane-air 

mixture is highly sensitive to the mixture stoichiometry which has been studied experimentally 

by Andrews & Bradley (1972). The results of their study are shown in Figure 2.4 and Figure 2.5. 

As can be seen from these figures, the maximum flame speed is achieved at slightly fuel rich 

conditions, which also corresponds to the highest flame temperatures. Understanding how flame 

speed is affected by stoichiometry is extremely important for underground coal explosions since 

there is a widely varying distribution of methane in a mine. For example, in the longwall gob 

area, methane concentrations can be close to almost 100%, whereas near the edge of the gob, the 

methane is diluted from the ventilation air, resulting in more fuel lean mixtures. This research 

investigates the effects of mixture stoichiometry on methane flame propagation and pressure. 

In addition to mixture stoichiometry, increasing the unburned mixture temperature can 

greatly enhance laminar flame speed. Increasing the temperature of the unburned gas mixture 

promotes dissociation of minor species, which increases combustion rates and thus, flame speed. 

For methane-air mixtures, the laminar flame speed increases parabolically with the temperature 

of the unburned gas which was experimentally determined by Andrews & Bradley (1972):  

 

(2.12) 
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Figure 2.4 Results of an experimental study investigating the effect of equivalence ratio on the 
laminar flame speed of methane-air mixtures.  T=300K, P=1atm. Figure credit: (Andrews & 
Bradley, 1972). 
 

 
Figure 2.5 Effect of equivalence ratio of methane-air mixtures on the adiabatic flame 
temperature.  T=300K, P=1atm. Figure credit: (Andrews & Bradley, 1972). 
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Although the laminar flame speed of flames has a positive dependence on the unburned 

gas temperature, it has a negative dependence on pressure as shown in Equation (2.13), which 

was determined by Andrews & Bradley (1972) for pressures above 5atm. This is due to the fact 

that an increase in pressure shifts the equilibrium and suppresses dissociation of minor species, 

resulting in slower flame speeds.  However, this is not the case for turbulent flames where the 

increased pressure can help increase local temperatures and flame wrinkling leading to more 

violent explosions. This was introduced earlier in this Chapter and will be discussed in later 

sections.  

 

(2.13) 

 
 

Finally, since laminar flame speed is a property of a fuel/oxidizer mixture, each fuel has a 

different laminar flame speed. For example, the laminar flame speed of a stoichiometric mixture 

of methane and air at room temperature, 300K, and 1atm is approximately 40 cm/s, whereas 

hydrogen is significantly faster at 210 cm/s (Turns, 2012). A combination of factors result in 

hydrogen’s high flame speeds including a higher thermal diffusivity, higher mass diffusivity, and 

fast chemical kinetics.  

Thus far the properties of premixed, laminar methane flames have been described in 

terms of a propagating flame. However, there are many processes which can hinder the 

propagation of a flame, including flame quenching mechanisms, flammability limits, and 

minimum ignition energies. The quenching distance of a flame is defined as the critical diameter 

of a cylinder where a flame is extinguished due to heat losses to the cool walls of the cylinder 

(Irbin, Yetter, & Glumac, 2015; Turns, 2012). The analytical derivation of quenching criteria is a 

balance of heat of reaction and heat lost to the cool walls by conduction. However, typically 

quenching distances of mixtures are determined experimentally and depend on the flame 

thickness which is a function of mixture stoichiometry and initial conditions. For a 

stoichiometric mixture of methane and air at 300K and 1atm, the laminar quenching distance is 

typically on the order of 2mm (Turns, 2012). Understanding the quenching limits of methane 

flames is important for this research because typical coal mine explosions occur near or within 

the gob area such as in the Willow Creek explosion in 2000 and the Upper Big Branch explosion 

in 2010 (McKinney, et al., 2001; Page, et al., 2011). There has been anecdotal evidence over the 
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years from miners who have heard popping or seen flames deep within the gob, which never 

propagate to the longwall face (Brune, 2014). Since the gob area consists of different sizes of 

rock rubble and varying levels of compaction, perhaps some flames deep within the gob are 

quenched by the nearby rock rubble. Thus, it is one of the objectives of this project to model 

these types of phenomena and determine whether or not previous anecdotal evidence suggests 

methane flames can occur deep within the gob, as well as potentially propagate if originating 

near the longwall shields.  

Another property of a fuel-oxidizer mixture is the flammability limits of the mixture 

which are upper and lower limits in which a flame will propagate given a minimum amount of 

energy. The lower limit corresponds to the limit of propagation of a lean mixture and the upper 

limit corresponds to flame propagation in the richest mixture. Typically these limits are 

determined experimentally and are dependent on the type of experimental apparatus employed. 

In general for methane and air mixtures, the flammability limits are between 5-15% for upward 

propagation in a vertical cylinder (Coward & Jones, 1952). However, the flammability limits of a 

given mixture can vary depending on the apparatus (vertical or horizontal), gravity, and pressure. 

For example, Ronney and Wachman (1985) found that the lean flammability limits of methane 

and air can change almost 20% traveling upward versus downward.  

Taking into account the fuel-oxidizer mixture and environmental conditions, mixtures 

require a certain amount of minimum ignition energy for a flame to propagate. The minimum 

energy is typically determined by assuming that all heat from an electric spark is transferred to a 

critical volume of mixture (Turns, 2012). The critical volume is determined by balancing the 

amount of heat released from combustion and heat loss by conduction to the surrounding 

environment. Thus, for stoichiometric mixtures of methane and air at 300K, 1atm, the minimum 

ignition energy is approximately 0.5mJ which will be compared to experimentally determined 

minimum energies in Section 2.7 (Turns, 2012). This is important for longwall coal mining 

because there are many sources of ignition in a mine including rock-on-rock friction, machine-

on-rock friction, hot smears, spontaneous combustion, and lightening among some.  

2.2 Overview of flame dynamics in smooth cylindrical reactors 

Flame propagation has been studied for decades and the apparatus and methods by which 

researchers study flames vary depending on the purpose of the research. For example, typically 

when measuring the laminar flame speed of a mixture, researchers have used flat flame burners 
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or spherical bomb methods (Agnew & Graiff, 1961; Andrews & Bradley, 1972; Rallis & 

Garforth, 1980). However, in 1908 Henry Le Chatelier began studying flames in cylindrical 

reactors, where the flame traveled along the axis of the reactor (Le Chatelier, 1908). After this, 

many researchers began studying flame propagation in cylindrical or rectangular reactors 

because it allows researchers to easily vary experimental conditions. Additionally, many 

researchers focus their studies on industrial gas pipeline explosions which is also why using 

cylindrical reactors has become common in studying fundamental flame propagation. One of the 

main advantages of using a cylindrical reactor is that it easily lends to varying end conditions 

(i.e. open-open, open-closed, closed-closed) which is important because research has shown end 

conditions results in varying flame propagation speeds, overpressure, and flame propagation 

phenomena. In a longwall coal mine, methane gas explosions typically occur in rectangular, 

horizontal hallways or passageways. Additionally, methane gas explosions can occur in areas 

that are either completely confined or partially confined. The main difference with 

experimenting in a rectangular chamber is that there will be residual pockets of unburned gas in 

the corners of the chamber  (Cooper, Fairweather, & Tite, 1986; Solberg, Pappas, & Skramstad, 

1981). These pockets can continue to burn after the main flame front has propagated, which can 

increase pressure rise in the reactor  (Cooper, Fairweather, & Tite, 1986). However, in a longwall 

coal mine explosion the main concern is the propagating flame brush and therefore, this research 

uses horizontal cylindrical reactors that are open on one end and closed on the other in order to 

more closely resemble flames propagating in a mine environment. 

 Depending on the end conditions of the experimental setup, the flame propagation 

dynamics can be extremely different. For a mixture ignited at the open end of a horizontal 

cylinder, the flame first expands spherically as can be seen in Figure 2.6. As the flame comes 

closer to the edges of the reactor, the reaction front near the cool walls begins to lose heat due to 

the temperature gradient. At this point the flame front is slightly retarded and some hot exhaust 

gases flow out of the open end. During this time, some of the hot product gases also rise to the 

top of the reactor due to buoyancy. When this happens, the top of flame front is slightly tipped 

over at an angle as it continues propagating towards the closed end of the reactor. As the flame 

travels towards the closed end of the reactor it combusts all of the mixture. Near the closed end 

of the reactor the flame becomes unstable as it compresses and burns the residual mixture. This 

phenomena has been observed by many researchers (Ellis & Wheeler, 1928; Gerstein, Levine, & 
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Wong, 1951; Guenoche & Jouy, 1953). Additionally, Guenoche and Jouy (1953) found that if 

there is a small orifice on the closed end of the reactor it helps stabilize the flame. Further 

discussion on flame instabilities will be provided in Section 2.4.  

 

 
Figure 2.6 Images of a stoichiometric methane-air flame traveling from the open end of a 12cm 
diameter quartz reactor towards the closed end.  Flame travels from left to right. CH4 = 
9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole at the 
closed end.  

 

If a mixture is ignited from the closed end of the reactor, it will also initially expand 

spherically as shown in Figure 2.7. During flame expansion, pressure waves emanate from the 

flame front causing turbulence to develop upstream of the flame front increasing the transport of 

unburned gases to the reaction zone, accelerating the flame. Then, due to the small volume and 

hot product gases expanding, the pressure behind the flame increases and further accelerates the 

flame front. Since there is no obstruction ahead of the flame, the flame is able to freely propagate 

towards the open end as shown in Figure 2.7.  Due to the confinement and fluid movement ahead 

of the flame from the pressure generated in this type of explosion the flame accelerates much 

faster than a flame propagating from the open end of the reactor. This type of flame propagation 

has been observed and studied by many other researchers using reactors with open-closed end 

conditions and closed-closed end conditions (Clanet & Searby, 1996; Ellis & Wheeler, 1928; 

Xiaoping, Minggao, Wentao, Meng, & Juniie, 2015).  
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Figure 2.7 Images of a stoichiometric methane flame traveling from the closed end of a 12cm 
diameter quartz reactor towards the open end.  Flame travels from right to left. CH4 = 9.5±0.3%. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole at the closed end.  
 

The cases described thus far have been for flames propagating in smooth cylindrical 

reactors. However, there are many processes which can affect the propagation of a flame, some 

of which includes flame instabilities (both intrinsic and external), the degree of confinement, 

environmental conditions, obstacles, and ignition energies and sources. Understanding these 

effects are extremely important for developing a comprehensive combustion model of a longwall 

coal mine explosion. For example, in a real longwall coal mine, the passages and corridors are 

made out of irregular shaped rock, meaning the boundary conditions are not smooth. Also, there 

are many obstacles in a mine, including mine equipment, mine workers, and pillars which can 

either enhance or retard the flame. For brevity, the following sections will attempt to show some 

of the major effects of these different phenomena on flame propagation.  

2.3 Transition of a deflagration to detonation  

 As previously discussed, deflagrations, both laminar and turbulent flames, travel at 

subsonic velocities, but have the potential to transition to a detonation which travels at 

supersonic velocities. The shock wave, or pressure wave, ahead of a deflagration is supported by 

the constant expansion of combustion products as was discussed and shown in Figure 2.7. The 

combustion process of a deflagration is different than a detonation, where the shock wave 

produced by a detonation increases the temperature and pressures of the nearby gases such that 

chemical reactions occur in the form of a flame front. In a detonation, the chemical reaction front 

follows the shock wave and travels with the shock wave at an almost constant speed. The 

minimum speed that a detonation can travel at is called the Chapman-Jouguet (CJ) detonation 
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state (Ciccarelli & Dorofeev, 2008). The CJ velocity can be thought of as the sonic velocity, 

usually above 1000m/s, and depends on the fuel and mixture composition because it is a choked 

state that supports the minimum entropy increase across the detonation wave (Ciccarelli & 

Dorofeev, 2008).  

 Detonations also have a complex structure and can be visualized many ways including 

soot tracking (Ciccarelli & Dorofeev, 2008; Kuznetsov, et al., 2002). Figure 2.8 shows soot 

tracking images of methane-air detonations with vary stoichiometries taken by Kuznetsov, et al. 

2002. As demonstrated in these images, the detonation wave has a structure to it which is 

cellular; typically the size of the cell is determined by the distances between points where the 

pressure waves interact and is detonated by λ (Turns, 2012). The cell size changes depending on 

fuel, mixture compositon, and initial conditions, which can be seen in these images; the cell size 

changes as a function of mixture stoichiometry. The cell sizes are important because a detonation 

inside a cylindrical reactor will not be sustained if the cell size, λ, is larger than the diameter of 

reactor (Ciccarelli & Dorofeev, 2008).  

 

 
Figure 2.8 Soot tracking visualization of methane-air detonations with varying mixture 
stoichiometries. From the left: CH4 8.5% by volume, 11%, and 12%. Image credit: (Kuznetsov, 
et al., 2002). 
 

 Detonations can also occur if the ignition energy source is large enough or a deflagration 

transitions to a detonation (Ciccarelli & Dorofeev, 2008; Kuznetsov, et al., 2002; Zipf, et al., 

2013). However, in an underground longwall coal mine, there are not many ignition energy 

sources strong enough to immediately produce a detonation, which is why this research is mainly 

concerned with DDT.  

Ciccarelli and Dorofeev (2008) wrote an overview of flame acceleration and transition to 

detonation, noting that the first step to DDT is flame acceleration. To illustrate this consider the 
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discussion regarding a confined, closed-end ignition in Figure 2.7. In this scenario, the 

confinement forces the combustion products to expand in all directions and the pressure waves 

emmanating from the flame front creates movement in the upstream, unburned gases. Together 

these higher pressures and temperatures from the confinement accelerates the flame front down 

the reactor. The flame acceleration is highly dependent on the reactor size, the mixture 

composition, reactor wall/tube roughness, initial conditions, and presence of obstacles (Ciccarelli 

& Dorofeev, 2008; Kuznetsov, et al., 2002; Silvestrini, Genova, Parisi, & Trujillo, 2008). As 

discussed, the detonation cell size has to be smaller or on the order of the reactor diameter in 

order to sustain a detonation. The flame acceleraton process has a critical distance, the run-up 

length, at which the flame inside the reactor will transition to a detonation. Previous researchers 

have compared the length to diameter (L/D) ratios necessary for flames to transition in smooth 

reactors and for methane-air mixtures this is typically above an L/D ratio of 50 (Ciccarelli & 

Dorofeev, 2008; Lee J. , 1984). However, as the diameter of the reactor increases, the run-up 

distance decreases as shown in Figure 2.9.  

 

 
Figure 2.9 Run-up distance versus reactor diameter in a smooth reactor for different fuels. Figure 
credit: (Ciccarelli & Dorofeev, 2008).  
 

After achieving flame acceleration, the transiton to a detonation can happen in two main 

ways: 1) from shock reflection or focusing or 2) from instabilities and mixing (Ciccarelli & 

Dorofeev, 2008; Glassman, Yetter, & Glumac, 2015). In shock reflection or focusing, the 

pressure waves continually emmanating from the flame front eventually coalesce creating a 
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shock wave. As discussed in Section 2.1, the pressures and temperatures across a detonation 

wave are hugely different and can autoignite unburned pockets of fuel-air mixture creating a 

detonation. Shock focusing is when the shock waves are focused due to a concave wall and 

again, autoignites the unburned gas.  

The second method of transitioning an accelerating flame to a detonation is by 

instabilities and mixing processes. In general, one of the main ways the run-up distance can be 

decreased is by roughened walls or the presence of obstacles, which will change depending on 

the obstacle configuration (Ciccarelli & Dorofeev, 2008; Chapman & Wheeler, 1926; Glassman, 

Yetter, & Glumac, 2015; Kuznetsov, et al., 2002; Oran, Gamezo, & Kessler, 2011; Silvestrini, 

Genova, Parisi, & Trujillo, 2008; Zipf, et al., 2013). Significant research has gone into flame 

acceleration by roughened tubes and obstacles and this will be discussed in more depth in 

Section 2.6. In general, obstacles tend to increase mixing and fluid movement which increases 

unburned gases to the flame front in addition to stretching the flame front. Stretching of the 

flame front increases combustion rates leading to flame acceleration. This flame acceleration is 

important because in a longwall coal mine, the longwall face can be 300m long and the 

entryways and corridors in the mine can be kilometers long. Added to the fact that the mine walls 

are roughened rock, the run-up distance of flame acceleration in an underground coal mine will 

be significantly shorter than experiments in smooth reactors.  

There have been many researchers investigating methane flame acceleration to DDT for 

application to mine explosions including Zipf, et al. (2013) and Oran, Gamezo and Kessler 

(2011). Zipf, et al. (2013) performed experiments in a reactor 1.03m in diameter and 73m long 

with obstacles and was able to achieve detonation speeds near the CJ velocity. However, to get 

an immediate detonation, a pocket of methane and oxygen mixture was located near the spark 

and so it is difficult to determine whether or not this scenario is perfectly indicative of a coal 

mine explosion. Oran, Gamezo and Kessler (2011) developed a complex CFD model of methane 

flame acceleration to DDT and found transition to detonation by flame interaction with obstacles 

and boundary layers which helped to create hot spots for autoignition.  

The research presented in this manuscript is mainly concerned with high-speed 

deflagrations and determining which aspects of a longwall coal mine environment, 

environmental, physical, etc., impact methane flame propagation and the potential to transition to 

a detonation. Previous researchers on this project, Fig (2019), investigated the impact of 
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environmental conditions and flame propagation as a function of scale by performing 

experiments in cylindrical reactors at a variety of scales, 5cm diameter to 71cm diameter, with a 

fixed L/D = 8.5. Research showed that methane flame propagation velocities increases non-

linearly as a function of scale (Fig, 2019) which agrees with DDT theory and other reseachers 

(Ciccarelli & Dorofeev, 2008; Chapman & Wheeler, 1926; Kuznetsov, et al., 2002; Silvestrini, 

Genova, Parisi, & Trujillo, 2008). The research in this manuscript is focused on how different 

obstacles, shapes, sizes, and configurations, can impact methane flame propagation as well as 

ignition location, energy, and confinement. 

2.4 Impact of flame instabilities 

Although there may be instances in which premixed flames are planar as shown in Figure 

2.1 (page 9), not all flames are planar. Premixed flames are subject to many different types of 

flame instabilities including instabilities which are inherent to the combustion process. 

Hydrodynamic instabilities are natural for premixed flames because the unburned gas expands 

across the flame front, which means the burned gas velocity is higher and density is lower. For 

turbulent premixed flames, there is also a larger pressure difference across the flame and it is this 

pressure difference eventually disturbs the gas flow such that the flame becomes wrinkled as 

shown in exaggeration in Figure 2.3 (page 11). For a wrinkled flame, the gas flow moves 

perpendicular to the flame front, which means that the flow converges and diverges so that the 

burned gas flow has areas where the flow is accelerated (Jarosinski & Veyssiere, 2009). This 

type of instability is called the Darrieus-Landau (D-L) instability and will most likely grow with 

time.  

Simultaneously, there are thermodynamic-diffusive effects which affect the flame in what 

is termed the diffusive zone (Jarosinski & Veyssiere, 2009). In this diffusive zone, which is the 

size of the flame thickness, heat is diffused away from the flame front towards the unburned gas. 

At the same time, mass is diffused and convected towards the flame front and always opposite of 

the heat flux. In areas of the wrinkled flame, where the flame front is concave towards the 

unburned gas, the heat flux is locally convergent, helping to stabilize the flame, and the mass or 

species flux is locally divergent (Jarosinski & Veyssiere, 2009). The balancing of hydrodynamic 

(D-L) instabilities and thermo-diffusive effects is typically evaluated in terms of the Lewis 

number (Le), which is a non-dimensional parameter and is the ratio of the thermal diffusivity and 

species diffusivity. For example, for a Le < 1 the species diffusion is greater than the stabilizing 
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thermal diffusion and a wrinkled flame front will continue to grow and become unstable, 

increasing flame speeds. However for Le > 1, the flame may become more stable, depending on 

other environmental and mixture conditions, decreasing flame wrinkling and flame propagation 

velocities.  

The D-L instability phenomena can cause other instabilities such as the Rayleigh-Taylor 

(R-T) instability. The R-T instability occurs when there are large density differences along an 

interface between two fluids pushing against each other. For a flame, this means that the 

wrinkling becomes exaggerated, which can also lead to Kelvin-Helmholtz (K-H) instabilities. As 

the flame becomes more wrinkled, the rises and troughs become larger which means that the 

velocity differences between the burned and unburned gases are greater. This larger difference in 

velocity gives way to the K-H instability which typically results in the shedding of vortices along 

the velocity interface.  

One example of the impact of the D-L and R-T instabilities on flame propagation is the 

tulip flame phenomena as shown in Figure 2.10. This phenomena has been realized for many 

years in different experimental setups and different fuel-oxidizer mixtures (Ellis & Wheeler, 

1928; Guenoche & Jouy, 1953; Starke & Roth, 1989) and has been a subject of CFD modeling 

(Bychkov, Akkerman, Fru, Petchenko, & Eriksson, 2007; Gonzalez, 1996; Gutkowski, 2013).  

 

 
Figure 2.10 Images of the development of a tulip flame in a stoichiometric mixture of methane 
and air.  Refer to Section 4.3 for more details. Flame moves from left to right. CH4 = 9.5±0.3%. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole at the closed end.  

 

One of the most recent, comprehensive experimental studies of the development of the 

tulip flame was performed by Clanet and Searby (1996). They used vertical cylindrical Pyrex 

tubes with open-closed end conditions and propane-air mixtures. The reactors had varying 
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diameters and lengths: 2.5-5cm diameter and 0.6-6m in length. The mixtures were ignited from 

the closed end of the reactor such that the flame propagated from the bottom to the top of the 

vertical tube. They discussed four main stages to the tulip development, which have also been 

observed in certain experiments performed by the CSM research group as shown in Figure 2.10. 

The first stage is a hemispherical expansion of the flame which can also be seen at t=10ms in 

Figure 2.10. At this point in time the flame is unaffected by the walls of the reactor. As the flame 

develops, it starts to approach the walls of the vessel and creates a finger shape seen at t=30ms. 

When the flame interacts with the cool wall, it quenches and rapidly loses heat to the walls as 

seen at t=40ms. When the flame loses heat to the walls, the surface area and velocity of the 

leading flame front decreases, leading to large density gradients. The large differences in density 

and velocity lead to the R-T instability and the flame front becomes inverted, i.e. the tulip flame 

seen at t=50ms (Clanet & Searby, 1996). Finally, in the fourth stage of the process, acoustic 

effects dominate, K-H instabilities, and the tulip flame is further distorted, sometimes producing 

multiple inversions along the flame front as shown at t=60ms. 

It is important to note that acoustics play a large role in the stability of a flame. Other 

researchers studying detonations have found the development of tulip flames due to pressure 

waves or shock wave interacting with the flame front, inverting it and increasing flame 

acceleration (Markstein, 1957; Salamandra, Bazhenova, & Naboko, 1959). Understanding the 

effects of interactions between flames and acoustics is extremely important, especially for the 

transition of a flame from deflagration to detonation. As shown in Figure 2.10, acoustics can 

grossly disturb the flame front and the fluid velocity in the unburned and burned mixtures. This 

is important because stretching of the flame front leads to greater differences in local fluid 

velocities along the flame front and increases combustion rates, leading to faster flames.  

Understanding flame instabilities and the interaction of acoustic waves and flames is 

extremely important for developing a combustion model of methane gas explosions in longwall 

coal mines. In a coal mine, there are many walls for pressure waves to interact with and 

reverberate off, which means that in the event of an explosion the pressure waves can compress 

to form a shock wave and potentially a detonation. Additionally, many reports of mine 

explosions have shown that ventilation controls were destroyed (McKinney, et al., 2001; Page, et 

al., 2011), likely from the leading pressure wave. There has also been anecdotal evidence from 

mine workers who have seen flames moving back and forth within the gob area (McKinney, et 
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al., 2001). This could also be due to the acoustic oscillation of the flame as it continues to burn 

methane emanating from the gob area. In general, however, one of the main purposes of this 

research is to help explain under what conditions flame instabilities and acoustic instabilities 

may exacerbate the propagation of a methane flame in a mine.   

2.5 Impact of confinement on flame propagation 

The environment of an underground coal mine is very confined, which is why mine fires 

and explosions can be so devastating. As previously discussed, ignitions in confined spaces can 

result in higher temperatures, pressures, and fluid motion, thereby increasing combustion and the 

speed of the propagating flame and can lead to large overpressures and/or blast waves. The effect 

of degree of confinement, or venting, on flame propagation has been the topic of research in a 

variety of industrial processes (e.g. oil refineries, chemical plants).  

In the 1970s, Bradley & Mitcheson developed a simplified theory of venting for spherical 

reactors and compared the theory to a significant amount of experimental data from other 

researchers (Bradley & Mitcheson, 1978). The theory assumes isentropic compression and 

expansion, the flame is symmetric and expands spherically, and there are no interactions between 

the flame and pressure waves. Despite the fact that their model is simplified, many of their 

findings agree with other researchers. For example, they find that central ignition produces the 

largest overpressure, consistent with Fairweather, Hargrave, Ibrahim and Walker (1999) as well 

as Kindracki, Kobiera, Rarata, and Wolanski (2007). This is due to the fact that the hot exhaust 

gases must travel significantly further to vent from the reactor, which increases local 

temperatures and pressures, accelerating the flame away from the vent. Additionally, they find 

that as the area of the vent on one end of the vessel increases, the max overpressure decreases 

similar to Cooper, Fairweather, and Tite (1986) and Zhang and Ma (2015). Finally, they also 

investigated how the pressure of the vent itself (or weight of the vent) affects the overpressure. 

They found that as the vent pressure increases, the overpressure of the explosion increases in 

addition to the velocity of fluid ahead of the flame (Bradley & Mitcheson, 1978). This has been 

studied by many other researchers who further quantified the effect of vent relief pressure or 

weight of the vent  (Bao, et al., 2016; Cooper, Fairweather, & Tite, 1986). However, Bradley & 

Mitcheson (1978) also discuss how their assumptions are simplified; noting that pressure-flame 

interactions must be incorporated into future venting theory. 
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Soon after the studies by Bradley and Mitcheson (1978), McCann, Thomas, and Edwards 

(1985) performed a study in two, small-scale cubical vessels investigating the effects of Taylor 

instabilities and other acoustic instabilities (Helmholtz) and how they affect propagating flames 

and explosion overpressure. They found that as the vent relief pressure increased, the speed of 

sound also increased as well as the frequency of the oscillations (McCann, Thomas, & Edwards, 

1985). This finding is important because as the frequency of pressure oscillations increase, they 

may disturb the flame front even more, creating cellular structures. Solberg, Pappas, and 

Skramstad (1981) performed studies investigating the effects of instabilities for large scale 

explosions and they found that high frequency pressure oscillations are much more important in 

large scale explosions and the onset of cellularity occurs much sooner, leading to faster 

combustion and flame speeds which has been observed by other researchers (Bauwens, Chaffee, 

& Corofeev, 2008). Because of this, there has been much research on the elimnation of these 

high frequency oscillations and vanWingerden and Zeeuwen (1983) found that lining a vessel 

with glass wool helped “damp the acoustic wave and prevent the coupling between the acoustic 

wave and combustion to occur”. Though this may be a useful technique for some, whether or not 

a similar technique can be employed in a mine environment is unlikely.  

 

 
Figure 2.11 Example of a typical pressure-time profile of an explosion in a near cubic vessel 
with a single vent. Figure modified from: (Cooper, Fairweather, & Tite, 1986). 

 

Finally, one of the most fundamental studies on pressure generated by vented explosions 

was by Cooper, Fairweather, and Tite (1986) who performed experiments in a near cubic vessel, 

the results of which are reproduced in Figure 2.11. The first peak pressure rise, P1, is the result of 
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the initial kernel expansion when the production of combustion gases exceeds the volume 

removed by venting . The second major pressure peak, P2, occurs after initial venting when the 

flame front ignites unburned gases increasing the rate of combustion and pressure rise in the 

vessel. After the second peak, Helmholtz modes are excited and the flame front undergoes bulk 

motion (Cooper, Fairweather, & Tite, 1986; McCann, Thomas, & Edwards, 1985). Figure 2.11 

also shows two additional pressure peaks, P3 and P4. After the Helmholtz oscillations, the flame 

expands, turbulence and combustion increases, and large density gradients are created in the 

vessel which increases the pressure, P3. Finally, as the production of burned gases decreases, the 

pressure in the vessel decreases and couples “with the acoustic modes of the vessel” sustaining 

pressure oscillations creating a high frequency fourth peak, P4 (Cooper, Fairweather, & Tite, 

1986; vanWingerden & Zeeuwen, 1983). In addition to evaluating the physical mechanisms 

behind each peak, Cooper, Fairweather, and Tite (1986) also discusses the practical implications 

of each peak, noting that the presence of obstacles can produce pressure peaks similar to P3. This 

is important, especially for explosions in a mine environment because pressure waves can 

destroy mine structures and equipment and potentially harm workers.  

 

 
Figure 2.12 Experimental setup used by Guo, Wang, Liu, and Chen (2017) exploring the impact 
of multiple vents on explosion overpressure. PT refers to the location of the pressure transducer. 
Image credit:  (Guo, Wang, Liu, & Chen, 2017). 

 

Though much of the research discussed has only been in regards to a single vent and 

investigating the factors leading to more deadly explosions, there has been some research into 

the effects of multiple vents as shown in Figure 2.12. Results from Guo, Wang, Liu, and Chen 

(2017) show that multiple vents can slightly help reduce explosion overpressure and they can 

largely reduce the flame length of the explosion extending out of the vent.  
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In general, previous research has shown that compartment geometry, ignition location, 

vent size, venting pressure, and reactor scale can greatly affect the max overpressure, flame 

propagation velocity, and acoustic interaction with the flame. These are all important 

considerations for explosions in underground coal mines. Depending on the ignition location, 

whether it is in a passageway, in the gob, or behind the shields, the resulting explosion can be 

significantly different. To this end, it is the goal of this research to determine which aspects of a 

longwall mine environment has the greatest affect pressure generation and flame propagation. 

Thus, experiments are performed with and without obstacles, changing the ignition location and 

degree of confinement. Additionally, pressure traces can be correlated to flame propagation 

velocities which allows for a thorough understanding of possible flame dynamics in a mine 

environment.  

2.6 Impact of obstacles on flame propagation  

The environment of a longwall coal mine has a variety of obstacles (i.e. mine equipment, 

workers, rock piles) as shown in Figure 1.2 and Figure 1.3. The complex geometries make it 

difficult to determine how a flame interacts with the obstacle since different mechanisms can be 

at play simultaneously. Since many explosions occur in or around the gob area, the CFD model 

developed in this work must be able to model methane gas explosions in confined spaces, under 

different environmental conditions, and with rock rubble and mine equipment/structures. There 

has been a significant number of studies on flame interaction with obstacles and porous media, 

varying different parameters such as number of obstacles, obstacle location, and blockage ratio 

(BR = Area unobstructed/Total cross sectional area) among some (Chapman & Wheeler, 1926; 

Dong, Bi, & Zhou, 2012; Dunn-Rankin & McCann, 2000; Evans, Schoen, & Miller, 1948; 

Ibrahim & Masri, 2001; Kindracki, Kobiera, Rarata, & Wolanski, 2007; Masri, Ibrahim, Nehzat, 

& Green, 2000; Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982; Xiaoping, Minggao, Wentao, 

Meng, & Juniie, 2015; Yibin, Fuquan, Xiaoyan, Xin, & Hongbin, 2011). This discussion shall 

detail some of the more notable studies on flame interaction with obstacles and in following, will 

discuss how this manuscript investigates the impact of obstacle parameters on methane flame 

propagation and explosion overpressure and how it differs from previous researchers.  

One of the first, most fundamental studies on flame propagation across an obstacle was 

performed by Chapman and Wheeler (1926). They performed methane-gas experiments in a 

horizontal, 5cm diameter brass cylinder, 240cm long open at both ends. The obstacles were brass 
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orifice plates (or annuli) that were 1mm thin. In the first part of their study they placed the orifice 

plates 40cm from ignition and varied the orifice diameter (3.6, 2.5, 1.5cm). When they compared 

flame speed measurements, they found that the flame was slightly retarded upstream of the 

obstacle, and then accelerated across the obstacle and downstream. Different orifice diameters 

also produced different accelerations; the greatest acceleration was found to be when the orifice 

diameter was half the tube diameter, meaning a 50% BR (Chapman & Wheeler, 1926). They also 

varied the location of the orifice plate and found as they moved it further from ignition the 

velocity recorded at the end of the reactor increased, however this was for a closed-closed reactor 

end condition. Varying the thickness of the brass orifice plate decreased the downstream 

velocity, though this could be due to the fact that brass has a high thermal conductivity and thus 

absorbed heat from the flame, slowing it down. Additionally, they added two or more restrictions 

in the tube and found even greater flame speeds than a single restriction. Decreasing the distance 

between the restrictions from 70 to 30cm accelerated the flame to even greater speeds. They even 

attempted to reach detonation velocities by adding 12 restrictions, but shattered the glass viewing 

windows, recording pressures upwards of 3.9atm (Chapman & Wheeler, 1926). Later, Robinson 

and Wheeler (1933) performed similar experiments in a slightly larger, steel tube, 30.5cm in 

diameter and 32.3m long with 11 steel orifice plates. They were unable to reach detonation 

velocities, but they did note a central flame core traveling through the restrictions and residual 

burning towards the wall between the obstacles (Robinson & Wheeler, 1933). This is important 

and there has been a significant area of research investigating how unburned gas pockets trapped 

between obstacles impacts flame acceleration (Ciccarelli and Dorofeev, 2008 (Moen, Lee, 

Hjertager, Fuhre, & Eckhoff, 1982)).  

In 1982, Moen, Lee, Hjertager, Fuhre, and Eckhoff  performed a large-scale experimental 

study on the effect of obstacle BR on flame speed and pressure generation, also looking at the 

mechanisms of burning pockets of mixture between obstacles and downstream of obstacles. 

They ignited stoichiometric methane-air mixtures in a cylindrical steel tube, 2.5m in diameter, 

10m long with one end open and one end attached to an ignition tube and the mixtures were 

ignited using planar ignition. Some of their results have been reproduced here shown in Figure 

2.13 and Figure 2.14. In summary, they found that even a single plate with a low BR can 

enhance methane overpressure, the value of which highly depends on the location of the obstacle 

relative to ignition. In most circumstances, increasing the BR increased overpressure and flame 
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speed shown in Figure 2.13. In general, increasing the number of obstacles continued to 

increased overpressure and flame speed, but there seemed to be an optimal point as shown in 

Figure 2.13 and Figure 2.14. Interestingly to note, certain configurations and spacing of small 

BR orifice plates resulted in higher overpressures and faster flame speeds than large BR plates.  

 

 
Figure 2.13 Maximum overpressure versus number of orifice plates for various blockage ratios 
(BR).  Figure credit: (Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982). 
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In their theoretical description of the processes leading to enhanced overpressure and 

flame speeds due to obstacles, they noted that as the flame travels across the obstacle it results in 

a “nonuniform flow field” which “increased burning rate” and overpressure (Moen, Lee, 

Hjertager, Fuhre, & Eckhoff, 1982). In their discussion of this finding, they noted, similar to 

Chapman and Wheeler (1926) that “the rate of burning increases due to the larger flame surface 

area, the flame induced flow velocity also increases, creating stronger flow field gradients” 

generating turbulence and a feedback between the unburned pockets downstream of the obstacles 

and the propagating flame brush (Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982). This feedback 

loop between the unburned recirculating gases trapped between obstacles and the main flame 

brush is one of the main mechanisms of flame acceleration and has been observed and studied by 

other researchers as well (Ciccarelli & Dorofeev, 2008). 

  

 
Figure 2.14 Flame time of arrive versus distance from ignition for various blockage ratios (BR) 
and varying number of orifice plates.  Figure credit: (Moen, Lee, Hjertager, Fuhre, & Eckhoff, 
1982). 
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Figure 2.15 Schematic of turbulent flame propagation in an obstacle filled tube.  Figure credit: 
(Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982). 
 

In general, the experimental results from Moen, Lee,Hjertager, Fuhre, & Eckhoff, 1982 

showed that BR, the number of obstacles, obstacle spacing, and obstacle location can have a 

huge effect on methane flame propagation and overpressure. Their results laid a strong 

foundation for other researchers including Lee, Knystautas, and Chan (1985), Phylaktou and 

Andrews (1991), and Fairweather, Hargrave, Ibrahim, and Walker (1999). Lee, Knystautas, and 

Chan (1985) performed experiments in different steel cylinders ranging 5-30cm in diameter and 

11-17m in length using a variety of fuels at different stoichiometries (including methane and air). 

They determined there were four major propagation regimes. The first regime was the quenching 

regime, in which the obstacle BR were large enough to initially accelerate the flame, but 

eventually the flame was quenched due to heat loss to the cool unburned mixture entrained in the 

turbulent flame brush (Lee, Knystautas, & Chan, 1985). The second regime was the choking 

regime and the flame accelerates the entire length of the reactor, noting that eventually the flame 

may reach the local speed of sound (Lee, Knystautas, & Chan, 1985). The third regime is the 

quasi-detonation regime, where flame speeds are so fast and the orifice diameter is large enough 

to transition to detonation which is dependent on the detonation cell size and reactor/obstacle 

geometry (Lee, Knystautas, & Chan, 1985). Finally, the fourth regime is the C-J detonation 

regime, and again the size of the orifice to the detonation cell size must be greater than several 

times the cell size, which is dependent on the fuel mixture (Lee, Knystautas, & Chan, 1985). 

These findings and discussion are extremely important for understanding the potential for 

deflagration transition to detonation.  

Other researchers have also experimented with obstacles that are staggered, in the center 

of flow, and only on one side of the flow (Xiaoping, Minggao, Wentao, Meng, & Juniie, 2015). 
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They found that obstacles that are staggered or central to flow produce significantly higher 

overpressures and the flame propagation itself is more tortuous. 

Understanding the potential for a methane mixture to transition to detonation via obstacle 

induced turbulence is the subject of much research in the coal mining industry (Oran, Gamezo 

and Kessler, 2011 (Zipf, et al., 2013)). Although certain experimental setups and models have 

shown that methane gas mixtures can reach detonation velocities, it is still unclear from the  

studies discussed above, whether or not this is possible during a real mine explosion. For 

example, in the UBB mine explosion in 2010, the pressure waves entrained coal dust on the floor 

of the mine, which transitioned the methane explosion to a methane-coal dust explosion resulting 

in 29 deaths and significant damage to miles of mine structures and equipment (Page, et al., 

2011). Because of this, there has also been some research on understanding how coal dust can 

exacerbate a methane gas explosion and to determine better techniques for depositing inert rock 

dust over coal dust (Bai, Gong, Liu, Chen, & Niu, 2011; Dong, Bi, & Zhou, 2012; Sapko, Weiss, 

Cashdollar, & Zlochower, 2000).  

In addition to using solid orifice plate type obstacles, researchers have also investigated 

the effects of a grid, different shapes (cylinders, rectangles, etc), and porous media. Evans, 

Schoen, and Miller (1948) looked at the effect of copper grids on propane-air flame phenomena 

in pyrex tubes, varying in cross sectional shape and lengths. They found that grids accelerated 

the flame and a “grid flame” consisted of “large cells or globules at the front, and fine-grained 

eddies behind the front” as compared to a flame propagating in an unobstructed tube (Evans, 

Schoen, & Miller, 1948). Stark and Roth (1989) investigated the development of a tulip flame in 

a tube obstructed with a grid. They found that as the grid was moved further from ignition, the 

tulip inversion continued to be affected by the obstacle until a certain distance and the inversion 

was suppressed (Starke & Roth, 1989).  

There have also been several studies investigating the effect of different solid shaped 

obstacles on flame propagation (Ibrahim & Masri, 2001; Masri, Ibrahim, Nehzat, & Green, 2000; 

Yibin, Fuquan, Xiaoyan, Xin, & Hongbin, 2011). Researchers looked at the effects of cylinders, 

squares, diamonds, triangles, and wall/plates on flame and pressure enhancement and found that 

changing the blockage ratio of the rectangular or plate type obstacles had the largest effect on 

flame propagation velocity and overpressure (Ibrahim & Masri, 2001; Masri, Ibrahim, Nehzat, & 

Green, 2000). Interestingly Masri, Ibrahim, Nehzat, and Green (2000) found significant 
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differences in the size and length of vortices produced downstream of the different obstacles as 

shown in Figure 2.16, though they were unable to draw any significant conclusions about the 

downstream vortices effects. In a second paper, however, results of the overpressure versus BR 

in Figure 2.17 seem to suggest that off-spherical objects (wall/plate) increases the overpressure 

of an explosion (Ibrahim & Masri, 2001). This is of significant interest for this research because 

some coal mine explosions have originated near or within the gob, e.g. the Willow Creek 

explosion in 2000, and so it will be important to understand how rock, which has a varying 

degrees of sphericity, impacts flame propagation. Up to this point, the CSM group has been 

unable to find other researchers investigating flame propagation across a rock pile. Due to the 

lack of experiments, the main focus of this research is to perform experiments with idealized 

rock and actual rock typically found in a mine to determine whether these shapes change flame 

acceleration mechanisms.  

 

 
Figure 2.16 Vortex pair behind a triangular obstacle.  Image credit: (Masri, Ibrahim, Nehzat, & 
Green, 2000). 
 

 
Figure 2.17 Overpressure versus blockage ratio for different obstacle geometries.  Figure credit: 
(Ibrahim & Masri, 2001). 
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Finally, it has been shown that obstacles, confinement, and ignition location can 

influence explosion overpressure and flame propagation. In a real longwall coal mine, the 

explosion can occur from the gob area (confined) and propagate towards the face or entries. 

Therefore, one of the main areas of concern of this research is flame propagation between 

obstacles and this particular research has only been able to find one paper were the ignition was 

between obstacles by vanWingerden and Zeeuwen, (1983). In their study, they had a square, 

wooden plate with cylindrical sticks mounted on it. The obstacle was located in the middle of a 

larger vessel such that the flame could propagate in all directions (similar to a spherical bomb). 

Experiments were performed with ignition located 1) on the top of a single plate, 2) centered 

between two plates, 3) on a single plate with sticks, and 4) between two plates with sticks 

supported between them. For all fuels tested, including methane, the fastest flame velocity was in 

configuration 4) and produced an overpressure twice that found for a stagnant mixture (van 

Wingerden & Zeeuwen, 1983). This is of no surprise since the flame was not only confined, but 

accelerated due to the obstacles. However, it must be noted that the flame propagated in all 

directions, there was no principle direction like would be the case for a mine explosion where the 

flame might tend to travel in the open passageways. Therefore, one of the objectives of this 

research is to further understand the differences with flame propagation between obstacles in 

addition to across obstacles.  

 Although most of the obstacles typically found in a mine are solid obstacles, the gob 

area, walls, and rock on the belt has different levels of compaction and it is unclear whether they 

can be treated as a porous media. Thus, one of the major focuses of this research is whether or 

not the gob and other such obstacles act similar to a porous media. Because of this, it is 

important to understand some of the differences in flame propagation mechanisms between 

completely solid obstacles and porous media. Some of the most fundamental studies on porous 

media were performed by Babkin, Korzhavin, and Bunev (1991) and Howell, Hall, and Ellzey 

(1996). Babkin, Korzhavin, and Bunev (1991) performed experiments in square reactors filled 

with different porous media including steel polished balls, polyurethane foam, porous material 

made of foam, and aluminum glued combs. They show that methane flames are much faster at 

higher initial pressures and pore cavity size. However, it is unclear whether the thermal 

properties of the material had an effect. Additionally, they show that porous media can accelerate 

flames “as effectively as in rough tubes, or in tubes with periodical obstacles such as spirals” 
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(Babkin, Korzhavin, & Bunev, 1991). This is extremely important because the walls of a mine 

consist of rock rubble and as such will have a significant effect on flame propagation. Another 

notable finding of Babkin, Korzhavin, and Bunev (1991) and more fully explained by Howell, 

Hall, and Ellzey (1996) is the feedback mechanism between the flame and porous media. As the 

flame propagates through the porous media, pockets of unburned mixture are trapped and then 

heated by radiation and conduction. These pockets are entrained by the passing flame, thus 

accelerating the flame in a feed-back loop (Howell, Hall, & Ellzey, 1996). Babkin, Korzhavin, 

and Bunev (1991) also note that “the most probable stabilizing factor” is quenching of the flame 

(Babkin, Korzhavin, & Bunev, 1991).  

Further studies by Ciccarelli, Hlouschko, Johansen, Karnesky, and Shepherd (2009) 

experimented with a layer of 12.7mm diameter ceramic-oxide beads along the entire bottom of a 

horizontal, rectangular reactor investigating how bead layer affects the transition to DDT. They 

helped confirm that the interaction of the flame with the bead layer “drives the flame 

acceleration in the gap until DDT” (Ciccarelli, Hlouschko, Johansen, Karnesky, & Shepherd, 

2009). Also they found reducing the height of the gap above the bead layer resulted in a faster 

acceleration to DDT because the trapped gases in the bead layer have a stronger coupling to the 

main flow and may act similar to a piston (Ciccarelli, Hlouschko, Johansen, Karnesky, & 

Shepherd, 2009). 

Fig (2019) performed similar experiments to Cicarelli, et al. (2009) in different diameter 

reactors using layers of rock. In these experiments, rock rubble was arranged in a non-reacting 

metal cage and inserted into a reactor at different locations. The length and height of the rock 

pile were explored and it was found that lining the entire length of the reactor resulted in the 

greatest flame acceleration for large vessels. This research aims at taking a step back and using 

spheres as an idealized rock rubble. The spheres take away any different in flame propagation 

due to surface topology so that this research can determine which property of the rock pile has 

the largest impact on flame acceleration. 

2.7 Impact of spark energy on methane flame propagation 

There are many sources of ignition in a longwall coal mine such as rock-on-rock friction, 

metal-on-rock friction (from a carbide cutting tips on the longwall shearer), spontaneous 

combustion, welding components, or any electrical communication system/remote. Frictional 

ignition from rocks and metal-on-rock friction are two of the most common methods of ignition 
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(Page, et al., 2011) and are difficult to quantify since the energy is highly dependent on the type 

of rock, the speed of the rock or machine, and contact point among some. This research aims to 

understand how these different types of energy and energy durations may affect methane gas 

deflagrations using the experimentally validated CFD model.  

In 1979, Maly and Vogel wrote a paper describing the three discharge modes of an 

electric spark, detailing the properties of each mode and where the majority of losses come from. 

The three discharge modes are the breakdown phase, arc phase, and glow discharge phase as 

shown in Figure 2.18. The energy supplied by the spark system during the breakdown phase 

ionizes the gas between the electrodes, creating a plasma. Approximately 94% of the energy 

during the breakdown phase is transferred to the plasma which helps provide the “conductive 

path between the electrodes necessary” for the arc and glow discharge phases (Maly & Vogel, 

1979). During the arc and glow discharge phases, a significant amount of energy is lost through 

conduction to the electrodes and there is less dissociation of species (Maly & Vogel, 1979). 

Understanding these processes is important because it has helped researchers design more 

efficient methods of spark ignition, such as the plasma spark plug which is designed to transfer 

the majority of the energy during the breakdown phase.  

 

 
Figure 2.18 Schematic of voltage and current versus time of a typical spark ignition system.  U 
refers to the energy in unit volts (V). Figure credit: (Maly & Vogel, 1979). 
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Most studies of premixed combustion employ spark ignition, especially for determining 

the minimum ignition energy required to ignite mixtures (Blanc, Guest, von Elbe, & Lewis, 

1947; Shmelev, 2009). However, there are several parameters of the design of the spark ignition 

system which can affect measurements of minimum ignition energy, including the electrode 

material, distance between the electrodes, and the shape of the electrodes, whether they are 

plates, hemispherical, or to a point. In general, most researchers agree that for a stoichiometric 

mixture of methane and air at 1atm and 300K, the minimum ignition energy is approximately 

0.3-0.5mJ (Shmelev, 2009; Turns, 2012). As discussed earlier, the minimum ignition energy is 

highly dependent on pressure, temperature, and mixture stoichiometry.  

In majority of the studies on the effects of spark ignition on flame propagation, 

researchers note that the ignition energy only affects the initial flame kernel development until a 

critical radius (Lintin & Wooding, 1958). To note, many of these researchers used small test 

chambers or spherical bombs, making it difficult to determine if ignition energy does not affect 

flame propagation in other apparatus (Blanc, Guest, von Elbe, & Lewis, 1947; Lintin & 

Wooding, 1958). However, some researchers have found that for lean limits and high spark 

energies, ignition may affect the subsequent flame propagation, suggesting that researchers 

“perform experiments with several ignition energies to determine conditions at which the flame 

is not affected” (Lawes, Sharpe, Tripathi, & Cracknell, 2016). Additionally, other researchers 

have found that a planar ignition of match heads produces overpressures and flame speeds faster 

than a single point ignition (Hjertager, Fuhre, & Bjorkhaug, 1988). Though the ignition source is 

a match head, it still lends to the point that the distribution of energy and quantity of energy 

could affect flame propagation. Therefore, it is the goal of this research to determine whether 

varying spark ignition energy and duration can affect methane gas deflagrations, especially for 

confined spaces.  

2.8 Modeling methane flames  

There are three major ways to model complex fluid flow problems: direct numerical 

simulation (DNS), large eddy simulation (LES), and moment models. As the name implies, DNS 

is the most accurate method of simulating fluid flow because it directly solves the Naiver-Stokes 

equations. Unfortunately, the major drawback to DNS is that it requires a significant amount of 

computational time and energy due to the wide range of temporal and spatial scales of most 

flows, which makes it less desirable as compared to LES and moment models. LES models 
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resolve the large-scale turbulent structures directly by solving the filtered Navier-Stokes 

equations and models the smaller scales (sub-grid scales – SGS). In general, LES models are 

good for turbulent flows that are characterized by large-scale eddies, allowing for a much coarser 

grid. Finally, the third type of models, which are the most widely used, are moment models that 

solve the fluid flow equations using statistical analysis. The most common method of averaging 

the Naiver-Stokes equations is by using ensemble averages which solve for mean velocities 

producing a set of equations called Reynolds-Averaged Navier-Stokes equations (RANS) and 

uses 1st order closure models to obtain a complete set of equations.  

Many researchers over the decades have developed various models of premixed methane-

air (or other mixtures) deflagrations and detonations using DNS (Gonzalez, 1996; Hawkes & 

Chen, 2004), LES (Bi, Dong, & Zhou, 2012; Chen, Luo, Sun, & Lv, 2017; Di Sarli, Di 

Benedetto, & Russo, 2012; Xiao, Makarov, Sun, & Mokov, 2012), RANS (Fairweather, Ibrahim, 

Jaggers, & Walker, 1996; Fairweather, Hargrave, Ibrahim, & Walker, 1999; Fig, Bogin, Brune, 

& Grubb, 2016; Jerome, Christophe, & Guillaume, 2017; Kozubkova, Krutil, & Nevrly, 2014; 

Wang, Ma, Shen, & Guo, 2013), and other reduced order models (Sezer, Kronz, Akkerman, & 

Rangwala, 2017). Some researchers have written  in-house codes (Catlin, Fairweather, & 

Ibrahim, 1995; Fairweather, Ibrahim, Jaggers, & Walker, 1996) while most use commercial 

softwares such as Fluent (Gutkowski, 2013; Kozubkova, Krutil, & Nevrly, 2014) or AutoReaGas  

(Hong, Lin, & Zhu, 2016; Zhang & Ma, 2015). In general, most researchers are concerned with 

accurately solving the flame time of arrival and the overpressure of the explosions for gas 

explosions with and without obstacles. To accurately model these phenomena, the majority of 

researchers performed their own experiments to help validate their model (Dunn-Rankin & 

McCann, 2000; Fairweather, Hargrave, Ibrahim, & Walker, 1999; Jerome, Christophe, & 

Guillaume, 2017; Kozubkova, Krutil, & Nevrly, 2014; Yu, Sun, & Wu, 2002), but there are 

many researchers who rely on experiments from other researchers as points of model validation 

(Catlin, Fairweather, & Ibrahim, 1995; Di Sarli, Di Benedetto, & Russo, 2012; Hong, Lin, & 

Zhu, 2016; Li & Hao, 2017; Oran, Gamezo, & Kessler, 2011; Salvado, Tavares, Teixeira-Dias, 

& Cardoso, 2017; Sezer, Kronz, Akkerman, & Rangwala, 2017; Valiev, Bychkov, Akkerman, 

Law, & Eriksson, 2010).  

To build a comprehensive 2D & 3D combustion model of a longwall coal mine methane 

gas explosion, it is important to be able to capture the effects of obstacles on flame propagation 
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and pressure enhancement. Figure 2.19 is a summary of the numerical simulations of premixed 

combustion which model obstacles versus those which do not (Note this is not meant to be an 

entire review of all flame experiments ever performed, but a summary of those discussed in this 

manuscript). As can be seen, there are less researchers modeling obstacles, though it is becoming 

much more common in recent years, especially with the improvements made to commercial 

codes, allowing for much easier meshing around complex objects and coupling of more complex 

chemical reactions. However, most research groups modeling obstacles consider only a couple of 

obstacles of simple geometry as shown in Table 2.1. This research not only models a larger 

variety of obstacles, but validates the model across a much wider range of reactor volumes. 

Fairweather, et al. 1996 & 1999 have modeled premixed combustion and interaction with 

obstacles and validated the model across different reactor sizes (Fairweather, Ibrahim, Jaggers, & 

Walker, 1996; Fairweather, Hargrave, Ibrahim, & Walker, 1999). However, their code was 

developed in-house which makes it more difficult to replicate their settings. Additionally, 

although they have validated their model with a handful of reactors, the range is still limited 

when it is compared to all other experimental combustion researchers, Figure 2.20 and Figure 

2.21.. This is extremely important because flame dynamics, especially across obstacles, do not 

scale linearly with reactor size (Fig, Bogin, Brune, & Grubb, 2016). This also helps demonstrate 

how novel and important this research is to the combustion community; modeling the effects of 

obstacles across a wide range of scales and validating the model with experiments is a small 

percentage of the total number of experimental and numerical combustion research. It is also 

important to note that this research was the first to couple a combustion model with a ventilation 

model of a longwall coal mine and model a methane gas explosion (Bogin, 2015). Although 

there are still improvements to be made, the coupled model developed in this research is not only 

applicable to the mining industry, but to other small- and large-scale industrial explosions or 

even to flame propagation through a building. 

 



43 
 

 
Figure 2.19 Summary of numerical simulations of premixed fuel-air mixtures with and without 
obstacles. 
 

Table 2.1 Table summarizing researchers who have performed numerical simulations of 
premixed fuel-air mixtures with obstacles.  Note outside experiments means that the group 
validated their model with experiments performed by other researchers.  
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Figure 2.20 Pie chart showing the percentage of researchers who have performed premixed fuel-
air combustion experiments in one or more reactors.  Percentages out of a total of 52 research 
groups.  

 

 
Figure 2.21 Summary of researchers who have performed premixed fuel-air combustion 
experiments in multiple reactors versus the volume of the reactors. 
 
2.9 Hazards of mine explosions on miners  

Underground coal mine methane gas explosions can be devastating to nearby structures 

and may result in the death or injury of miners as discussed in the Introduction of this manuscript 

and Figure 2.22 which is a collection of mine disasters compiled by the U.S. Mine Safety and 
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Health Administration (MSHA). Although the number of incidents and fatalities from coal mine 

disasters have declined over the years due to better safe practices and equipment enhancements, 

underground coal mine methane gas explosions still pose a risk to miners and equipment.  

 

 
Figure 2.22 Number of coal mine disasters and fatalities from 1900-2016.  Figure credit: (Center 
for Disease Control and Prevention, 2017).  

 

Methane gas explosions have several mechanisms of blast injury which affect the human 

body including primary, secondary, tertiary, and quaternary effects. Primary injuries are injuries 

from the initial blast shock wave interacting with the human body. The most common primary 

injuries from coal mine explosions are blast lung, eardrum/middle ear rupture and concussion, 

but other injuries may include eye rupture or abdominal hemorrhage (Centers for Disease 

Control and Prevention, 2017; Institute of Medicine, 2014). As the blast wave travels through the 

body and blood, it can cause air to expand in the blood, creating air embolus which in many 

cases, end up in the lungs (blast lung) (Institute of Medicine, 2014). If the victims do not seek 

medical attention right away including a chest x-ray, they may not know they have blast lung 

until it is too late. Secondary injuries may result from airborne debris that is thrown from the 

explosion, which may result in blunt force trauma or perforation of the body (Centers for Disease 
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Control and Prevention, 2017; Institute of Medicine, 2014). Tertiary injuries are a result of 

individuals being through from the blast and include bone fractures and head injuries (Centers 

for Disease Control and Prevention, 2017; Institute of Medicine, 2014). For example, in the 

Willow Creek mine explosion of 2010, several miners close to the second explosion were thrown 

and one miner lost their cap lamp (McKinney, et al., 2001). Finally, quaternary injuries are those 

which are not a direct result of the blast, but are indirect including burns or inhalation of toxic 

fumes such as smoke, dust, or carbon monoxide (Centers for Disease Control and Prevention, 

2017). Again, in the Willow Creek mine explosion one miner “was asphyxiated as a consequence 

of carbon monoxide poisoning” and another miner was “seriously burned and received a massive 

head injury” (McKinney, et al., 2001). 

However, in addition to injuries to miners, blast effects of methane gas explosions can 

damage/destroy mine structures, damage mine equipment, and reverse airflow in the mine 

(Brune, 2014; McKinney, et al., 2001; Page, et al., 2011). For example, pressures between 0.1-

5psi can shatter single-strength glass and pressures between 1-2psi can crack plaster walls or 

buckle sheet steel (Owen-Smith, 1981). Also, pressures between 2-3psi can crack cinder-block or 

concrete block walls and upwards of 8psi they can crack brick wall (Owen-Smith, 1981). These 

pressure examples are important because the demonstrate the overpressure effects on common 

mine materials which the pressures from the UBB explosion in 2010 easily exceed (Page, et al., 

2011). Also important is the pressure wave fluctuations which may reverse airflow in the mine or 

possibly temporarily stop ventilation fans which can be dangerous as CO levels increase from the 

explosion.  

In summary, there are many different types of hazards from a methane gas explosion in 

an underground longwall coal mine. Although advancements throughout the years have helped 

reduce the number of fatalities from these explosions, they still pose a risk in active longwall 

coal mines. It is the goal of this research to better predict these hazards and understand the 

potential for human loss and mine damages in order to build stronger mitigation strategies for 

improved worker safety. 
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CHAPTER 3  

DESIGN OF EXPERIMENTAL COMBUSTION REACTORS 

 

Due to safety hazards of performing methane-air explosions in a mine, this research 

performs experiments in both large- and small-scale reactors of varying diameter and length. The 

large-scale reactor is 71cm in diameter, 6.1m in length (L/D=8.5, Volume = 2.4m3) and is 

located at Edgar Experimental Mine in Idaho Springs, CO. The benefit of performing 

experiments in the large-scale reactor is that the resulting methane flame speeds and pressure rise 

are more indicative of those found in a longwall coal mine explosion. However, this reactor 

requires large amounts of gases which increases cost and requires significant amounts of time to 

set up and perform experiments. Therefore, small-scale experiments are also performed to 

provide additional insights across a wide range of conditions. There are several small-scale 

reactors including 1) 5cm diameter, 43cm long (L/D=8.5), 2) 5cm diameter, 1.5m long (L/D=30) 

steel reactor 3) 9.5cm diameter, 81cm long (L/D=8.5), steel reactor, a 4) 12cm diameter, 1.5m 

long (L/D=12) quartz reactor, 5) 13.6cm diameter, 1.5m long (L/D=11) quartz reactor, and a 6) 

30.5cm diameter, 1.15m long (L/D=8.5) steel reactor. Additionally, a small experimental box, 

51x34x15cm (LxWxH), was setup to explore the impact of reactor shape on methane flame 

propagation and interaction with a simulated gob. The main advantage of performing 

experiments at different scales is it allows researchers to understand the scalability of methane 

flame properties which is important for validating the combustion model before incorporation 

into the mine-scale ventilation model. The scalability of methane flame behavior is one of the 

major objectives of M. Fig’s research (Fig, 2019) and will be presented in part of this 

dissertation.  

This document will present the work performed in the 12cm diameter quartz flow reactor, 

71cm diameter large-scale reactor, and laboratory-scale experimental box. The main advantage 

of the quartz reactor and experimental box is that they allow full visualization of the flame as it 

interacts with rock rubble and other obstacles. This is important because it provides further 

insight into methane flame dynamics and allows researchers to use imaging to validate the CFD 

models.  
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3.1 Laboratory-Scale Experimental Setup and Procedure 

The laboratory-scale experimental system consists of industrial-grade compressed 

methane and zero-grade air, mass flow controllers, a mixing tank, flame arrestors, a reactor, ion 

sensors, a pressure transducer, an ignition system, and data acquisition system as shown in 

Figure 3.1.  

 

 
Figure 3.1 Flow diagram of laboratory experimental setup. NI USB refers to a National 
Instruments USB used for recording data. 

 

Before any experiments are performed, compressed building air flows through all lines to 

check for any possible leaks. After all safety checks have been performed, the experimental 

process begins by flowing methane and air at specified rates for a desired stoichiometry. The 

flow is controlled by mass flow controllers (MFC); a Bronkhorst EL-FLOW® Select (0-50 

SLM) controls the air and an Alicat Scientific MC Series (0-5 SLPM) controls the methane. The 

methane and air mix enter a mixing chamber, which is filled with turbulence inducing media, 

until homogeneity is reached. Before the mixture flows into the quartz reactor, an aluminum foil 

cover is placed over the open end of the reactor. A small perforation is made in the foil so that 
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while filling the reactor is purged of the ambient air by the premixed methane-air and provides 

an undiluted mixture without increasing the overall pressure in the reactor. Finally, the premix 

flows into the quartz reactors at 30psi for 5 minutes which is equivalent to approximately 2-3 

volume fills depending on the reactor size. Homogeneity of the mixture inside the reactor is 

verified using an Infrared Industries IR-6000 gas analyzer and mixture stoichiometry is 

confirmed using a gas chromatograph with thermal conductivity detector (GC-TCD). At the 

closed end of the reactor, where the premix inlet is located, there is no stratification in the radial 

direction. Along the top of the reactor, the methane-air mixture did not vary in concentration; 

near the open end of the reactor the mixture varies in the radial direction by less than 0.2% 

(within error of the MFCs). After the reactor is completely filled with the methane-air mixture, 

the mixture is allowed to settle for 40 seconds to insure stagnant conditions. The mixture is then 

ignited using a capacitive spark ignition system as described in Section 3.3, providing 

approximately 60±5mJ of energy to the system. After each experiment, compressed building air 

flows through the reactor to 1) cool down the reactor to ambient conditions and 2) to flush out 

any remaining combustion products. During the shutdown procedure all lines are purged to the 

laboratory exhaust system and compressed building air flows through the lines to ensure no 

residual methane or premix is left in the system. Note all experiments are performed at 294±1K 

and 83±1kPa, which are ambient atmospheric conditions for Golden, CO – elevation 

approximately 1,730m above sea level. 

The DAQ used in this system consists of a National Instruments (NI) USB-6008 and 

USB-6009 DAQ board, both capable of sampling at 48,000 samples per second. The ion sensors 

are each wired to a single input on the USB-6008 board and a Kistler © 4260 piezoresistive 

pressure transducer is wired separately to the USB-6009 board. Additionally, high-speed 

imaging is taken using a GoPro Hero4 capable of sampling at 240 frames per second at 720 pixel 

resolution. In order to ensure repeatability, each experimental set consists of 4-5 experimental 

runs. The flame front propagation velocities reported are the average of all experimental runs and 

the error bars represent the standard deviation of the mean of the set. The overpressure traces 

shown are a single run from an experimental set and are meant to show the general trend of the 

explosion overpressure. The maximum overpressure reported is always the average of all the 

experimental runs and the error bars represent the standard deviation of the mean of the set.  
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Finally, there are several safety design features in the laboratory-scale experimental setup. The 

compressed methane and zero-grade air are housed in an exhaust cabinet. High-pressure tubing is 

routed from the regulators to the electronic solenoid valves as shown in Figure 3.1. The solenoid 

valves are normally closed so that in the event of an emergency, all flows are stopped. 

Additionally, these valves are wired to an emergency stop button so that the entire system can be 

shut down. Downstream of the solenoid valves, stainless steel tubing is used and can withstand 

pressures up to 35MPa which is significantly greater than pressures used in this system. 

Upstream of the mixing chamber is a pressure relief valve that is set to relieve at pressures 

greater than 35kPa and evacuate the gases to the laboratory exhaust system in case of an 

accidental overpressure. Downstream of the mixing tank is a 3-way electronic solenoid valve, 

which is wired to the operator’s table and either fills the reactor or purges the premix into a high-

pressure line vented in the exhaust cabinet. Two flame arrestors are employed; one flame arrestor 

is located in the reactor fill line, upstream of the premix inlet and a second flame arrestor is 

located in the purge line. Additionally, exhaust hoods connected to a point exhaust system (150 

cfm) are located on either end of the quartz reactor and a methane sensor is located near the open 

end and can measure concentrations less than 25% of the lower explosive limit (LEL) of 

methane. Another safety design feature is the Plexiglas enclosure around the quartz reactor 

which 1) protects users in the case of cracking or breaking of the quartz and 2) keeps any leaking 

premix inside the system so that it can be exhausted from either the open or closed end of the 

system. Lastly, there are three fire extinguishers placed throughout the laboratory; one is near the 

operator’s table, a second near the exhaust cabinet housing the compressed methane and zero-

grade air, and a third near the laboratory exit. Safety is the number one concern of this lab and 

the measures described have been evaluated by the Environmental Health and Safety office on 

campus and exceed requirements. Additionally, the Standard Operating Procedures (SOPs) for 

operating the gas flame tubes and spark ignitions systems have been created, signed, included in 

a binder in the lab, and taped to the operator’s table and gas cabinet.  

3.1.1 Design of Quartz Flow Reactor 

The horizontal, cylindrical quartz flame rector used in this study has an inner diameter of 

12cm, 0.25cm wall thickness, and length of 1.5m as shown in Figure 3.2 and Figure 3.4. One end 

of the quartz reactor is open to atmosphere and the other end is closed. The premix fuel-air inlet 

and pressure transducer are mounted on the closed end of the reactor as shown in Figure 3.3, 
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which also includes 5 relief holes that are 1±0.2cm in diameter (similar to the vent holes 

discussed in Section 2.5) which allows researchers to investigate flame instabilities and vary the 

degree of confinement of the explosion. When the relief holes are not in use they are plugged 

with silicone plug so that no gases can escape the reactor. In this reactor setup, ignition was 

initiated in different locations in the reactor to investigate the impact of confinement on methane 

flame propagation. In all cases, the spark electrodes were centered in the radial direction of the 

reactor. This shall be discussed further in the results section of this manuscript.  

 

 
Figure 3.2 Schematic of 12cm diameter quartz flow reactor. 
 

 
Figure 3.3 Schematic of closed end of quartz flow reactor. 
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Figure 3.4 Image of the 12cm diameter quartz flow reactor laboratory setup. 

 

There are several techniques to measure the propagation velocity including IR/UV 

sensors, pressure sensors, ion sensors, and high-speed imaging and many researchers use a 

combination of sensors in order to check the reproducibility of an experiment. For example, 

Fairweather, et al. (1999) and Robinson and Wheeler (1933) used imaging to determine flame 

time of arrival. Many other researchers, including Hjertager, Fuhre, and Bjorkhaug (1988), 

Ciccarelli et al. (2009), and Moen, et al. (1982) used ion sensors to measure the flame speed. 

This research uses high-speed imaging and ion sensors made from copper wire as shown in 

Figure 3.5. The electrodes are housed in a ceramic tube and placed into the sensor ports such that 

the electrodes are flush with the top of the reactor. The sensor ports are 0.8cm in diameter and 

the ceramic tubes are 0.5cm in diameter. Therefore, silicone was wrapped around the ceramic 

tubes to 1) hold the sensors in place and 2) not allow any premix or combustion gases to escape 

out of the top of the tube. The IR gas analyzer was used to verify no gases escape from the tube 

via the sensor ports.  

The ion sensors were wired to a voltage source and resistor network as shown in Figure 

3.6. As the flame passes across the electrodes, the ions trigger a voltage drop across the resistor 

which is recorded by the DAQ system. There are three main components to the design of the ion 

sensors: the wire, the resistor, the voltage source. A study was done using 18 gage copper wire of 

varying lengths and compared the results to using coaxial cable which has significantly more 

insulation. The additional insulation on the coaxial cable reduced the standard deviation of the 

recordings, but did not impact the results.  
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Figure 3.5 Image of custom-made copper ion sensors (left) and example of raw output from ion 
sensors (right).  
 

 
Figure 3.6 Ion sensor circuit. 
 

The vertical location of the ion sensor is extremely important and by performing 

experiments in the 12cm diameter quartz reactor researchers took high-speed imaging to 

determine the actual location of the flame front so that reported flame front propagation 

velocities are accurate. As can be seen in Figure 3.7, when ignition is 11cm from the open end 

the flame travels towards the closed end and the flame front is at the top of the reactor. 

Therefore, for all experiments when ignition is from the open end the ion sensors are placed at 

the top of the reactor. However, when ignition is 11cm from the closed end, the flame shape is 

much different as shown in Figure 3.8. Results of testing the location of the ion sensor in the 

vertical direction for ignition from the closed end are shown in Figure 3.9. As can be seen in this 

figure, when the sensors are placed at the top of the reactor, the flame front propagation 
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velocities recorded seem step-wise. This is because the flame expands more rapidly in the axial 

direction than in the radial direction. Thus, by placing the sensors further down into the reactor, 

at 1cm as shown in Figure 3.8, the recorded flame front propagation velocities are more accurate 

and the standard deviation of the mean is reduced significantly. In conclusion, for all closed-end 

ignition experiments the ion sensors are placed 1cm down from the top of the reactor. This study 

was extremely important because researchers are unable to visualize the flame shape in all the 

other explosion reactors, including the 71cm diameter large-scale reactor at Edgar Experimental 

Mine.  

 

 
Figure 3.7 Flame front shape when ignition is at the open end of the 12cm diameter quartz 
reactor.  Flame propagates from the open end to the closed end (left to right). CH4 = 9.5±0.3%. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole.  
 

 
Figure 3.8 Flame front shape when ignition is at the closed end of the 12cm diameter quartz 
reactor.  Flame propagates from the closed end to the open end (right to left). Yellow line 
represents the top of the quartz reactor. CH4 = 9.5±0.3%. Operating conditions 294±1K, 
83±1kPa. Eign=60±5mJ. One (1) relief hole.  
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Figure 3.9 Impact of vertical location of ion sensor on methane flame front propagation velocity 
for a closed-end ignition.  Ignition location: 1.39cm from the open end. Flame travels towards 
open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief 
hole.  
 

3.1.2 Design of Experimental Box 

Most of the experimental setups conducted for this research have been horizontal 

cylindrical reactors to understand the impact of mine conditions on the bulk flow of a high-speed 

methane gas explosion. However, in a real mine environment the entryways, crosscuts, longwall 

face, etc. are rectangular in shape. To begin to understand how the reactor shape and multiple 

pathways affect methane gas flame propagation velocities an experimental box was setup as 

shown in Figure 3.10. The experimental box is made of steel and has a Plexiglas covering on top 

in order to take high-speed imaging of the flame during experiments. The box is 51x34x15cm 

(LxWxH) and in the center of the box is a simulated porous gob (porous medium) consisting of 2 

layers of lava rock, average size 6.1±0.2cm x 4.4±0.2cm x 3.2±0.2cm, and 2 upper layers of river 

rock, average size 6.1±0.3cm x 4.2±0.2cm x 2.7±0.1cm, arranged in a non-reacting metal cage 

that is 28x22x15cm (LxWxH). Although lava and river rock are not commonly found in a mine 

environment, they were chosen due to ease of availability and due to the fact they have similar 

thermal properties of rock in underground mines (thermal conductivity is between 1.5-5 W/m-

K), along with irregular shapes meant to represent the complex pathways between the rocks in a 

gob.  
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Figure 3.10 Image of experimental box setup with a simulated gob (porous medium) consisting 
of lava rock and river rock. 
 

As can be seen in Figure 3.10, a small opening 7x12cm (HxW) was made in the bottom-

left corner of the box which allowed for explosion relief. The experimental procedure is the same 

as for the quartz reactor described earlier in this section. In summary, the box is filled with 

premixed methane-air mixture and allowed to settle before ignition using a capacitive discharge 

electric spark providing 60±5mJ of energy. Note that the spark electrodes were located at a 

height of H=7.5cm from the bottom of the box (total height is H=15cm). In this experimental 

box setup, ignition was initiated near the opening (open-end ignition at x=0.06m, y=-0.14m) in 

the bottom-left corner of the box and conversely, opposite the opening (closed-end ignition at 

x=0.45m, y=0.14m) in the top-left corner of the box. High-speed imaging was taken using a 

GoPro Hero4 capable of sampling at 240 frames per second and 720 pixel resolution and average 

flame speeds and standard error of the mean were estimated using video recordings. All 

experiments were performed using a methane-air mixture stoichiometry of 9.5±0.3% by volume. 

Experiments are performed at 293±1K and 83±1kPa, which are ambient atmospheric conditions 

for Golden, CO. 

3.2 Design of Large-Scale Experimental Reactor 

The large-scale experimental system consists of industrial-grade compressed methane, 

zero-grade air, industrial grade compressed nitrogen, mass flow controllers, NEMA 7 explosion 

proof solenoid valves, a mixing tank, flame arrestors, a reactor, ion sensors, pressure transducers, 

an ignition system, and data acquisition system as shown in Figure 3.11, Figure 3.12, and Figure 



57 
 

3.13. The large-scale reactor has a 71cm inner diameter and is 6.1m long, with a volume of 

2415L. The reactor weighs 4540kg and can withstand pressures above 5MPa which allows this 

reactor to be used for detonations in the future. Additionally, the reactor has 24 sensors ports on 

the top and sides of the reactor, in which are ion sensors that are wired similar to Figure 3.6.  

 

 
Figure 3.11 Flow diagram of large-scale experimental setup for the 71cm diameter steel reactor 
located at Edgar Experimental Mine in Idaho Springs, CO.  Figure credit: (Fig, 2019). 
 

 
Figure 3.12 Image of the large-scale experimental setup showing the 71cm diameter, 6.1m long 
steel explosion reactor, compressed gases, flow control cabinet, spark system, and control center.  
Also note the open end of the reactor is covered with aluminum foil and a metal grating for flame 
suppression.  
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Figure 3.13: Image of the closed end of the 71cm diameter, 6.1m long steel reactor showing the 
mixing tank, pressure relief valve, premix access ports, flame arrestors, and sensor ports and 
wiring.  

 

Before beginning the experimental process, an aluminum foil cover is placed over the 

open end of the reactor as shown in Figure 3.13 and a steel grid is placed over the end to 

suppress the flame exiting the reactor. Additionally, the reactor is angled towards a rock burm 

for safety concerns and to help redirect noise away from the city of Idaho Springs. A small 

perforation is made in the foil so that while filling the premix is enclosed in the reactor without 

increasing the overall pressure in the reactor. Similar to the laboratory-scale reactor system, the 

experimental process begins by flowing methane and air at specified rates for a desired 

stoichiometry. The flow is controlled by mass flow controllers (MFC); a Bronkhorst EL-

FLOW® Select (0-50 SLM) controls the methane and a MKS 1559A controls the air and 

nitrogen. The methane and air are delivered at 70psi and enter a mixing tank, which includes a 

pressure relief valve and a NEMA 7 explosion proof solenoid valve connected to a purge line for 

safety. The mixture then flows into two lines on which are flame arrestors are attached in case of 

flashback. Finally, the premix then flows into the reactors for at least 45 minutes which is 

equivalent to approximately 1.5-2 volume fills. Homogeneity of the mixture inside the reactor is 
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verified using an Infrared Industries IR-6000 gas analyzer on site. After the reactor is completely 

filled with the methane-air mixture, the mixture is allowed to settle for 30 seconds to insure 

stagnant conditions. During this settle time, air flows through all the lines and through the gas 

mixture tank, purging to the outside to ensure no premix is inside the system. The mixture inside 

the reactor is then ignited using a capacitive spark ignition system as described in Section 3.3, 

providing approximately 60±5mJ of energy to the system. Note that the spark electrodes are 

located in the first sensor port, which is 28.5cm from the closed end. During the shutdown 

procedure all lines are vented to the outside and compressed air flows through the lines to ensure 

no residual methane or premix is left in the system. Note all experiments are performed at 

295±1K and 79±1kPa, which are ambient atmospheric conditions for Idaho Springs, CO. 

The DAQ used in this system consists of a NI CDAQ and NI USB-6009 DAQ board. The 

ion sensors are wired in parallel to the NI CDAQ and two Kistler © 4260 piezoresistive pressure 

transducers are wired separately to the USB-6009 board. The ion sensors are located in the center 

of the reactor and reported flame front propagation velocities are the average of all experimental 

runs and the error bars represent the standard error of the mean of the set. The overpressure 

traces shown are a single run from an experimental set and are meant to show the general trend 

of the explosion overpressure. The maximum overpressure reported is always the average of all 

the experimental runs and the error bars represent the standard deviation of the mean of the set.  

Finally, there are several safety design features in the large-scale experimental setup. The 

compressed gases and flow controllers are housed away from the reactor and are wired 

underground in a PVC pipe back to the control center. This allows the operator to run the entire 

system from the control center, in which a fire extinguisher is located. High-pressure tubing is 

routed from the regulators to the NEMA 7 rated electronic solenoid valves and the solenoid 

valves are normally closed so that in the event of an emergency, all flows are stopped. 

Downstream of the solenoid valves, stainless steel tubing is used and can withstand pressures up 

to 35MPa which is significantly greater than pressures used in this system. Upstream of the 

mixing tank is a pressure relief valve which vents to the surrounding atmosphere. Downstream of 

the mixing tank is a NEMA 7 rated electronic solenoid valve, which is wired to the operator’s 

table and either fills the reactor or purges the premix into a high-pressure line vented to the 

outside. Two flame arrestors are employed downstream of the mixing tank before the premix 

enters the reactor. Safety is the number one concern of this research and the measures described 
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have been evaluated by the Environmental Health and Safety office on campus and exceed 

requirements. 

3.3 Design of Spark Ignition System 

 For this manuscript, a spark ignition was be employed since it is one of the most common 

methods of igniting a combustible mixture due to its reliability, ease of setup, and ease of 

implementation (Turns, 2012).  The current spark ignition system consists of a voltage source, a 

1Ohm resistor, a 2μF capacitor, a manual switch, and single ignition coil as shown in Figure 

3.14. To produce a spark, the manual switch is activated so that the current builds up in the 

capacitor, storing the spark energy. After the switch is deactivated, the energy in the capacitor is 

released and a magnetic field breakdown occurs between the capacitor and ignition coil. The 

ignition coil acts similar to a transformer and steps up the voltage across the spark electrodes. 

After reaching a sufficient voltage breakdown across the electrodes, which is dependent on the 

mixture composition and stoichiometry, a spark is produced and ignition is initiated.  

 

 
Figure 3.14 Schematic of spark ignition system.  The primary side includes the 12V battery, 
1Ohm resistor, fuse, capacitor, and manual switch. The secondary side includes the output from 
the ignition coil and spark electrodes.  

 

 It is important to note that typically the battery, resistor, switch, and capacitor are called 

the primary side. This primary side is low voltage (12V), but has a high current (5A). The 

ignition coil has primary and secondary windings with a typical turns ratio of almost 100:1. The 
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low voltage and high current from the primary side flow through the primary windings and a 

magnetic field builds up between the primary and secondary windings, such that during the spark 

discharge process, the low voltage is stepped up to 10,000V or more and the current is reduced to 

milliamps.  

To estimate the amount of spark energy, it is assumed that the amount of energy stored in the 

capacitor is completely transferred to the spark. In reality, some of the stored energy is dissipated 

during the dielectric breakdown across the electrodes and other processes such as heat 

dissipation to the electrodes. The amount of energy stored in the capacitor can be estimated by 

the product of the primary current (ip) and voltage source (V), Equation (3.1):  

 

(3.1) 

 
 

The measured primary spark current is 5.2 ± 0.2A and measured battery voltage is approximately 

12 ± 0.5V which corresponds to spark energy of 62.4 ± 1.7mJ; however, over time this may 

fluctuate slightly and researchers have recorded energies 60 ± 5mJ. The spark current is 

measured using an oscilloscope and the voltage is measured using a voltmeter.  

In summary, a spark ignition system capable of handling currents upwards of 30A, 

secondary voltages in excess of 20,000V, and spark durations between 0.5-6.5ms has been 

designed. The configuration of the spark ignition system is shown in Figure 3.14 includes a 12V 

battery, 1Ohm resistor, 2μF capacitor, a 30A fuse upstream of the ignition coil, and an ignition 

coil, supplying approximately 60 ± 5mJ of energy through the spark. Safety features of the 

system include no. 10AWG multicore copper wiring, a 30A fuse, a separate plastic box for the 

ignition coil in case of overheating, a handlebar switch on the positive junction to the battery, a 

secondary switch to activate the system, a thermometer in case components overheat, and a large 

plastic container with a Plexiglas lid to allow visualization of components. After each 

experimental session, the circuit is disconnected from the battery and ignition coil and all 

components are cooled down to ambient.  
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CHAPTER 4  

EXPERIMENTAL INVESTIGATION OF METHANE FLAME PROPAGATION AND 

PRESSURE GENERATION 

 

Previous related experimental research was performed with piles of rock rubble to help 

simulate a real longwall coal gob as shown in Figure 4.1 (Fig, Strebinger, Bogin, & Brune, 2018; 

Strebinger, et al., 2017). Results from these experiments have shown that for all reactors and 

across all scales the rock pile, meant to represent fallen rock rubble in the gob, accelerated the 

methane flame for all stoichiometries investigated as shown in Figure 4.2. Additionally, 

increasing the length of the rock pile further accelerated the flame and had the most significant 

increase for the largest reactor. However, as can be seen from Figure 4.1, the rock piles have 

varying rock material, rock orientation, rock size, rock pile porosity, void spacing between rocks, 

and void location. These variabilities make it difficult to determine what gob parameters had the 

greatest impact on increasing the flame front propagation velocities. Therefore, one of the main 

objectives of this research is to gain a strong, fundamental understanding of the impact of 

different gob parameters on methane flame propagation.  

 

 
Figure 4.1 Image of methane flame passing across rocks in the 13.6cm diameter quartz reactor 
(top) and 71cm diameter steel reactor at Edgar Mine (bottom). Image credit: (Strebinger, et al., 
2017). 
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Figure 4.2 Impact of rock pile length in the 13.6, 30.5 and 71cm diameter reactors.  The barrier 
lengths were varied from 3 to 7% of the overall reactor length.  The impact of the length of the 
barrier is larger for larger reactors than for smaller reactors. Ignition from the open end of the 
reactor. Operating conditions 294K, 83kPa. Figure credit: (Fig, 2019). 
 

4.1 Empty 12cm Diameter Reactor: Impact of mixture stoichiometry on open- and closed-

end ignition 

Methane can emanate from various sources in the longwall coal mine, including the gob 

area, face, walls, etc. among some (Karacan, Ruiz, Cote, & Phipps, 2011). Previous research has 

shown that the ventilation air can leak into the gob area (Krog, Schatzel, & Dougherty, 2014), 

and can mix with methane, creating EGZs with different stoichiometries (Gilmore, et al., 2016; 

Juganda, Brune, Bogin, Grubb, & Lolon, 2017). Therefore, to understand the impact of 

stoichiometry on methane flame propagation for model validation, researchers investigated lean, 

stoichiometric, and rich mixtures of methane and air.  

To obtain a base case for the 12cm diameter quartz reactor, experiments were performed 

igniting different methane-air mixture volume fractions from either the open end of the reactor 

(open-end ignition) or the closed end of the reactor (closed-end ignition). In the case of open-end 

ignition, the mixture is ignited 11cm from the open end of the reactor, centered in the radial 

direction, and the flame travels from the open end to the closed end. For closed-end ignition, the 

mixture is ignited 1.39m from the open end of the reactor (11cm from the closed end of the 

reactor) and the flame travels from the closed end to the open end. The stoichiometry, or volume 
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fraction, of the methane-air mixture was confirmed using a GC-TCD and the volume fraction 

reported is within ±0.3%, which is limited by the accuracy of the mass flow controllers. Note 

that one of the relief holes (D,=1±0.2cm,A=1.13cm2) is open on the closed end of the reactor, 

which helps in flame stability.  

 

 
Figure 4.3 Impact of mixture stoichiometry on methane flame front propagation velocity versus 
distance for open-end ignition. Ignition location is 11cm from the open end. Reported mixture 
volume fractions are within ±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One 
(1) relief hole. Each data point is the average of 5 data points. Standard deviation range is 
between 1-15% of the mean.  
 

 
Figure 4.4 Impact of mixture stoichiometry on methane flame front propagation velocity versus 
time for open-end ignition.  Ignition location is 11cm from the open end. Reported mixture 
volume fractions are within ±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One 
(1) relief hole. Each data point is the average of 5 data points. Standard deviation range is 
between 1-15% of the mean. 
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Results show for open-end ignition the stoichiometric flame, 9.5% methane by volume, 

produced the fastest flame front propagation velocities, followed by the lean flame, 7.5%, and 

the rich flame, 11.5%. According to theory, the stoichiometric flame should produce the fastest 

burning velocities, followed by the rich and then lean flame (Turns, 2012). However, in this 

experimental setup, the rich flame produces a diffusion flame which burns on the open end of the 

reactor. This is important because the burning of the diffusion flame acts as a counterbalance to 

the main flame front traveling towards the closed end, thus retarding the rich flame. The lean 

flame does not produce a diffusion flame and is able to propagate freely down the reactor. Also 

to note, for all cases the flame front propagation velocity reaches a peak just over half way down 

the reactor. At this point in time, the pressure resistance due to compressed unburned gases on 

the closed end of the reactor begin to heat up and increase in pressure, pushing back against the 

propagating flame.  

 

 
Figure 4.5 Images of a stoichiometric methane flame traveling from the open end of the 12cm 
diameter quartz reactor towards the closed end. Flame travels from left to right. Ignition location 
is 11cm from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. 
Eign=60±5mJ. One (1) relief hole. 

 

Interestingly, the resulting methane flame from an open-end ignition has a unique shape 

as shown in Figure 4.5. Initially the flame expands spherically and after the onset of venting of 

exhaust gases out the open end of the reactor, the hot, buoyant exhaust gases near the reaction 

front rise to the top of the reactor. As the hot product gases rise, they push over the top of the 

flame and the resulting traveling flame has a unique angled shape. This has also been observed 

by other researchers (Ellis & Wheeler, 1928; Guenoche & Jouy, 1953).  
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Figure 4.6 Impact of mixture stoichiometry on methane flame front propagation velocity versus 
time for closed-end ignition. Ignition location is 1.39m from the open end. Reported mixture 
volume fractions are within ±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One 
(1) relief hole. Each data point is the average of 5 data points. Standard deviation range is 
between 0-11% of the mean. 
 

 
Figure 4.7 Impact of mixture stoichiometry on methane flame front propagation velocity versus 
time for closed-end ignition.  Ignition location is 1.39m from the open end. Reported mixture 
volume fractions are within ±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One 
(1) relief hole. Each data point is the average of 5 data points. Standard deviation range is 
between 0-11% of the mean.  

 

When the ignition location is moved from the open end of the reactor to the closed end of 

the reactor, the stoichiometric mixture produced the fastest flame propagation velocities, 

followed by the rich and lean flame as shown in Figure 4.6. However, the magnitude of the 

velocities produced are significantly different with movement of the spark location. A closed-end 
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ignition results in flame propagation velocity magnitudes almost 50 times greater than an open-

end ignition. This is because a closed-end ignition is an ignition from a confined space which 

means the hot exhaust gases are not able to flow out of the reactor as easily. The increase 

confinement increases the temperature and overpressure of the explosion in addition to 

increasing fluid motion ahead of the flame with little to no pressure resistance leading to faster 

flame propagation velocities. As can be seen in Figure 4.6, the flame propagation velocities 

accelerate fairly linearly, but near the open end of the reactor they begin to fall off. This roll-over 

effect was investigated with the 5cm diameter reactor and have observed that as the length of the 

reactor gets longer, the roll-over point moves further as well which helps show that the roll-over 

is affected by the open end condition (Fig, 2019).  

 

 
Figure 4.8: Images of a stoichiometric methane flame traveling from the closed end of the 12cm 
diameter quartz reactor towards the open end. Flame travels from right to left. Ignition location is 
1.39m from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. 
Eign=60±5mJ. One (1) relief hole.  

 

In addition to being quantitatively different then an open-end ignition flame, the closed-

end ignition flame shape is also qualitatively different as shown in Figure 4.8. Because of the fast 

expansion of the flame, the buoyant exhaust gases do not rise to the top of the reactor as quickly 

as the flame expands axially. The shape of the flame is often referred to as “finger shape” and 

has been observed by many other researchers (Clanet & Searby, 1996; Ellis & Wheeler, 1928).  
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Figure 4.9 Pressure-time history of a closed-end ignition (CEI) versus open-end ignition (OEI) 
with no obstacle. Pmax(OEI, 1 experiment) = 0.26kPa. Pmax(CEI, 5 experiments) = 3.24±0.15kPa. 
CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 
 

 
Figure 4.10 Example of a typical pressure-time profile of an explosion in a near cubic vessel 
with a single vent.  Modified from: (Cooper, Fairweather, & Tite, 1986). 
 

As has been discussed in Chapter 2, Section 2.5, the degree of confinement plays a major 

role in the propagation of methane flames, specifically in the amount of pressure rise of the 

explosion. Figure 4.9 helps to demonstrate the large overpressure produced by an explosion from 

the closed-end of the reactor. As can be seen by both pressure traces, there are two major 

pressure peaks followed by decaying oscillations. These researchers have not observed the third 

pressure peak described by Cooper, Fairweather, and Tite (1986) and have only observed the 

fourth pressure peak in some of the experiments presented in this manuscript. 
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Figure 4.11 Pressure-time history of closed-end ignition with varying mixture stoichiometry.  
Pmax(CH4 = 9.5±0.3%) = 3.24±0.15kPa. Pmax(CH4 = 7.5±0.3%) = 1.56±0.06kPa. Pmax(CH4 = 
11.5±0.3%) = 1.39±0.38kPa. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) 
relief hole. 

 

Figure 4.11 shows the pressure-time history of a closed-end ignition for various methane-

air mixture concentrations. As expected the 9.5% (black) stoichiometric mixture produced the 

largest pressure rise, P2, which agrees with other researchers (Bao, et al., 2016; Kindracki, 

Kobiera, Rarata, & Wolanski, 2007). In this case, peak P2 is approximately twice that of the lean 

(red) or rich (blue) cases, respectively, which helps to show how dangerous explosions can be if 

the flammable mixture is stoichiometric.  

4.2 Impact of gob factors on methane flame propagation in the 12cm diameter quartz 

reactor 

Methane gas explosions in longwall coal mines may occur in different areas of the mine 

and can interact with a variety of obstacles including rock rubble, mine structures, and mine 

workers. It is well known that many of these explosions occur in confined spaces and can 

potentially occur in the gob area directly behind the shields and propagate towards the working 

face. Therefore, it is extremely important to understand how various gob parameters such as rock 

material, void spacing and location, gob porosity, and rock orientation can affect methane flame 

propagation. To study these effects, several simulated gob inserts of varying geometry and 

materials have been made to explore the impact of these parameters as shown in Figure 4.12 and 

Figure 4.13. 
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Figure 4.12 Images of simulated gob materials. 

 

In order to study the effect of gob parameters on methane flame acceleration, this 

research uses solid, smooth spheres of varying material and size and compares the results to 

granite rock of similar size. Smooth spheres were used for several reasons: 1) spheres take away 

any differences in results due to surface topology 2) spheres are easy to model for combustion 

model validation and 3) spheres can be easily arranged in a variety of geometries. Glass was 

used since it has a low thermal conductivity of 1W/m-K similar to common rock types found in 

mines: sandstone (1.7W/m-K) and limestone (1.3W/m-K). The glass spheres will be compared to 

granite rock (2.85W/m-K) of averaged similar size. The effects of simulated gob material on 

methane flame propagation will be discussed in Section 4.3.2.  

 

 
Figure 4.13 Schematic of simulated gob-wall geometries. 

 

A non-reacting metal cage 12cm in diameter and 2.54cm in length was used to control the 

orientation of the spheres so that researchers may investigate different simulated gob-wall 

geometries shown in Figure 4.13. The cage geometry serves as a base case to understand the 

effect of the wall and checkerboard geometries. Spheres were arranged in a checkerboard 

geometry in order to study the effects of porosity on methane flame propagation. Adding or 

removing spheres from the checkerboard geometry is equivalent to changing the porosity of the 
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simulated gob geometry without changing the effective void spacing. The wall geometry was 

used to study the effects of void spacing on methane flame propagation. By changing the height 

of the wall, the effective void spacing changes. The wall geometry can also be oriented in 

different ways to study the effect of void spacing at the top of the reactor versus the bottom of 

the reactor. Although a void at the bottom of the reactor may not be perfectly analogous to a void 

in a longwall coal mine gob, it is still important to investigate for potential future modeling. 

Finally, these gob inserts were located at different distances from the open end of the reactor to 

test how the relative location of the obstacle to ignition affects methane flame front propagation 

velocity.  

All experimental results in subsequent sections are performed at 9.5±0.3%% methane by 

volume since Section 4.1 showed a stoichiometric mixture produces the most explosive flame of 

the stoichiometries investigated.  

4.2.1 Impact of void spacing and void location 

 As shown in Figure 1.3 on page 4, the rock rubble in the gob can be varying sizes, 

shapes, and have different void spacings. Therefore, the main goal of these experiments was to 

understand the impact of void spacing, or BR, on methane flame front propagation.  

 To isolate the impact of the simulated gob geometries on methane flame propagation, the 

cage was inserted into the reactor 37cm from the open end, between the first two ion sensors. In 

Figure 4.14, the mixture was ignited from the open end of the reactor and results show flame 

acceleration across the cage. This acceleration is due to the fact that the cage induces some fluid 

movement in the nearby unburned gases which accelerates combustion as the flame passes 

across the cage. Downstream of the cage, the effect of induced fluid motion is lessened.    

In the next set of experiments, researchers investigated how void spacing of a single 

simulated gob wall impacts methane flame propagation for both an open-end ignition and closed-

end ignition. Figure 4.15 shows the results of an open-end ignition when the simulated gob wall 

is located at 37cm from the open end and the void space decreases from 73% (H=3.8cm) to 13% 

(H=9.8cm). Results show that the simulated gob wall with 73% void space (H=3.8cm) had no 

significant effect on methane flame front propagation velocity across the obstacle. However, 

when the void spacing was decreased to 13% (H=9.8cm) there is an enhancement of methane 

flame front propagation velocity across the obstacle. This enhancement is due to flame stretching 

around the obstacle, increasing the surface area of the flame, thereby increasing combustion 
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rates. For the taller wall, H=9.8cm, the flame surface area increases significantly more to move 

around the wall, versus the smaller wall, H=3.8cm. The taller wall, H=9.8cm, also had more 

consistent flame propagation run-to-run compared to the wall with H=3.8cm which shows larger 

deviations from the mean and a slight slow down downstream of the wall.  

 

 
Figure 4.14 Impact of cage on methane flame front propagation velocity.  Obstacle = Cage. 
Obstacle location=37cm. Ignition location is 11cm from the open end. CH4 = 9.5±0.3%. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. Each data point is the 
average of 5 data points. Standard deviation range is between 2-8% of the mean. 
 

 
Figure 4.15 Impact of obstacle height (or amount of void space) on methane flame front 
propagation velocity for an open-end ignition.  Obstacles = 6.35mm diameter glass spheres in a 
wall geometry, L=6.35mm, H = 3.8cm, 9.8cm. Obstacle location=37cm. Ignition location is 
11cm from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. 
Eign=60±5mJ. One (1) relief hole. Each data point is the average of 5 data points. Standard 
deviation range is between 2-14% of the mean. 
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Although the 3.8cm tall simulated gob wall (73% void space) did not have as a 

significant impact on an open-end ignition as the 9.8cm tall simulated gob wall, it greatly 

accelerated the flame for a closed-end ignition. This is because a closed-end ignition results in a 

turbulent flame that when passing over an obstacle wall results in flow separation as shown in 

Figure 4.17. This flow separation is important because it forms eddies on the downstream side of 

the wall, which increases temperatures and fluid motion promoting flame acceleration, agreeing 

with observations made by other researchers (Chapman & Wheeler, 1926) (Moen, Lee, 

Hjertager, Fuhre, & Eckhoff, 1982). For an open-end ignition the maximum overpressure rise is 

0.26kPa as shown in Figure 4.9 and does not significantly affect the unburned mixture upstream 

of the flame. Thus, when the flame passes over the obstacle wall, the flame continues to burn 

radially and tangentially as shown by the arrows in Figure 4.17.  

 

 
Figure 4.16 Impact of amount of void space on methane flame front propagation velocity for a 
closed-end ignition.  Obstacles = Cage and 6.35mm diameter glass spheres in a wall geometry, 
L=6.35mm, H = 3.8cm. Obstacle location=37cm. Ignition location is 1.39cm from the open end. 
CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 
Each data point is the average of 5 data points. Standard deviation range is between 1-4% of the 
mean. 

 

In addition to accelerating the methane flame across the simulated gob wall, the 3.8cm 

high gob wall (73% void space) also resulted in a, likely, reflected pressure wave whose peak is 

greater than the empty reactor and cage obstacle as shown in Figure 4.18. Based on the speeds of 

the flame, it is most probable this reflected pressure wave occurred after the flame exited the 

reactor. What is also important is that after the reflected pressure wave from the obstacle wall, 

greater pressure oscillations were sustained while residual methane-air mixture is burned even 
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though the main flame front has exited the reactor. In summary, these results help demonstrate 

that obstacles can increase the maximum overpressure, sustain pressure oscillations, increases 

secondary burn duration and percentage of burned methane-air mixture, therefore increasing the 

total heat release during an explosion. This is important because large overpressures can knock 

out ventilations controls, damage mine equipment, and cause harm to workers (Brune, 2014; 

McKinney, et al., 2001; Page, et al., 2011). Additionally, the large positive and negative pressure 

oscillations induced by the obstacle wall may entrain air, which in a real mine situation, could 

sustain a methane fire or reverse ventilation airflow. 

 

 
Figure 4.17 Image of methane flame propagating across a simulated gob wall for an open-end 
ignition (left) and a closed-end ignition (right).  Obstacle: 6.35mm diameter glass spheres in a 
wall geometry, L=6.35mm, H = 3.8cm. Obstacle location=37cm. CH4 = 9.5±0.3%. Operating 
conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 

 

 
Figure 4.18 Pressure-time history of closed-end ignition with and without an obstacle.  Obstacle: 
Cage and 6.35mm diameter glass spheres in a wall geometry, L=6.35mm, H=3.8cm. Obstacle 
location = 37cm. Pmax(Empty) = 3.24±0.15kPa. Pmax(Cage) = 2.98±0.50kPa. Pmax(Wall, 
H=3.8cm) = 5.24±0.45kPa. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief 
hole. 
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Finally, after investigating the impact of void spacing on OEI an CEI, researchers were 

interested in examining the impact of a longer void space, meaning increasing the obstacle 

length. Figure 4.19 shows the results of increasing the simulated gob wall length from 6.35mm to 

12.7mm. Results show that by increasing the length of the reduced void spacing further 

accelerates the flame. This is because the flame must travel through a longer void, which means 

the flame front is being stretched even more, increasing combustion rates and unburned gases to 

the flame front. Also to note, the standard deviation range for these experiments was a bit larger 

than previous experiments because of older spark ignition circuitry. Since then, improvements 

have been made to the circuitry.  

 

 
Figure 4.19 Impact of obstacle length on methane flame front propagation velocity for an open-
end ignition.  Obstacles = 6.35mm diameter glass spheres in a wall geometry, H = 7.62cm, 
L=6.35mm or 12.7mm. Obstacle location=37cm. Ignition location is 11cm from the open end. 
CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 
Each data point is the average of 4-8 data points. Standard deviation range is between 2-13% of 
the mean. 
 

Thus far all experiments considering the simulated gob wall have been performed with 

the void at the top of the reactor. However, in a reality, the void spacing can be distributed in 

different locations and although a bottom void is unlikely, a fundamental understanding is still 

important. Therefore in this next experiment, the simulated gob wall void was tested at both the 

top and bottom of the reactor. Results from Figure 4.20 show that the location of the void 

spacing can significantly affect methane flame propagation. In this experimental setup, the flame 

front is at the top of the reactor, so when the void location was at the bottom of the reactor, the 
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flame had to travel around the obstacle as shown in Figure 4.21. After the flame has propagated 

through the bottom void, the flame front propagation velocity is much slower than the top void. 

This is because, as can be seen in c) of  Figure 4.21, the flame is more concave and has not fully 

developed into the elongated angled flame typically observed with a top void. Since the flame 

that has passed through the bottom void has less flame area, the downstream propagation 

velocities are less than the flame which traveled through the top void. As the bottom void flame 

continues to develop, it accelerates down the length of the reactor until reaching the same 

velocity as the flame which passed through the top void.   

 

 
Figure 4.20 Impact of void location on methane flame front propagation velocity for an open-end 
ignition.  Obstacle: 6.35mm diameter glass spheres in a wall geometry L=12.7mm, H=9.8cm. 
Obstacle location=37cm. Ignition location is 11cm from the open end. CH4 = 9.5±0.3%. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. Each data point is the 
average of 3-4 data points. Standard deviation range is between 1-18% of the mean. 
 

 
Figure 4.21 Images of methane flame propagation around an obstacle wall with a bottom void.  
Obstacle: 6.35mm diameter glass spheres in a wall geometry L=12.7mm, H=9.8cm. Obstacle 
location=37cm. Ignition location is 11cm from the open end. CH4 = 9.5±0.3%. Operating 
conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 
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4.2.2 Impact of porosity 

A longwall coal mine gob consists of varying types of rock rubble which depends on the 

geological location and during the mining process, leftover rock rubble collapses and is 

compacted by the roof above. The gob itself is a confined space and there is no access to the 

majority of the gob and limited visual access to rock rubble near the gob fringes. Due to the 

limited access, it is difficult to exactly determine the size, shape, and porosity of the gob. Despite 

this challenge, there have been some researchers who have used tracer gas studies to determine 

airflow leakage into the gob (Krog, Schatzel, & Dougherty, 2014) and others have used photo-

analysis to get a rock size distribution (Pappas & Mark, 1993a). Because of this challenge and 

lack of experimental evidence, researchers have turned to CFD modeling to determine porosities 

and permeabilities of the gob (Marts, et al., 2014; Ren & Edwards, 2000; Tanguturi, Balusu, & 

Bongani, 2017; Yuan, Smith, & Brune, 2000). In general, it has been found that near the edge of 

the gob, especially behind the longwall shields, the rock rubble is less compacted with porosities 

near 40%, versus the center of the gob which is much more compacted with porosities near 15% 

(Marts, et al., 2014). Since gob porosities near areas of potential explosion risks, i.e. fringe zones 

and behind the longwall shields, can be upwards of 40%, this research is interested in the impact 

of small changes in porosity on methane flame propagation.  

To explore this experimentally, simulated gob-wall checkerboard geometries were made 

using 6.35mm diameter glass spheres with 77% porosity and 67% porosity as shown in Figure 

4.22. The simulated gobs were located 37cm from the open end of the reactor and results show 

that even a small decrease in porosity can significantly retard the methane flame across the gob 

(Figure 4.23). These results are important because in a real longwall coal mine there are different 

levels of compaction in different areas of the gob where explosions may occur. Understanding 

the effects of porosity of methane flames is key to developing a physically accurate combustion 

model. Although only a single obstacle was used in these experiments, after model validation, 

simulations can be run to investigate the impact of multiple checkerboard obstacles with less 

porosity, which would be more representative of the gob. 
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Figure 4.22 Schematic of checkerboard geometry with 77% porosity (left) and 67% porosity 
(right). 
 

 
Figure 4.23 Impact of obstacle porosity on methane flame front propagation velocity for an 
open-end ignition.  Obstacle: 6.35mm diameter glass spheres in a checkerboard geometry 
L=6.35mm, Porosity=67% or 77%. Obstacle location=37cm. Ignition location is 11cm from the 
open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief 
hole. Each data point is the average of 4 data points. Standard deviation range is between 1-7% 
of the mean. 
 

4.2.3 Impact of simulated gob location 

Experiments presented thus far have only shown results when the simulated gob is 

located 37cm from the open end. However, in a real methane gas explosion, the location of 

obstacles (and ignition) is unknown. Thus, to build a comprehensive model capable of predicting 

these explosions requires knowledge of the impact of obstacle location relative to ignition.  

To do this experimentally, the cage and wall obstacles were tested at 37cm, 62cm, and 

87cm from the open end of the reactor. The results in Figure 4.24 and Figure 4.25 show that the 

location of the simulated gob-wall (or obstacle) relative to ignition location can significantly 

impact results. For all locations tested, the cage and wall resulted in acceleration across the 

obstacle. However, as the cage and wall were moved further from the ignition location the effect 

of acceleration across the obstacle was less pronounced. This is due to the fact that at 
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approximately 50cm from the open end the methane flame is almost fully developed. 

Additionally, the pressure resistance built up on the obstacle increases and suppresses the impact 

of local fluid motion enhanced by the obstacle. Because of these effects, the impact of 

acceleration across the obstacle decreases further from ignition.   

 

 
Figure 4.24: Impact of obstacle location on methane flame front propagation velocity for an 
open-end ignition.  Obstacle: Cage. Obstacle location=37cm, 62cm, 87cm. Ignition location is 
11cm from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. 
Eign=60±5mJ. One (1) relief hole. Each data point is the average of 4 data points. Standard 
deviation range is between 1-12% of the mean. 
 

 
Figure 4.25: Impact of obstacle location on methane flame front propagation velocity for an 
open-end ignition. Obstacle: 6.35mm diameter spheres in a wall geometry, H=9.8cm, 
L=6.35mm. Obstacle location=37cm, 62cm, 87cm. Ignition location is 11cm from the open end. 
CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 
Each data point is the average of 4-5 data points. Standard deviation range is between 0-8% of 
the mean. 
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 Finally, comparing the results from Figure 4.24 with the empty cage versus the obstacle 

wall in Figure 4.25, the average velocities for a given experiment are almost the same. However, 

as has been shown, the cage has much more open void space than the wall, which begs the 

question as to why the obstacle wall does not produce faster average velocities than the cage. 

This difference is due to the fact that these obstacles are very thin, 6.35mm; because the main 

flame acceleration mechanism in these cases is flame stretching, the amount of distortion of the 

flame traveling across the thin cage is similar to traveling through the void space above the thin 

wall. 

4.2.4 Impact of simulated gob bed 

There are many different types of obstacles in a longwall coal mine and thus far a single 

obstacle has been studied. This section aims to gain a better understanding of how a rock pile or 

porous pile can affect methane flame propagation and explosion overpressure. To this end, the 

obstacle used in these studies is a simulated gob bed consisting of 1cm diameter glass spheres as 

shown in Figure 4.26. Similar to the simulated gob wall, researchers varied the height and length 

of the simulated gob bed to simulate varying rock piles in a longwall coal mine.  

 

 
Figure 4.26 Images of glass spheres and an example of simulated gob bed. Both 15cm and 30cm 
lengths are tested with 1cm and 2cm heights.  
 

The experiments in Figure 4.27 use a simulated gob bed that is 30cm in length and 1cm 

in height (1 layer of 1cm diameter glass spheres) and has a void spacing of 96%. The simulated 

gob bed was located 11cm from the open end directly under the ignition location and then it was 

moved further down the reactor to investigate how location of the rock pile affects open-end 

ignition. Results show that when the simulated gob bed is closer to the point of ignition it 

accelerates the flame across the pile more than when it is located further from ignition. This is 

because during the initial kernel expansion of the flame there is a small pressure rise, as shown in 
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Figure 4.9 on page 68, which creates some movement in the nearby gases, promoting unburned 

gases to the flame front. The gob bed acts similarly to a porous media and the small movement in 

the gases is accentuated by the spheres which continues to enhance methane flame propagation 

as described by other researchers studying porous media (Babkin, Korzhavin, & Bunev, 1991). 

When the simulated gob bed is located further from ignition, at 44cm, there is little-to-no flame 

enhancement because the pressure resistance of the gob counteracts the fluid motion induced by 

the obstacle. 

 

 
Figure 4.27 Impact of simulated gob bed location on methane flame front propagation velocity 
for an open-end ignition.  Obstacle: 1cm diameter glass sphere bed, L=30cm, H=1cm. Obstacle 
location=11cm, 44cm. Ignition location is 11cm from the open end. CH4 = 9.5±0.3%. Operating 
conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. Each data point is the average of 
5 data points. Standard deviation range is between 1-6% of the mean. 

 

In contrast, when the ignition location is moved to the closed end of the reactor, the 

simulated gob bed located at 44cm enhances the flame propagation whereas the gob bed at 11cm 

had little-to-no impact (Figure 4.28). This acceleration is due to the fact that when the methane 

flame interacts with the simulated gob bed it creates a turbulent boundary layer as shown in 

Figure 4.29; this turbulent boundary layer was observed for all cases tested, but this figure is 

only showing images from an experiment with a L=15cm, H=2cm gob for visualization 

purposes. Fluid motion and combustion rates are increased outside of this boundary layer, which 

continue to enhance methane flame propagation such that the flame front across the simulated 

gob bed moves faster. For the simulated gob bed at 11cm, no flame enhancement was recorded, 

however this may mainly be due to the fact that there was only one ion sensor above the bed.  
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Figure 4.28 Impact of simulated gob bed location on methane flame front propagation velocity 
for a closed-end ignition.  Obstacle: 1cm diameter glass sphere bed, L=30cm, H=1cm. Obstacle 
location=11cm and 44cm from open end. Ignition location is 1.39cm from the open end. CH4 = 
9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. Each data 
point is the average of 5 data points. Standard deviation range is between 1-10% of the mean. 
 

 
Figure 4.29: Image of the methane flame before (t=42ms) it encounters a simulated gob bed 
15cm in length and 2cm in height (Void space = 89%) and image of methane flame as it interacts 
(t=0.46ms) with the simulated gob bed during a closed-end ignition.  Flame moves from right to 
left. Ignition location is 1.39cm from the open end. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 

 

Additional experiments investigating how simulated gob bed length affect methane flame 

propagation have been performed and similar to the single obstacle, increasing the gob bed 

length greatly increases methane flame front propagation velocity and pressure rise as shown in 

Figure 4.30 and Table 4.1. Increasing the height of the simulated gob bed decreases the amount 

of void spacing from 96% to 89% and even this small change increases the maximum flame front 

propagation velocity from 79m/s to 82m/s (Figure 4.31,Table 4.1). Also, increasing the height of 
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the simulated gob bed increased the reflected pressure wave and sustained larger oscillations in 

the overpressure of the explosion as shown in Figure 4.32. This finding is important because 

larger pressure oscillations could possibly reverse airflow in a mine causing continual burning of 

an explosive gas mixture and/or damage ventilation controls. 

 

 
Figure 4.30 Impact of simulated gob bed length on methane flame front propagation velocity for 
a closed-end ignition.  Obstacle: 1cm diameter glass sphere bed, L=15cm and 30cm, H=1cm. 
Obstacle location is 44cm from open end. Ignition location is 1.39cm from the open end. CH4 = 
9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. Each data 
point is the average of 5 data points. Standard deviation range is between 1-12% of the mean. 
 

 
Figure 4.31 Impact of simulated gob bed height on methane flame front propagation velocity for 
a closed-end ignition.  Obstacle: 1cm diameter glass sphere bed, L=15cm, H=1cm and 2cm. 
Obstacle location is44cm from open end. Ignition location is 1.39cm from the open end. CH4 = 
9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. Each data 
point is the average of 5 data points. Standard deviation range is between 1-9% of the mean. 
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Figure 4.32: Impact of simulated gob bed height on the pressure-time history of a methane-gas 
closed-end ignition. Obstacle: 1cm diameter glass sphere bed, L=15cm, H=1cm and 2cm. 
Obstacle location is44cm from open end. Ignition location is 1.39cm from the open end. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole.  
 

Table 4.1 Table summarizing the maximum flame front propagation velocity, maximum 
overpressure, and minimum overpressure recorded for the closed-end ignition experiments with 
and without different obstacles. Averages of 5 experimental runs. CH4 = 9.5±0.3%. Operating 
conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole:  

Obstacle 
Conditions 

Maximum Flame 
Front 

Propagation 
Velocity (cm/s) 

Maximum 
Overpressure 

(kPa) 

Minimum 
Overpressure 

(kPa) 

Empty 6500 ± 270 3.24 ± 0.15 -2.45 ± 0.60 

Wall L=6.35mm,H=3.8cm 8100 ± 360 5.24 ± 0.45 -2.56 ± 0.46 

Bed L=15cm,H=1cm 7900 ± 340 4.56 ± 0.71 -3.13 ± 0.88 

Bed L=30cm,H=1cm 8400 ± 720 4.79 ± 0.55 -3.61 ± 1.10 

Bed L=15cm,H=2cm 8200 ± 650 6.23 ± 0.87 -5.74 ± 0.45 

Bed L=30cm,H=2cm 8600 ± 630 5.52 ± 0.96 -5.50 ± 1.20 

 

Finally, Table 4.1 summarizes the impact of a single simulated gob wall and simulated 

gob bed on methane flame propagation. In summary all simulated gob conditions increased 

methane flame propagation velocity and increased the overpressure of the explosion. Interesting 

to note is that a simulated gob bed with height 2cm, void spacing 89%, produced similar or 

greater flame propagation velocities and overpressures than a simulated gob wall of almost 

double the height. This is important because it shows that not only do mine structures and other 
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solid obstacles  enhance mine explosions, but the overall mine environment (i.e. rock rubble in 

the gob, rock rubble on the belt, corridors made on rock) can generate sufficient turbulence with 

low blockage ratio and have a major impact on the explosion. 

4.3 Ignition between simulated gobs in the 12 cm diameter quartz reactor  

All experiments performed have been considering methane flame propagation dynamics 

with a single obstacle. However, in a real longwall coal mine the EGZs typically are near the gob 

area which is composed of varying types of rock rubble. Explosions that originate nearby or from 

within the gob can be caused by static discharge of falling rock rubble, hot smears left by metal-

on-rock friction, or a flame created by spon-com (Page, et al., 2011). The resulting flame then 

travels from the gob towards the working face. In order to understand how a flame may 

propagate in these areas, experiments were performed where the ignition electrodes were placed 

between different simulated gob geometries as shown in Figure 4.33. In these experiments, 

referred to as in-gob ignition experiments in this manuscript, the ignition location was in Port 1, 

25cm from the open end of the reactor. Simulated gob cages, checkerboard geometries, or wall 

geometries (no spacing between the spheres) were centered on either side of the ignition 

electrodes either D=15cm or D=30cm apart.  

 

 
Figure 4.33 Image of in-gob ignition in Port 1 with obstacles on either side, a distance D apart.  
 

4.3.1 Impact of simulated gob location 

The first set of experiments shown in Figure 4.34 compares the results of igniting a 

stoichiometric mixture of methane and air 25cm from the open end to results of in-gob ignition 

between empty cages located a distance D=15cm or D=30cm away from each other. Results 

show that igniting between empty cages enhances methane flame front propagation velocity 

across the obstacles due to enhanced fluid motion induced by the cage. Downstream of the 
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simulated gob, the flame front propagation velocities are unaffected since the empty cages have 

shown to induce movement only in nearby gases. When the cages are moved further from the 

ignition point they have less of an effect on the initial kernel development, inducing less motion 

in the overall gases resulting in slightly slower propagation velocities, though still faster than the 

open tube without a simulated gob. 

 

 
Figure 4.34 Impact of simulated gob location on methane flame front propagation velocity for an 
in-gob ignition. Obstacle: Cage. Obstacle location represented by bars, D=15cm, 30cm. Ignition 
location is 25cm from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. 
Eign=60±5mJ. One (1) relief hole. Each data point is the average of 4-5 data points. Standard 
deviation range is between 1-12% of the mean. 

 

Replacing the in-gob simulated gob geometries with 6.35mm diameter glass spheres in a 

checkerboard geometry (77% porosity) results in slower flame propagation velocities than the 

empty cage cases (Figure 4.35). This is because the glass checkerboard geometry has a larger 

pressure resistance which allows less unburned gases to reach the flame front, resulting in slower 

downstream propagation velocities. Downstream of the obstacles, the compression of burned 

gases builds up, similar to a closed-end ignition, accelerating the flame towards the end of the 

reactor. Additionally, the increased pressure resistance of the glass checkerboard geometry also 

changes the flame speed trends; as the glass checkerboard geometries are moved further from 

ignition they do not inhibit the initial kernel expansion, but continues to induce turbulence in 

nearby gases thereby accelerating the flame. However, due to the increased pressure resistance to 

the flame, the in-gob experiments using the glass checkerboard geometries results in a higher 

peak overpressure than the open tube or empty cages (Figure 4.36). Also to note in this figure, 
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these overpressure rises are while the flame is expanding and escaping out of the in-gob 

arrangement and the flame continues to travel towards the closed end after 0.15s.  

 

 
Figure 4.35 Impact of simulated gob location on methane flame front propagation velocity for an 
in-gob ignition.  Obstacle: 6.35mm diameter glass spheres in a checkerboard geometry (77% 
porosity). Obstacle location represented by bars, D=15cm, 30cm between obstacles. Ignition 
location is 25cm from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. 
Eign=60±5mJ. One (1) relief hole. Each data point is the average of 5 data points. Standard 
deviation range is between 4-20% of the mean. 
 

 
Figure 4.36 Pressure-time history of in-gob ignition with and without obstacles.  Obstacle: 
Cages, 6.35mm diameter glass spheres in a checkerboard geometry with 77% porosity. Obstacle 
location, D=15cm. Ignition location is 25cm from the open end. Pmax(Empty) = 1.23±0.1kPa. 
Pmax(Cages) = 1.48±0.1kPa. Pmax(Glass Checkerboard) = 1.97±0.1kPa. CH4 = 9.5±0.3%. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole.  
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 Figure 4.37 compares the overpressure trace of the checkerboard obstacles spaced 15cm 

apart and 30cm apart. Although the peak pressures of these experiments are within the standard 

deviation, the initial pressure rise due to the kernel expansion occurs for a longer duration when 

the obstacles are spaced 30cm apart, which makes sense since there is more physical room for 

the flame to expand. Also, the peak pressure when the obstacles are spaced 15cm apart occurs 

earlier than when the obstacles are twice the distance away from ignition. 

 

 
Figure 4.37 Pressure-time history of in-gob ignition with glass checkerboard obstacles (77% 
porosity) spaced 15cm and 30cm apart, centered on Port 1.  Obstacle: 6.35mm diameter glass 
spheres in a checkerboard geometry with 77% porosity. Obstacle location, D=15cm, 30cm. 
Ignition location is 25cm from the open end. Pmax(15cm) = 1.97±0.1kPa. Pmax(30cm) = 
2.08±0.1kPa. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) 
relief hole.  

 

Finally, the most interesting aspect of all the in-gob ignition experiments is that they 

produce a tulip flame as shown in Figure 4.38. This is important because a tulip flame is an 

inversion of the flame front due to hydrodynamic instabilities and acoustic interactions with the 

flame front (Clanet & Searby, 1996; Ellis & Wheeler, 1928). The tulip inversion stretches the 

flame front, which increases combustion rates and pressure resulting in typically faster flame 

speeds. Tulip flames have been studied over the past decades and the development of the tulip 

inversion has been identified by four major steps (Clanet & Searby, 1996). First, there is the 

initial kernel expansion of the flame as shown at t=0.01s in Figure 4.38. Next the flame travels 

towards the closed end of the reactor in a finger shape shown at t=0.03s. Third, the edges of the 

finger-shape flame reach the cool walls of the reactor and the flame front is flattened as shown at 
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t=0.04s. Because of this cooling, the flame front starts to become hydrodynamically unstable and 

the tulip inversion is initiated as shown at t=0.05s. Finally, after the onset of the tulip flame, 

acoustic-flame interactions dominate which in some cases produce multiple inversions as shown 

at t=0.06s. Understanding this phenomena is extremely important because stretching and 

inversion of the flame front can result in faster combustion rates and larger peak overpressures 

that could lead to more violent explosions. Additionally, matching up the location and shape of 

the flame with the overpressure traces is extremely useful for understanding this phenomena and 

is one of the major advantages of performing these experiments in the quartz flow reactor. 

 

 
Figure 4.38 Images of tulip flame resulting from in-gob ignition between two glass checkerboard 
geometries (77% porosity).  Obstacle location, D=30cm. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. 
 

4.3.2 Impact of simulated gob material  

A simplified experiment of an in-gob ignition was carried out with the ignition electrodes 

placed between two “rock walls” with a porosity of 77%, as shown in Figure 4.33. The main goal 

of these experiments is to better understand the major differences between solid, smooth spheres 

and rough, irregular rock of similar size and thermal conductivity. Initial results have shown that 

there is a competing effect of induced turbulence by an obstacle and the pressure restriction from 

the obstacle. Results in Figure 4.39 show that ignition between two empty cages enhances 

turbulence in nearby unburned gases which helps accelerate the flame within 25cm upstream of 

the obstacles. The glass spheres induce movement in nearby gases, but the pressure restriction 

from the obstacle slows the flame down as compared to the cage. Furthermore, granite pebbles, 

due to their surface roughness, induce more fluid movement in the nearby gases resulting in 

higher flame front propagation velocities in the first 25cm as compared to the glass spheres. 
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Further downstream of the obstacles, the induced turbulence diminishes and the flame front 

propagation velocities approach a similar value due to the pressure resistance experienced by the 

flame from the closed end of the reactor. 

Simulated gobs have a large impact on the pressure-time history inside the quartz reactor 

as shown in Figure 4.40 and Table 4.2. The granite pebbles produced the highest peak pressures 

for the longest duration, followed by the glass spheres, and the empty wire mesh. Though the 

experimental set-ups vary, these results agree with previous researchers who found obstacles can 

increase overpressure (Kindracki, Kobiera, Rarata, & Wolanski, 2007; Moen, Lee, Hjertager, 

Fuhre, & Eckhoff, 1982), enhance turbulence (Fairweather, Hargrave, Ibrahim, & Walker, 1999; 

Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982), and promote combustion and burning velocity 

(Kindracki, Kobiera, Rarata, & Wolanski, 2007; Fairweather, Hargrave, Ibrahim, & Walker, 

1999; Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982). The rate of decay of the pressure waves 

after the second major peak is greatest for the glass spheres, followed by the cage and the granite 

rock. These results help to confirm that the granite rock increases mixing for a longer period of 

time in the unburned gases allowing for more complete combustion and faster flame front 

propagation.  

 

 
Figure 4.39 Impact of simulated gob material on methane flame front propagation velocity for an 
in-gob ignition.  Obstacle: Cages, granite rock in a checkerboard geometry (77% porosity), and 
6.35mm diameter glass spheres in a checkerboard geometry (77% porosity). Obstacle location 
represented by grey bars, D=15cm between obstacles. Ignition location is 25cm from the open 
end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief 
hole. Each data point is the average of 5 data points. Standard deviation range is between 1-20% 
of the mean. 
 



91 
 

 
Figure 4.40 Pressure-time history of in-gob ignition with and without obstacles. Obstacle: Cages, 
granite rock in a checkerboard geometry (77% porosity), and 6.35mm diameter glass spheres in a 
checkerboard geometry (77% porosity). Obstacle location, D=15cm. Ignition location is 25cm 
from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One 
(1) relief hole 
 

Table 4.2 Table summarizing the maximum downstream velocity, maximum pressure, and total 
decay time for an in-gob ignition for different obstacles and materials.  Averaged over 4-5 data 
points. Obstacle location, D=15cm. Ignition location is 25cm from the open end. CH4 = 
9.5±0.3%. Operating conditions 294K, 83kPa. Eign=60mJ. One (1) relief hole. 

Obstacle 
Conditions 

Downstream 
Flame Front 
Propagation 

Velocity 
(cm/s) 

Maximum 
Overpressure 

(kPa) 

Minimum 
Overpressure 

(kPa) 

Duration of 
Decay from 
Maximum 

(s) 

Empty 145 ± 2 1.23 ± 0.10 -1.38 ± 0.14 0.08 

In-gob, Cages 148 ± 2 1.48 ± 0.13 -1.54 ± 0.18 0.09 

In-gob, Granite Checkerboard 148 ± 4 2.24 ± 0.21 -2.32 ± 0.16 0.12 

In-gob, Glass Checkerboard 116 ± 22 1.97 ± 0.10 -1.34 ± 0.13 0.09 

 

 
Figure 4.41 Pressure-time histories of an in-gob ignition with 6.35mm diameter glass spheres in 
a checkerboard geometry (77% porosity).  Each pressure plot is a single experiment run for a set 
of experiments (total of 5 experiments). Obstacle location, D=15cm. Ignition location is 25cm 
from the open end. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One 
(1) relief hole 
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Also, the recorded flame front propagation velocities of the glass checkerboard obstacles 

resulted in much larger standard deviations than the other materials used, a maximum of 20%. 

However, when exploring the overpressure traces, shown in Figure 4.41, the maximum 

overpressure and resulting pressure oscillations did not significantly change, within 10%. Recall 

that in these experiments there is always a balance between induced turbulence by the obstacle 

and pressure resistance from the obstacle. For the cages, there is little to no pressure resistance, 

so the induced fluid motion is more dominant, resulting in fast flame speeds and less error. For 

the granite checkerboard obstacles, there is pressure resistance, but the irregularity of the 

obstacle surface induces significant nearby fluid motion, thus dominating the flame acceleration 

process. The smooth glass spheres arranged in a checkerboard pattern had a competition between 

fluid motion and pressure resistance, resulting in larger standard deviations over 5 experiments.  

 

 
Figure 4.42 Images of entrained unburned gases and autoignition event resulting from in-gob 
ignition between two granite checkerboard geometries (77% porosity).  Obstacle location, 
D=15cm. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief 
hole. 
 

Another interesting discovery during these experiments was an autoignition event during 

an in-gob ignition between the granite checkerboards (Figure 4.42). As shown in these images, 

the flame begins propagating into a finger shape (t=25ms), after which the pressure oscillations 

entrain unburned gases (t=33.3ms). After t=33.3s, pressure oscillations continue to entrain 

unburned gases resulting in an autoignition of the gases between the granite checkerboard 

obstacles. Finally, after t=58.3ms, the flame continues to burn down the length of the reactor. To 

note, the resulting flame speeds from this experiment did not lie outside the standard deviation of 

the mean and thus, were included in the data presented here. Also, the likely autoignition did not 

present itself as a sudden spike on the overpressure traces, so unfortunately, there is only 
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photographic evidence of this event. However, what is most important about this experiment is 

that it shows how the pressure fluctuations from a gas explosion can continue to re-entrain 

unburned gases, sustaining combustion and burning leading to an autoignition. This is important 

for longwall coal mining because an ignition from within the gob may continue to be sustained if 

there is nearby, fresh air being entrained by an initial explosion. 

4.4 Impact of ignition location in the 12cm diameter quartz reactor 

Since methane gas explosions can occur in a variety of locations with varying degrees of 

confinement, it is important to understand how methane flame propagation velocities and 

overpressures change depending on ignition location. Previous researchers have ignited mixtures 

at the open and closed ends of their combustion chambers (Solberg, Pappas, & Skramstad, 1981) 

(Kindracki, Kobiera, Rarata, & Wolanski, 2007), and some in the middle, but none have 

thoroughly investigated the impact of varying the ignition along the length of the reactor.  

Therefore, to gain a better understanding of the impact of ignition location, in the next set of 

experiments the ignition location was varied along the length of the reactor in Ports 1, 2, and 3 

(ignition 25, 50, and 75cm from the open end respectively). Figure 4.43 demonstrates the 

influence of ignition location. As ignition is moved further from the open end, the maximum 

flame front propagation velocity towards both the open and closed end increases. Figure 4.44 

shows that the peak overpressure in the explosion vessel also increases as the ignition point 

moves away from the open end towards the center of the vessel which agrees with previous 

researchers (Bradley & Mitcheson, 1978; Cooper, Fairweather, & Tite, 1986). Ignition within 

Port 3 was centered in the quartz reactor and produced the largest pressure rise and sustained 

high frequency pressure oscillations which were also observed in high-speed imaging shown in 

Figure 4.45. 

Researchers also found that ignition in Port 2, 50cm from the open end of the reactor, can 

cause a higher pressure rise in the reactor than a closed-end ignition, but has a slower flame front 

propagation velocity. The duration of the pressure-time history of ignition in Port 2 is longer than 

that for a closed-end ignition. These differences are mainly due to the large acoustical waves 

produced by explosion, which in the case of ignition in Port 2, continue to interact with the walls 

of the vessel and flame front thereby increasing the overall pressure rise. This result is important 

because in a real longwall coal mine, pressure waves may travel throughout the mine, reverberate 

off walls and interact with other mine structures and thus increase the overpressure.  
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Figure 4.43 Impact of ignition location on methane flame front propagation.  Ignition location is 
11cm from the open end, 25cm from the open end in Port 1, 50cm from the open end in Port 2, 
75cm from the open end in Port 3, and 1.39m from the open end. Dotted lines indicate ignition 
location and arrows indicate propagation direction of recorded flame fronts. CH4 = 9.5±0.3%. 
Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole. Each data point is the 
average of 5 data points. Standard deviation range is between 1-22% of the mean. 
 

 
Figure 4.44 Pressure-time history of ignition within various ports.  Ignition location is 25cm 
from the open end in Port 1, 50cm from the open end in Port 2, 75cm from the open end in Port 
3, and 1.39cm from the open end (CEI). Pmax(Port 1)=1.23±0.1kPa, Pmax(Port 2)=5.69kPa, 
Pmax(Port 3)=11.99±2kPa. Pmax(CEI) = 3.24±0.15kPa CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ. One (1) relief hole.  
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Figure 4.45 Images of methane flame from ignition in Port 3.  Ignition location is 75cm from the 
open end. Pmax(Port 3)=11.99±2kPa, Pmin(Port 3)=-12.1±2.6kPa. CH4 = 9.5±0.3%. Operating 
conditions 294K, 83kPa. Eign=60mJ. One (1) relief hole. 

 

4.5 Impact of relief holes in the 12cm diameter quartz reactor 

There have been many researchers who have investigated the impact of venting/relief on 

flame propagation and overpressure, finding, in general, that increased relief/venting decreases 

the overall pressure rise of the explosion (Bao, et al., 2016; Guo, Wang, Liu, & Chen, 2017; 

McCann, Thomas, & Edwards, 1985; van Wingerden & Zeeuwen, 1983). As discussed in 

Chapter 2 Section 2.5, much of the research into venting is for designing safe pipelines in oil/gas 

transport, but this research can also be applied to large-scale industrial explosions including 

methane gas explosions in longwall coal mines.  

In order to develop a strong understanding on the impact of venting/relief on the 12cm 

diameter quartz reactor, experiments were performed changing both ignition location and the 

number of relief holes (D=1.0±0.2cm) on the closed end of the reactor. As shown in Figure 4.46 

and Figure 4.47, there was no measurable change in flame front propagation velocity or peak 

pressure during a closed-end ignition, CH4 = 9.5%, when the number of relief holes was changed 

from 0-2 because the expansion of the reaction gases is greater than the volume of unburned 

gases vented from the closed end. 
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Figure 4.46 Impact of number of relief holes on methane flame front propagation for a closed-
end ignition.  Ignition location is 1.39cm from the open end. CH4 = 9.5±0.3%. Operating 
conditions 294±1K, 83±1kPa. Eign=60±5mJ. Each data point is the average of 5 data points. 
Standard deviation range is between 0-8% of the mean. 
 

 
Figure 4.47 Impact of number relief holes on pressure-time history for a closed-end ignition.  
Ignition location is 1.39cm from the open end. Pmax(0 holes)=3.29kPa, Pmax(1 hole) 
=3.24±0.15kPa, Pmax(2 holes)=3.33kPa .CH4 = 9.5±0.3%. Operating conditions 294±1K, 
83±1kPa. Eign=60±5mJ.  
 

The cases shown in Figure 4.48 through Figure 4.52 are for ignition in Port 2 with 

varying the number of relief holes on the closed end of the reactor. Similar to previous findings 

from other researchers, increasing the venting area can help reduce the overpressure (Bauwens, 

Chaffee, & Corofeev, 2008; Bradley & Mitcheson, 1978; Cooper, Fairweather, & Tite, 1986; 

Guo, Wang, Liu, & Chen, 2017; Solberg, Pappas, & Skramstad, 1981)  and the flame front 

propagation velocity towards the closed end of the reactor (Bauwens, Chaffee, & Corofeev, 
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2008). This is because increasing the number of relief holes, or venting area, allows for venting 

of gases, lowering the pressures and temperatures, reducing combustion rates and the flame front 

propagation velocity. Also, due to the combination of these effects, the shape of the flame also 

changes as a function of relief holes. As can be seen in Figure 4.50, Figure 4.51, and Figure 4.52, 

the flame propagating towards the open end has the same shape as a closed-end ignition flame 

(Figure 2.7). However, as the number of relief holes increase, the shape of the flame propagating 

towards the closed end looks more similar to an open-end ignition flame (Figure 2.6). For the 

case of 2 relief holes, Figure 4.52, the increased venting was enough that the hot, buoyant 

exhaust gases had time to rise to the top of the reactor and push over the propagating flame. 

Again, this is due to increased venting, allowing for less pressure build up on the closed end of 

the reactor (which is also reflected in the overpressure traces in Figure 4.47). 

Additionally, it was found for this experimental setup that as venting area decreases, 

pressure oscillations are sustained at a greater magnitude and for longer durations which is 

important because pressure waves greater than 35kPa can severely harm human ear drums 

(Owen-Smith, 1981; Institute of Medicine, 2014). Sustained high pressures can also reverse 

airflow in a mine, destroy ventilation controls, and displace mine structures (Zhang & Ma, 2015). 

This research demonstrates that even small changes to confinement relief openings directly 

impact methane flame dynamics and overpressure. 

 

 
Figure 4.48 Impact of number of relief holes on methane flame front propagation for ignition in 
Port 2.  Ignition location is 50cm from the open end. Dotted line indicates ignition location and 
arrows indicate propagation direction of recorded flame fronts. CH4 = 9.5±0.3%. Operating 
conditions 294±1K, 83±1kPa. Eign=60±5mJ. Each data point is the average of 5 data points. 
Standard deviation range is between 0-37% of the mean. 
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Figure 4.49 Impact of number relief holes on pressure-time history for ignition in Port 2. Ignition 
location is 50cm from the open end. Pmax(0 holes)=11.2±2kPa, Pmax(1 hole) =5.69kPa, Pmax(2 
holes)=4.98±0.3kPa. CH4 = 9.5±0.3%. Operating conditions 294±1K, 83±1kPa. Eign=60±5mJ. 
 

 
Figure 4.50 Flame images of ignition from Port 2 with 0 relief holes.  Flame is moving from left 
to right. Ignition location is 50cm from the open end. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ. 
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Figure 4.51 Flame images of ignition from Port 2 with 1 relief hole.  Flame is moving from left 
to right. Ignition location is 50cm from the open end. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ.  
 

 
Figure 4.52 Flame images of ignition from Port 2 with 2 relief holes. Flame is moving from left 
to right. Ignition location is 50cm from the open end. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ.  
 

4.6 Experimental Box Reactor Results  

The main purpose of experimenting in the cylindrical reactors was to understand the 

impact of mine parameters on the main, bulk flame propagation. However, in a real longwall 

coal mine, the entryways, longwall face, etc. are rectangular, not cylindrical. Therefore, as 
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discussed in Chapter 3, Section 3.1.2, the main purpose of the experimental box is to begin to 

understand how reactor shape and multiple pathways impacts methane flame propagation and 

interaction with a simulated gob. The experimental box used has dimensions 51x34x15cm 

(LxWxH) and a total volume of 18.4L which is only slightly larger in volume than the 12cm 

diameter quartz reactor (16.9L). Experiments in the box were performed with and without a 

simulated gob as described in Section 3.1.2, with ignition near the opening (unconfined) and 

ignition near the closed end (confined).  

Results in Table 4.3 show that for an ignition near the opening (open end), the simulated 

gob enhanced the flame front propagation velocities, which was further enhanced when ignition 

was located near the closed end in the top-right corner of the box. The methane flame front 

propagation result trends were expected since previous research in this manuscript has shown 

that 1) confined ignitions result in faster flames and 2) obstacles can enhance mixing and 

combustion rates. However, looking further at the shape of the flame and the flame propagation 

trends, video results from these deflagrations show that without a gob the flame expands in all 

directions as shown in Figure 4.53 and Figure 4.55. Also, the confined, closed-end ignition flame 

tends to travel faster towards the relief opening than towards the corners of the box which has 

been observed by other researchers experimenting in rectangular enclosures (Solberg, Pappas, & 

Skramstad, 1981). However, with a gob, the flame tends to travel through the gob faster than 

around the entries as shown in Figure 4.54 and Figure 4.56. This was interesting because one 

might hypothesize that the flame would tend to travel in the open spaces faster than through the 

gob since these are the path of least resistance. Based on these results it was seen that the 

enhanced turbulence by the gob increased the transport of unburned gases to the flame front, 

accelerating combustion rates and flame speed.  

 
Table 4.3 Average methane flame front propagation velocities and standard error of the mean 
with and without a simulated gob (porous medium) for ignition near the open end (bottom-left 
corner) and closed end (top-right corner). Averaged over 2 data sets. 

 
Ignition location 

Open end Closed end 

Flame Front Propagation Velocity with No Medium 0.9±0.1m/s 7.7±1m/s 

Flame Front Propagation Velocity with Porous Medium 1.8±0.2m/s 12±4m/s 
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Figure 4.53 Flame images of an open-end ignition in the experimental box without a porous 
medium.  Ignition location is in the bottom-left corner. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ.  
 

 
Figure 4.54 Flame images of an open-end ignition in the experimental box with a porous 
medium.  Ignition location is in the bottom-left corner. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ. 
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Figure 4.55 Flame images of a closed-end ignition in the experimental box without a porous 
medium.  Ignition location is in the top-right corner. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ. 
 

 
Figure 4.56 Flame images of a closed-end ignition in the experimental box with a porous 
medium.  Ignition location is in the top-right corner. CH4 = 9.5±0.3%. Operating conditions 
294±1K, 83±1kPa. Eign=60±5mJ.  
 

4.7 71cm Diameter Reactor Experiments 

 As discussed in Section 3.1, this research performs experiments in both small-scale and 

large-scale reactors in order to investigate scaling of methane flame front propagation velocity 

and overpressure. The main purpose of the small-scale, laboratory experiments is to narrow-

down the necessary experiments to perform at the large-scale. Based on experiments performed 

in the quartz reactor and experimental box, results show that methane gas explosions are 

sensitive to confined ignitions, the amount of void space or blockage ratio, and obstacle surface 

topology. Therefore, experiments performed at the large-scale in the 71cm diameter, 6.1m long 

reactor are as follows:  
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• Closed-end ignition with no obstacles, CH4 = 9.5% 

• Closed-end ignition with a rock pile at the open end of the reactor, CH4 = 9.5%, H = 

0.24m, L = 1.8m 

• Closed-end ignition with a rock pile at the closed end of the reactor, CH4 = 9.5%, H = 

0.24m, L = 1.8m 

One of the main challenges with performing the proposed experiments in the 71cm diameter 

reactor is the weight of the rock pile and moving the rock pile towards the confined (closed end) 

of the reactor. In order to have control over containing and moving the rock pile, a winch and 

pulley system was set up and connected to half of a cut, metal barrel with diameter of 71cm as 

shown in Figure 4.57. This setup allows a single operator to change the height, length, and 

location of the rock pile with ease.  

 

 
Figure 4.57 Image of a rock pile being inserted into the large-scale 71cm diameter, 6.1m long 
steel reactor.   Rocks are piled on top of a steel bed which is attached to a 2-ton winch and pulley 
system allowing the rock pile to be inserted at different locations along the length of the reactor. 
 

 Experimental results with and without a rock pile in the 71cm diameter reactor are shown 

in Figure 4.58 and Figure 4.59. As can be seen, when the rock pile is close to ignition, the flame 

front propagation velocity is enhanced along the entire length of the reactor. When the rock pile 

is further from ignition, at the open end of the reactor, the initial flame development is unaffected 

by the rock pile. However, when the flame begins to interact with the rock pile, the pressure 

wave in front of the flame induces turbulent motion in the gases above and within the void 

spaces in the rock pile. This turbulence leads to increased flame speeds across the rock pile as 
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shown in Figure 4.58. Examining the pressure histories in Figure 4.59 shows that the rock pile at 

the closed end produced the greatest overpressure while the flame was in the reactor. However, 

when the rock pile was located at the open end of the reactor, a large, reflected pressure wave 

was produced after the flame exited the reactor. This is likely due to a pressure increase in the 

rock pile and density difference between products in the reactor and ambient air leading to a 

reflected pressure wave. In general, however, the rock pile greatly enhanced flame speed and 

overpressure which is important for understanding severity of explosions in an underground 

mine. For example, an ignition closer to the gob may result in increased flame speed and 

overpressure as compared to an ignition along the longwall face or near a cross-cut.  

 

 
Figure 4.58 Impact of rock pile location on methane flame front propagation velocity for a 
closed-end ignition in the 71cm diameter reactor.  Obstacle: Rock pile, H=0.24m, L=1.8m. 
Ignition location is at the closed end of the reactor. CH4 = 9.5±1%. Operating conditions 
295±1K, 79±1kPa. Eign=60±5mJ. Each data point is the average of 2-4 data points. Maximum 
standard error of the mean is 5.5m/s. Figure credit: (Fig, 2019). 
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Figure 4.59 Impact of rock pile location on pressure-time history for a closed-end ignition in the 
71cm diameter reactor.  Ignition location is at the closed end of the reactor. Obstacle: Rock pile, 
H=0.24m, L=1.8m. CH4 = 9.5±1%. Operating conditions 295±1K, 79±1kPa. Eign=60±5mJ. 
Figure credit: (Fig, 2019). 
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CHAPTER 5  

COMPUTATIONAL FLUID DYNAMICS MODEL SETUP 

  

To accurately solve high-speed methane gas deflagration physics in an underground 

longwall coal mine requires computational fluid dynamics (CFD) modeling and complimentary 

experiments to validate the model. Thus, the CSM research group has been developing and 

validating a mine-scale, CFD model of the ventilation and movement of explosive gas zones in 

and around the gob area (Gilmore, et al., 2016; Juganda, Brune, Bogin, Grubb, & Lolon, 2017; 

Marts, et al., 2014). Complimentary to the mine-scale ventilation model, the Fig and Strebinger 

have been performing methane-air combustion experiments and validating coupled, CFD 

combustion models using ANSYS Fluent (Fig, Bogin, Brune, & Grubb, 2016; Fig, Strebinger, 

Bogin, & Brune, 2018; Strebinger, Bogin, & Brune, 2019).  

Previous research focused on developing 2D combustion models of the laboratory-scale 

reactors for the 5cm, 9.5cm, 13.6cm and 30.5cm diameter reactors (Fig, 2019). These laboratory-

scale 5cm and 9.5cm models investigated the impact of humidity, radiation, and presence of a 

rock pile on confined methane-gas deflagrations.  Fig (2019) validated the models to accurately 

capture the relative trends of humidity slowing down flame propagation and concluded that 

including radiation into the model resulted in unrealistic flame shapes and propagation trends 

(Fig, Bogin, Brune, & Grubb, 2017; Fig, 2019). Fig also found flame acceleration across a 

modeled rock pile and trends matched experimental trends at a variety of scales (Fig, Strebinger, 

Bogin, & Brune, 2018; Fig, 2019). Additionally, researchers investigated the impact of chemical 

reaction models, 2-step, reduced mechanisms, and full mechanisms on methane gas deflagrations 

and found that the reduced and full chemistry mechanisms resulted in faster flames and required 

significantly more simulation time (Fig, 2019). Important to note in these models, researchers 

found that modeling the turbulence using the k-ε turbulence model resulted in more accurately 

flame front propagation velocities compared to the k-ω models. Also important to note, the flame 

was initiated using a constant heat flux from an aluminum circle meant to represent the spark 

electrodes. Although these modeling settings worked well in the 2D, small-scale CFD 

combustion models, these assumptions will be revisited for these larger-scaled reactors in this 

Chapter.  
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5.1 12cm Diameter Quartz Reactor Model Setup 

 Researchers have been developing a combustion model of the quartz flow reactor as 

shown in Figure 5.1 (Strebinger, et al., 2018). The model has a domain height of 12cm, which is 

the inner diameter of the quartz flow reactor, and length of 1.5m. In order to accurately model 

methane-air deflagration physics, researchers are using the following settings in ANSYS Fluent 

(v17.2):  

• 2D planar assumption for all 2D models 

• Pressure-Based Solver 

• Energy Equation 

• Viscous Standard k-ω Turbulence Model 

o Low Re Corrections 

o Shear Flow Corrections 

• Species Transport 

o Volumetric Reactions 

o Stiff Chemistry Solver 

o Finite Rate Chemistry  

▪ Density solved using ideal gas theory 

▪ Diffusion solved using kinetic theory 

▪ Metghalchi and Keck laminar flame speed theory 

• Spark Ignition Model 

• PISO pressure-velocity coupling 

• CEI: 2 levels of mesh adaption on the gradient of temperature every 2-10 time steps 

• 2D Model: Residuals set to 10-6, dropping at least 3 orders or magnitude 

• 3D Model: Continuity and species residuals were set to 10-3, still dropping 3 orders of 

magnitude. All other residuals are set to 10-6  

• Second order in time and space 

• Time step = 0.1ms for open-end ignition, 0.01ms for closed-end ignition 

• Boundary Conditions:  

o Closed End Wall – aluminum, no slip, adiabatic 

o Tube Walls – quartz, no slip, adiabatic 

o Outlets – 0 gauge pressure outlets 
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o Obstacles– no slip, adiabatic, assuming no heat transfer into the material 

 

 
Figure 5.1 CFD geometry of 12cm inner diameter quartz flow reactor and seeded lines at 
different vertical, y, positions used to find the flame front. Model height = 12cm, length = 1.5m.  

 

The compressible flow model is being used to capture the large density changes during 

combustion and the compression of the unburned and burned gas mixture upstream and 

downstream, respectively. The viscous-standard k-ω model is used because compared to other 

turbulence models, the k-ω model better predicts lower Reynolds number flows and flow 

separation, which often occurs when a flame passes over an obstacle; this assumption will be 

revisited in later sections of this manuscript. The transient time solver is a second order implicit 

time solver and the governing equations are solved using the PISO pressure-velocity coupling 

solver. The species transport model is used instead of the premixed combustion models because 

it allows for more control over mixture stoichiometry as well as the number of chemical 

reactions. The inlet and outlet boundary conditions are modeled as zero gauge pressure outlets to 

simulate ambient conditions in the laboratory and all solid boundaries are modeled as walls 

assuming no slip and adiabatic conditions. The obstacles are also modeled with a no slip 

boundary condition and adiabatic. Adiabatic conditions are assumed for the walls and obstacles 

because the flame is in contact with the walls of the tube for a very short time such that there is 

minimum heat transfer by conduction and convection. Radiation may play a role in flame 

enhancement and may need to be investigated in the future, however, Fig performed a 

preliminary investigation of including a radiation model, but found the error associated with the 

models is larger than not including radiation (Fig, 2019). Finally, the finite rate chemistry model 

is used in lieu of the turbulent chemistry interaction models, however, as will be shown in this 
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research, this will need to be revisited for highly turbulent flow interaction with obstacles as well 

as the inclusion of more detailed chemistry. 

Although previous research has shown that using a methane-air 2-step mechanism is not 

as accurate as solving the chemistry fully (Fig, 2019), it allows for faster simulation times which 

is important since these models typically run for a week or more. The first reaction of the 2-step 

mechanism is the reaction of methane and oxygen to form H20 and intermediate species, CO: 

 

(5.1) 

 
 

The second reaction is forwards and backwards and is the reaction of CO and oxygen to form 
CO2: 
 

(5.2) 

 
 

Table 5.1 Table showing the ANSYS Fluent 2-step methane-air chemical mechanism settings.  
Reaction 1 and 2 from (Dryer & Glassman, 1973). R stands for reactant and P stands for product. 

Reaction 
Number 

Molecule 
Stoichiometric 

Coefficient 
Path 

Pre-
Exponential 

Factor 

Activation 
Energy 

(J/kg-mol) 

Temperature 
Exponent (K) 

1 CH4 1 R 5.012x1011 2x108 0 

1 O2 1.5 R 

 1 CO 1 P 

1 H20 2 P 

2 CO 1 R 2.239x1012 1.7x108 0 

2 O2 0.5 R 
 

2 CO2 1 P 

2 H20 0 P  

3 CO2 1 R 5x108 1.7x108 0 

3 CO 1 P 
 

3 O2 0.5 P 
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This research has explored two major ways of modeling the spark, referred to as the 

electrode model (EM) (Fig, Bogin, Brune, & Grubb, 2016; Fig, Bogin, Brune, & Grubb, 2017; 

Fig M. , 2019) and the spark model (SM) (Strebinger, Bogin, & Brune, 2019). The EM model 

uses an aluminum circle with a diameter of 1mm to represent the electrodes from the spark 

system. At time, t=0s, the aluminum wall has a heat flux boundary that produces 2.5x106 W/m2 

of energy to the surroundings. After 25ms of simulation time, the heat flux boundary is set to 0 

W/m2, assuming adiabatic. This produces approximately 5mJ of energy which is enough to ignite 

methane-air mixtures at the lean and rich limits.  

The SM model using the ANSYS Spark Model (v17.2) and the following settings shown 

in Table 5.2. Although, Table 5.2 shows the total ignition energy as 60mJ which is different than 

the 5mJ used in the EM, this difference will be explored in Section 5.1.2.  

 

Table 5.2 Table showing the ANSYS Fluent spark model (SM) settings.  

Start Time (s) 0 

Duration (s) 0.001 

Initial Spark Radius (m) 0.005 

Ignition Energy (J) 0.06 

Kernel Expansion Model Laminar 

 

5.1.1 2D Mesh Independence Study 

Using these model settings, the first step of the modeling process is to determine mesh 

independence for an open-end ignition event. The spark was located at 11cm from the open end 

of the reactor. The ANSYS meshing client was used to develop the mesh for this model. The 

fluid body was meshed using quadrilaterals as shown in Figure 5.5. To compare the results of 

each body mesh size, researchers sampled five horizontal lines along the y-axis spanning the 

reactor as shown in Figure 5.1. Data was extracted from each line at different time steps and 

compared to one another to confirm the actual flame front; additionally, manually, researchers 

confirmed this was the actual flame front by comparing axial values to temperature and methane 

concentration contours. To determine the best method of finding the flame front, researchers 

compared defining the flame front as the maximum kinetic rate of reaction 1, the maximum total 

temperature at the gradient of the main flame brush, and different values of mass fraction of 

methane. All methods used were comparable and the difference error in determining the flame 
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front amongst methods was less than 1%. This was also compared to finding the maximum total 

temperature and the error between these methods is less than 1%. Thus, due to ease and 

comparability with Matt Fig’s work, researchers are determining the flame front by values of 

temperature along the gradient of the flame front (Fig, 2019).  

Results from the mesh independence study (Figure 5.2) show that a mesh size of 1mm is 

sufficient grid resolution to resolve the flame front. The error between the 1mm and 0.5mm mesh 

was 1% as shown in Figure 5.2. Results also show that a mesh size of 1mm takes 9.5days to run 

versus a 0.5mm mesh which takes over 20 days to complete as shown in Figure 5.3; note that the 

first 3-4 days is spent on flame development in the first 25cm from kernel initiation. Thus, all 2D 

models use a base mesh sizing of at least 1mm unless otherwise noted in this manuscript.  

 

 
Figure 5.2 Mesh independence study for the 2D, 12cm diameter quartz flow reactor.  Mesh 
independence was achieved with a mesh size of 1mm and the average percent relative error of 
flame front location based on maximum temperature of 1%. Error bars represent the standard 
deviation of the relative error between mesh sizes.  
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Figure 5.3 Mesh size versus simulated time for the 2D, 12cm diameter quartz reactor model. 
Mesh independence is reached with a body mesh size of 1mm, taking approximately 9.5days to 
complete on an 8 core compute, 3.06GHz, 24GB RAM.  
 

After determining the mesh size, researchers investigated the effects of including wall 

inflation or wall edge sizing since resolving the boundary layer is important for modeling 

methane flame deflagrations in cylindrical reactors. Results from Table 5.3 show that adding 

edge sizing or wall inflation greatly affects the simulation. A uniform 1mm body mesh without 

any edge sizing or wall inflation does not accurately resolve the boundary layers as shown in 

Figure 5.4. Because of this the flame for the base case, 1mm body mesh, does not flip over until 

after 1s simulation time. However, in experiments it is observed that the flame turns over in the 

first 50ms before traveling halfway down the quartz reactor. Thus, from this study it was 

determined that resolving the boundary layer is of utmost importance and a 0.25mm edge sizing 

was used. Both edge sizing and inflation layer methods were tested and results are shown in 

Table 5.3 and Figure 5.4. As can be seen in these results, the edge sizing method and inflation 

layer methods help to better resolve the impact of the boundary layer in the turn-over of the 

flame. However, looking ahead to future modeling of obstacles inside the reactor, using an edge 

sizing can more easily be applied to meshing around irregular-shaped obstacles. Thus, the edge 

sizing was used over the inflation layers due to ease of meshing when obstacles are present in the 

reactor.  
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Table 5.3 Average percent error in flame front location between the 1mm body mesh with no 
wall sizing compared to adding edge sizing or wall inflation layers for the 2D, 12cm diameter 
quartz reactor model.  

 0.25mm Edge 
Sizing 

40 layers, Single 
layer height = 

0.5mm  

80 layers, Single 
layer height = 

0.5mm 

Average Error (%) 17 24 25 

 

 
Figure 5.4 Temperature contours of 2D, 12cm diameter quartz reactor model comparing the 
impact of number of wall inflation layers on methane flame propagation.  Simulation time=1.0s. 
Time step = 0.1ms. Ignition location is 11cm from the open end (left). Mesh cell size = 1mm, 
0.5mm inflation cells, varying number of inflation layers. CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. One relief hole.  
 

An image of the 1mm body mesh with 0.25mm edge sizing is shown in Figure 5.5. As 

can be seen in this mesh, the mesh is unstructured and consists of both quadrilaterals and 

triangles. Mesh statistics are summarized in Table 5.4 and show a total cell count of 

approximately 250,000 cells. The orthogonality quality is close to 1 and skewness is close to 0 

which means that flow quantities are transferred from one cell to the next well from one cell face 

to another. Also the aspect ratio is close to 1 which means the cells are not too stretched. 
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Altogether, these mesh statistics show a good quality mesh has been obtained. The same mesh 

was used for open-end ignition and closed-end ignition.  

 

 
Figure 5.5 Image of the 2D, 12cm diameter reactor mesh with a quadrilateral dominant 1mm 
body mesh and 0.25mm edge sizing on the tube walls. 
 

Table 5.4 2D, 12cm diameter reactor mesh statistics: number of elements, number of nodes, 
average orthogonality quality, average skewness, and average aspect ratio. Body mesh = 1mm. 
Edge sizing = 0.25mm.   

Number of 
Elements 

Number of 
Nodes 

Average 
Orthogonality 

Quality 

Average 
Skewness 

Average Aspect 
Ratio 

254,148 258,367 0.99 ± 0.03 0.08 ± 0.1 1.2 ± 0.2 

 

5.1.2 3D Mesh Independence Study 

Finally, a mesh independence study was undertaken for the 3D model of the 12cm 

diameter quartz reactor for a closed-end ignition using a base mesh of 8mm, 4mm, and 2mm 

with no edge sizing. An example of the mesh is shown in Figure 5.6 and mesh statistics for all 

meshes are summarized in  

Table 5.5. As can be seen, the mesh is a structured mesh and mesh statistics show low 

skewness and high aspect ratios. The high aspect ratios are mainly due to the cells at the tube 

walls, which is to be expected when using a structured mesh on a cylindrical body. Edge sizing 

may be used to help resolve the high aspect ratios, however, no edge sizing was used in order to 

improve the quality of the cells inside the 3D domain. Instead of specifying an edge sizing, mesh 

adaption was used. Previous work by M.K. Fig, 2019 investigated the best variable to adapt on to 
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better resolve the flame front (Fig M. , 2019). Results of Fig’s study showed that adapting on the 

temperature gradient helped to best resolve the flame front, using at least 2-3 levels of adaption. 

Therefore, this research also uses grid adaption on the gradient of temperature using 3 levels, 

every 2 time steps. This helped to resolve the flame front and flame propagation, but as will be 

discussed, there was some error at the tube wall boundaries.  

 

 
Figure 5.6 Image of a 3D, 12cm diameter reactor mesh with a quadrilateral dominant 4mm, cut 
cell body mesh. 
 

Table 5.5: 3D, 12cm diameter reactor mesh statistics for an 8mm, 4mm, and 2mm body mesh: 
number of elements, number of nodes, minimum orthogonality quality, maximum skewness, and 
maximum aspect ratio. No edge sizing.   

 
Number of 
Elements 

Number of 
Nodes 

Minimum 
Orthogonality 

Quality 

Maximum 
Skewness 

Maximum 
Aspect Ratio 

8mm body mesh 26,240 28,497 0.4 0.4 7.1 

4mm body mesh 194,560 201,909 0.5 0.2 5.1 

2mm body mesh 1,520,640 1,554,425 0.4 0.4 6.4 

 
 Results of the mesh independence study are tabulated in Table 5.6 and shown in Figure 

5.7 and Figure 5.8. Results show that a base mesh of 8mm is inadequate in capturing the flame 

front location compared to the 4mm or 2mm mesh. The average percent error between the 8mm 

and 4mm mesh was 25%, reducing to below 5% for the 4mm and 2mm mesh. To investigate this 

further, researchers made an estimation of the size of the boundary layer using turbulent fluid 

flow estimates. The mixture was approximated as air at standard temperature and pressure, 
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101kPa and 300K; the density was 1.2kg/m3, dynamic viscosity of 1.72x10-5 Pa-s, and a velocity 

range of 25-60m/s was used. The results of calculating the Reynold’s number based on the axial 

location indicate a turbulent regime (Rex = 440,000 to 6,800,000). The boundary layer thickness 

was calculated based on turbulent boundary layer theory and approximated using the following 

equation:  

 

(5.3) 

 
 

From this equation a range of boundary layer thicknesses, δ, dependent on the x location were 

calculated to be 7-24mm. Based on the results shown, it makes sense that the 8mm body mesh 

performed poorly at earlier times compared to the 4mm and 2mm since the 8mm cell can be 

larger than the boundary at certain locations. Therefore, based on flame front location and 

boundary layer thickness, the 4mm and 2mm body meshes are more accurate than the 8mm. 

 

Table 5.6 Table showing the percent error of the 3D, 12cm diameter quartz reactor model for 
different mesh sizes (8mm and 4mm, 4mm and 2mm).  Time step = 0.01ms. Ignition location is 
1.39m from the open end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 
No relief hole.  

Time (s) Percent Error  
8mm : 4mm (%) 

Percent Error  
4mm : 2mm (%) 

0.004 52 4.3 

0.006 47 3.9 

0.008 38 4.3 

0.010 17 1.9 

0.012 4.2 2.6 

0.014 7.6 4.1 

0.015 - 5.1 

Average = 25±10% 4±0.4% 

 



117 
 

 
Figure 5.7 3D results of the temperature contours of methane flame propagation at t=10ms for 
closed-end ignition and varying mesh size.  Mesh Size: 2mm body (top), 4mm body (middle), 
and 8mm body (bottom). Simulation time=10ms. Time step = 0.01ms. Ignition location is 
1.39cm from the open end. Mesh cell size = 1mm, 0.25mm edge sizing. CH4=9.5%. Temperature 
= 293K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
 

 
Figure 5.8 3D results of the temperature contours of methane flame propagation at t=14ms for 
closed-end ignition and varying mesh size.  Mesh Size: 2mm body (top), 4mm body (middle), 
and 8mm body (bottom). Simulation time=14ms. Time step = 0.01ms. Ignition location is 
1.39cm from the open end. Mesh cell size = 1mm, 0.25mm edge sizing. CH4=9.5%. 
Temperature = 293K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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 As discussed, evaluating the mesh based on the flame front location shows that a 4mm 

and 2mm body mesh sizing are adequate to resolve the boundary layers and the calculated error 

between the flame front locations are within 5%. However, the relative error of the flame front 

location was based on the axial movement of the flame and not all the flow quantities. Therefore, 

a study was performed investigating the percent difference in total temperature and flow velocity 

comparing the 4mm and 2mm body meshes for the 3D, 12cm diameter reactor model. To do this, 

five (5) XY planes were made 0.25m apart at z = 0.25, 0.5, 0.75, 1.0, 1.25m with a seeded line 

extending in the x direction as shown in Figure 5.9. Results of the flames propagating are shown 

in Figure 5.10, Figure 5.11, Figure 5.12, and Figure 5.13. As shown in these figures, there is little 

difference in the shape and propagation of the flame. However, extracting data from the seeded 

lines shows that there are differences in the total temperature and the fluid velocity magnitude as 

shown in Figure 5.14 through Figure 5.21. As can be seen, the difference in the total 

temperatures between the 4mm mesh and 2mm mesh are small. Although this is for a single time 

step, other time steps have been evaluated and the average percent difference across time steps is 

less than 5% and is mainly accumulated at the flow boundaries. This is not of surprise since the 

2mm mesh has more cells in the boundary than the 4mm mesh, which allows the 2mm mesh to 

more accurately solve boundary effects. Evaluation of the flow velocities shows a much larger 

difference in predicted velocities between the 4mm mesh and 2mm mesh and the average percent 

difference across time steps is less than 13%. Note that in all these simulations mesh adaption on 

the gradient of temperature is employed every 2 time steps, 3 levels. Since the grid adaption is on 

the gradient of temperature, the percent difference of total temperature values between the 4mm 

and 2mm meshes are within 5%. However, because the adaption is on the gradient of 

temperature the flow velocities are not fully resolved using the 4mm mesh. Therefore researchers 

suggest using the 2mm mesh for more accurate predictions of flow velocities and turbulent 

quantities. If simulation time is of the utmost importance, a 4mm mesh can be used, but will 

provide less accurate predictions of the local flow and turbulence.  
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Figure 5.9 Schematic of 3-D combustion model setup of the 12cm diameter reactor showing five 
XY planes with a seeded line per plane used to extract data for further mesh independence 
investigation.  Line contains 999 seeded points for evaluation. 
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Figure 5.10 Temperature contours of the 3D, 12cm diameter reactor model investigating the 
impact of mesh size on flame propagation.  Simulation time=8ms. Time step = 0.01ms. Confined 
ignition location is at z=1.39m from the open end. CH4=9.5%. Temperature = 293K, Pressure = 
82kPa. SM Eign = 60mJ. Body mesh size = 4mm and 2mm.  
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Figure 5.11 Temperature contours of the 3D, 12cm diameter reactor model investigating the 
impact of mesh size on flame propagation.  Simulation time=10ms. Time step = 0.01ms. 
Confined ignition location is at z=1.39m from the open end. CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. Body mesh size = 4mm and 2mm.  
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Figure 5.12 Temperature contours of the 3D, 12cm diameter reactor model investigating the 
impact of mesh size on flame propagation.  Simulation time=12ms. Time step = 0.01ms. 
Confined ignition location is at z=1.39m from the open end. CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. Body mesh size = 4mm and 2mm.  
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Figure 5.13 Temperature contours of the 3D, 12cm diameter reactor model investigating the 
impact of mesh size on flame propagation.  Simulation time=14ms. Time step = 0.01ms. 
Confined ignition location is at z=1.39m from the open end. CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. Body mesh size = 4mm and 2mm.  
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Figure 5.14 Total temperature along a seeded line on the XY plane located at z=0.50m for the 
3D, 12cm diameter reactor model.  Simulation time=14ms. Time step = 0.01ms. Confined 
ignition located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign 
= 60mJ. Body mesh size = 2mm, 4mm. 
 

 
Figure 5.15 Total temperature along a seeded line on the XY plane located at z=0.75m for the 
3D, 12cm diameter reactor model. Simulation time=14ms. Time step = 0.01ms. Confined 
ignition located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign 
= 60mJ. Body mesh size = 2mm, 4mm. 
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Figure 5.16 Total temperature along a seeded line on the XY plane located at z=1.0m for the 3D, 
12cm diameter reactor model.  Simulation time=14ms. Time step = 0.01ms. Confined ignition 
located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 
Body mesh size = 2mm, 4mm. 
 

 
Figure 5.17 Total temperature along a seeded line on the XY plane located at z=1.25m for the 
3D, 12cm diameter reactor model. Simulation time=14ms. Time step = 0.01ms. Confined 
ignition located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign 
= 60mJ. Body mesh size = 2mm, 4mm. 
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Figure 5.18 Fluid velocity magnitude along a seeded line on the XY plane located at z=0.50m for 
the 3D, 12cm diameter reactor model. Simulation time=14ms. Time step = 0.01ms. Confined 
ignition located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign 
= 60mJ. Body mesh size = 2mm, 4mm. 
 

 
Figure 5.19 Fluid velocity magnitude along a seeded line on the XY plane located at z=0.75m for 
the 3D, 12cm diameter reactor model. Simulation time=14ms. Time step = 0.01ms. Confined 
ignition located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign 
= 60mJ. Body mesh size = 2mm, 4mm. 
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Figure 5.20 Fluid velocity magnitude along a seeded line on the XY plane located at z=1.0m for 
the 3D, 12cm diameter reactor model. Simulation time=14ms. Time step = 0.01ms. Confined 
ignition located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign 
= 60mJ. Body mesh size = 2mm, 4mm. 
 

 
Figure 5.21 Fluid velocity magnitude along a seeded line on the XY plane located at z=1.25m for 
the 3D, 12cm diameter reactor model. Simulation time=14ms. Time step = 0.01ms. Confined 
ignition located opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign 
= 60mJ. Body mesh size = 2mm, 4mm. 
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5.1.3 Modeling the Spark  

 As previously discussed, two main methods of initiating combustion in the combustion 

models have been investigated: the EM uses a constant heat flux from a small disc and the SM 

uses the improved ANSYS Fluent Spark Model (v17.2). In order to compare these two methods 

of initiating combustion, a 2D model of the 12cm diameter reactor was setup and all parameters, 

meshes, were the exact same; researchers only changed the method of initiating combustion, EM 

versus SM. As shown in Figure 5.22 and Figure 5.23, both the EM and SM were able to capture 

the eventual flip over of the open-end ignition flame. However, both models predicted this flame 

turn over much later in the combustion process; this discrepancy is likely due to the fact that 

accurately modeling buoyancy is a difficult problem. This difference is also captured in the 

prediction of flame front propagation velocity as a function of distance. Figure 5.23 shows that 

the SM predicts a slightly faster flame than the EM, but both models predict the turnover too 

slowly resulting in a decreasing flame front propagation velocity instead of increasing as shown 

by the experimental results.  

 

 
Figure 5.22 Temperature contours of 2D, 12cm diameter quartz reactor model comparing the 
impact of methods modeling the spark electrodes.  Simulation time=0.9s. Time step = 0.1ms. 
Ignition location is 11cm from the open end (left). Mesh cell size = 1mm, 0.25mm edge sizing. 
CH4=9.5%. Temperature = 293K, Pressure = 82kPa. One relief hole H=1.2cm. 
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Figure 5.23 Comparison of flame front propagation velocity results from experiments to the 2D, 
12cm diameter quartz reactor model using the spark model and electrode model.  Time step = 
0.1ms. Ignition location is 11cm from the open end (left). Mesh cell size = 1mm, 0.25mm edge 
sizing. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. One relief hole H=1.2cm.  

 

Another important factor to consider in both of these methods is the amount of total 

simulation time as indicated on Figure 5.22. The SM takes 4 days to reach t = 0.9s versus the EM 

which takes 6 days to reach t = 0.9s. Further exploration into this difference has shown that the 

initial kernel expansion in the EM takes 3 days to simulate. This is important because for a 

confined ignition the time scales are much shorter, requiring a time step of 0.01ms to solve in a 

reasonable amount of time. For example, Figure 5.24 and Figure 5.25 show results of a confined, 

closed-end ignition (ignition 11cm from the closed end of the reactor). The geometry shown in 

these figures was cut in half to 0.75m instead of the full 1.5m. The base mesh was 1mm and the 

edge sizing on the walls was 0.25mm. Combustion was initiated using the EM and to simulate 

36ms of flame propagation took over 21 days on an 8 core compute, 3.06GHz, 24GB RAM, 

compared to the SM which takes only 2-3 days to model the full 12cm diameter, 1.5m long 

reactor with the same mesh. Although the flame front propagation velocity results match the 

experiments within 5%, the large simulation times required of using the EM are infeasible for 

this modeling combustion in the large and full-scale models. In comparison, the SM matches the 

maximum flame front propagation velocity within 12% and matches the flame acceleration as 

will be discussed in Chapter 6.   
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Figure 5.24 Temperature contours of 2D, 12cm diameter quartz reactor model for a closed-end 
ignition using the electrode model.  Domain length = 0.75m. Simulation time=36ms. Time step = 
0.01ms. Ignition location is 11cm from the closed end (left). Mesh cell size = 1mm, 0.25mm 
edge sizing. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. One relief hole. 
 

 
Figure 5.25 Comparison of flame front propagation velocity results from experiments to the 2D, 
12cm diameter quartz reactor model using the electrode model.  Domain length = 0.75m. Time 
step = 0.01ms. Ignition location is 11cm from the closed end. Mesh cell size = 1mm, 0.25mm 
edge sizing. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. EM Eign = 5mJ. One relief hole. 

 

Therefore, due to the large simulations times required by using the EM that would be 

required for full-scale longwall model explosion modeling it was decided to investigate using the 

t using the ANSYS Fluent Spark Model (SM). A sensitivity analysis was performed to determine 

which parameters of the ANSYS Fluent Spark Model is the flame most sensitive to: duration, 

initial kernel diameter, spark energy, or flame speed model. It was found that the model was 

sensitive to the initial kernel diameter and the amount of spark energy.  
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Ignition energies were tested between 5mJ and 1J and modeling results with the 

improved SM show no significant differences (<2%) between these energies as shown in Figure 

5.26 , Figure 5.27, and Table 5.7. In 2014, Zipf, et al. (2013) performed experiments in a large 

1.05m diameter, 73m long flame reactor investigating the detonability of natural gas-air mixtures 

and found transition to detonation and detonations for some experiments. In their experimental 

setup, the ignition source was an electric match that produced multiple sparks with a total energy 

of 2kJ. Therefore, researchers investigated the possibility of 1kJ of energy transfer to determine 

whether or not this large amount of energy impacts methane flame acceleration – results are 

shown in Figure 5.28 and Table 5.7. As can be seen, the 1kJ of energy shows differences in 

predicted methane flame speeds and flame shapes compared to 1J (6.8% difference); whether 

this amount of energy is realistic in a methane gas explosion accident is under investigation. This 

amount of energy could be the result of a possible lightning strike or an explosive, but in most 

methane gas explosion cases the ignition source is a result of machine friction, hot streaks, or 

rock friction, which all have lower energies than 1kJ. 

 

 
Figure 5.26 Temperature contours of 2D, 12cm diameter quartz reactor model comparing the 
impact of ignition energy of the SM on flame propagation. Simulation time=10ms. Time step = 
0.01ms. Ignition location is 1.39cm from the open end. Mesh cell size = 1mm, 0.25mm edge 
sizing. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. Eign = 5mJ,120mJ,480mJ, and 
1000mJ. One relief hole. 
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Figure 5.27 Temperature contours of 2D, 12cm diameter quartz reactor model comparing the 
impact of ignition energy of the SM on flame propagation.  Simulation time=20ms. Time step = 
0.01ms. Ignition location is 1.39cm from the open end. Mesh cell size = 1mm, 0.25mm edge 
sizing. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. Eign = 5mJ,120mJ,480mJ, and 
1000mJ. One relief hole. 
 

 
Figure 5.28 Temperature contours of 2D, 12cm diameter quartz reactor model comparing the 
impact of ignition energy of the SM on flame propagation. Simulation time=10ms. Time step = 
0.01ms. Ignition location is 1.39cm from the open end. Mesh cell size = 1mm, 0.25mm edge 
sizing. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. Eign = 1kJ. One relief hole. 
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Table 5.7 Table showing the average percent difference and standard deviation between different 
ignition energies in the 2D, 12cm diameter quartz reactor model for a closed-end ignition.  Time 
step = 0.01ms. Ignition location is 1.39m from the open end. CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. One relief hole.  

 Percent Difference (%) 

 5mJ : 60mJ 
60mJ : 
120mJ 

120mJ : 
480mJ 

480mJ : 1J 1J : 1kJ 

Average  0.06% 0.06% 0.17% 0.78% 6.8% 

Standard 
Deviation  

0.12% 0.12% 0.19% 0.45% 3.9% 

Maximum  0.48% 0.48% 0.64% 1.8% 11% 

 

In the experiments, the distance between the spark electrodes was measured to be 

between 5-10mm, which corresponds to the 5mm and 2.5mm spark radius settings. Initial spark 

radii of 5mm, 2.5mm, and 1.5mm were tested using the SM for a confined, closed-end ignition 

as shown in Figure 5.29 and Figure 5.30. Results show that the model is highly sensitive to the 

initial spark kernel radius and the difference in flame front results continue to grow as a function 

of time. Comparing the pressure results from Figure 5.30 to Figure 4.11 shows that the model 

captures a rise in the overpressure, but the model predicted overpressure is almost 3 times greater 

than the experiments (3.25kPa). 

 

 
Figure 5.29 Comparison of flame front propagation velocity results from experiments to the 2D, 
12cm diameter quartz reactor model using the spark model for different initial kernel radii.  Rini = 
5, 2.5, 1.5mm. Time step = 0.01ms. Ignition location is 1.39m from the open end. Mesh cell size 
= 1mm, 0.25mm edge sizing. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ. No relief hole. 
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Figure 5.30 Total pressure results of the 2D, 12cm diameter quartz reactor model using the spark 
model for different initial kernel radii.  Rini = 5, 2.5, 1.5mm. Time step = 0.01ms. Ignition 
location is 1.39m from the open end. Mesh cell size = 1mm, 0.25mm edge sizing. CH4=9.5%. 
Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
  

 
Figure 5.31 Flame front location results of the 3D, 12cm diameter quartz reactor model using 
different methods of determining flame front for a 4mm body mesh and 2mm body mesh. Rini = 
5, 2.5mm. Time step = 0.01ms. Ignition location is 1.39m from the open end. CH4=9.5%. 
Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
 

Researchers have continued to investigate the impact of the spark radius in 3D and results 

are shown in the Figure 5.31 and Table 5.8. The difference between modeling the spark with an 
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initial spark kernel of 5mm, 2.5mm, and 1.5mm. Results are similar to the 2D model and the 

relative percent error between these cases ranges from 5-17%, the average being approximately 

12%. Based on the 2D and 3D cases, this research determined using an initial spark kernel radius 

of 5mm because it better captures the continual acceleration of the flame shown in Figure 5.29 

without significant differences in predicted overpressure and flame trends. To note, these were 

performed with no relief hole on the closed end; when the relief is included, the flame does slow 

down near the end, similar to the experiments which will be discussed in subsequent sections. 

 

Table 5.8 Table showing the percent error of the 3D, 12cm diameter quartz reactor model 
comparing the initial spark kernel radius for the 4mm body mesh (Rini = 5mm and 2.5mm). Time 
step = 0.01ms. Ignition location is 1.39m from the open end. CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. No relief hole.  

Time (s) 
Percent Error (4mm body) 

 R ini =5mm : R ini =2.5mm (%) 

0.004 5.1 

0.006 7.1 

0.008 11.1 

0.010 13.3 

0.012 13.3 

0.014 16.4 

0.015 16.9 

Average = 12% 

 

5.1.4 Turbulence Model and Parameter Study 

 As discussed in Section 2.8, there are many different turbulence models which can be 

employed to model methane flame propagation. Previous research concluded for the 2D models 

of the small-scale 5cm diameter, 9.5cm diameter, and 71cm diameter reactors that the standard 

k-ε turbulence model best matched experiments (Fig, 2019). However, as discussed, that model 

uses a different method of initiating combustion which can significantly change the turbulence 

parameter settings of the model. This section aims at describing how this current research 

determined the appropriate turbulence parameters and turbulence model for initiating combustion 

via a spark model. This section also discusses the difference in assuming a 2D planar geometry 

versus axisymmetric.  

In ANSYS Fluent, using the Reynold’s Averaged Navier-Stokes equations with 

difference closure models requires model initialization of turbulence parameters such as 

turbulent kinetic energy (k), turbulent dissipation rate (ε), and specific dissipation rate (ω). To 
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calculate these quantities requires certain information about the flow including fluid properties 

and upstream flow properties. The first quantity which must be calculated is the Reynold’s 

number which depends on the mean flow velocity, kinematic viscosity, and hydraulic diameter 

shown in Equation (5.4). In this case, the hydraulic diameter of the cylindrical reactors is the 

reactor diameter, but for the experimental box, the hydraulic diameter is much more difficult to 

estimate and is estimated using a square duct equation.  

 
(5.4) 

 
 

 Next, the turbulent length scale, l, as smaller than the hydraulic diameter of the reactor. A 

factor of 0.07 is recommended if there are obstacles in the flow, the length scale or hydraulic 

diameter may be more appropriately based on the obstacle size (ANSYS© Fluent, 2009). 

However, in order to directly compare the impact of obstacles on the flow, the current model 

uses the same initialization parameters for open reactors and those with obstacles.  

 

(5.5) 

  
 

After determining the flow regime and length scale, an estimation of the turbulent 

intensity can be made using Equation (5.6). The turbulent intensity (I) is the ratio of the RMS 

velocity fluctuations and the mean flow inside the reactor, but for a cylindrical reactor can be 

estimated from the following empirical correlation  (ANSYS© Fluent, 2009):  

 

(5.6) 

 
 

 Next, estimations for the turbulent kinetic energy (k), turbulent dissipation rate (ε), and 

specific dissipation rate (ω) are made using Equations (5.7), (5.8), and (5.9), where Cμ is an 

empirical constant usually 0.09 (ANSYS© Fluent, 2009).  
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(5.7) 

  
 

(5.8) 

  
 

(5.9) 

  
 

Unfortunately, the upstream conditions of the confined ignition are not well known, 

which requires a sensitivity analysis of initial turbulence parameters on flame front propagation. 

To do this, various mean flow velocities were estimated based on a range of velocities between 0 

and the maximum flame front propagation velocities. From these, turbulent quantities were 

calculated for a closed-end ignition in the 12cm diameter reactor as shown in Table 5.9. In future 

work, the upstream turbulence conditions may be estimated using flow sensors and schlieren 

photography to gain a stronger understanding of local fluid fluctuations and the average size of 

the eddies in the flow.  

 

Table 5.9 Table showing calculated turbulent initialization parameters based off different flame 
front propagation velocities of a closed-end ignition in the 12cm diameter quartz reactor.  

uavg (m/s) 1 5 10 20 30 60 

k (m2/s2) 0.004 0.07 0.24 0.8 1.6 5.5 

ε (m2/s3) 0.005 0.37 2.3 14 40 250 

ω (1/s) 14 58 106 195 278 509 

 

As shown in the table, depending on how the mean flow velocity is defined, the 

turbulence parameters have quite a large range. Therefore, simulations were set up initializing 

with different turbulent parameters based on mean flow velocities of 1, 5, 10, 20, 30, and 60m/s. 

In the future, these flow velocities can be estimated based on the kernel expansion rate, but this 

will require additional imaging with a faster rate of frames per second than what was used in this 

research (above 240fps).  

Qualitative results of the simulations are shown in Figure 5.32, Figure 5.33, and Figure 

5.34. Compared to experimental images in Figure 4.8, estimating the initial turbulence 
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parameters using 5m/s and 10m/s results in flame shapes which are different than those observed 

in experiments. Estimating the initial turbulence parameters based off mean flow velocities of 

20m/s and 30m/s result in flame shapes which are more closely related to those observed in 

experiments. One interesting flame shape observed in experiments and the model is shown in 

Figure 5.35 at the open end of the reactor during a closed-end ignition. This shape was not 

observed in approximately 50% of the closed-end ignition experiments and in all of the 2D, 

12cm diameter models of closed-end ignition. Investigation of this shape was performed and it 

was determined this is due to the boundary condition on the open end; the density differences 

between the ambient air and combustion products resulted in flame instabilities leading to a 

slight flame inversion.  

 

 
Figure 5.32 Temperature contours of the 2D, 12cm diameter quartz reactor model investigating 
the impact of different turbulence initialization parameters on flame propagation for a closed-end 
ignition.  Simulation time=10ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
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Figure 5.33 Temperature contours of the 2D, 12cm diameter quartz reactor model investigating 
the impact of different turbulence initialization parameters on flame propagation for a closed-end 
ignition.  Simulation time=12ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
 

 
Figure 5.34 Temperature contours of the 2D, 12cm diameter quartz reactor model investigating 
the impact of different turbulence initialization parameters on flame propagation for a closed-end 
ignition.  Simulation time=25ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
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Figure 5.35 Comparison of methane flame inversion at the open end of the reactor from a closed-
end ignition in the 12cm diameter quartz reactor.  Top – Temperature contour from Figure 5.35 
initialization parameters, k = 1.5m2/s2 and ω = 250 1/s. Bottom – Experimental image showing 
flame inversion. Simulation time = 28ms. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. 
SM Eign = 60mJ. Relief hole height = 1.2cm. 
 

 After comparing the turbulent sensitivity results qualitatively, results were compared 

quantitatively as shown in Figure 5.36 and Figure 5.37. These figures compare the results of 

estimating turbulent properties based of 5, 10, 20, 30m/s as well as a case which rounds the 

turbulent values calculated based off 30m/s to k = 1.5m2/s2 and ω = 250 1/s. As can be seen in 

these figures, there is no one value which absolutely matches experiments perfectly. All of the 

modeling results predict flame arrival at the open end much faster than experiments.  

To investigate this, using the case of k = 1.5m2/s2 and ω = 250 1/s, the kernel diameter at 

time t = 2ms was calculated as dk=0.06m. Complimentary high-speed imaging at 480 fps, 720 

pixels, found that the average kernel diameter of three experiments at time t = 2ms was an order 

of magnitude less, dk=0.008m. At time t = 12.5ms, the measured average flame kernel diameter 

of experiments was dk=0.06m. From these results, it was concluded that the ANSYS Fluent 

Spark Model (v17.2) overpredicts the initial kernel expansion of the flame in 2D. Despite this 

difference, when the results of Figure 5.36 are normalized as shown in Figure 5.37, the rate of 

increase of flame front propagation velocity in experiments match the 2D model when the 

turbulent initialization parameters are estimated based off a mean flow velocity of 30m/s, or 

simplified to k = 1.5m2/s2 and ω = 250 1/s (model – red circles compared to experiments – black 

diamonds).  

Additionally, when comparing the 2D model results to experiments, Figure 5.38, the 

model does a good job at predicting the flame propagation trends towards the open end of the 
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reactor. Although the model predicts more flame slow-down near the open end, this is difficult to 

conclude from the experiments because there were no additional ion sensors between x = 0-25cm 

from the open end. The flame slow down will be discussed in regards to modeling the relief hole 

in Section 5.1.6. Despite this difference, the flame shape of the model near the open end matches 

experiments. Therefore, it was concluded that initializing the model based off a mean flow 

velocity that is approximately 50% of the maximum measured flame front propagation velocity 

qualitatively and quantitatively matches the flame shape and flame acceleration down the 

reactor. Thus, 12cm diameter reactor models modeling closed-end ignition uses the following 

initial turbulent quantities: k = 1.5m2/s2 and ω = 250 1/s. This study was repeated for an open-

end ignition in the 12cm diameter reactor and it determined the following quantities most 

accurately capture flame propagation: k = 0.004m2/s2 and ω = 0.1 1/s. This study was repeated 

for the other experimental reactors and will be discussed in subsequent sections.   

 

 
Figure 5.36 Flame front propagation velocity (FFPV) results of the 2D, 12cm diameter quartz 
reactor model investigating the impact of different turbulence initialization parameters on flame 
propagation for a closed-end ignition.  Time step = 0.01ms. Ignition location is 1.39cm from the 
open end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole 
height = 1.2cm. 
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Figure 5.37 Normalized flame front propagation velocity (FFPV) results of the 2D, 12cm 
diameter quartz reactor model versus experiments for a closed-end ignition.  Time step = 0.01ms. 
Ignition location is 1.39cm from the open end. CH4=9.5%. Temperature = 293K, Pressure = 
82kPa. SM Eign = 60mJ. Relief hole height = 1.2cm. 
 

 
Figure 5.38 2D, 12cm diameter quartz reactor model results compared to experiments for a 
closed-end ignition.  Time step = 0.01ms. Ignition location is 1.39cm from the open end. 
CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
 

After determining the most appropriate turbulent initialization parameters, a study was 

performed investigating the 2D planar assumption by modeling the reactor as axisymmetric. To 

do this requires modeling the 2D, planar 12cm diameter reactor without a relief hole since the 

axisymmetric case cannot assume this. Also explored was a comparison of using the k-ω 

turbulent model to the k-ε turbulence model using initial turbulence parameters based off the 

same mean flow velocity, 30m/s. Results of these studies are shown in Figure 5.39, Figure 5.40, 
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and Figure 5.41. Results show that not modeling the relief hole on the closed end of the reactor 

results in faster flame propagation than modeling the relief hole; this shall be discussed further in 

the subsequent section, however, it is introduced here in order to make a direct comparison 

between the 2D planar assumption and axisymmetric assumption. As shown in the figures, 

assuming axisymmetric using the same model setup results in much faster flame speeds than the 

2D planar assumption. Additionally, using the k-ε model results in even faster flame speeds 

compared to the k-ω turbulence model, which agrees with previous findings (Fig M. , 2019). The 

difference between these turbulence models is due to the fact that the k-ε turbulence model uses 

approximations in the boundary layer and is more often used for flows with high turbulence in 

the bulk of the flow. Therefore, researchers recommend future work performing a sensitivity 

study of the k- ε model investigating different initial turbulence parameters. In contrast, the k-ω 

turbulence model is more well-suited for shear flows, which as it has been shown, has quite an 

impact on the flame shape observed in experiments. Therefore, this manuscript will continue 

using the k-ω turbulence model, but shall revisit this assumption as models continue to increase 

in scale.  

 

 
Figure 5.39 Temperature contours of the 2D, 12cm diameter quartz reactor model investigating 
the impact of mesh size, relief on the closed end, planar versus axisymmetric assumptions, and 
turbulence model on flame propagation for a closed-end ignition. Simulation time=8ms. Time 
step = 0.01ms. Ignition location is 1.39cm from the open end (left). CH4=9.5%. Temperature = 
293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 1.2cm. 
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Figure 5.40 Flame front propagation velocity results of the 2D, 12cm diameter quartz reactor 
model investigating the impact of mesh size, relief on the closed end, planar versus axisymmetric 
assumptions, and turbulence model on flame propagation for a closed-end ignition. Time step = 
0.01ms. Ignition location is 1.39cm from the open end (left). CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 1.2cm. 
 

 
Figure 5.41: Total pressure results of the 2D, 12cm diameter quartz reactor model investigating 
the impact of mesh size, relief on the closed end, planar versus axisymmetric assumptions, and 
turbulence model on flame propagation for a closed-end ignition. Time step = 0.01ms. Ignition 
location is 1.39cm from the open end (left). CH4=9.5%. Temperature = 293K, Pressure = 82kPa. 
SM Eign = 60mJ. Relief hole height = 1.2cm. 
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5.1.5 Impact of Modeling Ion Sensors 

 As described in Chapter 3, the 12cm diameter quartz flow reactor uses ion sensors to 

measure the flame front propagation velocity. The ion sensors are shown in Figure 3.5 on page 

53, where the electrodes are enclosed in ceramic tubes that are 0.5cm in diameter. For open-end 

ignition experiments, the ion sensors were located flush with the top of the reactor, but as shown 

in Figure 3.8 on page 54, the flame resulting from a closed-end ignition requires the sensors to be 

located at least 2cm down into the reactor to more accurately measure the flame front 

propagation velocity. However, from the experiments, given the cross-sectional area of the ion 

probes relative to the cross-sectional area of the reactor it is expected that changing the depth of 

the ion sensors from 1-2cm will have very little impact on the flame characteristics and flame 

propagation velocities. To confirm this hypothesis, a study was performed using the 2D and 3D 

CFD models of the 12cm diameter reactor which included the ion sensors 0.5cm in diameter and 

2cm long.  

 Results of modeling the ion sensors in 2D are shown in Figure 5.42 and indicate that the 

ion sensors can impact methane flame propagation; increasing the overall speed of the flame as 

well as the turbulence induced downstream of the obstacles. However, modeling this scenario in 

2D does not fully resolve turbulence in the third dimension. Results of modeling the ion sensors 

in 3D are shown in Figure 5.43 and show that the ion sensors do not impact methane flame 

propagation. Additionally, in 3D the turbulence induced by the ion sensors is much less than that 

induced by the ion sensors in 2D. This main difference is to the fact that in 2D, the turbulence is 

not fully being resolved, and thus is overestimated. Coupled with the fact that the ion sensors, in 

reality, do not take up the entire cross section of the reactor, the 2D model overpredicts the 

impact of the ion sensors. These results are important because 1) they show that the ion sensors 

do not have a significant impact on the experimental results and 2) they show that to model 

turbulence, especially turbulent flame propagation, requires solving the third dimension. 

Unfortunately, as the models continue to get larger and larger, they require more computational 

time and solving all scenarios in 3D require the use of parallelization over multiple compute 

nodes. Thus, it is important when interpreting 2D modeling results to have a strong knowledge of 

model sensitivity as shown in these studies.  
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Figure 5.42 Temperature and turbulent intensity contours of the 2D, 12cm diameter quartz 
reactor model investigating the impact the ion sensors on flame propagation for a closed-end 
ignition. Simulation time=12ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
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Figure 5.43 Temperature and turbulent intensity contours of the 3D, 12cm diameter quartz 
reactor model investigating the impact the ion sensors on flame propagation for a closed-end 
ignition. Simulation time=12ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 3D 
Body mesh size = 2mm. 
 

5.1.6 Impact of Modeling Relief Holes 

 As discussed in the experimental setup, the relief holes size on the closed end of the 

reactor is 1±0.2cm. In most of the experiments, a single relief hole was opened in order to help 

stabilize the flame front which agrees with findings of other researchers (Andrews & Bradley, 

1972; Rallis & Garforth, 1980). However, determining an adequate representation of the hole in 

the 2D model was done by modeling the relief hole height as a fraction of the total diameter of 

the reactor. This fraction was determined by the total area of the relief hole divided by the total 

area of the closed end also shown in the following equation:  

 

(5.10) 
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As can be seen in Equation (5.10), the ratio of the area of the hole, ‘h’, to the area of the reactor, 

‘r’, is 10%. For the model this was done by taking an edge split of 10% on the closed end of the 

reactor, which means the height of the relief hole modeled in 2D is 1.2cm.   

 Results of modeling the relief hole with H=1.2cm versus not modeling the relief hole for 

an open-end ignition is shown in Figure 5.44 and Figure 5.45 and results are tabulated in Table 

6.1. As can be seen in the following two figures, modeling the relief hole allows for improved 

flame stability and faster flame turn over. However, modeling the relief hole also allows for less 

pressure built up on the closed end of the reactor leading to slower overall flame speeds. When 

comparing the flame speeds, modeling the relief hole better estimates the maximum speed of the 

stoichiometric flame, but overestimates the rich flame speed and underestimates the lean flame 

speed. Not modeling the relief hole better estimates the lean flame speed and overestimates all 

other cases. Also, temperature magnitudes from the model agree with fundamental flame theory 

that a stoichiometric mixture (9.5% methane by volume) is the highest, then rich, and finally the 

lean case.  Taking all of this into account, this research shows that modeling the relief hole in 2D 

must be taken with caution because the flame stability and propagation velocities are sensitive to 

the relief hole sized used. For the open-end ignition case without an obstacle, this shall be 

discussed further in subsequent sections.  

 Figure 5.46 shows results of an open-end ignition with an obstacle wall located 37cm 

from the open end. This figure compares modeling flame propagation across the obstacle with 

and without a relief hole of H=1.2cm. Comparing Figure 5.46 to images of flames passing over 

the obstacle wall in Figure 6.18 shows that not modeling the relief hole results in more realistic 

flame shapes passing over the wall. Results of modeling the relief hole shows that the flame 

expands farther axially than radially, whereas images of the flame show that the flame tends to 

move both axially and radially. Based on these results, it was concluded that modeling an open-

end ignition with an obstacle in 2D does not require modeling the current size of the relief hole 

because it may be artificially allowing faster flame propagation past the obstacle. In the future, a 

better representation of the relief hole may be obtained by measuring the rate of gas expansion 

out of the hole and setting the size of the hole for the model based on gas expansion.  

 



149 
 

 
Figure 5.44 Temperature contours of the 2D, 12cm diameter quartz reactor model without 
modeling the relief hole for an open-end ignition. Simulation time=1.4s. Time step = 0.1ms. 
Ignition location is 11cm from the open end (left). CH4=9.5%. Temperature = 293K, Pressure = 
82kPa. SM Eign = 60mJ. No relief hole. 
 

Finally, closed-end ignition results modeling the relief hole versus not modeling the relief 

hole are shown in Figure 5.47. As shown in this figure, not modeling the relief hole results in 

flame front propagation velocities over 115% greater than modeling the closed-end ignition with 

a relief hole. Closed-end ignition experiments predict a maximum flame front propagation 

velocity of 65m/s and the 2D model with a relief hole predicts a maximum flame speed of 72m/s, 

which is only 11% greater than experiments (Table 6.2, page 185). Additionally, the rate of 

flame front propagation increase (or acceleration) of the flame is greater without modeling the 

relief hole versus modeling the relief hole which was previously shown to match experiments 

well in Figure 5.37. Finally, as shown in Figure 5.34 and Figure 5.35, the 2D model predicts the 

flame stretching and flame shape well compared to experiments (Figure 4.8, page 67). Therefore, 
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all 2D models of the closed-end ignition include modeling the relief hole on the closed end of the 

reactor.  

 

 
Figure 5.45 Temperature contours of the 2D, 12cm diameter quartz reactor model with a relief 
hole of H=1.2cm on the closed end for an open-end ignition. Simulation time=1.4s. Time step = 
0.1ms. Ignition location is 11cm from the open end (left). CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. Relief hole H=1.2cm. 
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Figure 5.46 Impact of modeling the relief hole on the temperature contours of the 2D, 12cm 
diameter quartz reactor model with an obstacle wall during an open-end ignition. Obstacle: wall 
H = 7.62cm, L = 6.35mm, Location = 37cm from open end. Simulation time=1.4s. Time step = 
0.1ms. Ignition location is 11cm from the open end (left). CH4=9.5%. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 5.47 Flame front propagation velocity location results of the 2D and 3D, 12cm diameter 
quartz reactor model investigating the impact of modeling the relief hole on the closed end of the 
reactor. Time step = 0.01ms. Ignition location is 1.39cm from the open end. CH4=9.5%. 
Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole H = 1.2cm. 
 

5.1.7 Impact of Extending the Domain 

 One of the major concerns with evaluating the flame shapes observed in Figure 5.35 was 

that the inversion was due to the zero gauge boundary condition on the open end of the reactor. 

To explore the impact of the open end boundary condition on a closed-end ignition, a study was 

performed extending the domain another 1m and initializing it to stagnant, air at 293K and 

82kPa. In this scenario, the methane-air mixture was stoichiometric, 9.5% methane by volume, 

and the mixture was ignited from the closed end of the reactor. Results are presented in Figure 

5.48-Figure 5.53 and show that extending the domain can change the exact location of the 

inversion, but results in similar flame propagation trends. Figure 5.48 compares the flame front 

propagation velocity versus time when adding the extension slows the flame front propagation 

velocity because as the volume expands, the flame slows in order to maintain mass flow. 

Although the flame front propagation velocities are slightly slow, the extended domain values 

are within 10% of the case not modeling an extension. In general, however, the simulation results 

are fairly similar and the time cost of running a longer model does not outweigh the results. 

Finally, another interesting finding was that, unlike the open-end ignition flame which consumes 

almost all the methane in the reactor domain, the closed-end flame generates enough pressure to 

push out a significant amount of methane. Unfortunately in the experimental setup, probes were 

not set up to measure the flow of methane out of the reactor, but other researchers have also 

noted that these types of flames could push out a significant amount of gas mixture (Bradley & 
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Mitcheson, 1978; McCann, Thomas, & Edwards, 1985; Moen, Lee, Hjertager, Fuhre, & Eckhoff, 

1982).  

 

 
Figure 5.48 Flame front propagation velocity location results of the 2D 12cm diameter quartz 
reactor model investigating the impact of modeling an extension on the closed end of the reactor. 
Time step = 0.01ms. Ignition location is 1.39cm from the open end. CH4=9.5%. Temperature = 
293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 1.2cm. 
 

 
Figure 5.49 Methane mass fraction contours of the 2D, 12cm diameter quartz reactor model 
investigating the impact of modeling an extension on flame propagation for a closed-end 
ignition. Simulation time=5ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
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Figure 5.50 Methane mass fraction contours of the 2D, 12cm diameter quartz reactor model 
investigating the impact of modeling an extension on flame propagation for a closed-end 
ignition. Simulation time=10ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
 

 
Figure 5.51 Methane mass fraction contours of the 2D, 12cm diameter quartz reactor model 
investigating the impact of modeling an extension on flame propagation for a closed-end 
ignition. Simulation time=15ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
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Figure 5.52 Methane mass fraction contours of the 2D, 12cm diameter quartz reactor model 
investigating the impact of modeling an extension on flame propagation for a closed-end 
ignition. Simulation time=20ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
 

 
Figure 5.53 Methane mass fraction contours of the 2D, 12cm diameter quartz reactor model 
investigating the impact of modeling an extension on flame propagation for a closed-end 
ignition. Simulation time=28ms. Time step = 0.01ms. Ignition location is 1.39cm from the open 
end. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole height = 
1.2cm. 
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5.2  Box Reactor Model Setup 

 To understand the impact of reactor shape on methane flame propagation and interaction 

with obstacles, CFD combustion models of the box experiments were setup as shown in 2D in 

Figure 5.54. The model settings of the experimental box reactor are the same as the 12cm 

diameter quartz reactor, including the spark model settings in Table 5.2 (ANSYS Fluent v17.2): 

• 2D planar assumption for all 2D models 

• Pressure-Based Solver 

• Energy Equation 

• Viscous Standard k-ω Turbulence Model 

o Low Re Corrections 

o Shear Flow Corrections 

• Species Transport 

o Volumetric Reactions 

o Stiff Chemistry Solver 

o Finite Rate Chemistry  

▪ Density solved using ideal gas theory 

▪ Diffusion solved using kinetic theory 

▪ Metghalchi and Keck laminar flame speed theory 

• Spark Ignition Model 

• PISO pressure-velocity coupling 

• 2 levels of mesh adaption on the gradient of temperature every 2-10 time steps 

• 2D Model: Residuals set to 10-6, dropping at least 3 orders or magnitude 

• 3D Model: Continuity/velocity residuals set to 10-4, Energy/turbulent 10-6 

• Second order in time and space 

• Time step = 0.1ms for open-end ignition, 0.01ms for closed-end & center ignition 

• Boundary Conditions:  

o Walls – no slip, adiabatic 

o Relief opening – 0 gauge pressure outlets 

o Obstacles– no slip, adiabatic, assuming no heat transfer into the material 
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Figure 5.54 Schematic of 2-D combustion model setup of the box experiments.  

 

In this model, ignition was located near the open end, closed end, and the center of the 

gob in order to understand how the flame might propagate if it were ignited from within the gob 

and might travel towards the longwall face. Although it is not well known if an ignition can 

travel from deep within the gob to the working face, a center ignition is most indicative if there is 

an ignition in the fallen roof gob near the tailgate entry, where explosive gas zones are known to 

exist.  

As discussed previously, determining the size of the relief opening in 2D is difficult and 

this research recognizes that this can be considered a tuning parameter in this model. For the 

experiment box, if one were to determine the size of the relief opening based on the ratio of areas 

then the opening would be 5.6cm. However, if the relief opening was determined based off the 

hydraulic diameter of the relief, then it would be 8.8cm. Averaging these two methods leads to a 

relief opening size of 7.2cm, which is approximately the height of the opening, 7cm. Since this 

average value is similar to the height of the opening, researchers are using a relief size of 7cm for 

the 2D model. Noted that for the 12cm diameter reactor the height of the relief was also used in 

the 2D model. However, to reiterate, the relief opening can be seen as a tuning parameter of the 

model.  

Additionally, estimating the turbulence parameters, as previous shown with the 2D 12cm 

diameter reactor model, is difficult and requires a sensitivity analysis to be performed. 

Unfortunately Equation (5.4) and Equation (5.5) are derived for pipe flow, thus, researchers 

determined the appropriate turbulence initialization parameters by comparing CFD flame 
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propagation results to the flame kernel growth and propagation recorded from experimental high-

speed imaging. To begin, values from the 2D, 12cm diameter model were used: open-end 

ignition k = 0.004m2/s2 and ω = 0.1 1/s, closed-end ignition k = 1.5m2/s2 and ω = 250 1/s. The 

turbulent kinetic energies and specific dissipations were changed orders of magnitude away from 

these values. Based on flame shape and flame speed, it was determined the following turbulence 

values best represented what was observed from experiments: open-end ignition k = 0.001m2/s2 

and ω = 0.1 1/s (corresponding to flow velocities less than 1m/s), closed-end ignition k = 

1.5m2/s2 and ω = 25 1/s. Result comparisons are shown in subsequent sections of this 

manuscript.  

5.2.1 2D Mesh Independence Study 

To begin modeling the experimental box as described in Section 3.1.2, a 2D model was 

created and a variety of meshes were compared: 2mm, 1mm, and 0.5mm. All of the meshes were 

quadrilateral dominant as shown in Figure 5.55 and mesh statistics are summarized in Table 

5.10. As can be seen the mesh is primarily structured, but some of the cells are skewed and have 

aspect ratios larger than 1. However, despite these drawbacks, the meshes have fairly good 

quality. Additionally, for all models which include obstacles, the obstacles have a constant edge 

sizing of 0.5mm as shown in Figure 5.56. Edge sizing was used on the obstacles to help resolve 

the boundary layers as the flame interacts with the obstacles. Additionally, all models presented 

employ mesh adaption on the gradient of temperature, 2 levels every 2-10 time steps depending 

on whether the flame is highly turbulent or mainly wrinkled laminar.  

 

 
Figure 5.55 Image of the 2D, box reactor mesh with a quadrilateral dominant 0.5mm body mesh. 
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Table 5.10 2D, box reactor mesh statistics for a 2mm, 1mm, and 0.5mm body mesh: number of 
elements, number of nodes, minimum orthogonality quality, maximum skewness, and maximum 
aspect ratio. No edge sizing.   

 
Number of 
Elements 

Number of 
Nodes 

Minimum 
Orthogonality 

Quality 

Maximum 
Skewness 

Maximum 
Aspect Ratio 

2mm body mesh 42,591 43,010 0.7 0.3 3.2 

1mm body mesh 169,763 170,594 0.8 0.2 2.7 

0.5mm body mesh 688,999 690,640 0.6 0.3 4.1 

 

 
Figure 5.56 Image of the 2D, box reactor mesh with a quadrilateral dominant 1mm body mesh 
and 0.5mm edge sizing on obstacle boundaries. 

 

A mesh independence study for the 2D box model was performed alongside determining 

the appropriate turbulence initialization settings. Mesh independence results were determined by 

taking a seeded diagonal line as shown in Figure 5.57 and results are tabulated in Table 5.11. As 

shown, a mesh size of 1mm results in flame front locations less than 1% different than the 

0.5mm case. Additionally, the standard deviation and maximum errors are less than 1% for the 

1mm mesh. Therefore, all 2D models use a 1mm quadrilateral base mesh with a 0.5mm edge 

sizing on all obstacles to resolve the boundary layers. 
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Table 5.11 Average percent error, standard deviation, and maximum error in the flame front 
location between different body meshes for the 2D, box model. 

 Percent Error (%) 

 2mm : 1mm 1mm : 0.5mm 

Average 1.9 0.0 

Standard Deviation 2.5 0.6 

Maximum Error 10 0.5 

 

 
Figure 5.57 Schematic of the 2-D combustion model setup of the box experiments with a yellow 
line indicates seeded line used to compared flame front propagation towards the relief opening 
for different mesh sizes for a confined ignition. 
 

5.2.2 3D Mesh Independence Study 

A 3D mesh was created for the experimental box using a cut cell, quadrilateral dominant, 

method as shown in Figure 5.58. Two different meshes were compared for the 3D, box model, a 

5mm mesh and a 2.5mm mesh. Mesh statistics are presented in Table 5.12 and show that the 

orthogonality quality is very close to one with maximum skewness below 0.2. Also, the 

maximum aspect ratios are close to 2 which means the dimensions of the cells are mostly 

proportional. Altogether, these statistics show a very good quality mesh. As a note, the 2.5mm 

cut cell mesh resulted in over 1.5 million cells. A mesh of 1-1.25mm was attempted, but resulted 
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in a large amount of cells which was not feasible to run on an 8 core compute. In the future, 

running across nodes should be investigated so that finer meshes can be used. To help overcome 

some of the error of a 2.5mm mesh, aggressive mesh adaption was used: 3 levels every 2 time 

steps. As will be shown, this helped resolved the flame front propagation well, but resulted in 

some error associated with other flow quantities.  

 

 
Figure 5.58 Image of the 3D, box reactor mesh with a quadrilateral dominant 2.5mm body mesh. 
 

Table 5.12 3D, box reactor mesh statistics for a 5mm and 2.5mm body mesh: number of 
elements, number of nodes, minimum orthogonality quality, maximum skewness, and maximum 
aspect ratio. No edge sizing.   

 
Number of 
Elements 

Number of 
Nodes 

Minimum 
Orthogonality 

Quality 

Maximum 
Skewness 

Maximum 
Aspect Ratio 

5mm body mesh 216,039 228,480 1 0 1.8 

2.5mm body mesh 1,704,543 1,757,663 0.8 0.2 2.2 

 

To begin, a mesh independence study was also undertaken for the 3D box model using 

the same initialization settings as the 2D model for a confined ignition (k = 1.5m2/s2 and ω = 25 

1/s). A seeded line extending from the confined ignition towards the relief opening was used to 

determine flame front location and compare meshes. This research recognizes that in 3D the 

flame can propagate in all directions, but this analysis was performed to directly compare flame 

location to the average velocities observed in experiments., The 3D mesh independence study 
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shows that using mesh adaption on the temperature gradient, 3 levels every 2 time steps (0.01ms 

time step), with a coarse 5mm mesh is within 1±1% of the flame front location compared to a 

2.5mm mesh, with a maximum relative error below 2%.  

 

 
Figure 5.59 Schematic of 3-D combustion model setup of the box experiments. XY plane is 
located in the middle of the reactor, at z = 0.075m.  Yellow line indicates seeded line used to 
compared flame front propagation towards the relief opening for different mesh sizes for a 
confined ignition. 
 
Table 5.13 Average relative error and standard deviation in the flame front location between 
different body meshes of the 3D box model for a confined ignition. Adaption on the temperature 
gradient, 3 levels every 2 times steps. 

Time (s) Relative Error (%) 
5mm : 2.5mm 

0.02 0.4 

0.045 0.0 

0.06 -0.8 

0.08 -1.6 

0.105 -1.6 

0.12 -0.5 

Average -0.7 

Standard Deviation 0.8 

  

As discussed with the 3D model of the 12cm diameter reactor, evaluating mesh 

independence in 3D is quite complex and requires investigation of flow properties in 3D space. 

Thus far for the 3D, box reactor model, the flame front location as a function of time has been 
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evaluated and the relative error between a 5mm and 2.5mm mesh is less than 2%. The next step 

of the mesh independence process is to plot and compare flow quantities. To do this, three (3) 

XZ planes were compared with two (2) seeded lines at different locations as shown in Figure 

5.60. Temperature contours are shown as a function of time in Figure 5.61, Figure 5.62, and 

Figure 5.63; as shown in these figures, the temperature contours are similar, but the 5mm mesh 

shows a much coarser resolution. Results of probing the seeded lines (999 points were taken and 

averaged) are tabulated in Table 5.14 and Table 5.15. Although these results are only tabulated 

for time t=11ms, they have been reviewed over several time steps. In general, results show that 

evaluating the 5mm and 2.5mm mesh based on the total temperature results in average percent 

differences less than 5%, though the standard deviations range from 7-11%. Note that grid 

adaption is used in these models and resolves the flame front by employing 3 levels of mesh 

adaption on the gradient of temperature every 2 time steps. Since the grid adaption resolves the 

temperature with higher accuracy compared to the flow velocities, the large average percent 

differences calculated based off the fluid velocity magnitude is of no surprise, 15-40% 

differences. This was also observed with the 3D model of the 12cm diameter reactor. Based on 

these results, this research has concluded that for the 3D box model, a base mesh of 5mm with 

aggressive mesh adaption is adequate to resolve the flame front, but a base mesh of 2.5mm is 

highly recommended to better resolve local flow velocities and temperature gradients.   

 

 
Figure 5.60 Schematic of 3-D combustion model setup of the box experiments showing three XZ 
planes with two seeded lines per plane used to extract data for further mesh independence 
investigation.  
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Figure 5.61 Temperature contours of the 3D, box reactor model investigating the impact of mesh 
size on flame propagation. Temperature and velocity data was extracted from the seeded lines on 
XZ planes. Simulation time = 5ms. Time step = 0.01ms. Confined ignition located opposite the 
relief. CH4 = 9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Body mesh size = 
5mm and 2.5mm. 
 

 
Figure 5.62 Temperature contours of the 3D, box reactor model investigating the impact of mesh 
size on flame propagation. Temperature and velocity data was extracted from the seeded lines on 
XZ planes. Simulation time = 7ms. Time step = 0.01ms. Confined ignition located opposite the 
relief. CH4 = 9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Body mesh size = 
5mm and 2.5mm. 
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Figure 5.63 Temperature contours of the 3D, box reactor model investigating the impact of mesh 
size on flame propagation. Temperature and velocity data was extracted from the seeded lines on 
XZ planes. Simulation time = 11ms. Time step = 0.01ms. Confined ignition located opposite the 
relief. CH4 = 9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Body mesh size = 
5mm and 2.5mm. 
 

Table 5.14 Average percent difference and standard deviation in the total temperature between 
different body meshes of the 3D box model for a confined ignition at time, t = 11ms. Body mesh 
sizes compared are 5mm and 2.5mm. Lines are seeded with 999 points.  

 XZ Plane at 
y = 0.125m 

XZ Plane at  
y = 0.25m 

XZ Plane at  
y = 0.375m 

 Top 
Line 

Bottom 
Line 

Top 
Line 

Bottom 
Line 

Top 
Line 

Bottom 
Line 

Average Difference (%) 0 1 3 3 4 4 

Standard Deviation (%) 8 7 9 9 11 11 

 

Table 5.15 Average percent difference and standard deviation in the fluid velocity magnitude 
between different body meshes of the 3D box model for a confined ignition at time, t = 11ms. 
Body mesh sizes compared are 5mm and 2.5mm. Lines are seeded with 999 points.  

 XZ Plane at 
y = 0.125m 

XZ Plane at  
y = 0.25m 

XZ Plane at  
y = 0.375m 

 Top 
Line 

Bottom 
Line 

Top 
Line 

Bottom 
Line 

Top 
Line 

Bottom 
Line 

Average Difference (%) 40 32 23 15 23 22 

Standard Deviation (%) 43 32 18 13 16 16 
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Figure 5.64 Total temperature along a seeded line on the XZ plane located at y=0.125m for the 
3D, box reactor model. Simulation time=11ms. Time step = 0.01ms. Confined ignition located 
opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 3D 
Body mesh size = 2.5mm and 5mm.  
 

 
Figure 5.65 Total temperature along a seeded line on the XZ plane located at y=0.25m for the 
3D, box reactor model. Simulation time=11ms. Time step = 0.01ms. Confined ignition located 
opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 3D 
Body mesh size = 2.5mm and 5mm. 
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Figure 5.66 Total temperature along a seeded line on the XZ plane located at y=0.375m for the 
3D, box reactor model. Simulation time=11ms. Time step = 0.01ms. Confined ignition located 
opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 3D 
Body mesh size = 2.5mm and 5mm. 
 

 
Figure 5.67 Velocity magnitude along a seeded line on the XZ plane located at y=0.125m for the 
3D, box reactor model. Simulation time=11ms. Time step = 0.01ms. Confined ignition located 
opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 3D 
Body mesh size = 2.5mm and 5mm. 
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Figure 5.68 Velocity magnitude along a seeded line on the XZ plane located at y=0.25m for the 
3D, box reactor model. Simulation time=11ms. Time step = 0.01ms. Confined ignition located 
opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 3D 
Body mesh size = 2.5mm and 5mm. 
 

 
Figure 5.69 Velocity magnitude along a seeded line on the XZ plane located at y=0.375m for the 
3D, box reactor model. Simulation time=11ms. Time step = 0.01ms. Confined ignition located 
opposite the relief. CH4=9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 3D 
Body mesh size = 2.5mm and 5mm. 
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5.2.3 Mesh Adaption Study 

 As shown in the previous section, for the 3D model of the experimental box a coarse 

mesh size of 5mm is adequate to resolve the flame front within 2% of a 2.5mm mesh using mesh 

adaption on the temperature gradient. A further study was performed to determine the best 

settings to use for the mesh adaption by comparing the frequency at which the model is adapting 

and the levels of adaption. Results of this study are shown in Table 5.16 and Figure 5.70. As can 

be seen, using 2 levels of adaption results in shorter simulations times than using 3 levels of 

adaption and the less frequent the mesh adaption the less total simulation time. Based on the total 

temperature on the diagonal line (shown in Figure 5.59 on page 162), for this coarse grid using 3 

levels of adaption every 2 time steps results in flames that are almost 5% faster than using 2 

levels of adaption. However, the simulation time of modeling the box with 3 levels every 2 times 

steps is twice the amount of simulation time when using 2 levels of adaption. Therefore, it is 

recommended that for flame front accuracy, 3 levels every 2 times steps is used, but 2 levels 

every 2 time steps may be appropriate when simulation time is of concern. This is important as 

models continue to increase in size and simulation time becomes more important to balance. 

 

 
Figure 5.70 Total temperature versus location results of the 3D, box reactor model investigating 
the impact of mesh adaption settings. Simulation time = 5ms. Time step = 0.01ms. Confined 
ignition. CH4 = 9.5%. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ.  
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Table 5.16 Comparison of mesh adaption settings and simulation times of the 3D box model for 
a confined ignition. Adaption on the temperature gradient with varying levels and frequency. 
Models run on an 8 core compute, 3.06GHz, 24GB RAM.  

Levels 2 2 2 3 3 

Frequency 1 2 5 1 2 

Simulation Time 14hr, 42min 12hr, 33min 11hr, 27min 48hr 30hr 

 

5.3 2D 71cm Diameter Reactor Model Setup 

 A 2D combustion model of the 71cm diameter, 6.1m long reactor was developed as 

shown in Figure 5.71.  

 

 
Figure 5.71 Schematic of 2D combustion model geometry setup of the 71cm diameter steel 
reactor located at Edgar Experimental Mine in Idaho Springs, CO.  

 

The model settings of the 71cm diameter reactor are the same as the 12cm diameter quartz 

reactor and box model, including the spark model settings in Table 5.2 (ANSYS Fluent v17.2): 

• 2D planar assumption for all 2D models 

• Pressure-Based Solver 

• Energy Equation 

• Viscous Standard k-ω Turbulence Model 

o Low Re Corrections 

o Shear Flow Corrections 

• Species Transport 
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o Volumetric Reactions 

o Stiff Chemistry Solver 

o Finite Rate Chemistry  

▪ Density solved using ideal gas theory 

▪ Diffusion solved using kinetic theory 

▪ Metaghalchi and Keck laminar flame speed theory 

• Spark Ignition Model 

• PISO pressure-velocity coupling 

• Continuity/energy residuals set to 10-5, Velocity/species residuals set to 10-3 

• Second order in time and space 

• Time step = 0.01ms  

• Boundary Conditions:  

o Walls – steel, 5mm roughness height, adiabatic 

o Obstacles– no slip, adiabatic, assuming no heat transfer into the material 

5.3.1 2D Turbulence Model Settings & Mesh Independence Study 

To begin modeling the 71cm diameter reactor presented in Section 3.2, a 2D quadrilateral 

dominant mesh was created as demonstrated in Figure 5.72. As can be seen in this image, the 

mesh is primarily structured, but based on the mesh statistics shown in Table 5.17 some of the 

cells are slightly skewed and can have large aspect ratios. Two main base meshes were 

compared, a 4mm and 2mm mesh, however a third mesh was created with slightly larger cells: 

5mm base mesh with 1mm edge sizing on the walls as shown in Figure 5.73. The 5mm base 

mesh with 1mm edge sizing results in a similar number of cells as the 4mm mesh, but the 

maximum skewness increases due to the unstructured mesh. This 5mm mesh with 1mm edge 

sizing was primarily used when considering flame propagation across obstacles; unfortunately, 

Fluent’s meshing client had difficulties meshing at 4mm and 2mm when considering obstacles in 

the flow, thus a slightly coarser mesh was used with edge sizing on the obstacles to help resolve 

boundary layers. Additionally, mesh adaption was employed to help resolve the flame front in 

the bulk flow.  
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Figure 5.72 Image of the 2D, 71cm diameter reactor mesh with a quadrilateral dominant 2mm 
body mesh. 
 

 
Figure 5.73 Image of the 2D, 71cm diameter reactor mesh with a quadrilateral dominant 5mm 
body mesh and 1mm edge sizing on the reactor walls. 
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Table 5.17 2D, 71cm diameter reactor mesh statistics for a 2mm body mesh, a 4mm body mesh, 
and a 5mm body mesh with 1mm edge sizing: number of elements, number of nodes, minimum 
orthogonality quality, maximum skewness, and maximum aspect ratio.  

 
Number of 
Elements 

Number of 
Nodes 

Minimum 
Orthogonality 

Quality 

Maximum 
Skewness 

Maximum 
Aspect Ratio 

2mm body mesh 979,191 982,147 0.4 0.4 6.1 

4mm body mesh 250,358 251,866 0.4 0.4 5.3 

5mm body mesh, 
1mm edge sizing 

254,386 258,813 0.5 0.7 3.2 

 

Determining the turbulence parameters, as previous shown with the 12cm diameter 

reactor model and box model, can be difficult, but researchers used their knowledge of flame 

front propagation velocities and flame shape to help determine the most appropriate parameters. 

For example, for the 12cm diameter reactor the most appropriate turbulent quantities were based 

off an average flow velocity of 30m/s, which was slightly less than half the maximum flame 

front propagation velocity. Thus, to begin this for the 2D, 71cm diameter reactor model, 

researchers began with estimating the flow quantities based off an average flow velocity of 

40m/s, corresponding to k = 1m2/s2 and ω = 45 1/s (maximum flame front propagation velocity 

was approximately 125m/s). After this, a parametric study was performed changing the kinetic 

energy and the dissipation rate orders of magnitude. Results of this study are shown in Figure 

5.74 and show that estimating the turbulence parameters as k = 0.1m2/s2 and ω = 45 1/s gives the 

closest agreement between the 2D CFD model and experiments.  

After determining the best turbulence parameters, a 2D mesh independence study was 

performed and results are shown in Table 5.18. Results show that the flame front calculated 

using a 4mm body mesh is within 15% the flame front for a 2mm body mesh. Although an error 

of 15% seems large, Figure 5.75 and Figure 5.76 show there is a very close agreement between 

the 4mm and 2mm body meshes. Unfortunately comparing these meshes to a 1mm body mesh 

was infeasible with the current computational power. Additionally, the total simulation time for 

the 4mm body mesh was 5 days and the total simulation time for the 2mm body mesh was 15 

days. Extrapolating this to a 1mm body mesh would mean an estimating simulation time of 45 

days. Taking all of this into account, researchers recommend a 4mm body mesh due to ease of 

meshing, reduced simulation times, and reasonable flame front propagation velocity estimates. 
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Figure 5.74 Flame front propagation velocity versus distance for the 2D 71cm diameter reactor 
model for a closed-end ignition with varying turbulence initialization parameters. Ignition 
location is 28.5cm from the closed end. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 4-
5mm. Temperature = 295K, Pressure = 76kPa. SM Eign = 60mJ.  
 

Table 5.18 Average percent error, standard deviation, and maximum error in the flame front 
location between different body meshes for the 2D, 71cm diameter reactor model. k = 0.1m2/s2 
and ω = 45 1/s. 4mm mesh uses grid adaption on the temperature gradient, 2 levels every 2 time 
steps.  

 4mm : 2mm 

Average Error (%) 15 

Standard Deviation (%) 7 

Maximum Error (%) 25 

 

 
Figure 5.75 Flame front propagation velocity versus time for the 2D 71cm diameter reactor 
model for a closed-end ignition with varying body mesh sizes. k = 0.1m2/s2 and ω = 45 1/s.  
Ignition location is 28.5cm from the closed end. Time step = 0.01ms. CH4 = 9.5%. Body mesh 
size = 4mm and 2mm. Temperature = 295K, Pressure = 76kPa. SM Eign = 60mJ.  
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Figure 5.76 Flame front propagation velocity versus distance for the 2D 71cm diameter reactor 
model for a closed-end ignition with varying body mesh sizes. k = 0.1m2/s2 and ω = 45 1/s.  
Ignition location is 28.5cm from the closed end. Time step = 0.01ms. CH4 = 9.5%. Body mesh 
size = 4mm and 2mm. Temperature = 295K, Pressure = 76kPa. SM Eign = 60mJ.  

 

 
Figure 5.77 Comparison of modeling the 71cm diameter reactor in 2D assuming planar versus 
axisymmetric along the axial direction for a closed-end ignition using k = 1.5m2/s2 and ω = 45 
1/s . Ignition location is 28.5cm from the closed end. Time step = 0.01ms. CH4 = 9.5%. Body 
mesh size = 4-5mm. Temperature = 295K, Pressure = 76kPa. SM Eign = 60mJ.  
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Figure 5.78 Temperature contours of the axisymmetric 2D, 71cm diameter quartz reactor model 
using k = 1.5m2/s2 and ω = 45 1/s.  Simulation time=14ms. Time step = 0.01ms. Ignition location 
is 28.5cm from the closed end. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 4-5mm. 
Temperature = 295K, Pressure = 79kPa. SM Eign = 60mJ.  
 

Researchers also investigating possibly using an asymmetric model instead of a 2D 

planar model. Results of the investigating are presented in Figure 5.77 and Figure 5.78. As can 

be seen in these figures, the axisymmetric case predicts faster flame front propagation velocities 

than the 2D planar case agreeing with previous observations modeling the 12cm diameter quartz 

reactor. Although the axisymmetric case predicts faster flames than assuming a 2D planar 

geometry, the predict flame shape shown in Figure 5.78 shows flame inversion at the line of 

symmetry. However, if the shape of the flame is assumed to look more like a closed-end ignition 

flame (Figure 2.7) then the axisymmetric case does not predict this well. Unfortunately there is 

no photographic evidence of the shape of this flame to help determine whether the axisymmetric 

assumption is valid. Also, one of the reasons the axisymmetric case is predicting faster flames 

than the 2D planar case is because the same turbulence parameters were used. This is important 

because in the planar case the turbulence parameters compensate for some of the turbulence in 

the radial direction, whereas the axisymmetric case already takes this swirl into account.  
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CHAPTER 6  

CFD MODELING OF PREMIXED METHANE-AIR DEFLAGRATIONS IN 

EXPERIMENTAL REACTORS 

 

 The previous chapter, Chapter 5, discusses the model setups for the 12cm diameter 

reactor, experimental box, and 71cm diameter reactor. Additionally, Chapter 5 discusses the 

combustion model settings such as the turbulence model, turbulence initialization parameters, 

and spark initiation methods and how these settings impact model predicted methane gas 

deflagrations. This chapter summarizes the major modeling results of the 12cm diameter reactor, 

experimental box, and 71cm diameter reactor in 2D and 3D and compares these results to flame 

front propagation velocities, flame trends, and flame shapes observed from experiments 

presented in Chapter 4.  

6.1 2D 12cm Diameter Quartz Reactor Modeling Results 

Experiments in the 12cm diameter reactor are presented in Section 4.1-4.5 and the CFD 

model settings are presented in Section 5.1. This section shall present complimentary 2D and 3D 

modeling results and discuss the model performance compared to experiments and other 

researchers. 

6.1.1 Empty Reactor: Impact of Mixture Stoichiometry  

It is well known that EGZs exist underground in longwall coal mines and although there 

has been significant research modeling these EGZs (Juganda, Brune, Bogin, Grubb, & Lolon, 

2017; Ren & Edwards, 2000; Tanguturi, Balusu, & Bongani, 2017), still not a lot is known about 

the location, movement, and actual composition since a mine environment is inherently transient. 

Therefore, it is important to capture the impact of stoichiometry on methane flame propagation 

in the CFD models in order to build a comprehensive model capable of modeling methane gas 

explosions in underground coal mines.  

Previous open-end ignition experiments investigating the impact of methane-air mixture 

stoichiometry on flame propagation in the 12cm diameter quartz flow reactor found that the 

stoichiometric flame (9.5% methane by volume) was fastest, followed by the lean (7.5%) and 

rich flame (11.5%) (Figure 4.3 and Figure 4.4 in Section 4.1). However, according to laminar 

flame theory, a rich 11.5% laminar flame at standard temperature and pressure is faster than a 
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stoichiometric or 7.5% lean flame as shown in Figure 2.4. The reason for this difference is that in 

the experiments, a diffusion flame was observed on the open end of the reactor during the rich 

flame propagation. This diffusion flame acted similar to a counter balance, slowing down the 

main rich flame front, reducing the overall speed of the flame.  

 

 
Figure 6.1: 2D 12cm diameter reactor results of investigating the impact of mixture 
stoichiometry on methane flame front location versus time for an open-end ignition.  Ignition 
location is 11cm from the open end. Time step = 0.1ms. CH4 = 7.5, 9.5, 11.5%. Body mesh size 
= 1mm, 0.25mm edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief 
hole. 
 

Table 6.1 Table comparing experimental data to the 2D 12cm reactor model predictions of 
maximum flame front propagation velocity (FFPV) and standard deviation of the mean for an 
open-end ignition with different mixture stoichiometries.  Temperature = 293K, Pressure = 
82kPa. SM Eign = 60mJ.  

 2D Model without Relief 
2D Model with Relief 

H=1.2cm 
Experiments 

Mixture 
Stoichiometry 

7.5% 9.5% 11.5% 7.5% 9.5% 11.5% 7.5% 9.5% 11.5% 

Max FFPV 
(m/s) 

1.05 1.65 1.65 0.85 1.39 1.46 1.05 1.32 0.95 

Standard 
Deviation 

(m/s) 
- - - - - - 0.04 0.04 0.14 

 

These experiments were modeled using the 2D 12cm diameter reactor model (without a 

relief hole) and results are presented in Figure 6.1 and Table 6.1. Results show that the rich and 
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stoichiometric flames propagate at similar speeds, but near the end of the reactor the rich flame 

propagates faster than the stoichiometric flame.  The lean flame propagates slowest, as expected, 

and the maximum flame front propagation velocity calculated from the lean flame matches the 

experiments well. The 2D model without a relief hole predicts a 25% increase in the maximum 

flame front propagation velocity of the stoichiometric flame measured in experiments. This is 

mainly due to the simplified 2-step methane-air mechanism summarized in Table 5.1: the first 

reaction of methane of oxygen was experimentally determined at high temperatures (>1000C) 

and an equivalence ratio range of 0.05-0.5 and the second reaction of CO and oxygen is validated 

over an equivalence ratio range of 0.04-0.5 (Dryer & Glassman, 1973). Since these mechanisms 

have been validated under the lean conditions, it makes sense that the model results would more 

accurately predict the lean flame propagation. In summary, the increased speeds predicted by the 

2D model for the stoichiometric and rich case can be attributed to the reduced 2-step methane-air 

mechanism employed coupled with the simplicity of the 2D model. Since the chemistry is 

reduced to a 2-step mechanism, the heat release by the reaction of methane and oxygen is 

overpredicted leading to faster flame speeds for the stoichiometric and rich flame.  

 As discussed, one of the main advantages of the 12cm diameter quartz reactor is the 

optical access to the flame, allowing validation of the models based on flame speeds as well as 

flame shape and trends. Thus, in addition to capturing the overall flame trends and approximately 

flame front propagation velocities, the 2D 12cm diameter reactor model (without a relief) also 

captures the general flame shape as shown in Figure 6.2, Figure 6.3, and Figure 6.4. As can be 

seen in these transient images, the flame propagates and eventually turns over due to hot, 

buoyant product gases rising to the top of the reactor and pushing over the flame front agreeing 

with observations by other researchers (Guenoche & Jouy, 1953). Compared to experimental 

images in Figure 4.5, Section 4.1, the model captures this turn over well, but later in the flame 

development than observed in experiments. This is due to the fact that buoyancy is a slow 

process and it is difficult to accurately capture this phenomenon, which is a 3D process. 

Additionally, the 2D model without a relief shows that the stoichiometric flame does not fully 

turn over into the classic angled flame. This is because the model does not include the relief hole 

on the closed end of the reactor which increases the pressure build up such that it is more 

difficult for the flame to turn over. These results also help demonstrate the need to accurately 
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model the experiment and the sensitivity of the model to the pressure relief hole, and if ignored, 

will provide results which overpredict the maximum flame front propagation velocities.  

To investigate this flame turnover discrepancy, additional 2D models were run with the 

relief hole, H=1.2cm; flame shapes are presented in Figure 6.5 and maximum flame front 

propagation velocities are shown in Table 6.1. As shown, modeling the relief allows for some 

additional flame stability and slightly less pressure build up which allows the buoyant gases time 

to rise and push over the top of the flame, decreasing the overall speed of the flame. Thus, the 

resulting maximum flame front propagation velocity of the modeled stoichiometric flame is 

within 5% of the measured flame speed.  

These results are important because they show that the model accurately captures the 

flame propagation shape and trends and predicts the maximum flame front propagation velocity 

well in 2D. These model results also capture the flame temperature trends well: the highest being 

stoichiometric, then rich, followed by the lean case, which agrees with fundamental flame theory 

(Turns, 2012). Additionally, the results show how small changes to the 2D model can result in 

large changes to the predicted flame shapes and speeds. Most of these differences can be 

attributed to the model being 2D and assuming a 2-step methane-air chemistry mechanism, but 

these differences should be noted and taken into account as the model is transformed to 3D. 

Experiments showed that a confined ignition at the closed end of the reactor resulted in 

flame front propagation velocities approximately 50 times greater than an unconfined, open-end 

ignition. Additionally, the closed-end flame had a very different shape than the open-end flame 

as shown in Figure 4.5 and Figure 4.8 in Section 4.1. Since the confined, closed-end flame was 

significantly faster than the open-end flame, buoyancy was essentially negligible, and the flame 

looks more parabolic which agrees with observations made by other researchers (Clanet & 

Searby, 1996; Ellis & Wheeler, 1928; Guenoche & Jouy, 1953).  

 As discussed in Chapter 5, modeling a closed-end ignition in the 12cm diameter reactor 

in 2D is most accurate by modeling the relief hole on the closed end of the reactor. Results of 

modeling a closed-end ignition with varying stoichiometry is shown in Figure 6.6-Figure 6.10 

and Table 6.2 on pages 184-188. Comparing modeling results in Figure 6.6 to experimental 

results shown in Figure 4.6 and Figure 4.7 of Section 4.1, the trends of flame acceleration match 

experiments, but the rich flame travels faster than observed in experiments. This is due to the 2-

step methane air mechanism predicting faster conversion of methane to CO and CO2 instead of 
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intermediate species such as OH and other radicals, leading to faster rich flames. Despite this 

simplification, the maximum flame front propagation velocities predicted by the 2D model are 

within 12% of the experiments. Additionally, the flame shapes predicted by the 2D model match 

well with experimental images; the flame is the traditional “finger shape” and due to flame 

stretching, the flame tears apart. Overall, the 2D model predicts the lean and stoichiometric 

flame well, but overpredicts the speed of the rich flame. The model does a good job of predicting 

flame acceleration and flame shape, but shows a significant flame slow-down near the open end 

of the reactor. This slow down occurs in the last 25-35cm of the reactor, where there is only one 

sensor so it is difficult to determine whether the slow down occurs experimentally. Also, using 

high-speed imaging at 240fps only shows 1 or 2 frames near the open end which is not sufficient 

to adequately resolve the change in propagation velocity during the last 25cm of the reactor. 

 

 
Figure 6.2 Temperature contours of methane flame propagation for an open-end ignition with 
varying stoichiometry at time, t=0.2s. Ignition location is 11cm from the open end. Simulation 
time=0.2s. Time step = 0.1ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
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Figure 6.3 Temperature contours of methane flame propagation for an open-end ignition with 
varying stoichiometry at time, t=1.0s. Ignition location is 11cm from the open end. Simulation 
time=1.0s. Time step = 0.1ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
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Figure 6.4 Temperature contours of methane flame propagation for an open-end ignition with 
varying stoichiometry at time, t=1.8s. Ignition location is 11cm from the open end. Simulation 
time = 1.8s. Time step = 0.1ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
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Figure 6.5 Temperature contours of methane flame propagation for an open-end ignition with 
varying stoichiometry at time, t=1.2s. Ignition location is 11cm from the open end. Simulation 
time = 1.2s. Time step = 0.1ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. One (1) relief hole, H=1.2cm. 

 

 
Figure 6.6 2D 12cm diameter reactor results of investigating the impact of mixture stoichiometry 
on methane flame front location versus time for a closed-end ignition. Ignition location is 1.39cm 
from the open end. Time step = 0.01ms. CH4 = 7.5, 9.5, 11.5%. Body mesh size = 1mm, 0.25mm 
edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole H=1.2cm. 
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Table 6.2 Table comparing experimental data to the 2D 12cm reactor model predictions of 
maximum flame front propagation velocity (FFPV) and standard deviation of the mean for a 
closed-end ignition with different mixture stoichiometries. Temperature = 293K, Pressure = 
82kPa. SM Eign = 60mJ. Relief Hole H = 1.2cm. 

 2D Model with Relief H=1.2cm Experiments 

Mixture 
Stoichiometry 

CH4 = 
7.5% 

CH4 = 
9.5% 

CH4 = 
11.5% 

CH4 = 
7.5% 

CH4 = 
9.5% 

CH4 = 
11.5% 

Max FFPV (m/s) 35 72 71 40 65 43 

Standard 
Deviation (m/s) 

- - - 2 3 3 

 

 
Figure 6.7 Temperature contours of methane flame propagation for a closed-end ignition with 
varying stoichiometry at time, t = 2ms. Ignition location is 1.39cm from the open end. 
Simulation time = 2ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge 
sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole, H = 1.2cm. 
 



186 
 

 
Figure 6.8 Temperature contours of methane flame propagation for a closed-end ignition with 
varying stoichiometry at time, t = 8ms. Ignition location is 1.39cm from the open end. 
Simulation time = 8ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge 
sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole, H=1.2cm. 



187 
 

 
Figure 6.9 Temperature contours of methane flame propagation for a closed-end ignition with 
varying stoichiometry at time, t =12.5ms. Ignition location is 1.39cm from the open end. 
Simulation time =12.5ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm 
edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole, H=1.2cm. 
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Figure 6.10 Temperature contours of methane flame propagation for a closed-end ignition with 
varying stoichiometry at time, t = 25ms. Ignition location is 1.39cm from the open end. 
Simulation time = 25ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 1mm, 0.25mm 
edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole, H=1.2cm. 
 

6.1.2 Modeling an Obstacle Wall 

 As described in Section 2.6 and Section 2.3, obstacles can greatly accelerate flames and 

in some cases, can transition a flame from a deflagration to a detonation. Therefore, it is 

important to capture the effects of obstacles on methane gas deflagrations since methane gas 

explosions in longwall coal mines can occur in working areas where equipment, miners, etc. are 

located.  

Experiments have shown flame acceleration across an obstacle wall made of 6.35mm 

diameter spheres as shown in Chapter 4, Section 4.3. In the experiments, 6.35mm diameter solid 

glass spheres were arranged in a wall geometry such that the flame could only pass through the 

void space above the obstacle wall. The height of the walls is 7.62cm and the axial width of the 

walls are 6.35mm. The obstacle walls were modeled in two difference ways as shown in Figure 

6.11: a wall of spheres (which is best representative of experiments) and a smooth, solid, 

rectangular wall. The sphere wall was made of 6.35mm diameter spheres and solid connections 
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were made between the spheres to not allow for any flame propagation between the spheres and 

also reduces meshing complexities. If the spheres were left with one point of contact this would 

create a pinch point, which is difficult to mesh and would require many small triangle cells. To 

compare to the sphere wall, a solid wall of H=7.62cm and W=6.25mm was created and both 

walls were meshed with an edge sizing of 0.25mm to help resolve boundary layers forming on 

the obstacles.  

 Results of comparing the sphere wall to the solid wall are shown in Figure 6.11, Figure 

6.12, and Figure 6.13. As can be seen, as the flame approaches the wall there is a very slight 

difference in flame shape and the turbulent intensity contours are different as well. In general, 

the sharp edges of the solid wall tend to increase the local turbulence near the top of the wall due 

to vortex shedding. However, because these geometries are small and thin, the flame front 

location is unaffected by the slight changes in local turbulence across the obstacle (<1% 

difference). Due to ease of meshing, researchers will continue using the solid wall geometry to 

investigate the impact of the obstacle walls on methane flame propagation.  

 

 
Figure 6.11 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across an obstacle wall modeled as solid, connected spheres versus a straight, solid 
rectangular wall. Obstacle: 6.35mm spheres arranged in a wall geometry and a solid, smooth 
wall, H = 7.62cm, L = 6.25mm. Ignition location is 11cm from the open end (left). Simulation 
Time = 0.1s. Time step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.12 Turbulent intensity contours of the 2D 12cm diameter reactor model showing flame 
propagation across an obstacle wall modeled as solid, connected spheres versus a straight, solid 
rectangular wall. Obstacle: 6.35mm spheres arranged in a wall geometry and a solid, smooth 
wall, H = 7.62cm, L = 6.25mm. Ignition location is 11cm from the open end (left). Simulation 
Time = 0.1s. Time step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
 

 
Figure 6.13 2D 12cm diameter reactor results of investigating the impact of modeling the 
obstacle wall on methane flame front location versus time for an open-end ignition. Obstacle: 
6.35mm spheres arranged in a wall geometry and a solid, smooth wall, H = 7.62cm, L = 
6.35mm. Ignition location is 11cm from the open end. Time step = 0.1ms. CH4 =  9.5% Body 
mesh size = 1mm, 0.25mm edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ. No relief hole. 
 

 Experimental results in Figure 4.24 and Figure 4.25 in Section 4.2.3 show that methane 

flames accelerate across obstacle walls, but as the obstacle is moved further from ignition, the 
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relative acceleration decreases. This trend was investigated using the 2D 12cm diameter 

combustion model by modeling an obstacle wall, H = 7.62cm L = 6.35mm, at different locations 

in the reactor, 37cm, 62cm, and 87cm from the open end. Results of modeling the obstacle wall 

at difference locations is shown in Figure 6.14, Figure 6.15, and Figure 6.16. Results show that 

an obstacle wall at 37cm results in the greatest acceleration across the obstacle, but the flame 

arrives at the closed end slower compared to an obstacle wall at 62cm or 87cm. As can be seen, 

as the obstacle wall is moved from 37cm from the open end to 62cm and 87cm, the relative 

acceleration across the obstacle decreases. Additionally, Figure 6.16 shows how the modeled 

flame passes over the obstacle; the flame tends to move in all directions, meaning both axially 

and radially as it passes over the obstacle wall. These results show that the modeled flame shape 

and trends across the obstacle match experiments, which is important to capture because the 

mechanism for flame acceleration across an obstacle for an unconfined (open-end ignition) is 

much different than a confined (closed-end ignition) which will be presented subsequently.  

 

 
Figure 6.14 2D 12cm diameter reactor results of investigating the impact of obstacle wall 
location on methane flame front location versus time for an open-end ignition. Obstacle: solid, 
smooth wall, H = 7.62cm, L = 6.35mm. Ignition location is 11cm from the open end. Time step 
= 0.1ms. CH4 =  9.5% Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
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Figure 6.15 2D 12cm diameter reactor results of investigating the impact of obstacle wall 
location on methane flame front propagation velocity versus distance for an open-end ignition. 
Obstacle: solid, smooth wall, H = 7.62cm, L = 6.35mm.  Ignition location is 11cm from the open 
end. Time step = 0.1ms. CH4 =  9.5% Body mesh size = 1mm, 0.25mm edge sizing. Temperature 
= 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
 

 
Figure 6.16 Images of stoichiometric methane-air flame passing over a glass sphere wall, 
H=7.62cm, L=12.35mm compared to 2D modeling results. Flame travels from left to right. CH4 
= 9.5%. Operating conditions 293K, 82kPa. Eign=60mJ. No relief hole modeled.  
 

 Experiments of a closed-end ignition flame propagation over an obstacle wall was 

presented in Figure 4.16 and Figure 4.17 in Section 4.2.1. Results showed that even a short 

obstacle wall greatly accelerated the closed-end ignition flame across the obstacle wall. 

Additionally, the method of flame acceleration past an obstacle wall for an open-end versus 

closed-end ignition flame were different. As discussed, the open-end flame moves both radially 

and axially across the obstacle wall. The closed-end flame passed over the wall, accelerating 
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mainly in the axial direction, creating flow separation past the obstacle wall. This flow separation 

is important because it forms eddies on the downstream side of the wall, trapping unburned gases 

and increasing fluid motion, agreeing with observations made by other researchers (Chapman & 

Wheeler, 1926) (Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982).  

 The experiments presented in Figure 4.16 were modeled and results are shown in Figure 

6.17, Figure 6.18, and Figure 6.19. 2D modeling results show that as the flame approaches the 

obstacle wall it is slowed down and then accelerated up to 88m/s across the wall. In the 

experiments, the recorded flame front propagation velocity across the wall was 81m/s, which is   

a 9% difference compared to the 2D model. Also the modeling results show that the shape of the 

flame propagating across the wall matches the flow separation observed from experiments. 

Turbulent intensity contours at 24ms show that there is more fluid motion downstream of the 

wall as the flame passes over. Overall the 2D closed-end ignition model accurately captures the 

flame acceleration across the wall both quantitatively and qualitatively.  

 

 
Figure 6.17 2D 12cm diameter reactor results of investigating the impact of an obstacle wall on 
methane flame front propagation velocity versus time for a closed-end ignition. Obstacle: wall H 
= 3.81cm, L = 6.35mm located at 0.37m from the open end (1.13m from the closed end).  
Ignition location is 1.39cm from the open end. Time step = 0.01ms. CH4 =  9.5% Body mesh size 
= 1mm, 0.25mm edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. Relief 
hole H = 1.2cm. 
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Figure 6.18 Images of stoichiometric methane-air flame passing over a glass sphere wall, H = 
3.81cm, L = 6.35mm compared to 2D modeling results. Flame travels from right to left. CH4 = 
9.5%. Operating conditions 293K, 82kPa. Eign= 60mJ. Relief hole H = 1.2cm.  
 

 
Figure 6.19 Turbulent intensity contours of the 2D 12cm diameter reactor model showing flame 
propagation across an obstacle wall for a closed-end ignition. Obstacle: wall H = 3.81cm, L = 
6.35mm located at 37cm from the open end.  Ignition location is 1.39cm from the open end. 
Time step = 0.01ms. CH4 =  9.5% Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 
293K, Pressure = 82kPa. SM Eign = 60mJ. Relief hole H = 1.2cm. 
 

6.1.3 Modeling a Checkerboard Obstacle 

 After modeling the impact of an obstacle wall on methane flame enhancement, 

researchers also modeled a checkerboard obstacle. The main purpose of the checkerboard 

obstacle was to isolate and understand the impact of porosity on flame enhancement. This is 

important because in a real mine explosion the flame can interact with piles of rock rubble that 

have varying porosities. Similar to the obstacle wall, the checkerboard obstacles, as described in 

Chapter 4, also resulted in flame acceleration across the obstacle, creating local fluid motion near 
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the checkerboard obstacle. To model this in 2D, researchers modeled the obstacle as nine (9) 

solid spheres with a diameter of 6.35mm in the vertical direction (this equates to the maximum 

amount of spheres in the y-direction as used in the experiments experiments). The checkerboard 

obstacle was modeled at three different locations, 37cm, 62cm, and 87cm from the open end. 

Results are shown in Figure 6.20 through Figure 6.28 and the general trends observed in the 

obstacle wall experiments were captured with the model: the flame passing over the 

checkerboard obstacle located 37cm from the open end reached the closed end of the reactor 

before those located at 62cm and 87cm. These flame propagation trends are similar to those 

observed with moving the non-reacting metal cage and obstacle wall at different locations in the 

reactor  as shown in Figure 4.24, Section 4.2.3. As expected from the cage and checkerboard 

obstacles, the obstacles induce movement in the nearby gases resulting in slight upstream 

turbulence as shown in Figure 6.22. This is important to capture because it shows that discretely 

modeling the objects can improve local turbulence prediction and thus, more accurate flame 

propagation trends. This shall be explored further in the following section as well as modeling 

the porous medium in the experimental box.  

 

 
Figure 6.20 2D 12cm diameter reactor results of investigating the impact of checkerboard 
obstacle location on methane flame front location versus time for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Time step = 0.1ms. CH4 =  9.5% 
Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ. No relief hole. 
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Figure 6.21 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 0.2s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.22 Turbulent intensity contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 0.2s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.23 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 0.5s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.24 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 0.7s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 



200 
 

 
Figure 6.25 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 0.9s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.26 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 1.1s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.27 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 1.3s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.28 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across a checkerboard obstacle (77% porosity) for an open-end ignition. Obstacle: 
6.35mm spheres in a checkerboard pattern (9 total in the y direction) located at 37, 62, and 87cm 
from the open end. Ignition location is 11cm from the open end. Simulation Time = 1.5s. Time 
step = 0.1ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
 

6.1.4 Modeling a Simulated Gob Bed 

 Previous experiments by Fig (2019) have shown flame acceleration across a pile of rock 

rubble as described and shown in Figure 4.1 and Figure 4.2 on page 62 and page 63. However, 

the main purpose of this research is to understand what property of the rock pile has the largest 

impact on methane flame acceleration. As previously shown, the obstacle location, void spacing, 

and porosity can all impact methane flame acceleration. Also, closed-end ignition experiments 

with a simulated gob bed have been presented in Chapter 4 and results in Figure 4.28, Figure 

4.29, and Table 4.1 (pages 82-84) show that the flame accelerates across the simulated gob bed 

made of 1cm diameter spheres, creating a turbulent boundary layer above and slow burning 

down into the gob. An example of the simulated gob bed used in experiments is reproduced in 
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Figure 6.29. To replicate these experiments in the 2D model, a comparison was made modeling 

the simulated gob bed as solid spheres versus a solid rectangle, H = 2cm, L = 30cm located 44cm 

from the open end as shown in Figure 6.30. In the experiments, the spheres were aligned next to 

each other, but in the model, the spheres were spaced 0.2cm apart to allow for at least 2 cells 

between each sphere to help model the flame propagation down into the simulated gob bed. 

  

 
Figure 6.29 Images of glass spheres and example of simulated gob bed. 
 

2D modeling results are shown in Figure 6.30 through Figure 6.34. Modeling results 

accurately capture the flame acceleration across the obstacle, but overestimates the maximum 

flame front propagation velocity by 25%. Some of this overprediction is due to the fact that in 

the experiments, the flame burns above the simulated gob bed as well as down into the gob bed. 

Because the model is in 2D, the void spacing between the spheres (circles) is not truly indicative 

of the void spaces in the experimental simulated gob and thus, the flame does not burn down into 

the gob as quickly as the experiments. Modeling the simulated gob bed as a rectangle gob gives a 

good approximation of the acceleration, but produces much higher turbulence in the turbulent 

boundary layer above the obstacle than the modeled sphere gob (Figure 6.34). Overall, 2D 

modeling of flame propagation past a simulated gob bed matches experimental trends, captures 

the local fluid motion within and above the gob, and burning down into the modeled gob. It is 

important that the model captures the movement of nearby gases and burning down into the gob 

because the additional burning within the gob increases local temperatures and pressures, which 

feeds back to the main flame brush, accelerating combustion rates. This flame acceleration 

phenomena has been observed by other researchers who found that the properties of the “bead 

layer” can impact the main flame brush (Babkin, Korzhavin, & Bunev, 1991) (Howell, Hall, & 

Ellzey, 1996). These results also indicate that modeling a simulated gob will require discretely 

modeling of the obstacles, which shall be revisited in later sections..  
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Figure 6.30 2D 12cm diameter reactor results of investigating the impact of an obstacle on 
methane flame front location versus time for a closed-end ignition. Obstacle: a solid rectangle 
H=2cm L=30cm located 44cm from the open end, and a 1cm diameter sphere gob H = 2 spheres 
L=30cm located 44cm from the open end. Ignition location is 1.39cm from the open end. Time 
step = 0.01ms. CH4 =  9.5% Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. Relief hold H=1.2cm. 
 

 
Figure 6.31 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across an obstacle for a closed-end ignition. Obstacle: a solid rectangle H=2cm 
L=30cm located 44cm from the open end, and a 1cm diameter sphere gob H = 2 spheres L=30cm 
located 44cm from the open end. Ignition location is 1.39cm from the open end. Simulation Time 
= 10ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.32 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across an obstacle for a closed-end ignition. Obstacle: a solid rectangle H=2cm 
L=30cm located 44cm from the open end, and a 1cm diameter sphere gob H = 2 spheres L=30cm 
located 44cm from the open end. Ignition location is 1.39cm from the open end. Simulation Time 
= 16ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
 

 
Figure 6.33 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation across an obstacle for a closed-end ignition. Obstacle: a solid rectangle H=2cm 
L=30cm located 44cm from the open end, and a 1cm diameter sphere gob H = 2 spheres L=30cm 
located 44cm from the open end. Ignition location is 1.39cm from the open end. Simulation Time 
= 24ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.34 Turbulent intensity contours of the 2D 12cm diameter reactor model showing flame 
propagation across an obstacle for a closed-end ignition. Obstacle: a solid rectangle H=2cm 
L=30cm located 44cm from the open end, and a 1cm diameter sphere gob H = 2 spheres L=30cm 
located 44cm from the open end. Ignition location is 1.39cm from the open end. Simulation Time 
= 16ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
 

6.1.5 In-gob Modeling 

The main purpose of the in-gob ignition experiments presented in Section 4.3 was to 

understand how a flame propagates between obstacles. This is important for longwall coal 

mining because EGZs can exist within the gob and have the potential to be ignited by rock-on-

rock friction (Brune, 2014). In order to model the in-gob ignition experiments shown in Figure 

4.39, the checkerboard geometries were modeled as spheres, granite rock, and hexagons centered 

on a vertical line 7.62cm on either side of the spark location 25cm from the open end. The 

spheres and hexagons were modeled with a hydraulic diameter of 6.35mm and a no slip, 

adiabatic boundary condition on the surface. The granite pebbles were modeled as irregular 

shapes as shown in Figure 6.35 with no additional surface roughness and a no slip boundary 

condition. The diameter of the circle enclosed inside the rock is 4.6mm and the average length, 

L, of the irregularities is 1.7 ± 0.3mm, bringing the size of the irregular granite rock to within the 

size of the spheres and hexagons. Also to note, these simulations were run using the EM model 

and were initialized assuming zero-flow laminar flame expansion, k = 0.001 m2/s2  and ω = 0.001 

1/s. These same simulations were run using the SM, but because the SM overpredicts the kernel 

expansion, the resulting flame shapes were unrealistic. Future work must be done to rerun these 

simulations with the SM and appropriate turbulence initialization parameters.   
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Figure 6.35 Image of irregularly shaped granite rock (left) and glass spheres (right) used for 
comparison of in-gob ignition models. Sphere diameter = 6.35mm. Thermal properties of glass 
were used for direct comparison between all cases. Note: not to scale. 
 

 
Figure 6.36 Temperature contours of the 2D 12cm diameter reactor model showing flame 
propagation during an in-gob ignition. Obstacle: spheres with diameter 6.35mm, rock with an 
average diameter of 4.6mm, and hexagons with diameter 6.35mm. Obstacles located 15cm apart 
on center with ignition. Ignition location is 25cm from the open end. Simulation Time = 0.11s. 
Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 
294K, Pressure = 82kPa. EM Eign = 5mJ. No relief hole. 
 

Results of modeling the in-gob ignition experiments in 2D are shown in Figure 6.36, 

Figure 6.37, and Figure 6.38. As can be seen in these figures, at the same time, the rock and 

hexagons produced significantly more turbulence in the local gases than the spheres. Although 

this only shows a single time step, this was confirmed at several time steps as the flame was 

passing through the obstacles. Also interestingly, the rock and hexagons resulted in significantly 

more CO production than the spheres which indicates there was incomplete combustion. It is 

also likely the increased CO production is due to the 2-step chemistry mechanism. To investigate 

this further would require a more complex chemistry mechanism capable of predicting the 

intermediate species and radicals produced by the initial reaction of methane and air. This is not 

within the scope of this research, but even these preliminary results show that modeling the gob 
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as different shapes can impact methane flame propagation which will be important when 

modeling a large-scale ignition from within the gob.   

 

 
Figure 6.37 Turbulent intensity contours of the 2D 12cm diameter reactor model showing flame 
propagation during an in-gob ignition. Obstacle: spheres with diameter 6.35mm, rock with an 
average diameter of 4.6mm, and hexagons with diameter 6.35mm. Obstacles located 15cm apart 
on center with ignition. Ignition location is 25cm from the open end. Simulation Time = 0.11s. 
Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 
294K, Pressure = 82kPa. EM Eign = 5mJ. No relief hole. 
 

 
Figure 6.38 CO mass fraction contours of the 2D 12cm diameter reactor model showing flame 
propagation during an in-gob ignition. Obstacle: spheres with diameter 6.35mm, rock with an 
average diameter of 4.6mm, and hexagons with diameter 6.35mm. Obstacles located 15cm apart 
on center with ignition. Ignition location is 25cm from the open end. Simulation Time = 0.11s. 
Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. Temperature = 
294K, Pressure = 82kPa. EM Eign = 5mJ. No relief hole. 
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6.1.6 Ignition Location Modeling 

It is often thought that a faster flame means greater pressure generation, but the ignition 

location experiments presented in Section 4.4 helped show that this is not always the case. For 

example, an ignition in the center of the reactor resulted in greater pressure generation than a 

closed-end ignition, but slower flame front propagation velocities. This is important to capture in 

the CFD model because methane gas explosions can occur in a variety of places in a mine with 

varying degrees of confinement.  

Therefore, 2D models were run exploring the impact of ignition location on methane 

flame front propagation. To directly compare the experimental results shown in Figure 4.43, 

Section 4.4 to CFD results, the maximum flame front propagation velocity towards the closed 

end of the reactor of each experiment (i.e. ignition in Port 1, ignition in Port 2, ignition in Port 3) 

was normalized to the maximum flame front propagation velocity of ignition in Port 1. For 

example, the maximum flame front propagation velocity towards the closed end in Port 1 was 

148cm/s, thus 148cm/s divided by 148cm/s is 1. For ignition in Port 2, the maximum flame front 

propagation velocity towards the closed end was 416cm/s; dividing 416cm/s by 148cm/s is 2.8. 

And so-on for Port 3. The normalized experimental data was then compared to the normalized 

CFD data, summarized in Table 6.3. The normalized data further demonstrates that as ignition is 

moved further from the open end, the flame front velocity increases. The differences between the 

experimental and numerical data from ignition in Port 2 and Port 3 can be attributed to the fact 

that acoustic effects have not yet been considered in the model since the flame acceleration in 

Port 2 and 3 was mainly due to acoustic-flame interactions. Since the acoustic model has not 

been implemented, there are qualitative differences in flame shape and oscillation as shown in 

Figure 6.39. As can be seen in this figure, in the experiments the flame tends to move forward 

and then be pushed backwards (t=0.07s to t=0.08s) versus the model predicting the flame 

continues towards the closed end. Overall, the model predicts faster flames propagations towards 

the open end and slower towards the closed end, but will require an acoustic model to capture the 

impact of pressure oscillations on flame front stretching observed in experiments.  
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Figure 6.39 Comparison of numerical to experimental methane flame front propagation of 
ignition in port 3 (75 cm from the open end). CH4 = 9.5%. Operating conditions 294K, 82kPa. 
EM Eign = 5mJ. One (1) relief hole. 
 

Table 6.3 Comparison of normalized experimental flame front propagation velocities at the 
closed end of the quartz reactor compared to maximum flame front propagation velocities 
predicted by the 2D model. CH4 = 9.5%. Body mesh size = 0.001m, 0.25mm edge sizing. 
Temperature = 293K, Pressure = 82kPa.  

 Normalized Flame Front Propagation Velocity 

Port 2D Model Experiments 

1 1 1.0 

2 2.1 2.8 

3 2.8 3.6 

 

6.2 3D 12cm Diameter Quartz Reactor Modeling Results 

 Although the 2D 12cm diameter reactor model successfully captured methane flame 

propagation trends, maximum speeds, and interaction with obstacles, turbulence is inherently a 

3D process. Therefore, this research also developed a 3D model of the 12cm diameter. As 

discussed in Chapter 5, a 2mm body mesh for the 3D 12cm diameter reactor is sufficient in 

predicting the flame front location and capturing the local flow velocities as well. The 3D, 12cm 

diameter reactor model uses similar settings to the 2D model, summarized in Section 5.1, except 

for the following changes:  

• 2 levels of mesh adaption on the gradient of temperature every 2 time steps 

• Residuals set to 10-4, dropping at least 3 orders or magnitude 

• Closed-end ignition: k = 1.5m2/s2  and ω = 250 1/s 
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The main difference between the 2D and 3D model is that the 3D model does not include 

modeling the relief hole on the closed end of the reactor. A comparison of the 2D model with 

and without a relief hole versus the 3D model without a relief hole is shown in Figure 5.47, 

Section 5.1. The relief hole was not modeled in 3D because modeling the relief hole resulted in 

reverse flow in this region due to the pressure oscillations creating low pressure zones.  

To begin comparing experimental trends with 3D modeling results, a model was 

developed to capture the observed phenomena of a flame passing over an obstacle wall. 

Experimental results show that an obstacle wall in the path of the flame will tend to increase the 

velocity of the flame. Upstream of the obstacle the flame may be slightly retarded by the 

pressure resistance felt by the obstacle. Downstream of the obstacle, the flame is accelerated by a 

combination of the reduced void spacing and a large eddy of unburned gas trapped downstream 

of the obstacle that feeds the flame.  

 

 
Figure 6.40 3D 12cm diameter reactor results of investigating the impact of an obstacle on 
methane flame front location versus time for a closed-end ignition. Obstacle: a wall H=6cm 
L=2cm located 1.13m from the open end and a wall H=6cm L=2cm located 37cm from the open 
end. Ignition location is 11cm from the closed end. Time step = 0.01ms. CH4 =  9.5% Body mesh 
size = 2mm. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. No relief hole. 
 

To model this in 3D, a solid obstacle wall with height H = 6cm and L = 2cm was located 

37cm from the open end and then moved to 1.13m from the open end. Flame front propagation 

results as a function of time are presented in Figure 6.40 and results indicate that an obstacle 

closer to ignition source (0.37m) accelerates the flame over the entire length of the reactor. 
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Results also show that when the obstacle wall is further from the ignition source (1.13m), the 

pressure resistance from the obstacle slightly retards the flame, but once the flame passes over 

the obstacle it is accelerated.  

2D model results are presented in Figure 6.41, Figure 6.42, Figure 6.43, Figure 6.44, and 

Figure 6.45 and predicts the flame shape and combustion acceleration mechanisms well, 

referring to flow over a step and the fluid motion that is formed behind the obstacle. This is 

important for model development as researchers continue to validate larger models in the 

transition to a mine-scale model which will be discussed in Chapter 7. Additionally these figures 

show that as time continues, the flame accelerates past the obstacle similar to flow over a step as 

shown in Figure 6.46. This is important because it forms eddies on the downstream side of the 

wall, which increases temperatures and fluid motion promoting flame acceleration.  

 

 
Figure 6.41 Temperature contours of the 2D 12cm diameter reactor model investigating the 
impact of an obstacle on methane flame front location versus time for a closed-end ignition. 
Obstacle: a wall H=6cm L=2cm located 1.13m from the open end and a wall H=6cm L=2cm 
located 37cm from the open end. Ignition location is 11cm from the closed end. Simulation Time 
= 6ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 2mm. Temperature = 293K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.42 Temperature contours of the 2D 12cm diameter reactor model investigating the 
impact of an obstacle on methane flame front location versus time for a closed-end ignition. 
Obstacle: a wall H=6cm L=2cm located 1.13m from the open end and a wall H=6cm L=2cm 
located 37cm from the open end. Ignition location is 11cm from the closed end. Simulation Time 
= 8ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 2mm. Temperature = 293K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.43 Temperature contours of the 2D 12cm diameter reactor model investigating the 
impact of an obstacle on methane flame front location versus time for a closed-end ignition. 
Obstacle: a wall H=6cm L=2cm located 1.13m from the open end and a wall H=6cm L=2cm 
located 37cm from the open end. Ignition location is 11cm from the closed end. Simulation Time 
= 10ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 2mm. Temperature = 293K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.44 Temperature contours of the 2D 12cm diameter reactor model investigating the 
impact of an obstacle on methane flame front location versus time for a closed-end ignition. 
Obstacle: a wall H=6cm L=2cm located 1.13m from the open end and a wall H=6cm L=2cm 
located 37cm from the open end. Ignition location is 11cm from the closed end. Simulation Time 
= 12ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 2mm. Temperature = 293K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure 6.45 Temperature contours of the 2D 12cm diameter reactor model investigating the 
impact of an obstacle on methane flame front location versus time for a closed-end ignition. 
Obstacle: a wall H=6cm L=2cm located 1.13m from the open end and a wall H=6cm L=2cm 
located 37cm from the open end. Ignition location is 11cm from the closed end. Simulation Time 
= 13ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 2mm. Temperature = 293K, 
Pressure = 82kPa. Eign = 60mJ. No relief hole. 
 

 
Figure 6.46 Images of stoichiometric methane-air flame passing over a glass sphere wall, 
H=3.8cm, L=6.35mm compared to 3D modeling results. Flame travels from right to left. CH4 = 
9.5%. Operating conditions 293K, 82kPa. Eign=60mJ. No relief hole modeled.  
 



218 
 

6.3 Experimental Box Modeling Results 

As discussed in Chapter 3, Section 3.1.2, the main goal of the experimental box was to 

understand the impact of reactor shape on methane flame propagation and interaction with a 

porous medium. Experimental results showed that, similar to the cylindrical reactors, ignitions 

from a more confined space results in much faster flame velocities than an unconfined space. 

Additionally, images from the flame propagation in the box reactor showed residual burning of 

methane-air mixture in the corners of the box (Section 4.6). Finally, experimental results with a 

porous medium showed flame acceleration across the porous medium and the flame tended to 

propagate faster through the porous medium than in the open spaces inside the reactor. These 

results are important to capture in the 2D and 3D box models because in a real mine explosion, 

the propagation direction will be unknown and so developing a validated, robust model will be 

important for understanding flame propagation at the mine-scale.  

6.3.1 2D Modeling Results 

 As discussed in Chapter 5, in 2D, the experimental box is modeled with a 7cm relief and 

a mesh size of 1mm with 0.25mm edge sizing on walls and obstacles and uses the following 

turbulence parameter settings: open-end ignition k = 0.001m2/s2 and ω = 0.1 1/s, closed-end 

ignition k = 1.5m2/s2 and ω = 25 1/s. 

In order to accurately model flame propagation across a porous medium or gob, it is first 

important to understand how previous researchers have modeled the gob. Many of the 

researchers using ANSYS Fluent to perform ventilation studies on the air and methane 

distribution in a longwall coal mine typically model the gob as a Darcy flow porous medium 

with varying permeabilities and resistances to account for the different levels of gob compaction 

(Gilmore, et al., 2016; Ren & Edwards, 2000; Tanguturi, Balusu, & Bongani, 2017; Yuan, 

Smith, & Brune, 2000). However, modeling the gob as a porous media with laminar flow 

assumes Darcy flow where there is a linear relationship between flow through the porous media 

and pressure drop (Whitaker, 1986). Evidence has shown that EGZs are likely to exist near the 

gob fringes where the porosity can be almost 40% (Gilmore, et al., 2016; Marts, et al., 2014) and 

assuming a laminar Darcy flow may not account for the differences in void space and rock 

size/distribution in these areas. As this research has previously shown, the void spacings, 

porosity, and location of voids can have a significant impact on the resulting methane gas 

deflagration. This research has also shown that modeling a simulated gob bed requires discrete 
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modeling of the spheres instead of a solid rectangle (Section 6.1.4). Therefore, a study was 

performed to investigate whether the Darcy flow assumption is valid and if so, under what 

conditions. To do this, the 2D experimental box model was first validated for ignition without a 

porous medium and then the model was used to investigate how to best represent the porous 

medium. 

Results of an open-end ignition without a simulated gob shows that the flame propagates 

freely in all directions in the experimental box (Figure 6.47). 2-D combustion model results 

agree with this trend, but at later times slightly overpredicts the methane flame speed. This is to 

be expected since the model is in 2-D and assumes a 2-step methane-air mechanism. Also, as 

previously mentioned these slight differences may also be attributed to the spark kernel diameter 

and/or the turbulence initialization parameters. However, in general, the model is able to 

accurately predict flame trends and even though it is still in 2D, it is capable of predicting flame 

front wrinkling observed in experiments.  

 

 
Figure 6.47 Temperature contours of the experimental box setup compared to the 2-D 
combustion model for an open ignition with no gob. CH4 = 9.5%. Body mesh size = 1mm. 
Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.48 Temperature contours of the box setup comparing modeling the gob as a Darcy flow 
porous media with 66% porosity (left), porous media with opening 66% porosity (center), versus 
modeling the gob as discrete spheres with 66% porosity (right). Center ignition. Simulation time 
= 15ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.5mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ.  
 

After demonstrating model performance without a gob, Figure 6.48 shows the 

comparison of modeling the gob as a Darcy flow porous media with 66% porosity (left), with a 

small opening and 66% porosity (center), to modeling the gob as discrete spheres (D=0.025m) 

with a porosity of 66% (right). As can be seen, ignition within the Darcy porous media with a 

porosity of 66% did not allow the methane flame to propagate even when a small opening is 

made to help allow for flame expansion (center image). Additionally, porosities between 25-90% 

have been tested, permeabilities between 1.5x10-3m2 and 4.7x10-11m2 have been tested, and spark 

energies between 60mJ and 1kJ have been tested and also show no flame propagation. However, 

when the porous media has a 100% porosity, meaning all fluid space, the flame is able to 

propagate. This condition, however, is unrealistic for a longwall coal mine environment where 

the porosities typically range between 14-40%. Also to note, the flame propagation through the 

100% porous media does not take into account any void spacing and so the flame front is very 

smooth compared to modeling the gob discretely as shown on the right of Figure 6.48. This is 

important because flame front stretching can increase combustion rates thereby increasing flame 

speed and overpressure.  

 Results of a closed-end ignition show that the flame travels much faster through the 

simulated gob than in the open spaces (Figure 6.49). This is because the pressure waves from the 

confined ignition are enough to disturb the upstream unburned gases in the gob area. This 
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increased turbulence enhances mixing and transport of unburned mixture to the flame front, as 

well as increases the flame surface area; thereby increasing combustion rates. The combustion 

model captures this well, but overpredicts the speed of the flame as seen in the sequence of 

images in Figure 6.49. This overprediction is mainly due to the fact that the model is still in 2D 

and the initialization of turbulence results in an overprediction of flame speed since the model is 

confined to two dimensions. Despite these differences, the 2D model performs fairly well at 

capturing the general flame dynamics. 

 

 
Figure 6.49 Temperature contours of the experimental box setup compared to the 2-D 
combustion model for a closed ignition with a gob. Sphere diameter = 0.025m, porosity = 65.9%. 
Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 1mm, 0.5mm edge sizing. Temperature = 
294K, Pressure = 82kPa. SM Eign = 60mJ. 
   

After determining that to accurately model methane flame propagation through a gob 

requires modeling the rock discretely, a study was performed to determine the impact of discrete 
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object shape on methane flame propagation through a simulated gob. The shapes investigated are 

detailed in Table 6.4; circles, hexagons, and squares were compared and sizes were made to 

match the same porous media bed porosity of 66%. Interestingly though, matching the porosity 

resulted in similar sizes to the hydraulic diameter, which is typically used in fluid mechanics to 

scale objects geometrically.  

 

Table 6.4 Table summarizing the discrete objects compared in this study including the 
size/number of the shapes, the porosity, and the index of sphericity. *Calculated based on 
Ionescu-Tirgoviste et al. 2015 as the ratio of the perimeter to hydraulic diameter, divided by π 
(Ionescu-Tirgoviste, et al., 2015).  

Object Shape Circle Hexagon Square 

Diameter/Side Length (m) 0.025 0.014 0.022 

Hydraulic Diameter (m) 0.025 0.024 0.022 

Number of Objects 42 42 42 

Bed Porosity (%) 66 66 66 

Index of Sphericity* 1 1.1 1.2 

 

Figure 6.50, Figure 6.51, Figure 6.52, and Table 6.5 show results comparing how the 

shape of the discrete object can affect methane flame propagation through the gob. In all cases, 

the porosity of the discrete shape porous medium was 66%. As can be seen in Table 6.5, in all 

cases, the average flame front propagation velocity with a discretely modeled gob is faster than a 

closed-end ignition with a gob, matching experimental observations. Additionally, the shape of 

the discrete object can significantly affect methane flame propagation; the squares produced the 

fastest flame and most tortuous flame path, followed by the hexagons and the circles (increased 

flame speeds with increasing index of sphericity). The squares also produced the highest 

turbulent intensity ahead of the flame and the most eddies. This is important because higher 

turbulent intensities mean there are larger fluctuations in the average flow, which can increase 

unburned gas velocities and enhance methane flame propagation. The eddies produced by the 

shapes is important because one major concern in longwall coal mining, are dead zones where 

methane and air mix and accumulate (i.e. an EGZ). As can be seen, the square gob produced 

much more eddies, which is due to the sharp corners of the shape disrupting the boundary layer 

resulting in vortex shedding. This is important because typical rock found down in coal mines 

may have sharp edges and sphericity not equal to 1. Thus far, results indicate that modeling the 
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gob as off-spherical objects is much more representative of flame interaction with the gob 

observed in experiments. 

 

 
Figure 6.50 Temperature contours of methane flame propagation for closed end ignition across a 
simulated gob with 66% porosity modeled as discrete circles (left), discrete hexagons (center), 
and discrete squares (right). Ignition in the top-right. Time step = 0.01ms.CH4 = 9.5%. Body 
mesh size = 1mm, 0.5mm edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ.   
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Figure 6.51 Fluid velocity streamlines at t=8ms for closed end ignition across a simulated gob 
with 66% porosity modeled as discrete circles (left), discrete hexagons (center), and discrete 
squares (right). Red box indicates screen capture taken for streamlines. Simulation Time = 8ms. 
Time step = 0.01ms. Ignition in the top-right. CH4 = 9.5%. Body mesh size = 1mm, 0.5mm edge 
sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.52 Turbulent intensity contours of methane flame propagation at t=8ms for closed end 
ignition across a simulated gob with 66% porosity modeled as discrete circles (left), discrete 
hexagons (center), and discrete squares (right). Simulation Time = 8ms. Time step = 0.01ms. 
Ignition in the top-right. CH4 = 9.5%. Body mesh size = 1mm, 0.5mm edge sizing. Temperature 
= 293K, Pressure = 82kPa. SM Eign = 60mJ. 
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Table 6.5 Table summarizing the average methane flame front propagation velocity from the box 
experiments compared to 2D modeling results with and without a simulated gob for a confined, 
closed-end ignition (ignition in the top-right corner of the experimental box). CH4 = 9.5%. 
Temperature = 293K, Pressure = 82kPa. 

2D Model Results Experiments 

Simulated Gob 
Shape 

Average Flame 
Front Propagation 

Velocity (m/s) 

Simulated Gob 
(Porous Medium) 

Conditions 

Average Flame 
Front Propagation 

Velocity (m/s) 

None 26 No Gob 7.7 ± 1 

Sphere Gob 44 Gob 12 ± 4 

Hexagon Gob 54  

Square Gob 68 

 

The main advantage of CFD modeling is the ability to gain a better understanding of 

methane flame interaction with the gob. Thus, in addition to investigating the average velocity of 

the methane flame front propagation through the discretely modeled gob, this research also 

investigated methane flame propagation in the open areas around the discretely modeled gob. To 

do this, horizontal and vertical seeded lines were taken as shown in Figure 6.53 and results of 

tracking the flame front location are presented in Figure 6.64 and Figure 6.65. As shown, in all 

cases, the discretely modeled gob enhanced flame propagation in both the vertical and horizontal 

directions around the gob. Complimentary to previous results, the squares had the fastest flame 

propagation in the open spaces, followed by the hexagons, and finally the circles. These results 

are important because they show that the gob can impact flame propagation in the open spaces 

around the gob which is important for longwall coal mining because it shows that an ignition 

near or around the gob may be impacted by the gob or nearby obstacles. This is also important 

for future modeling of the gob because it helps to demonstrate how the discrete object used to 

represent the gob area can impact flame propagation through and around the gob. 
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Figure 6.53 Schematic of the 2-D combustion model of the box experiments with (1) ‘x’-
horizontal yellow seeded line and (1) ‘y’-vertical yellow seeded used to compared flame front 
propagation velocities in the vertical and horizontal directions for a confined ignition. 
 

 
Figure 6.54 2D box model results for a closed-end ignition investigating the impact of gob shape 
on methane flame propagation in the ‘x’-horizontal direction away from ignition. Simulated gob 
with 66% porosity modeled as discrete circles (dashed green line), discrete hexagons (dotted blue 
line), and discrete squares (dash-dot red line). Time step = 0.01ms. Ignition in the top-right. CH4 
= 9.5%. Body mesh size = 1mm, 0.5mm edge sizing. Temperature = 293K, Pressure = 82kPa. 
SM Eign = 60mJ. 
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Figure 6.55 2D box model results for a closed-end ignition investigating the impact of gob shape 
on methane flame propagation in the ‘y’-vertical direction away from ignition. Simulated gob 
with 66% porosity modeled as discrete circles (dashed green line), discrete hexagons (dotted blue 
line), and discrete squares (dash-dot red line). Time step = 0.01ms. Ignition in the top-right. CH4 
= 9.5%. Body mesh size = 1mm, 0.5mm edge sizing. Temperature = 293K, Pressure = 82kPa. 
SM Eign = 60mJ. 
 

In a typical laminar methane flame, the quenching distance of the flame can be as small 

as 1-2mm depending on the ambient conditions, however, a turbulent flame has a much smaller 

quenching distance. A concern in longwall coal mining is whether or not an ignition deep within 

the gob can propagate towards the longwall face. Thus, researchers used the 2D CFD, 

combustion model to investigate the smallest possible distance between objects that allowed for 

flame propagation. Researchers investigated separation distances of 10, 5, and 1mm as shown in 

Figure 6.56. It is important to note that the mesh in-between the obstacles had at least 2 cells and 

in many cases 3-4 cells. Results show that a more turbulent flame propagation from a confined 

space can propagate through much smaller void space than a typical laminar flame. This is 

important because it is typically assumed that in a highly compacted area the flame cannot travel 

from deep within the gob towards the face. However, results indicate that a highly turbulent 

flame can propagate through small cracks less than a millimeter in size. Although these results 

agree with turbulent flame theory, future work must be done to confirm these results are 

physically accurate which will require future modeling of more complex chemistry mechanisms 

as well as translation of the model to 3D. Also, the boundary conditions on the obstacles were 

adiabatic, assuming no heat loss to the obstacle. Additional future work includes investigating 
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the assumption of an adiabatic boundary condition because flame quenching can occur due to 

heat loss to a solid. 

 

 
Figure 6.56 Temperature contours of methane flame propagation for closed end ignition across a 
simulated gob consisting of squares with spacing of 10, 5, and 1mm. Simulation Time = 8.5ms. 
Time step = 0.01ms. Ignition in the top-right. CH4 = 9.5%. Body mesh size = 1mm, 0.5mm edge 
sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ.   
 

 In Figure 6.50, the methane flame had some room to propagate around the gob as well as 

through the gob. Although the information from these types of simulations are important for 

understanding flame propagation in and around the gob, it does not fully explain the entire 

impact of shape on methane flame propagation. Therefore, a study was performed where the 

entire box model was filled with discrete objects: circles, hexagons, and squares with the same 

dimensions as shown in Table 6.4. Results of this study are shown in Figure 6.57, Figure 6.58, 

Figure 6.59, and Figure 6.60. As expected, the square gob resulted in the fastest flame speeds 

and turbulent intensities compared to the circles and hexagons.  

Additionally, the square gob produces CO at a much faster rate than the hexagon and 

circle gob, but after the flame has exited the reactor the amount of CO decays to almost the same 

value for all cases. This is important because the model predicts a larger release of CO at a faster 

rate for the square gob, however this is most likely an artifact of the methane-air 2-step 

chemistry mechanism as shown in Table 5.1, Equation (5.1), and Equation (5.2) on page 109. 

Note that in these equations, the methane and oxygen react to form CO and then the second 

reaction is the reaction of CO with O2 to form CO2. However, in a real situation, after methane 
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reacts with oxygen there would be many intermediate species such as OH and other radicals. The 

reaction of the OH radical with CO to form CO2 is a much faster process than the reaction of CO 

and O2 to form CO2. Although these results show there may be a trend of gob shape to CO 

production, this must be reevaluated with more complex chemistry mechanisms that include 

more intermediate species such as OH. Future recommended work includes investigating 

different methane-air 2-step mechanisms as well as 13-step and full GRI methane air 

mechanisms and repeating these experiments/modeling. 

These results are important because they demonstrate that shape of the object can have a 

large impact on methane gas combustion. This is extremely important for building the coupled, 

mine-scale CFD combustion model because it shows that gob shape will be important in helping 

predict the severity of the explosion. These results may also help investigative teams better 

understand the heat damage or CO concentration in some of these large-scale explosions, leading 

to better explosion prediction.  

 

 
Figure 6.57 Temperature contours of methane flame propagation for closed end ignition across a 
simulated gob modeled as discrete circles (left), discrete hexagons (center), and discrete squares 
(right). Ignition in the top-right. Simulation Time = 4.5ms. Time step = 0.01ms.CH4 = 9.5%. 
Body mesh size = 1mm, 0.5mm edge sizing. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ.   
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Figure 6.58 Turbulent intensity contours of methane flame propagation for closed end ignition 
across a simulated gob modeled as discrete circles (left), discrete hexagons (center), and discrete 
squares (right). Ignition in the top-right. Simulation Time = 4.5ms. Time step = 0.01ms.CH4 = 
9.5%. Body mesh size = 1mm, 0.5mm edge sizing. Temperature = 293K, Pressure = 82kPa. SM 
Eign = 60mJ. 
 

 
Figure 6.59 Total moles of CO over time of methane flame propagation for a closed end ignition 
across a simulated gob modeled as discrete circles (green dashed line), discrete hexagons (blue 
dotted line), and discrete squares (red dash-dot line). Ignition in the top-right of the box. Time 
step = 0.01ms.CH4 = 9.5%. Body mesh size = 1mm, 0.5mm edge sizing. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.60 Total moles of CO2 over time of methane flame propagation for a closed end ignition 
across a simulated gob modeled as discrete circles (green dashed line), discrete hexagons (blue 
dotted line), and discrete squares (red dash-dot line). Ignition in the top-right of the box. Time 
step = 0.01ms.CH4 = 9.5%. Body mesh size = 1mm, 0.5mm edge sizing. Temperature = 293K, 
Pressure = 82kPa. SM Eign = 60mJ. 
 

6.3.2 3D Modeling Results 

 The 3D, 12cm diameter reactor model uses the same ANSYS Fluent (v 17.2) as described 

in Section 5.1 except for the following settings:  

• Continuity/velocity residuals set to 10-4, Energy/turbulent 10-6 

• 3 levels of mesh adaption on the gradient of temperature every 2 time steps 

The 3D model the continuity and velocity residuals are set to 10-4 for model stability, but the 

mesh adaption on the temperature gradient has been increased to 3 levels every 2 time steps. 

These changes have been noted to help convergence and model predicted flame front location on 

a coarse grid (5mm or 2.5mm) as discussed and shown in Chapter 5, Section 5.2.2 and Section 

5.2.3.  

The first experiment that was modeled was an open-end ignition without a simulated gob 

as shown in Figure 4.53 on page 101. In the experiments, it was observed that the flame moved 

in all directions and preferentially away from the relief opening. This was modeled in 2D and 

compared to experiments in Figure 6.47 (page 219), concluding that the 2D model accurately 

captured the flame propagation at early stages, but overestimated the flame progression later in 
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development. Figure 6.61, Figure 6.63, Figure 6.64, Figure 6.65, and Figure 6.66 (pages 233-

236) show the 3D modeling results compared to the 2D model and experiments for an open-end 

ignition. 3D results show similar flame propagation trends compared to the 2D model; the 3D 

model predicts the flame propagation in all directions well, but compared to the 2D model the 

3D flame propagating towards the closed end moves faster than towards the walls.  

In general, the 3D model captures the early stages of flame development well, from t = 0s 

to t = 0.15s, but at t = 0.20s the 3D flame tends to move faster than the 2D model and 

experiments. Also, after t = 0.20s, the 3D model does not show any significant flame instabilities 

along the flame front, which has been observed in experiments and captured in the 2D model. 

This is likely due to the fact that the 3D model uses gradient adaption on temperature to resolve 

the flame front location on a coarse, 2.5mm mesh; this method predicts the flame front location 

well, but as shown in Chapter 5, Table 5.14 and Table 5.15 on page 165, temperature and the 

flame front are resolved well, but the fluid velocities are not resolved as well. This is important 

because in Chapter 2 it was shown that the fluid velocities change through a wrinkled flame front 

(Figure 2.3 on page 11) and that hydrodynamic and thermo-diffusive instabilities are what can 

lead to wrinkled flame fronts. It was concluded that the lack of flame front wrinkling in the 3D 

model was due to the fact that the 3D model does not fully resolve the fluid velocities coupled 

with the simplified chemistry mechanism not perfectly resolving the diffusive effects of species. 

Overall, the 3D model does a good job of capturing the flame trends and flame shape despite the 

coarse mesh and simplified chemistry mechanism.  

 Experiments of a closed-end ignition without a gob was shown in Figure 4.55 (page 102) 

and results indicated a significantly faster flame than the open-end ignition. Figure 6.67, Figure 

6.68, Figure 6.69, Figure 6.70, and Figure 6.71 (pages 236-238) compare experimental images to 

2D and 3D modeling results of a closed-end ignition without a gob. Results show that at early 

times, t = 2-6.3ms, the models predict the flame kernel expansion and propagation well. Due to 

the overestimation of initial flame kernel expansion by the spark model (discussed in Chapter 5, 

Section 5.1.2) the 2D and 3D model times are an order of magnitude different than the 

experiments, but the acceleration of the flame at early times is estimated very well by the 

models. Good estimation of the acceleration of a closed-end flame has also been observed in the 

2D and 3D 12cm diameter reactor models, which also showed flame slow down near the reactor 

outlet. In the 3D box model, after 6.3ms, the flame front location is underpredicted compared to 
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experiments (Figure 6.70, page 238), which agrees with observations made in the 2D and 3D 

12cm diameter reactor models. However, the shape of the flame in Figure 6.71 (page 238) at 

time t = 12ms matches that observed in experiments and because the flame is resolved in the 3rd 

dimension, researchers can see how the flame tends towards the relief which is near the bottom 

of the box.  

Overall, the 2D and 3D models of a closed-end ignition inside the experimental box 

capture general flame propagation shapes and trends as well as acceleration rates at early stages 

in the flame development. These results are important because as complexity, such as obstacles, 

is added to the models it is important that general flame trends and propagation velocities are 

captured in these simple cases. Also these results help show that as model volume increases, the 

ability to resolve all flow quantities reduces and certain flame shapes or trends may be lost when 

using more coarse meshes to reduce computational time.  

 

 
Figure 6.61 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for an open-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 0.05s. Time step = 0.1ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.62 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for an open-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 0.10s. Time step = 0.1ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.63 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for an open-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 0.15s. Time step = 0.1ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.64 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for an open-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 0.20s. Time step = 0.1ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.65 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for an open-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 0.25s. Time step = 0.1ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.66 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for an open-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 0.30s. Time step = 0.1ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.67 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 2ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 2.5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.68 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 3.8ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge 
sizing. 3D Body mesh size = 2.5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.69 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 6.3ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge 
sizing. 3D Body mesh size = 2.5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.70 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 8ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge sizing. 
3D Body mesh size = 2.5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.71 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 12ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge 
sizing. 3D Body mesh size = 2.5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.72 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 2.5ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge 
sizing. 3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.73 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 3.8ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge 
sizing. 3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Figure 6.74 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 4.2ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge 
sizing. 3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
 

 
Figure 6.75 Temperature contours of the experimental box setup compared to the 2D and 3D 
combustion model for a closed-end ignition with no gob. 3D isocontour at T=2200K. Simulation 
time = 10ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 1mm, 0.25mm edge 
sizing. 3D Body mesh size = 5mm. Temperature = 294K, Pressure = 82kPa. SM Eign = 60mJ. 
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Experiments of a confined methane gas explosion across a simulated gob was presented 

in Figure 4.56 (page 102) and showed significant flame speed enhancement. It was also shown 

that the flame moved through the gob significantly faster than around the gob in the open 

passages. This is important because an ignition in or around the gob area might tend to interact 

with the gob itself, other structures such as pillars, machinery, etc. enhancing combustion, 

leading to more violent explosions. Complimentary 2D modeling was presented and it was found 

that 1) the rock rubble must be modeled discretely to capture flame stretching and propagation 

through the porous gob and 2) results in Figure 6.50, Figure 6.51, and Figure 6.52 (pages 223-

224) showed that the shape used to represent the rock rubble does affect local turbulence and 

flame speed.  

3D modeling of a confined ignition with rock rubble is presented in Figure 6.72, Figure 

6.73, Figure 6.74, and Figure 6.75 on pages 239-240. Due to ease of meshing, the squares in the 

3D model are 2x2x2cm instead of 2.2cm as shown in Table 6.4 on page 222. Despite this small 

difference, the 3D model results follow the trends of the 2D model and experiments well. The 3D 

model, similar to the 2D model, overestimates the actual time values of the flame expansion, but 

the acceleration of the flame at early times, t = 2.5-4.2ms, matches the acceleration of the flame. 

Compared to the 2D model, the 3D model better captures the impact of the third dimension on 

flame propagation through the gob. For example, in Figure 6.73, the experiments show the flame 

starting to propagate through the porous medium. The 2D model shows that some of the flame 

passing through the obstacles, but most of the flame is still in the open regions. Compared to the 

2D model, the 3D model flame is able to expand and freely propagate in the vertical direction, 

showing significant flame propagation through the gob, matching experimental observations 

better. This can also be observed in Figure 6.75; the 2D model shows significant flame stretching 

versus the 3D model better predicting the bulk flame brush exiting the reactor.  

Overall, the 3D model of the experimental box shows good agreement with experiments. 

The 3D model better predicts the flame shape and flame front propagation trends for confined 

ignitions compared to the 2D model, but due to the coarser mesh of the 3D model, does not 

predict the local fluid velocities or instabilities observed in an unconfined ignition without a gob. 

These results are important because they demonstrate the need to always balance model accuracy 

and simulation time. Although a coarser 2.5mm cut cell body mesh was used with 3 levels of 

mesh adaption on the gradient of temperature every 2 times steps to resolve the flame front, other 
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flow quantities were not as well predicted resulting in certain flame inaccuracies. As the models 

become larger and continue to scale, it will become more important to keep in mind the loss of 

model accuracy to improve simulation times. However, this demonstrates why it is important to 

continue to validate models across a variety of scales and conditions to ensure a robust model is 

produced.  

6.4 2D 71cm Steel Reactor Modeling Results 

The main purpose of the 71cm diameter reactor is to develop an understanding of 

methane flame dynamics at the large-scale for improved model development towards the mine-

scale. Experimental results in the 71cm diameter steel reactor showed that a rock pile at the back 

of the reactor (closed end) resulted in faster flame front propagation velocities than a rock pile 

located at the front (open end) of the reactor and faster velocities than no rock pile at all (Section 

4.7, Figure 4.58 and Figure 4.59 on pages 104-105). In the experimental setup, the length of the 

rock pile was L=1.8m and the height of the rock pile was 24cm. Previous results of modeling a 

rock pile in the 2D, 12cm diameter quartz reactor showed that the obstacle must be modeled as 

discrete objects (Section 6.1.4). Thus to model a rock pile in the 71cm diameter reactor, the rock 

pile was modeled as idealized circles with a diameter of 10cm, which was based on the average 

size of the rocks in the experiments. The discrete circles were spaced 2cm apart in the vertical 

direction so that the total height of the simulated gob was 24cm.  

Results of modeling a rock pile at the front and back of the 71cm are presented in Figure 

6.76 and Figure 6.77 and flame shape and propagation trends are presented in Figure 6.78 

through Figure 6.82. As can be seen in these figures, a rock pile at the back of the reactor results 

in faster flame front propagation velocities than a rock pile at the front or no rock pile at all. 

Compared to a rock pile at the front, a rock pile at the back of the reactor accelerates the flame 

along the entire length of the reactor. When the rock pile is at the front, it only tends to accelerate 

the flame across the obstacle. Also to note, the reason that the 2D model does not exactly match 

the measured velocities of flame acceleration across a rock pile is because 1) the model uses a 

coarse mesh with errors up to 15% as discussed in Section 5.3, 2) the discrete circles used to 

represent the rock rubble does not fully capture the size/shape of the rock, 3) the spacing used 

between the discrete circles is not representative of the actual void spaces in a pile of rock 

rubble, and 4) the model is in 2D which means that turbulence is not fully resolved. Despite 
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these differences, the 2D model does a good job at capturing the overall trends of methane flame 

acceleration across a rock pile.  

 

 
Figure 6.76 2D, 71cm diameter reactor model results for a closed-end ignition with a sphere gob 
investigating the impact of gob location on methane flame front propagation velocity versus 
distance. Obstacle: 10cm diameter sphere gob, H = 24cm, L = 1.8m. Time step = 0.01ms. CH4 = 
9.5%. 2D Body mesh size = 5mm, 1mm edge sizing. Temperature = 295K, Pressure = 76kPa. 
SM Eign = 60mJ. 
 

 
Figure 6.77 2D, 71cm diameter reactor model results for a closed-end ignition with a sphere gob 
investigating the impact of gob location on methane flame front location versus time. Obstacle: 
10cm diameter sphere gob, H = 24cm, L = 2m. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh 
size = 5mm, 1mm edge sizing. Temperature = 295K, Pressure = 76kPa. SM Eign = 60mJ. 
 

Finally, although these researchers did not experiment with a rock pile in the middle of 

the reactor (Fig, Strebinger, Bogin, & Brune, 2018; Fig M. , 2019), this condition is of 
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importance to this research and thus, was investigated numerically using the 2D, 71cm diameter 

reactor model. As can be seen, a rock pile in the middle of the reactor resulted in the fastest 

flame front propagation velocities and greatest rate of acceleration across the rock pile. This is 

important because in a real longwall coal mine, obstacles can be at various locations in the mine 

and so capturing these effects in the model will be important when evaluating results at the full-

scale.  

 

 
Figure 6.78 Temperature contours of the 2D, 71cm diameter reactor model for a closed-end 
ignition with a sphere gob investigating the impact of gob location on methane flame 
propagation. Obstacle: 10cm diameter sphere gob, H = 24cm, L = 2m. Simulation time = 60ms. 
Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5mm, 1mm edge sizing. Temperature = 
295K, Pressure = 76kPa. SM Eign = 60mJ. 
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Figure 6.79 Temperature contours of the 2D, 71cm diameter reactor model for a closed-end 
ignition with a sphere gob investigating the impact of gob location on methane flame 
propagation. Obstacle: 10cm diameter sphere gob, H = 24cm, L = 2m. Simulation time = 70ms. 
Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5mm, 1mm edge sizing. Temperature = 
295K, Pressure = 76kPa. SM Eign = 60mJ. 



246 
 

 
Figure 6.80 Temperature contours of the 2D, 71cm diameter reactor model for a closed-end 
ignition with a sphere gob investigating the impact of gob location on methane flame 
propagation. Obstacle: 10cm diameter sphere gob, H = 24cm, L = 2m. Simulation time = 80ms. 
Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5mm, 1mm edge sizing. Temperature = 
295K, Pressure = 76kPa. SM Eign = 60mJ. 
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Figure 6.81 Temperature contours of the 2D, 71cm diameter reactor model for a closed-end 
ignition with a sphere gob investigating the impact of gob location on methane flame 
propagation. Obstacle: 10cm diameter sphere gob, H = 24cm, L = 2m. Simulation time = 90ms. 
Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5mm, 1mm edge sizing. Temperature = 
295K, Pressure = 76kPa. SM Eign = 60mJ. 



248 
 

 
Figure 6.82 Temperature contours of the 2D, 71cm diameter reactor model for a closed-end 
ignition with a sphere gob investigating the impact of gob location on methane flame 
propagation. Obstacle: 10cm diameter sphere gob, H = 24cm, L = 2m. Simulation time = 100ms. 
Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5mm, 1mm edge sizing. Temperature = 
295K, Pressure = 76kPa. SM Eign = 60mJ. 
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CHAPTER 7  

FULL-SCALE CFD MODELING OF METHANE GAS EXPLOSIONS IN AN 

UNDERGROUND LONGWALL COAL MINE 

 

As described in this document, methane gas explosions in underground coal mines pose a 

deadly risk to miners and can severely damage mine equipment and structures. These explosions 

typically occur near the gob, and in the case of the UBB explosion in 2010, explosions can occur 

near the shearer due to hot streaks from worn shearer cutting bits (Page, et al., 2011). Although 

investigative reports provide a good amount of information and estimations of what led to the 

explosion, the actual explosion overpressures and flame speeds are unknown. Therefore, CFD 

modeling can be used to better predict the hazards of methane gas explosions in underground 

mines as well as mitigate these disasters. One of the major advantages of CFD models is that 

they can be used to run different mine explosion scenarios which can potentially be used to 

improve mine layouts during the design phase. Therefore, the main goal of this project is to 

develop a 3D, full-scale CFD model of a methane gas explosion in an underground mine and 

demonstrate the potential uses of the model to help improve mine safety and prevent destructive 

methane gas explosions.  

To this end, a full-scale, 3D ventilation model of the airflow distribution and methane 

distribution in underground mines has been developed as shown in the research flow diagram in 

Figure A.1 in Appendix A. Complimentary to the ventilation model, a combustion model has 

also been developed and validated with experiments as shown in this document; a similar flow 

diagram description of the combustion model development is shown in Figure A.2 in Appendix 

A. To reach the goal of modeling a full-scale, 3D methane gas explosion, this research takes a 

systematic approach by developing multiple full-scale models as shown in Figure 7.1.  
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Figure 7.1 Diagram showing the multiple pathways the ventilation model and combustion model 
have been combined to simulate a 3D Sub-Section, a 3D Full-Scale, and a 2D methane gas 
explosion.  
 

 As shown in Figure 7.1, three different full-scale models have been developed: 1) a 3D 

full-scale sub-section model, 2) a 3D, full-scale mine model, and 3) a 2D mine model. The 3D, 

sub-section models were developed to help balance computational time versus accuracy. As the 

models have increased in size, it has become more and more difficult to determine mesh 

independence, which has forced researchers to use mesh adaption on coarse grids as described in 

Section 5.2.3 and Section 5.3. The sub-section models were built to model different methane gas 

ignition scenarios as shown in Figure 7.2; the scenarios shall be described in subsequent sections. 

The main idea is that once the flame propagates in this small domain, the information can be 

translated over to the next domain, such that, researchers can track flame and pressure 

propagation throughout the entire mine. In general, the sub-section models help prove the 

viability of using detailed modeling to simulate a methane-gas explosion. Additionally, the sub-
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section models are run on a conservative number of cores, 8-12, on a single compute, 

demonstrating that these models can run on a typical desktop computer.  

 

 
Figure 7.2 Schematic taken from the 3D full-scale ventilation model showing dimensions, flow 
directions and velocities, and sub-sections used for methane gas explosion modeling.  
 

 In addition to developing 3D, sub-section models, a 3D, full-scale simulation was also 

performed. The main purpose of the full-scale simulation is to model a full-scale methane-gas 

explosion in an underground coal mine, which has never been done to the knowledge of these 

researchers. However, one of the drawbacks of this model is that it requires 96 cores over 4 

compute on a supercomputer. Details of this model shall be given and results will be discussed in 

Section 7.4.  

 Finally, complimentary to these 3D models, a 2D model has been developed using inlet, 

outlet, dimensions, and gob conditions from the full-scale, 3D ventilation model. The main 

purpose of the 2D model is to show the capabilities of a reduced order model to predict methane 

flame and pressure propagation in a longwall coal mine. Additionally, this reduced order model 

can be run on a typical desktop and takes less than 1 week to solve, making it a good predictive 

tool for initial flame and pressure wave propagation.  
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7.1 3D Full-Scale Sub-Section 1 

 After validating the 2D and 3D reactor CFD combustion models under a variety of 

conditions, researchers have begun modeling a small methane gas ignition under a single 

longwall coal mine shield as shown in Figure 7.3. This model is taken as a subsection of the full-

scale longwall ventilation model; the height of the coal face is 3m and the length of the shield is 

6m. In the previously developed 3D models presented in this research, mesh independence was 

typically found at a mesh size of 2.5-2mm for the smaller, laboratory-scale reactors. 

Unfortunately meshing this large volume would require millions of cells and researchers have 

found modeling the 3D 12cm diameter reactor with 1 million cells takes a little less than 2 weeks 

on a supercomputing node with 8-12 cores, 2.7-3.02GHz, 24-64GB RAM. However, it was also 

found that using aggressing mesh adaption can help in using larger cell sizes while still 

predicting physically accurate methane flame behavior (Section 5.2.3). Therefore, the single 

shield model was meshed with approximately 500,000 tetrahedral elements, size 7-10cm. To 

accurately model the deflagration physics, researchers are using the following settings in 

ANSYS Fluent (v17.2):  

• Pressure-Based Solver 

• Energy Equation 

• Viscous Standard k-ω Turbulence Model 

o Low Re Corrections 

o Shear Flow Corrections 

• Species Transport 

o Volumetric Reactions 

o Stiff Chemistry Solver 

o Finite Rate Chemistry  

▪ Density solved using ideal gas theory 

▪ Diffusion solved using kinetic theory 

▪ Metghalchi and Keck laminar flame speed theory 

• Spark Ignition Model 

o Initial kernel radius = 5mm 

o Duration = 1ms 

o Energy = 60mJ 
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• PISO pressure-velocity coupling 

• CEI: 2 levels of mesh adaption on the gradient of temperature every 2 time steps 

• Residuals set to 10-3, dropping at least 3 orders or magnitude 

• Second order in time and space 

• Time step = 0.01ms  

• Turbulence parameters: k = 1.5m2/s2 and ω = 250 1/s 

• Boundary Conditions:  

o Coal face: wall, roughness height of 0.25m, roughness constant of 0.5m 

o Fluid boundaries: zero-gauge pressure outlets 

o Solid walls – adiabatic, no slip 

This model was initialized to stagnant conditions and the entire model was filled with 9.5% 

methane by volume.  

 

 
Figure 7.3 Schematic of the 3D, Sub-Section 1 model showing a single shield (6m long, 2m 
wide) and an ignition below the shield in the center of the longwall face.  
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Figure 7.4 Isocontour of temperature at 2200K showing methane flame propagation near the 
longwall face underneath a single longwall shield. Ignition in the center of the domain. 
Simulation Time = 8ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 3 
levels of mesh adaption every time step. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ.   

 

 
Figure 7.5 Isocontour of temperature at 2200K showing methane flame propagation near the 
longwall face underneath a single longwall shield. Ignition in the center of the domain. 
Simulation Time = 12ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 3 
levels of mesh adaption every time step. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ.   
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Figure 7.6 Isocontour of temperature at 2200K showing methane flame propagation near the 
longwall face underneath a single longwall shield. Ignition in the center of the domain. 
Simulation Time = 18ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 10cm with 3 
levels of mesh adaption every time step. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ.   
 

 
Figure 7.7 Isocontour of temperature at 2200K showing methane flame propagation near the 
longwall face underneath a single longwall shield. Ignition in the center of the domain. 
Simulation Time = 22ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 10cm with 3 
levels of mesh adaption every time step. Temperature = 293K, Pressure = 82kPa. SM Eign = 
60mJ.   
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Results of ignition underneath the single shield are shown in Figure 7.4, Figure 7.5, 

Figure 7.6, and Figure 7.7 and took approximately 15 days to model flame expansion to the 

model boundaries (note that parallelization across computes can help speed-up this simulation 

time). As can be seen, the flame extends towards the path of least resistance, along the longwall 

face in the x directions. Calculations of the average flame speed predicts a flame expanding at 

30m/s. According to the Upper Big Branch explosion in 2010, investigators estimated the flame 

speeds directly near the explosion to be close to 90m/s (Page, et al., 2011). What is positive 

about these results is that the flame expansion is captured well and the approximate speed of 

expansion is the same order of magnitude as the UBB explosion. As previously discussed, two 

main reasons for the discrepancy in speeds is the large cells required to run this simulation and 

the fact that the chemistry model assumes a 2-step methane-air mechanism. In general, 2-step 

mechanism underestimates the flame speed as compared to more complex chemistry 

mechanisms (13-step, full-GRI) as shown by Fig (2019). Additionally, the velocities and 

pressures from the UBB were estimated based off investigative evidence, which means the error 

bars on those values are not well known. Therefore, what this sub-section model shows is that 

these full-scale methane gas explosions can be modeled in a reasonable amount of simulation 

time on a typical desktop computer. Using ANSYS Fluent also allows data from this model to be 

interpolated onto another model, or simply transferred to the next shield along the longwall face 

(Figure 7.3).  

7.2 3D Full-Scale Sub-Section 2 

After running a preliminary simulation of ignition under a single shield, a second model 

was developed which includes a discrete gob behind the shields as shown in Figure 7.9. 3D 

hexagons were created to represent the gob and are 30cm in diameter. Some of the benefits of 

modeling the gob as discrete hexagons is that 1) the hexagons capture the turbulence induced by 

rock observed in experiments, 2) because they have flat faces they are easy to mesh, and 3) they 

are easily arranged in different packing orientations to change gob porosity or resistance. The 

mesh for this study is the same as the single shield model, 7-10cm tetrahedral cells, 

approximately 1 million cells total. Model settings are the same as the sub-section 1 model 

except for the following:  

• Residuals set to 10-3, dropping at least 3 orders or magnitude 

• Turbulence parameters: k = 1.5m2/s2 and ω = 25 1/s 
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Up to this point the simulation has run to t=22ms and took 22.5 days on an 8 core compute, 

3.06GHz, 24GB.  

 

 
Figure 7.8 Schematic of the 3D, Sub-Section 2 model showing a single shield (6m long, 2m 
wide) and gob area with an ignition in the center of the gob. Gob is represented by (8) 3D 
hexagons, 30cm in diameter. 
 

 
Figure 7.9 Isocontour of temperature at 2200K showing methane flame propagation behind the 
longwall face within a discrete hexagonal gob. Ignition in the center of the gob. Simulation Time 
= 2ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of mesh 
adaption every 2 time steps. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ.   
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Figure 7.10 Isocontour of temperature at 2200K showing methane flame propagation behind the 
longwall face within a discrete hexagonal gob. Ignition in the center of the gob. Simulation Time 
= 8ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of mesh 
adaption every 2 time steps. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ.   
 

 
Figure 7.11 Isocontour of temperature at 2200K showing methane flame propagation behind the 
longwall face within a discrete hexagonal gob. Ignition in the center of the gob. Simulation Time 
= 8ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of mesh 
adaption every 2 time steps. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ.   
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Figure 7.12 Isocontour of temperature at 2200K showing methane flame propagation behind the 
longwall face within a discrete hexagonal gob. Ignition in the center of the gob. Simulation Time 
= 8ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of mesh 
adaption every 2 time steps. Temperature = 293K, Pressure = 82kPa. SM Eign = 60mJ.   
 

Results are shown in Figure 7.9 through Figure 7.12 and show the flame expanding at an 

average velocity of 22m/s. Although these simulations are on-going, they demonstrate that 

modeling these large-scale explosions is possible and requires a complete understanding of 

model settings in addition to multiple points of model validation during development. In the 

future, researchers are urged to investigate ways to obtain mesh independence, while also 

maintaining reasonable simulations times, most likely by parallelization which is used in the full-

scale simulation presented in Section 7.4. Future work also includes testing these models using 

an LES turbulence model in lieu of the k-ω turbulence model since the two-equation moment 

models require an estimation of the initial turbulence. Since the initial turbulence is unknown 

and the scales of these models are significantly larger than previously modeled, the LES 

turbulence model may be more appropriate for higher fidelity simulations.   

7.3 3D Full-Scale Sub-Section 3 

The previous sub-section models described in Section 7.1 and Section 7.2 modeled a 

methane gas explosion under stagnant conditions under a single shield along the longwall face 

and in the gob behind the shields. These models helped demonstrated that the sub-section models 

can be used to simulate methane-gas ignitions and solved on a typical-sized desktop computer. 
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However, these models do not include the high velocity airflow typical along the longwall face 

(5-7m/s) which can change the local initial turbulence and thus, solution. Therefore, a 3rd sub-

section model was created to more realistically model a methane gas explosion. For example, in 

the UBB explosion, the shearer was at the tailgate and hot streaks left from worn shearer bits 

ignited a pocket of methane at the tailgate (Page, et al., 2011). Thus, the sub-section modeled is 

at the tailgate corner of the longwall face as shown in Figure 7.2 and Figure 7.13.  

The settings for this model were the same as the sub-section 2 model (Section 7.2) except 

for the model initialization. The model was no longer initialized to stagnant conditions; instead, 

the 3D full-scale ventilation model was run to steady state and the flow and pressure data was 

extracted. This data was then interpolated onto the sub-section model and the pressure profiles 

from the steady state model were used as boundary conditions for the pressure inlet and outlets.  

In the ventilation model used for this condition, there was not any methane at the tailgate corner, 

so to simulate an EGZ a small box (0.5m cube) was filled with stoichiometric methane and was 

ignited inside the box (volume of methane = 0.125m3). An example of the pressure profiles and 

flow conditions are shown in Figure 7.13 and Figure 7.14.  

 

 
Figure 7.13 Schematic of the 3D, Sub-Section 3 model showing the geometry used to simulate a 
methane gas explosion at the tailgate corner. Pressure profiles were extracted from the 3D, 
ventilation model and used as pressure boundary conditions as shown. Ignition is initiated in a 
small methane box (0.5m cube) was initialized at 9.5% methane by volume.  
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Figure 7.14 Schematic of the 3D, Sub-Section 3 model showing the airflow distribution 2ms 
after ignition. Simulation Time = 2ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-
10cm with 2 levels of mesh adaption every 2 time steps. SM Eign = 60mJ.  
 

 
Figure 7.15 Isocontour of temperature at 2200K showing methane flame propagation at the 
tailgate corner. Simulation Time = 10ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-
10cm with 2 levels of mesh adaption every 2 time steps. SM Eign = 60mJ. 
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Figure 7.16 Isocontour of temperature at 2200K showing methane flame propagation at the 
tailgate corner. Simulation Time = 20ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-
10cm with 2 levels of mesh adaption every 2 time steps. SM Eign = 60mJ.  
 

 
Figure 7.17 Isocontour of temperature at 2200K showing methane flame propagation at the 
tailgate corner. Simulation Time = 30ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-
10cm with 2 levels of mesh adaption every 2 time steps. SM Eign = 60mJ. 
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Figure 7.18 Volume rendering of the absolute pressure and isocontour of temperature at 2200K 
showing methane flame and pressure wave propagation at the tailgate corner. Simulation Time = 
10ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of mesh 
adaption every 2 time steps. SM Eign = 60mJ.  
 

 
Figure 7.19 Volume rendering of the absolute pressure and isocontour of temperature at 2200K 
showing methane flame and pressure wave propagation at the tailgate corner. Simulation Time = 
20ms. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of mesh 
adaption every 2 time steps. SM Eign = 60mJ.   
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Figure 7.20 3D sub-section 3 results of the first pressure wave expansion location as a function 
of time. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of mesh 
adaption every 2 time steps. SM Eign = 60mJ.  
 

 
Figure 7.21 3D sub-section 3 results of the maximum overpressure of the first pressure wave as a 
function of time. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 2 levels of 
mesh adaption every 2 time steps. SM Eign = 60mJ. 
 

 Results from this study are presented in Figure 7.15 through Figure 7.21. Results show 

that the pressure wave expands towards the boundaries of the domain much faster than the flame 

itself. Calculations of the expansions reveal that the flame front expands at approximately 22m/s 

and the pressure wave expands at 350m/s. The overpressure of the first expanding pressure wave 

is plotted as a function of time in Figure 7.21 and results show an initial pressure wave of 

approximately 18kPa at 2ms. However, it is important to note that there may have been higher 



265 
 

pressures generated between spark initiation and 2ms. Therefore, this research recommends 

future work saving time steps more frequently during the initial kernel expansion in order show 

the initial pressure rise likely missed here. Additionally, results show that the expanding pressure 

wave disturbs the flow in nearby areas, such that by 30ms there is no flow from the longwall face 

to the tailgate entries. This can also be seen in Figure 7.19 which shows that the model is able to 

predict the pressure wave reflection off the mine walls and pressure wave interaction. From the 

UBB explosion it was estimated that near the ignition the flame front propagation velocity was 

near 90m/s and the overpressure was 27kPa (Page, et al., 2011). Although this initial simulation 

predicts overpressure slightly less than 27kPa, they are still the same order of magnitude and 

again, the actual peak overpressure may have been between 0-2ms. More importantly these 

results show that even for these small overpressures, they are enough to change the airflow 

patterns in this area. These results are important because they demonstrate the viability of 

modeling methane gas explosions using data interpolated from a steady state ventilation model. 

These results also show how the flow in the tailgate can be disturbed from the explosion 

overpressure, which can be important for understanding movement of EGZs or even entrainment 

of coal dust (which would require a multiphase model). Additionally, models such as this can be 

used to help estimate the amount of impact force on nearby mine structure, which may help in 

the design of pillars or seals.  

 In general, all of the sub-section models have demonstrated the potential for modeling 

these explosions on smaller domains. They have shown reasonable results under totally stagnant 

conditions and have proven that steady state results can be used to initialize and model a methane 

gas explosion. They have also demonstrated the need to continue improving the models by 

investigating the use of an LES model, more complex chemistry mechanisms, sensitivity analysis 

on turbulence parameters, parallelization, and coupling with the ANSYS Mechanical to 

understand the stresses on nearby mine equipment/structure. Altogether, these results have 

enormous potential for accurately predicting methane gas explosions in a full-scale, sub-section 

model. Data extracted from these models could even be used to help further track the flame and 

pressure waves in the 2D mine model, which will be discussed in Section 7.5. 

7.4 3D Full-Scale Simulations 

Researchers have also simulated an ignition and subsequent flame propagation in the full-

scale ventilation model. The ventilation model contains the full longwall face (300m long), 6m 
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of gob behind the shields (152 shields), and part of tailgate and tailgate bleeder entries. The 

height of the coal seam is 3m and the distance from the coal face to the back of the shields is 

6.5m. Pressure profiles obtained from the steady state ventilation model are used as boundary 

conditions for the inlets and outlets, to maintain model accuracy. For the ventilation scenario, it 

is assumed that the flow at the tailgate corner is directed toward the open crosscut outby the face 

due to the tailgate entry inby the face blocked by the roof fall. The shearer is cutting the tailgate 

corner, with half of the tailgate drum exposed at the tailgate entry. Both shearer drums are 1.8m 

in diameter and are rotating at 30 rpm (shearer cowls are also modeled). For ventilation, 85,000 

cfm of fresh air enters the longwall face at the headgate. The majority of the air leaks into the 

gob, resulting in 30,000 cfm remains inside the face by the time it reaches the tailgate side. 

Figure 7.22 shows the ventilation condition used for this test, while Figure 7.23 shows volume 

rendering of methane mass fraction around shearer drums. The rendering is limited to methane 

around shearer drums for visual purposes. 

 

 
Figure 7.22 Volume rendering of velocity inside longwall face from plan view (top) and velocity 
contour plot showing close-up view of flow around shearer drums (bottom). Blue arrows indicate 
flow direction.  
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Figure 7.23 Volume rendering of methane mass fraction near the shearer drums. 

 

This scenario represents the case when there is insufficient fresh air to dilute the methane 

inflow from the coal face, resulting in the formation of explosive gas zones of methane and air 

around the shearer drums. From the figure, methane accumulation can be observed in the small 

gap between the shearer body and uncut coal face. There is also notable methane accumulation in 

areas between the headgate drum and coal face, and between the tailgate drum and cowl. For this 

test, it is assumed that the ignition occurred when the headgate drum is cutting the coal face, as 

shown in Figure 7.23. This ignition location is chosen to test the viability of initiating 

combustion in a region of high turbulence. Before ignition, the shearer drums are rotating until 

the flow is fully developed. After the onset of ignition, the drums are switched to stationary and 

considering the time scale of the explosion, the continuous rotation of the drums should not have 

any significant impact on the flame expansion. The combustion model settings for this 

simulation are the same as those used for the sub-section 3 model (Section 7.3) except for the 

following:  

• First order implicit time stepping (for simulation stability) 

• 3 levels of mesh adaption on the gradient of temperature every time step (for increased 

accuracy in predicting the flame front) 
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• Initial spark kernel radius is 2cm which matches the mesh size near ignition 

• Spark duration is 2ms  

Figure 7.24 through Figure 7.28 shows volume rendering of the total pressure and 

temperature after ignition near the headgate drum, looking from inside the longwall face towards 

the uncut coal face. As can be seen in these images, the overpressure from the explosion 

develops very quickly at 350m/s and expands to a much larger radius than the main flame front 

which is moving at approximately 30-35m/s as shown by the expansion of temperature in Figure 

7.28. This is important because the quickly expanding pressure wave is increasing the pressures 

and temperatures inside the volume such that as the main flame front expands, the unburned 

upstream gases are slightly preheated. Subsequently, increased preheating in the unburned gases 

can increase combustion rates and flame acceleration, which is well known from fundamental 

flame theory (Andrews & Bradley, 1972). If these processes continue, this can lead to significant 

flame acceleration and possible transition to a detonation as described in Section 2.3.  

 

 
Figure 7.24 Volume rendering of total pressure showing ignition and explosion overpressure.  
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Figure 7.25 Volume rendering of total pressure showing ignition at the headgate drum and 
explosion overpressure overlaid with black streamlines for flow visualization.  
 

Also shown in Figure 7.25 and Figure 7.26 are black streamlines used to visualize the 

flow in the longwall face. As can be seen in these figures, the overpressure from the explosion 

diverts the main airflow in the longwall face such that there is little airflow near the coal face and 

tailgate drum. This is important because this pushes more flow into the gob area, which can 

potentially mix with pockets of methane creating more areas of EGZs. The diverted flow around 

the shield can also entrain more methane from the face, creating an environment which could 

lead to secondary or tertiary explosions.  

Figure 7.27 shows the decrease in pressure of the first pressure wave as it expands away 

from ignition. At 1ms the model predicts an overpressure of approximately 13kPa which 

decreases proportionally to the inverse of distance from ignition squared, as expected from a 

pressure wave. Similar to the full-scale sub-section 3 model presented in Section 7.3, the 

maximum overpressure is the same order of magnitude as those estimated from the UBB 

explosion (27kPa) (Page, et al., 2011). Also, although 13kPa was recorded at 1ms, there may 
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have been higher pressures generated between 0-1ms. Thus, researchers again recommend future 

work recording more frequent time steps in the initial flame kernel expansion in order to more 

accurately capture overpressure of the explosion as a function of time. 

This test successfully demonstrates the viability of integrating the combustion model into 

the full-scale bleeder ventilation model. One major issue that needs to be addressed is balancing 

computational time versus model accuracy. This current simulation has taken approximately 4 

days to simulate 2.25ms of methane gas combustion using 4 x 24 cores nodes of computational 

power. It is important to note that this model has ~22.5 million base cells before using mesh 

adaptation. Mesh adaption is employed on the gradient of temperature to better resolve the flame 

front on such a coarse grid, but this increases the total simulation time. In the future, mesh 

coarsening and dynamic meshing can be used so that, as cells are added to the model to refine 

flow/temperature gradients, other mesh areas are coarsened thereby reducing the total number of 

cells in the model while still maintaining model accuracy and reasonable simulation times. 

 

 
Figure 7.26 Volume rendering of total pressure showing ignition at the headgate drum and black 
streamlines showing how the flow is diverted away from the coal face and tailgate drum.  
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Figure 7.27 3D full-scale results of the maximum overpressure of the first pressure wave as a 
function of time. Time step = 0.01ms.CH4 = 9.5%. Body mesh size = 7-10cm with 3 levels of 
mesh adaption every time step. SM Eign = 60mJ. 
 

 
Figure 7.28 Volume rendering of total temperature showing ignition and flame propagation.  
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7.4.1 Discussion of Potential Future Work 

To the knowledge of these researchers, the simulations presented in this Chapter are the 

first 3D, full-scale simulations of methane gas explosions in an underground longwall coal mine. 

More specifically, the simulations presented in Section 7.4 are monumental because they show 

that modeling a methane gas explosion in a longwall coal mine is feasible using a commercial 

CFD software, which has enormous potential for future research areas including:  

• Explosion prevention and mitigation 

• Design of mine layout 

• Shearer and drum design 

• Design of mine structures and seals 

• Design of water spray systems 

For explosion prevention and mitigation, for example, if there is an EGZ in a hanging 

roof behind the longwall shields, researchers could model different explosion scenarios to 

estimate flame speeds and overpressures. This type of information could be used to better 

distribute inert rock dust in these areas or perhaps include water sprays, increasing the humidity 

thereby decreasing the flame speed and pressure. Inclusion of a multiphase model (which is an 

option in ANSYS Fluent) could help in modeling the transition of a gaseous explosion to a coal 

dust explosion, like what happened in the UBB explosion (Page, et al., 2011).  

Running different mine explosion scenarios can also help research understand the 

potential transition of a deflagration to a detonation for improved mine design and layout. As 

described in Section 2.3, a deflagration can transition to a detonation by different flame 

acceleration mechanisms. For example, flame stretching can increase combustion rates, 

accelerating the flame. If there was an explosion in the gob, the turbulence induced by the nearby 

rock rubble and mine equipment could potentially aid in DDT. Also, deflagrations can transition 

to detonations if there is enough run-up distance; for methane-air mixtures this is typically 

around a L/D ratio of 50, but can be shortened by roughened walls (Ciccarelli & Dorofeev, 2008; 

Lee J. , 1984). In a mine, the entryways are typically 6m wide and can be 3m high, which means 

the hydraulic diameter of the entryways are 4m. Active longwall panels continue to get longer, 

and can be upwards of 1000m, corresponding to an L/D ratio of 250. In general this demonstrates 

how a mine environmental can be inherently dangerous, but the models developed in this work 

can aid in better designing certain areas of the mine with potential for methane gas explosions.  
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 The models developed can also aid in the design of the shearer, drums, mine structures, 

and seals. ANSYS also owns ANSYS Mechanical which is a program that can estimate 

mechanical stresses and strains on solid objects. This can be coupled with ANSYS Fluent quite 

easily, such that researchers can estimate the forces and impacts of an explosion on nearby mine 

equipment and structure. This kind of information can also aid in designing better seals or 

perhaps the layout of seals.  

 Finally, another potential research area could be the design of water spray systems either 

on the shearer, along the longwall face, or in the gob. Water sprays are important because they 

can capture entrained coal dust reducing the risk of a coal dust explosion. Water sprays can also 

provide enough pressure to mitigate the accumulation of EGZs and they can also make the 

nearby air humid, thereby decreasing the potential explosion hazard. In ANSYS Fluent, this 

could be done by incorporating the multiphase model in Fluent and running different spray 

scenarios.  

7.5 2D Mine Model Simulation 

Section 7.1 through Section 7.4 presented high-fidelity, 3D models of methane gas 

explosions in underground coal mines. The models and simulations presented thus far have 

shown great potential in modeling these large-scale explosions in 3D, capturing the flame and 

pressure wave propagation trends as well as predicting reasonable flame speeds. However, they 

take a significant amount of simulation time and computational resources. Therefore, researchers 

have also created a 2D model of the ventilation conditions in a underground longwall coal mine 

and have combined it with the 2D combustion model developed in this research. The main 

purpose of this model is to simulate the flame and pressure wave propagation throughout the 

entire mine, but in a more user-friendly, reasonable amount of time.   

To begin, the 2D mine model was run as a steady state to obtain the velocity profiles in 

the mine; a diagram of the setup is shown in Figure 7.29. Airflow was initialized as a fluid with 

no methane while the gob was a porous media with 9.5% methane by volume (stoichiometric). 

With the velocity profile from the steady state case imported, the ANSYS Spark Model was 

turned on with an initial radius of 10cm at the location marked with a yellow star in Figure 7.29. 

As shown in Section 6.3.1, a flame cannot propagate in a Darcy flow porous media unless the 

porosity is set to 100%. Therefore, to obtain realistic flame propagation in this area, the box in 

the gob around the spark location was set as a fluid zone to allow the flame kernel to expand. 
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Figure 7.29 Schematic of the 2D longwall coal mine model developed. The longwall face is 
300m in length and there is a total of 5 inlets and 1 outlet in the model. The gob fringe is 
modeled as a Darcy flow porous media.  
 

 
Figure 7.30 Temperature contours of the 2D mine model with an ignition behind the shields, in 
an area of the gob which is not fully caved.  Black lines represent the reaction of methane and 
oxygen, indicating the flame front. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 10cm. 
Temperature = 293K, Pressure = 82kPa. Eign = 60mJ.  
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Figure 7.31 Absolute pressure contours of the 2D mine model with an ignition behind the 
shields, in an area of the gob which is not fully caved.  Black lines are the forward and 
backwards streamlines of airflow along the longwall face. Time step = 0.01ms. CH4 = 9.5%. 
Body mesh size = 10cm. Temperature = 293K, Pressure = 82kPa. Eign = 60mJ. 
 

Initial results at 10ms show that the flame propagates through the fluid zone of the gob 

and has resistance as it reaches the porous zone of the gob, shown in Figure 7.30. The black 

regions in Figure 7.30 are the areas where methane reacts with oxygen, representing the flame 

front. The pressure contour in Figure 7.31 shows that at a given time, a large pressure wave will 

propagate ahead of the flame front by several meters. As time progresses, the difference between 

the flame front and pressure front increases. Additionally, the black lines in Figure 7.31 represent 

velocity streamlines, showing that the pressure wave diverts the flow along the longwall face. 

These results were also observed modeling an explosion using the sub-section 3 model (Section 

7.3) and the full-scale methane explosion model (Section 7.4). This is important because even in 

2D, the model predicts general flame and pressure wave propagation trends observed in high-

fidelity simulations, and in a fraction of the time, approximately 5 days.  

The 2D model is on-going, but future modeling will include a mesh independence study 

and a study investigating model parallelization for reduced computational times. Further studies 

including discrete modeling of obstacles in the gob rather than using a porous media as well as 

adding obstacles representing the hydraulic roof jacks along the longwall face. However, what is 

positive about this initial 2D model is that researchers will be able to run a variety of mine 

explosion scenarios and evaluate general flame and pressure wave propagation trends in under a 
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week. In general, the 2D model has great potential to work alongside the 3D, high-fidelity 

models in mine design, layout, etc. and can provide designers and engineers with a vast amount 

of information in a short amount of time.   
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CHAPTER 8  

SUMMARY OF IMPACTFUL RESULTS 

 

8.1 Summary of Impactful Experimental Results 

Open-End Ignition versus Closed-End Ignition – Section 4.1 

➢ Purpose: These experiments demonstrate the difference between an un-confined (OEI) 

and a fully confined (CEI) methane gas explosion.  

➢ Outcomes:  

• Ignition from a confined space increases flame speeds 5000% and peak overpressures 

1200%. This increase is due to increased temperatures and pressures during flame 

kernel expansion, which increases fluid motion ahead of the flame thereby increasing 

turbulence and combustion rates.  

• CEI results in large overpressures and pressure oscillations, over 6 times greater than 

an OEI.  

➢ Impact: In longwall coal mining, EGZs typically exist near the working face, behind the 

shields, and the corridors. Therefore, ignitions can occur in variety of locations and it is 

extremely important to capture these effects in the combustion model. Additionally, large 

overpressures from a methane gas explosion can cause serious damage to nearby workers 

and large pressure oscillations can damage ventilation controls and reverse airflow in a 

mine which will be important to capture in the combustion model. 

➢ Novelty: Many researchers have compared open- versus closed-end ignition, but not 

across the wide range of scales under investigation in this project. Due to the variety of 

experimental setups and methods of measuring flame speed and overpressure, it would be 

extremely difficult to develop a comprehensive combustion model using other 

researcher’s experimental data. Even for those researchers who use different sized 

reactors, many of them have a different ratio of length to diameter, which makes scaling 

difficult and many of them did not have optical access to the flame. These results are 

novel in that they help us further complete our understanding of the effect of scale on 

methane flame dynamics as we continue validating larger combustion models. 

➢ Presented at the SME Annual Conference, Minneapolis, Minnesota, 2018:  
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• Strebinger, C., Fig, M., Pardonner, D., Treffner, B., Bogin, Jr., G.E., and Brune, 

J.F., “Investigation on the Overpressure Produced by High-Speed Methane Gas 

Deflagrations in Confined Spaces”. SME Annual Conference and Exhibit. 

February 2018. 

 

Single Obstacle Experiments – Section 4.2.1, Section 4.2.2, and Section 4.2.3  

➢ Purpose: Ignitions typically occur in or around the gob area, which has varying types of 

rock rubble with different rock pile porosities, geometries, and void spacing. 

➢ Outcomes:  

• OEI: Cage obstacle induces turbulence in nearby unburned gases, resulting in an 

increase in flame velocity by 18%.  

• OEI: Decreasing the void spacing of an obstacle wall geometry from 73%, wall 

H=3.8cm, to 13%, wall H=9.8cm, increases flame velocity by 17%. 

• OEI: Increasing the obstacle wall length by 200% increases flame velocity by 12%. 

• OEI: Increasing porosity from 67% to 77% increases flame speeds by 11%. 

• OEI: Moving the obstacle location from 37cm to 62cm from the open end decreases 

the relative velocity increase from 18% to 15%. Moving it to 87cm decreases the 

relative velocity difference to 11% from the open case.  

• CEI: A single obstacle wall with a void spacing of 73%, H=3.8cm, increases 

downstream flame velocities by 27% and peak overpressures by 62%.  

➢ Impact: These outcomes help determine which simulated gob parameters most affect the 

flame – the amount of blockage has the greatest effect on both flame velocity and peak 

overpressure. Additionally, location of obstacles relative to ignition location impacts 

flame front propagation velocity significantly and depends on ignition location as well. 

➢ Novelty: Other researchers have experimented with baffles, rings, and some solid 

obstacle geometries. These experiments are novel in that the obstacles are made of solid 

spheres, which more closely represents the turbulence induced by obstacles found in a 

mine. For example, this research has shown that flame propagation trends over a solid 

rectangle is fundamentally different than a flame passing over spheres or other obstacles. 

This is because the spheres and obstacles induce more turbulence in the shear zone and 

distort the flame front. Additionally, trends of increasing BR agrees with other 
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researchers (Chapman & Wheeler, 1926; Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982), 

but Chapman and Wheeler (1926) found that increasing the wall length decreased 

velocity. However, their experiment uses thick brass obstacles, which may be acting as a 

heat sink and thereby decelerating the flame (Chapman & Wheeler, 1926). Another 

novelty of these experiments is the exhaustion of obstacle parameters experimented in 

this research – i.e. other researchers may only investigate blockage ratio, not porosity or 

other factors. This allows for a more comprehensive validation of the on-going 

combustion model. 

➢ Presented at the 16th North American Mine Ventilation Symposium, Golden, CO, June 

2017:  

o Strebinger, C., Fig, M., Blackketter, K., Walz, L., Bogin, Jr., G.E., Brune, J.F., 

and Grubb, J.W. “A Fundamental Investigation of Simulated Gob Configurations 

on Methane Flame Propagation”. 16th North American Mine Ventilation 

Symposium, June 2017.  

 

Simulated Gob Bed Experiments – Section 4.2.4 

➢ Purpose: Longwall coal mines often have piles of rock rubble and the walls are made of 

rock, which is why it is important to understand the different effects of a single obstacle 

versus a pile of rubble on methane gas deflagrations.  

➢ Outcomes:  

• OEI: Simulated gob bed location has only a small impact on flame velocity and no 

impact on overpressure for the heights and lengths gob beds investigated.  

• CEI: Although a single obstacle wall of height 3.8cm increases flame velocity by 

27% and peak overpressure by almost 62%, at the same location, a simulated gob bed 

with H=2cm, L=30cm increases flame velocity by 32% and peak overpressure by 

70%.  

• CEI: Increasing the length and height of the simulated gob bed has less of an effect on 

flame velocity (<5%) than peak overpressure. Peak overpressure increases 27% when 

the height of the gob bed L=15cm was increased by 1cm (reducing the blockage ratio 

from 96% to 89%).  
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• CEI: A simulated gob bed with height 2cm and length 15cm results in greater flame 

velocities and peak overpressures than a single obstacle with height 3.8cm and length 

6.35mm when located near the open end of the reactor.  

• The process of flame acceleration between a single thin obstacle and simulated gob 

bed is significantly different; a single obstacle results in a downstream vortex behind 

the obstacle which can trap unburned gases which can help accelerate or decelerate 

the flame. The simulated gob bed results in a turbulent boundary layer which interacts 

with the bed similar to a porous media – resulting in a feedback loop, burning gases 

in the porous media increase temperatures which increases combustion rates and 

accelerates the main flame brush.  

➢ Impact: These results help show how important it is to understand the impact of obstacle 

geometry on methane acceleration mechanisms and not just focusing on the impact of 

blockage ratio. The results also demonstrate how a longwall coal mine environment can 

inherently exacerbate a methane gas deflagration and why it will be important to 

discretely model the complex geometry of a mine; a wall has a significantly different 

effect on flame acceleration than a pile of porous rock rubble. 

➢ Novelty: There has been a significant amount of research of flame dynamics across a 

single obstacle or through a porous media. We have only found one reference which 

investigates flame acceleration (to DDT) across a porous media (Lee, Knystautas, & 

Chan, 1985), but the porous media was across the entire length of the combustion reactor 

because the researchers were mainly investigating DDT. This research is novel in that it 

investigates the effects of the simulated gob bed height, length, and location on methane 

flame dynamics and pressure generation.   

➢ Presented at the 11th International Mine Ventilation Congress, Xi’an, China, September, 

2018:  

• Strebinger, C., Bogin, Jr., G.E., and Brune, J.F., “A Fundamental Study of High-

Speed Methane-Air Deflagrations Across Simulated Gob Walls and Sphere 

Beds”. 11th International Mine Ventilation Congress, September 2018. 
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In-gob Ignition Experiments – Section 4.3 

➢ Purpose: Methane gas explosions can occur near the gob and may travel to the longwall 

face. Therefore, it is important to understand how an ignition between simulated gobs 

may affect methane flame dynamics. 

➢ Outcomes:  

• The surface topology of granite rock results in immediate downstream flame 

velocities 28% greater than smooth spheres.  

• The granite rock slightly increases peak overpressure by 14% and sustains pressure 

oscillations for 43% longer than the smooth glass spheres.  

• All experiments resulted in hydrodynamic instabilities which inverted the flame front 

(tulip flame), increasing combustion rates and pressure. 

➢ Impact: These results show that the surface topology and roughness of the obstacle can 

have a significant effect on methane gas deflagrations and can increase the peak 

overpressure and duration of pressure oscillations. This is important because sustained 

pressure oscillations can damage ventilation controls, harm human bodies, and stress 

mine structures. The results also show that modeling rock rubble as smooth spheres is 

insufficient and will require more detailed modeling of the gob area.  

➢ Novelty: There has only been one other researcher we have found who has ignited a 

combustible mixture between obstacles (van Wingerden & Zeeuwen, 1983). However, in 

their experiments the obstacles were different and the flame could propagate freely in all 

directions, whereas in a real longwall mine environment the flame would expand 

preferentially in a horizontal direction. The experiments here are novel in that the flame 

dynamics are different due to the preferential direction of flame propagation. 

Additionally, we have found no experiments where researchers have used actual rock 

rubble as an obstacle, which can have significant differences compared to smooth 

obstacle especially in the wake zone behind the obstacle.  

➢ Presented at the SME Annual Conference, Minneapolis, Minnesota, 2018:  

• Strebinger, C., Fig, M., Pardonner, D., Treffner, B., Bogin, Jr., G.E., and Brune, 

J.F., “Investigation on the Overpressure Produced by High-Speed Methane Gas 

Deflagrations in Confined Spaces”. SME Annual Conference and Exhibit. 

February 2018. 
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Ignition Location Experiments – Section 4.4 

➢ Purpose: Since methane gas explosions can occur in a variety of different locations in a 

mine, it is important to understand how methane flame propagation velocities and 

overpressures change depending on ignition location.  

➢ Outcomes:  

• As ignition moved further from the open end, towards the middle of the reactor, 

maximum flame velocities and overpressures increase. 

• Ignition in the middle of the reactor results in pressures 270% greater than CEI 

(ignition 11cm from closed end) and flame velocities only 45% less than CEI.  

• The pressure trace of ignition in the middle of the reactor consists of high-frequency 

oscillations with multiple modes. 

• The resulting flame from ignition in the middle 2/3rds of the reactor is highly 

turbulent and similar to a pulse jet. 

➢ Impact: Ignition location impacts methane flame propagation and pressure generation the 

greatest of all experiments performed. High frequency oscillations have a major impact 

on the structural integrity of mine structures and can destroy ventilation controls. 

Acoustics play an important role in distorting the flame front and accelerating 

combustion rates. 

➢ Novelty: Some researchers have ignited mixtures at the open and closed ends of their 

combustion chambers, and some in the middle. But none have thoroughly investigated 

the impact of varying the ignition along the length of the reactor, which was shown in 

this manuscript to have differing impacts on propagation velocities and explosion 

pressures. Additionally, no one has reported flame speeds, pressures, and shown images 

of the propagating flame altogether.  

➢ Presented at the SME Annual Conference, Minneapolis, Minnesota, 2018:  

• Strebinger, C., Fig, M., Pardonner, D., Treffner, B., Bogin, Jr., G.E., and Brune, 

J.F., “Investigation on the Overpressure Produced by High-Speed Methane Gas 

Deflagrations in Confined Spaces”. SME Annual Conference and Exhibit. 

February 2018  
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Confinement Experiments – Section 4.5 

➢ Purpose: An explosion from the gob area towards the longwall face is extremely different 

from an ignition on the longwall face, specifically the degree of confinement. These 

experiments help further understand the impact of end conditions and confinement on 

methane gas deflagrations. 

➢ Outcomes:  

• CEI: Relief holes have no difference on methane flame dynamics and overpressure.  

• Port 2: The number of relief holes on the closed end of the reactor has less of an 

effect on methane flame propagation velocities, but more of an effect on 

overpressures.  

• Port 2: A fully confined end condition results in overpressures at 97% greater than 

with a small relief (D=1.2cm).  

• Port 2: A fully confined ignition sustains pressure oscillations almost four times 

longer (no relief holes).  

➢ Impact: These results demonstrate how small changes in closed end conditions can lead 

to large changes in methane flame dynamics. Similar to the ignition experiments, these 

experiments further demonstrate the need to accurately predict overpressure and acoustic 

impacts. For longwall coal mining, these results demonstrate the difficulty in 

understanding severity of a methane gas explosion.  

➢ Novelty: There has been a significant amount of research on the impact of relief on flame 

propagation, though the majority of previous work on pressure relief is done with a single 

opening (with the other end closed) and only one research group has looked into two 

openings opposite each other (Guo, Wang, Liu, & Chen, 2017). As of yet, we have not 

come across any researchers who have varied the relief and varied ignition location 

together.   

➢ Presented at the SME Annual Conference, Minneapolis, Minnesota, 2018:  

• Strebinger, C., Fig, M., Pardonner, D., Treffner, B., Bogin, Jr., G.E., and Brune, 

J.F., “Investigation on the Overpressure Produced by High-Speed Methane Gas 

Deflagrations in Confined Spaces”. SME Annual Conference and Exhibit. 

February 2018 
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Box Reactor Experiments – Section 4.6 

➢ Purpose: EGZs can exist in many areas of a longwall coal mine, including the gob area 

(Karacan, Ruiz, Cote, & Phipps, 2011). Ignitions may occur in the gob area, often due to 

falling rock and rock-on-rock friction and the resulting methane gas explosion can pose a 

serious risk to miners and cause serious damage to mine structures and equipment 

(Brune, 2014). To better understand how a flame might propagate in a rectangular 

reactor, an experiment box was setup and experiments were performed with and without 

a porous media consisting of rock rubble.  

➢ Outcomes:  

• OEI v CEI: In the rectangular box, a confined ignition resulted in significantly faster 

flame speeds than an unconfined ignition, further confirming previous experimental 

results (Section 4.1).  

• Flame propagation in the experimental box showed residual burning in the corners of 

the enclosure, similar to other researchers (Solberg, Pappas, & Skramstad, 1981).  

• When a porous media is present, the flame tends to move faster through the porous 

media than through the open passageways. This is because the obstacles induce fluid 

motion in the nearby gases, resulting in an increase in unburned gases to the flame 

front, accelerating the flame.  

➢ Impact: It is often through that an ignition in the gob will be quenched, however these 

results show that depending on the void spacing and porosity of the gob, the flame can 

actually accelerate through the gob before propagating in open corridors/tunnels. 

➢ Novelty: Researchers investigating flame propagation through obstacles have 

investigated blockage ratio, obstacle, spacing and other configurations as discussed in 

Section 2.6. However, these researchers have only found one group that has 

experimentally investigated flame propagation through an array of obstacles (van 

Wingerden & Zeeuwen, 1983), but the setup had obstacles in the entire experimental 

reactor. These experiments include both a porous medium and also open space for the 

flame to propagate, providing more information on how a flame may propagate in a semi-

obstacle filled environment.  

➢ Presented at the North American Mine Ventilation Congress, Montreal, Canada, 2019. 

Paper was also nominated to be included in the CIM Journal:  
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• Strebinger, C., Bogin, Jr., G.E., Brune, J.F., “CFD Modeling of Methane Flame 

Interaction with a Simulated Longwall Coal Mine Gob”. North American Mine 

Ventilation Congress 2019. 

 

8.2 Summary of Impactful Modeling Results 

Modeling the Spark– Section 5.1.3 

➢ Purpose: Modeling the initiation of combustion is difficult and this research has looked at 

two main methods of modeling the initial spark kernel. The first method is a heat flux 

model which models the electrodes as an aluminum spherical source with a constant heat 

flux to the surroundings, referred to in this text as EM. The second method uses the 

ANSYS Fluent Spark Model which was originally designed for spark ignition engines, 

referred to in this text as SM.  

➢ Outcomes:  

• OEI: Both the EM and the SM fail to capture the flame front propagation velocity 

trends from experiments. This is due to the model’s difficulty capturing buoyancy 

which is a diffusion dominated process.  

• OEI: Although the EM and SM do not capture the flame velocity trends, they both 

match the maximum flame front propagation velocity within 5% for the lean and 

stoichiometric mixtures. 

• OEI/CEI: The SM takes significantly less simulation time than the EM; over 30% 

savings for an OEI and over 80% savings for a CEI.  

• A major benefit of the SM is that the spark can be located anywhere in the domain 

without remeshing the entire domain.  

➢ Impact: Current 2D models have less than half a million cells, but at the large-scale, 

reducing simulation time is of the utmost importance and the SM should be implemented. 

However, if researchers are interested more in accuracy, the EM may be more 

appropriate, but requires the user to mesh the spark ahead of time. For applications to 

longwall coal mining, researchers are more interested in moving the ignition location and 

thus, constantly remaking and remeshing the domain is not ideal – therefore the SM 

should be used. 
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➢ Novelty: Initiating combustion is difficult to model and this work shows the comparison 

of two methods and discusses the advantages and disadvantages of both. Previous 

researchers have not provided significant details on spark initiation and sensitivity 

analysis along with reasonings behind using their methods.  

 

Impact of Spark Model Inputs – Section 5.1.3 

➢ Purpose: As discussed, researchers focused on initiating combustion using the ANSYS 

Fluent Spark Model. An investigation was undertaken to understand the most influential 

SM input parameters for this problem by investigating the impact of spark duration, 

initial kernel diameter, and expansion model. 

➢ Outcomes:  

• The initial kernel diameter had the largest impact on flame propagation.  

• Smaller initial kernel diameters led to slower FFPV, but the total pressure was not 

as significantly impacted. 

➢ Impact: These results are important because researchers must understand the limitations 

and inputs to the ANSYS Fluent Spark Model which can lead to almost a 35% difference 

downstream of the kernel. 

➢ Novelty: This study gives a good overview of how small changes in model assumptions 

can impact results, which not all researchers present when discussing model inputs.  

 

Impact of Spark Ignition Energy – Figure 5.26, Figure 5.27, Figure 5.28, Table 5.7 

➢ Purpose: In an underground longwall coal mine, a combustion event can be initiated by 

rock-on-rock friction, rock-on-metal friction, hot streaks from metal-on-metal, or 

spontaneous combustion among some. Methane air mixtures typically need 5mJ of 

energy to initiate combustion, however some of the ignitions in an underground coal 

mine can be much larger than 5mJ. Therefore, researchers investigated whether or not 

ignition energy has an impact on methane flame propagation using the 2D 12cm diameter 

model.  

➢ Outcomes:  

• Below 1J of ignition energy, the methane flame was unaffected by ignition 

energy.  
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• An ignition energy of 1kJ increased flame speed and reduced flame time of 

arrival. 

➢ Impact/Novelty: The 2D model predicts ignition energy can impact flame propagation, 

but not at ignition energies typically found in a longwall coal mine. For example, in a real 

mine environment, explosions are typically ignited by rock-on-rock or rock-on-metal 

friction which does not exceed 1J of energy. However, these outcomes show that 

researchers investigating the detonability of methane flames in underground mines must 

consider ignition energies greater than 1J.   

 

Discrete Modeling of the Gob – Section 6.1.4, Section 6.3.1 

➢ Purpose: EGZs can exist in many areas of a longwall coal mine, including the gob area 

(Karacan, Ruiz, Cote, & Phipps, 2011). Ignitions may occur in the gob area, often due to 

falling rock and rock-on-rock friction and the resulting methane gas explosion can pose a 

serious risk to miners (Brune, 2014). Unfortunately, the got is an inaccessible area and 

consists of varying levels of compacted rock rubble of different shapes and sizes. 

Previous researchers modeling the movement and accumulation of EGZs in the gob have 

often modeled the gob as a Darcy flow porous medium. However, this assumption must 

be revisited when modeling a methane gas ignition in-and-around the gob.  

➢ Outcomes:  

• A methane-gas ignition cannot be modeled within a Darcy flow porous medium in 

ANSYS Fluent, unless 100% porosity is assumed, which results in unrealistic flame 

propagation. Thus, the gob must be modeled discretely to accurately model flame 

interaction with the gob.  

• The model presented in this work captures flame propagation velocity trends from 

experiments.  

• When modeling the gob as discrete objects, the shape of the object can impact flame 

propagation velocities and local turbulence. Shapes that are not spherical predict 

faster flame speeds, they increase upstream turbulence, and increase mixing of the 

unburned gases. 
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➢ Novelty: To the knowledge of these researchers, no other modeling group using ANSYS 

Fluent has shown that, when considering an ignition in the gob area, that the gob must be 

modeled as discrete objects  

➢ Presented at the North American Mine Ventilation Congress, Montreal, Canada, 2019. 

Paper was also nominated to be included in the CIM Journal:  

• Strebinger, C., Bogin, Jr., G.E., Brune, J.F., “CFD Modeling of Methane Flame 

Interaction with a Simulated Longwall Coal Mine Gob”. North American Mine 

Ventilation Congress 2019. 

 

Full-Scale 3D Modeling –Chapter 7 

➢ Purpose: Methane gas explosions in underground longwall coal mines can be extremely 

devastating and often result in significant mine damage and loss of life as described in 

Chapter 1. Although there are many researchers modeling the ventilation conditions in an 

underground coal mine, there is no experimental or modeling research that demonstrates 

how these explosions occur or how the flame and pressure waves tend to propagate. The 

purpose of this research is to model a full-scale explosion to understand these phenomena 

so that better prevention and mitigation strategies can be explored.  

➢ Outcomes:  

• Researchers have modeled a full-scale, 3D methane gas explosion at the longwall 

face. 

o Results show an expanding pressure wave at 350m/s ahead of the main 

flame front traveling at 30-35m/s. The pressure wave preheats the nearby 

gases by compressive heating. These preheated gases continue to 

accelerate the main flame front.  

o Results show that the expanding pressure wave can disturb the airflow 

along the longwall face, redirecting the airflow into the gob area. This is 

important because the redirected air can mix with the methane in the gob, 

creating more EGZs with a potential for ignition. The redirected air also 

allows for a lower pressure near the longwall face, potentially allowing 

more methane to diffuse out from the face.   
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• Researchers have modeled full-scale, 3D subsections of a full-scale longwall 

bleeder coal mine. 

o For an ignition under a single shield, results show a flame expanding near 

the shields at 30m/s, the same order of magnitude of those estimated near 

ignition in the Upper Big Branch explosion (90m/s) (Page, et al., 2011). 

These results are important because they show the potential for 

incorporating dynamic meshing to continue to track the flame front 

throughout the mine and reduce computational time. 

o For ignition in the tailgate corner of the longwall face, results show an 

expanding flame at 36m/s and expanding pressure wave at 350m/s, 

reflecting off nearby walls/structures and diverting airflow.  

• Researchers have modeling a full-scale, 2D longwall coal mine and ignition in the 

hanging roof behind the tailgate shields.  

o Results are similar to the 3D, full-scale mine explosion, showing a fast-

expanding pressure wave redirecting airflow along the longwall face. 

o 2D simulations capture general flame and pressure wave propagation 

trends observed in the high-fidelity, 3D models, but solves in less than 1 

week.    

➢ Impact: These results have enormous impact for the mining and combustion 

communities. For the mining community, these simulations demonstrate how methane 

gas explosions propagate and accelerate as well as impact nearby airflow patterns, 

creating a hazard for future ignitions. These simulations can be used as a preventative 

measure to help with mine design and the layout of seals, methane gas detectors, water 

sprays, etc. for improved explosion prevention (Section 7.4.1). They can also be coupled 

with ANSYS Mechanical to better understand the fatigue and stresses on nearby mine 

equipment, seals, and pillars for future design (Section 7.4.1). Additionally, these 

simulations can be used as an after-the-fact way of understand what led to an explosion.  

➢ Novelty: These are the first full-scale, 3D CFD models of a methane-gas explosion in a 

longwall coal mine.  

➢ Researchers plan on drafting this as a journal article to be submitted by the end of 

August, 2019. 
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CHAPTER 9  

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

In conclusion, this research has presented both experimental and modeling results of 

high-speed methane gas deflagrations in confined, obstacle filled spaces at a variety of scales for 

the purpose of building a physically accurate, comprehensive CFD model capable of simulating a 

full-scale methane gas explosion in an underground coal mine. Researchers have been successful 

in modeling a methane gas explosion in a full-scale mine and have developed complimentary, 

sub-section and 2D models as alternative, more time-effective methods of simulating these large-

scale explosions.  

Three different full-scale models of methane gas explosions were created: 3D, full-scale 

sub-section models, a 3D, full-scale model, and a 2D, full-scale model, each modeling different 

methane gas explosion conditions. In the 3D, full-scale sub-section models, a methane gas 

explosion was modeled 1) in the longwall face under a single shield, 2) in a discrete gob behind a 

shield, and 3) in the tailgate corner of the longwall face. Results from the sub-section simulations 

predict initial flame expansions at 30-36m/s and pressure wave expansion at 350m/s. Although 

the UBB explosion estimated initial flame speeds near ignition to be 90m/s, these preliminary 

results are of the same order of magnitude (Page, et al., 2011). Additionally, these sub-section 

models show that the initial pressure wave can disturb the airflow in the longwall face, forcing 

the air behind the shields and into the gob. This is important because that air can mix with 

methane in the gob area, creating more EGZs with the potential for secondary ignitions. This 

same phenomena was also captured when modeling a full-scale 3D explosion at the headgate 

drum of the shearer, when the shearer is located near the tailgate entry. The initial pressure wave 

expanded ahead of the flame front, diverting air away from the longwall face. In this case, the 

pressure wave also preheated the air ahead of the flame, which may lead to flame acceleration 

and eventual transition to a detonation. Although a transition to detonation was not modeled, it is 

important to fundamentally understand the possible situations which could lead to a detonation.  

Complimentary to the 3D models, a 2D mine model was set up and an ignition was 

modeled in the gob behind the shields at the tailgate. Results agree with observations made from 

the 3D models, showing an expanding pressure wave diverting airflow from the face. Although 
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more work needs to be done with this model and it is not as high-fidelity as the 3D models, it 

shows the potential to model flame propagation throughout an entire mine in a short amount of 

time, less than 1 week on an 8 core compute. Comparatively, the 3D sub-section models ran for 

1.5-3 weeks on 8-12 cores and the 3D full-scale model ran for 2 weeks on almost 96 cores across 

4 computes.  

In summary, 3D full-scale methane gas explosions in a longwall coal mine have been 

modeled and are the first ever simulations of these events. Based on results from these 

simulations, this research recommends several different ways this information could be used to 

help prevent and mitigate these disasters (Section 7.4.1). One of the major benefits of these CFD 

models is the ability to simulate a variety of different explosion scenarios to estimate flame 

speeds and overpressures. This type of information could be used to better distribute inert rock 

dust in these areas or perhaps include additional water sprays, increasing the humidity thereby 

decreasing the flame speed and pressure. These models could also be used to help dictate mine 

designs; for example, ANSYS Mechanical can be coupled with Fluent to estimate the impact 

forces on nearby structures. This could help in improving the layout of the mine in addition to 

designing seals and pillars. ANSYS Fluent also has a Multiphase model which could be 

investigated to 1) model water sprays for improved shearer/drum design, or could be used to 2) 

model rock dust entrainment for an improved understanding of explosions which transition to 

coal dust explosions (UBB 2010, (Page, et al., 2011)). Altogether, these models have the 

potential to be incredibly useful tools to better understand the events which lead to an explosion 

as well as designing ways to help mitigate these disasters.  

Another major goal of this project was to perform experiments to understand the impact 

of different mine conditions on methane flame propagation and overpressure. A variety of mine 

conditions were explored including the impact of:  

• Mixture stoichiometry 

• Void spacing 

• Obstacle porosity 

• Obstacle location 

• Obstacle geometry (wall, porous bed, etc) 

• Ignition location 

• Reactor end conditions (relief) 
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A summary of the impactful experimental results is discussed in Section 8.1 of Chapter 8 

and shows that stoichiometry (presented in Section 4.1), void spacing (blockage ratio), ignition 

location, and relief have some of the largest impact on high-speed methane gas deflagrations out 

of all parameters investigated. However, in the exploration of the impact of these different mine 

parameters, several interesting results were found. One of the most interesting discoveries during 

the experiments was the role of pressure and acoustics in accelerating the flame. For example, in 

many cases it is thought that the faster the flame the greater the overpressure. If one were to just 

compare ignition at the open end versus ignition at the closed end, then this hypothesis would 

hold. However, by exploring different ignition locations it was found that ignition in Port 2 

resulted in higher pressures, but slower flame speeds compared to a closed-end ignition (Section 

4.4). It was also found that high-frequency acoustics were excited in the tube at different modes, 

resulting in a flame which traveled similarly to a pulsed jet (forward and backward, but in a 

preferential direction). This was an extremely interesting discovery because there have not been 

many researchers who have investigated this. Most researchers have ignited at the open end, 

closed end, and some in the middle.  

 Another interesting discovery regarding pressure, was the tulip inversion which occurred 

when ignition was between obstacles. Tulip inversions have been studied for a long time by 

many researchers (Ellis & Wheeler, 1928; Guenoche & Jouy, 1953; Starke & Roth, 1989), but 

this is the first time to the knowledge of these researchers, that a tulip inversion occurred from 

ignition between obstacles. What is interesting about this discovery is that the overpressure 

generated was almost half the maximum overpressure recorded during a closed-end ignition. 

This is important because an ignition in the gob area could potentially generate significantly 

more pressure (causing more damage) than ignition in a crosscut or along the longwall face. 

Additionally, the pressure traces seem to show that different frequency pressure waves are 

interacting (Figure 4.37, page 88). This is important because oscillating pressure waves could 

entrain fresh air which could accelerate the flame and possibly lead to an autoignition event. 

Alternatively, the pressure waves could continue to stretch the flame front, increasing 

combustion rates and flame acceleration.  

 Finally, experiments performed in the box reactor were crucial to the understanding of 

methane flame interaction with a porous medium, or gob. Before these experiments were 

performed, these researchers hypothesized that the flame would tend to move faster in the open 
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spaces, thinking it would follow the path of least resistance. As shown in Section 4.6, this was 

not the case; the flame tended to propagate faster through the rock gob than in the open spaces.  

Unfortunately, there was not enough time to continue investigating many of these 

interesting discoveries, which is why this research recommends the following future 

experimental work:  

 

Experiments for the 12cm diameter reactor  

• Ventilation studies of methane near the longwall face show mixtures at the extremely 

lean limit. Recommendations for future experimental work includes performing closed-

end ignition experiments in the 12cm diameter reactor for extremely lean mixtures.  

• Research showed ignition location had one of the largest impacts on methane flame 

propagation, pressure generation, and acoustics. Previous experiments have already been 

performed, igniting stoichiometric mixtures at 11cm, 25cm, 50cm, 75cm, and 1.39m 

from the open end. Researchers recommend repeating these experiments with ignition 1m 

and 1.25m from the open end. Results from these experiments can be used to develop an 

analytical model of the impact of ignition location on maximum flame front propagation 

velocities and overpressures.  

• Repeat in-gob ignition experiments with 1) multiple obstacles in both directions, 2) 

obstacles of different porosities, 3) obstacles closer and further from ignition, and 4) at 

different locations in the reactor (i.e. instead of just performing these experiments in Port 

1, 25cm from the open end, repeat them in Port 2, 50cm from the open end). This will 

help to better understand the role of pressure and acoustics on flame acceleration.  

• Perform studies with different mixtures inside the reactor. For example, near the ignition 

use a stoichiometric mixture, but further from ignition, fill the tube with 2% methane by 

volume. This will be important for investigating whether an ignition in an EGZ can 

continue to propagate into the longwall face because mine regulations do not allow 

mixtures above 2% methane by volume anywhere in the bleeder entries. If above 2% is 

detected, the active longwall panel operations are stopped. 

• 2D modeling results showed that ignition energies above 1J may impact methane flame 

propagation. Therefore, researchers recommend building an ignition system capable of 
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handling ignition energies between 1J-10kJ and capable of changing the ignition 

duration.  

 

Experiments for the Experimental Box  

• Add ion sensors and pressure transducers to record flame speeds and overpressures and 

repeat OEI and CEI experiments with and without a porous medium.  

• Modeling results show that obstacle shape (circles, hexagons, squares) can impact local 

turbulence and flame speeds. Additionally, other experimental evidence shows that small 

changes in porosity can impact methane flame propagation. Therefore, researchers 

recommend performing addition experiments in the box reactor using solid shapes such 

as circles and squares and arranging them in different packing orientations and porosities. 

This will help researchers to determine best practices for modeling the gob discretely in 

the full-scale, 3D ventilation model. 

• Researchers also recommend investigating the scalability of experiments in the 

rectangular box by making larger and smaller boxes.  

 

Experiments for the 71cm diameter reactor 

• Researchers recommend investigating alternative methods of measuring the flame front 

propagation velocity in this reactor including UV and IR sensors.  

• Researchers recommend extending this reactor to 100m to investigate the transition of 

methane gas deflagrations to detonations. From the results from this research, this is 

currently being funded as a collaborative project between CSM, the University of 

Maryland, and the Naval Research Lab.  

 

As discussed, this project has successfully modeled a full-scale methane gas explosion in a 

longwall coal mine and has recommended several ways to help build stronger mitigation and 

prevention methods against such disasters. Additionally, this project has experimentally shown 

which parameters of a mine have the most impact on methane flame and pressure wave 

propagation. The main purpose of the experiments was to validate the CFD model at a variety of 

scales under different conditions. In doing so, this research has several recommendations for 

model improvement:  
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• Investigation of other turbulence models such as LES or k-ω, SST. Current models use 

the standard k-ω, 2-equation turbulence model, but LES may be more appropriate, 

especially at the large scale. An added benefit of the LES model is that the initial 

turbulence parameters are estimated by the model.  

• Investigation of more complex chemistry mechanisms. This research has shown that the 

2-step mechanism grossly overpredicts the propagation speeds of rich flames and has 

high rates of conversion of CO to CO2 . Improving this in future models will improve the 

prediction of rich flames and it will also allow researchers to more accurately predict 

leftover CO. This is important for longwall coal mine explosion mitigation because CO is 

poisonous and can kill miners (Gates, et al., 2006).  

• Investigation of advanced parallelization techniques. This research has shown that 

modeling full-scale, 3D methane gas explosions requires a significant amount of 

computational power and time. Further studies into parallelization of the model has the 

potential to reduce computational times while maintaining model accuracy.  

• Experimental studies have shown acoustics can play a large role on flame acceleration 

and modeling results have also shown pressure waves can interact with mine structures. 

Therefore, it will be important to capture these effects in future models. To do so will 

require incorporation of an acoustic model. 
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APPENDIX A 

OVERVIEW OF PROJECT DEVELOPMENT  

 

 
Figure A.1 Flow diagram showing the development and validation of the 3D, steady longwall 
ventilation model.  
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Figure A.2 Flow diagram showing the development of 2D and 3D combustion models and the 
types of experiments used to validate the models. 
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APPENDIX B 

DYNAMIC & OVERSET MESHING 

 

One of the major challenges of this research is model scaling and more specifically, 

balancing model accuracy versus simulation time as model domains become larger. This 

research has investigated two main meshing techniques to help reduce the computational domain 

while balancing accuracy: dynamic meshing and overset meshing. The main idea behind 

dynamic meshing is creating a subsection of a larger domain and specifying the boundary(ies) to 

move. For example, Figure B.1 shows a schematic of an active longwall model (Juganda, Brune, 

Bogin, Grubb, & Lolon, 2017). As discussed, there is significant evidence that shows ignitions 

can occur in or around the gob area and for the UBB explosion of 2010, the ignition occurred at 

the tailgate corner as shown by the red box. As shown in Chapter 5, many of the models require 

cells on the order of 5-1mm in order to accurately track the flame. However in the full-scale 

model the cell sizes are on the order of centimeters. Thus, the idea behind dynamic meshing 

would be to create a subsection with a fine mesh and move the boundaries, indicated with the red 

arrows, according to a certain flow quantity.  

 

 
Figure B.1 Schematic of an active panel of a longwall coal mine and a subsection of the tailgate 
corner where an ignition may occur. Blue arrows represent airflow pattern.  Red box indicates 
possible tailgate subsection and red arrows show dynamic boundaries that move with the 
resulting flame front. Figure modified from (Juganda, Brune, Bogin, Grubb, & Lolon, 2017). 
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 To test the viability of dynamic meshing, 2D CFD combustion models of the 12cm 

diameter reactor were set up to simulate a closed end ignition. A small subsection was also 

created which was 25cm long at time, t=0s, and the ‘open’ end was made to be a dynamic, 

moving zero gauge pressure outlet boundary as shown in Figure B.2. Figure B.3, Figure B.4, and 

Figure B.5 show flame propagation towards the open end of the reactor for the base case and 

dynamic mesh case. As can be seen in these figures, the dynamic mesh can be used with ANSYS 

Fluent’s species model to track the flame front. However, as the moving boundary of the overset 

mesh moves, the new domain is not initialized with methane which is why the flame eventually 

consumes what little combustible mixture is in the reactor before subsiding. This can be 

overcome by creating a user-defined function (UDF) that initializes the newly created moving 

domain. Additionally, the UDF can include what direction and how much the moving boundary 

will move dependent upon a flow variable such as total pressure, total temperature, reaction rate, 

etc. Although in this small scenario the dynamic mesh did not give significant time savings, in 

the full-scale, 3D model this method can save significant simulation time while not sacrificing 

model accuracy.  

The second meshing technique investigated is called overset meshing. The idea of overset 

meshing is that the main domain and obstacles are meshed on a coarse base mesh as shown in 

Figure B.6. A more refined grid, called the overset mesh, is then created and overlays the base 

mesh and data is interpolated from the coarse base mesh to the refined overset mesh and solved. 

The overset mesh can also be coupled with the dynamic mesh and move in any direction in the 

domain. The main idea behind investigating this is to track the flame front or initial pressure 

wave on the overset mesh to maintain accuracy on a refined grid without sacrificing simulation 

time. Unfortunately implementing a dynamic overset mesh with combustion is not allowed while 

using species transport or any other combustion model in ANSYS Fluent. However, this research 

was able to show the viability of this method and investigate the advantages and disadvantages 

of implementing a dynamic overset mesh with combustion in ANSYS Fluent.  

 To test the implementation of a dynamic overset mesh, a small computational domain 

was setup as shown in Figure B.6. The domain has an inlet and outlet and two, parallel walls. 

Simulations have been run with and without a small obstacle as shown, but for brevity, results 

with the obstacle will be presented. To test the dynamic overset mesh method, the fluid flow was 

designed to be laminar flow with a Re = 100. Thus the following conditions were used:  
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• Base mesh = 1mm quadrilaterals 

• Overset mesh = 0.5mm quadrilaterals 

• Fluid density = 1kg/m3 

• Fluid dynamic viscosity = 1kg/m-s 

• Laminar Flow 

• Uniform inlet flow 

• Re = 100 

• Entry length = 6cm 

• Boundary layer = 2-5mm 

Results of the dynamic overset mesh are shown in Figure B.7, Figure B.8, and Figure 

B.9. As shown in these figures, the dynamic overset mesh successfully moves throughout time. 

However, when the overset mesh moves across the obstacle, the mesh does not know to not solve 

this space and so it continues to interpolate inwards onto the obstacle. Although this does not 

significantly change the flow patterns in this setup, it would change flame propagation in the 

combustion model. Therefore, to navigate this problem, researchers have meshed the solid 

obstacles and marked the cells as solids. When this is done, the dynamic overset mesh does not 

interpolate onto the obstacle. This has been tested using the full-scale longwall ventilation model 

with movement of the shearer, though not shown here.  

 Overall, the dynamic overset mesh can be used in ANSYS Fluent, but it cannot be 

implemented simultaneously with species transport or other combustion models. However, this 

research shows the viability of the method in Fluent when only considering fluid flow. To use 

this simultaneously with combustion would require a complex UDF that solves species from one 

mesh to the other. Implementation of this UDF could take several months, but is a realistic 

method to tracking the flame front on a finer grid.   
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Figure B.2 CH4 mass fraction contours of the 2D 12cm diameter reactor model showing methane 
flame propagation for the base case versus using a dynamic mesh.  Ignition location is 11cm 
from the closed end (left). Simulation Time = 2ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh 
size = 1mm, 0.25mm edge sizing. Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief 
hole. 
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Figure B.3 CH4 mass fraction contours of the 2D 12cm diameter reactor model showing methane 
flame propagation for the base case versus using a dynamic mesh.  Ignition location is 11cm 
from the closed end (left). Simulation Time = 8ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh 
size = 1mm, 0.25mm edge sizing. Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief 
hole. 
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Figure B.4 CH4 mass fraction contours of the 2D 12cm diameter reactor model showing methane 
flame propagation for the base case versus using a dynamic mesh.  Ignition location is 11cm 
from the closed end (left). Simulation Time = 16ms. Time step = 0.01ms. CH4 = 9.5%. Body 
mesh size = 1mm, 0.25mm edge sizing. Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No 
relief hole. 
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Figure B.5 Reaction rate contour of the 2D 12cm diameter reactor model showing methane flame 
propagation for the base case versus using a dynamic mesh. Reaction rate of the chemical 
reaction of methane and oxygen. Ignition location is 11cm from the closed end (left). Simulation 
Time = 16ms. Time step = 0.01ms. CH4 = 9.5%. Body mesh size = 1mm, 0.25mm edge sizing. 
Temperature = 294K, Pressure = 82kPa. Eign = 60mJ. No relief hole. 
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Figure B.6 Schematic of flow between two parallel plates with a small obstacle wall. Note the 
base mesh indicated in green has a 1mm quadrilateral mesh and the overset mesh indicated in 
blue has a 0.5mm quadrilateral mesh. Domain height is 2cm and length is 12cm.  
 

 
Figure B.7 Velocity contours of flow between parallel plates with a small obstacle with an 
overset mesh in front of the obstacle. Simulation Time = 0.3s. Time step = 0.01ms. Temperature 
= 300K, Pressure = 101kPa.  
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Figure B.8 Velocity contours of flow between parallel plates with a small obstacle and overset 
mesh moving over the obstacle. Simulation Time = 0.5s. Time step = 0.01ms. Temperature = 
300K, Pressure = 101kPa.  
 

 
Figure B.9 Velocity contours of flow between parallel plates with a small obstacle and overset 
mesh past the obstacle. Simulation Time = 0.7s. Time step = 0.01ms. Temperature = 300K, 
Pressure = 101kPa. 
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APPENDIX C 

PRELIMINARY 3D MODELING OF THE 71CM DIAMETER REACTOR 

 

 A preliminary 3D model of the 71cm diameter reactor has been developed in ANSYS 

Fluent v17.2. The model settings for this are similar to the 2D, 71cm diameter reactor model 

presented in Section 5.3:  

• Pressure-Based Solver 

• Energy Equation 

• Viscous Standard k-ω Turbulence Model 

o Low Re Corrections 

o Shear Flow Corrections 

• Species Transport 

o Volumetric Reactions 

o Stiff Chemistry Solver 

o Finite Rate Chemistry  

▪ Density solved using ideal gas theory 

▪ Diffusion solved using kinetic theory 

▪ Metaghalchi and Keck laminar flame speed theory 

• Spark Ignition Model 

• PISO pressure-velocity coupling 

• Continuity/energy residuals set to 10-4, Velocity/species residuals set to 10-3 

• Second order in time and space 

• Time step = 0.01ms  

• k = 1.5 m2/s2 and ω = 25 1/s  

• 3 levels of mesh adaption every time step 

• Boundary Conditions:  

o Walls – steel, 5mm roughness height, adiabatic 

Figure C.1 presents results of a closed-end ignition (ignition 28.5cm from the closed end) 

of stoichiometric methane-air mixture for a 5cm and 2.5cm mesh. As seen in this figure, results 

show a large difference between the 5cm and the 2.5cm mesh, but due to computational 
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resources, these researchers were unable to solve this domain on smaller meshes. Despite these 

large differences however, by taking the endpoints of the flame location as a function of time, the 

5cm mesh predicts a flame speed of 206m/s and the 2.5cm mesh predicts a flame speed of 

167m/s. Although the experiments resulted in a maximum flame speed of approximately 125m/s, 

these preliminary 3D results show fair agreement with experiments and the flame shape shown in 

Figures C.2 – Figure C.4 agree with previous findings.   

In the future, researchers recommend investigating different meshing techniques such as 

dynamic meshing in order to obtain mesh independence for this large, 3D model. Additionally, 

future improvements can be made using Multigrid techniques, variable time-stepping, and/or 

parallelization of the model across multiple computes.  

 

 
Figure C.1 3D, 71cm diameter reactor model results for a closed-end ignition investigating the 
impact of mesh size on flame front location versus time. Time step = 0.01ms. CH4 = 9.5%. 2D 
Body mesh size = 5cm and 2.5cm. 3 levels of mesh adaption every time step. Temperature = 
295K, Pressure = 76kPa. SM Eign = 60mJ. 
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Figure C.2 Temperature contours of 3D, 71cm diameter reactor model results for a closed-end 
ignition. Simulation time = 5ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5cm 
wih 3 levels of mesh adaption every time step. Temperature = 295K, Pressure = 76kPa. SM Eign 
= 60mJ. 
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Figure C.3 Temperature contours of 3D, 71cm diameter reactor model results for a closed-end 
ignition. Simulation time = 5ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5cm 
wih 3 levels of mesh adaption every time step. Temperature = 295K, Pressure = 76kPa. SM Eign 
= 60mJ. 
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Figure C.4 Temperature contours of 3D, 71cm diameter reactor model results for a closed-end 
ignition. Simulation time = 5ms. Time step = 0.01ms. CH4 = 9.5%. 2D Body mesh size = 5cm 
wih 3 levels of mesh adaption every time step. Temperature = 295K, Pressure = 76kPa. SM Eign 
= 60mJ. 
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APPENDIX D 

COPYRIGHT PERMISSIONS 

 

Figure 1.2 was reproduced with permission from Larry Scott of the Colorado Geological Survey 

(Colorado Geological Survey, n.d.).  
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Figure 1.3 was reproduced from (Worrall, Wachel, Ozbay, Munoz, & Grubb, 2012) with 

permission from the editors, Felipe Calizaya and Michael Nelson from the Mining Department at 

the University of Utah.  
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Figure 2.4 and Figure 2.5 were reprinted from Combustion and Flame, vol.19/2, G.E. Andrews 

and D. Bradley, “The burning velocity of methane-air mixtures”, pg 275-288, 1972, with 

permission from Elsevier (Andrews & Bradley, 1972).  
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Figure 2.8 was reprinted/adapted by permission from [Springer Nature and Copyright Clearance 

Center]: [Springer Nature] [Shock Waves] [Kuznetsov, et al., 2002] (DDT in methane-air 

mixtures, M. Kuznetsov, g. Ciccareli, S. Dorofeev et al.) (License # 4625550350800) (2002). 
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Figure 2.9 was reprinted from Progress in Energy and Combustion Science, vol.34/4, G. 

Ciccarelli, S. Dorofeev, “Flame acceleration and transition to detonation in ducts”, pg 499-550, 

2008, with permission from Elsevier (Ciccarelli & Dorofeev, 2008).  
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Figure 2.11 and Figure 4.10 were reprinted from Combustion and Flame, vol. 65/1, M.G. 

Cooper, M. Fairweather, J.P. Tite, “On the mechanisms of pressure generation in vented 

explosions”, pg. 1-14, 1986, with permission from Elsevier (Cooper, Fairweather, & Tite, 1986). 
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Figure 2.12 was reprinted from the International Journal of Hydrogen Energy, vol. 42/11, Jin 

Guo, Changjian Wang, Xuanya Liu, Ye Chen, “Explosion venting of rich hydrogen-air mixtures 

in a small cylindrical vessel with two symmetrical vents”, pg. 7644-7650, 2017, with permission 

from Elsevier (Guo, Wang, Liu, & Chen, 2017). 
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Figure 2.13 and Figure 2.14 and Figure 2.15 were reprinted from Combustion and Flame, vol. 

47, I.O. Moen, J.H.S. Lee, B.H. Hjertager, K. Fuhre, R.K. Eckhoff, “Pressure development due 

to turbulent flame propagation in large-scale methane-air explosions”, pg. 31-52, 1982, wit 

permission from Elsevier (Moen, Lee, Hjertager, Fuhre, & Eckhoff, 1982). 
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Figure 2.16 was reprinted from Experimental Thermal and Fluid Science, vol. 21/1-3, A.R. 

Masri, S.S. Ibrahim, N. Nehzat, A.R. Green, “Experimental study of premixed flame propagation 

over various solid obstructions”, pg. 109-116, 2000, with permission from Elsevier (Masri, 

Ibrahim, Nehzat, & Green, 2000). 
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Figure 2.17 was reprinted from the Journal of Loss Prevention in the Process Industries, vol. 

14/3, S.S. Ibrahim, A.R. Masri, “The effects of obstructions on overpressure resulting from 

premixed flame deflagration”, pg. 213-221, 2001, with permission from Elsevier (Ibrahim & 

Masri, 2001). 
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Figure 2.18 was reprinted from Symposium (International) on Combustion, vol. 17/1, Rudolf 

Maly and Manfred Vogel, “Initiation and propagation of flame fronts in lean CH4-air mixtures 

by the three modes of the ignition spark”, pg. 821-831, 1979, with permission from Elsevier 

(Maly & Vogel, 1979). 

 



332 
 

Figure 3.11, Figure 4.2, Figure 4.58, and Figure 4.59 were reproduced from (Fig M. , 2019) with 

permission from Dr. Matt Fig.  

 


