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Abstract

MULTIPLE SIMULATION EXPERIMENTAL STUDIES OF GAS
EMISSION, DISTRIBUTION AND MIGRATION RULES IN MINE

VENTILATION SYSTEM AND GOAF AREA

Gas problems have created severe difficulties for the mining industry around the world,
leading to high expenditures and intensity research efforts, and determined attempts to enhance the
various ventilation and gas drainage technigues. Meanwhile, gas research is thriving in recent
years, and gas drainage technology will continue to be a growing industry over the coming
decades in many mining countries

Safety mining technologies including field investigation, numerical simulation and
laboratorial experiments have been improved to develop a better understanding of the causes of
mine gas-related disasters over the last two decades. Moreover, new and multiple gas control
strategies and technologies have been developed, including optimizing the ventilation system
constantly, preventing goaf spontaneous combustion timely, enhancing gas risk management
effectively, determining the gas emission zone exactly, and implementing a reasonable gas
drainage plan correctly.

The first part of this dissertation introduces a multiple gas disaster prevention, control and

reduction strategy. Firsly, the basic theories of gas emission, distribution and migration are



discussed. Then a numerical prediction model based on a specific coal mine is established to
predict its gas emission. The prediction result shows that the error of the gas emission prediction
in the working face is less then 10%, and it also indicates that the prediction measurement of gas
emission in the working face is quite close to the actual measurement and owns high accuracy.

The second part of this dissertation offers the establishment of the numerical simulation
model (CFD) and laboratorial experimental model for the purpose of discussing the gas
distribution and migration rule and determining the most effective gas drainage zones in the
working face and goaf. The numerical and laboratorial simulation experiments based on U-type
ventilation system and U+L-type ventilation system are performed respectively, and both of two
types of simulation experimental results indicate that the over-limit of gas concentration in the
working face can be effectively resolved by changing from U-type ventilation system to U+L-type
ventilation system. Specifically, in the case of the U-type ventilation system, a large amount of
high concentrated gas constantly flows into the upper corner due to the goaf air leakage and the
different pressures between air inlet and air outlet. By contrast, U+L-type ventilation system is
made up of two air inlets and one air outlet, which accelerates the gas emission, diffusion and flow,
balances the air pressure of the upper corner, restrains the gas discharge of the upper corner, and
compels the high concentrated gas to flow into the air outlet.

Both of the numerical simulation results and laboratorial experimental results also
demonstrate that the most effective gas drainage spot constantly varies with the area where mining
activities are performed. In the case of numerical simulation experimental results, it is mainly
located in the area of 40m-250m (between working face and deep goaf), 30m-40m from the
working face floor (between the working face floor to the roof), and approximately 60m-170m
(between air inlet and air outlet). In the case of laboratorial simulation experimental results, it
mainly locates in coal seam and rock stratum separation area of 27cm-243cm (between working
face and deep goaf), 28cm-42cm (between the working face floor to the roof) and 78cm-182cm
(between air inlet and air outlet).

The last part of this dissertation provides a field study in order to obtain the gas distribution
and migration rule in the working face and goaf. 25 measuring points are selected and measured in
both of production shift and maintenance shift. The field measured results are similar with the
results of numerical simulation and laboratorial simulation experiments. Moreover, one entire gas

v



drainage system is established based on obtained results (numerical simulation, laboratorial
experiments and field measurement), and the gas drainage rate is also measured. The field
measured results show the average gas drainage rate increased to approximately 48.9 m* min™
(U+L-type ventilation system) from 39.6 m*min™ (U-type ventilation system) while the gas
concentration of the special drainage tunnel, upper corner and air outlet decreased to 1.69%,
0.75% and 0.55% (U+L-type ventilation system) from 1.88%, 0.85% and 0.61% (U-type
ventilation system) respectively. These results indicate the layout of the gas drainage boreholes is
rational and effective; the gas drainage volume is reliable. Therefore, it is feasible and reliable to
arrange the layout of gas drainage tunnels based on the experimental results of numerical

simulations and laboratorial tests.
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gas drainage
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List of glossary of terms

Within the coal and mine gas industry, there is still confusion over terms and abbreviations
used within and across different jurisdictions. In addition to the terms listed here, the UNECE has
prepared a Glossary of Coal Mine Methane Terms and Definitions that is more comprehensive and
highlights how terminology is used in different regions.

Air lock - an arrangement of doors that allows passage from one part of a mine ventilation circuit
to another without causing a short-circuit.

Auxiliary ventilation - proportion of main ventilating current directed to the face of a blind
heading (i.e., entry) by means of an auxiliary fan and ducting.

Back-return - a temporary ventilation arrangement formed at the return end of a U-ventilated
longwall to divert a proportion of the air behind the face to allow access for gas drainage drilling
and prevent high concentration goaf gases encroaching on the face end.

Bleeder shaft - a vertical shaft through which gas-laden air from working districts is discharged.
Blind heading - a development roadway with a single entry that requires auxiliary ventilation.
Bord-and-pillar (room-and-pillar) - a method of mining in which coal is extracted from a series
of headings, which are then interlinked leaving un-mined coal pillars to support the roof.

Capture (drainage) efficiency - the proportion of methane (by volume) captured in a methane
drainage system relative to the total quantity of gas liberated. Gas liberated comprises the sum of
drained gas plus gas emitted into the mine ventilation air. Usually expressed as a percentage,
capture (or drainage) efficiency can be determined for a single longwall panel or for a whole mine.
Coal front gas - gas released from the working seam coalface by the action of the coal-cutting
machine.

Coalbed methane (CBM) - a generic term for the methane rich gas naturally occurring in coal
seams typically comprising 80% to 95% methane with lower proportions of ethane, propane,
nitrogen, and carbon dioxide. In common international use, this term refers to methane recovered
from un-mined coal seams using surface boreholes.

Coal mine methane (CMM) - gas captured at a working coal mine by underground methane
drainage techniques. The gas consists of a mixture of methane and other hydrocarbons and water

vapor. It is often diluted with air and associated oxidation products due to unavoidable leakage of
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air into the gas drainage boreholes or galleries through mining induced fractures and also due to
air leakage at imperfect joints in underground pipeline systems. Any gas captured underground,
whether drained in advance of or after mining, and any gas drained from surface goaf wells is
included in this definition. Pre-mining drained CMM can be of high purity.

Extraneous gas - gas emissions other than coal front gas.

Firedamp - alternative term for CMM.

Gas drainage - methods for capturing the naturally occurring gas in coal seams to prevent it
entering mine airways. The gas can be removed from coal seams in advance of mining using
pre-drainage techniques and from coal seams disturbed by the extraction process using
post-drainage techniques. It often referred to as Methane drainage if methane is the main gas
component target to be captured.

Goaf (United States: gob) - broken, permeable ground where coal has been extracted by longwall
coal mining and the roof has been allowed to collapse, thus fracturing and de - stressing strata
above and, to a lesser extent, below the seam being worked. The term gob is generally used in the
United States; elsewhere, goaf is generally used.

Methane drainage - Methods for capturing the naturally occurring gas in coal seams to prevent it
entering mine airways. The gas can be removed from coal seams in advance of mining using
pre-drainage techniques and from coal seams disturbed by the extraction process using
post-drainage techniques.

Natural gas - typically refers to gas extracted from geological strata other than coal seams (i.e.,
from “conventional” gas reserves). The gas could be composed mostly of methane and may have
originally migrated from coal seam sources.

Pre-drainage (pre-mine drainage) - extraction of gas from coal ahead of mining.

Post-drainage (post-mine drainage) - extraction of gas released as a consequence of mining.
Respirable dust - microscopic particles of dust which can enter and damage the human lung.
Ventilation air methane (VAM) - methane emitted from coal seams that enters the ventilation air
and is exhausted from the ventilation shaft at a low concentration, typically in the range of 0.1% to

1.0% by volume.
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1 Introduction

1.1 Historical and contemporary significance of mining problem

Researchers, scholars and miners have struggled with threaten of methane liberated into the
workings of both coal mines and non-coal mine for a long time. In November 1776, methane was
first scientifically identified by Italian physicist Alessandro Voltain the marshes of Lake
Maggiore straddling Italy and Switzerland, having been inspired to search for the substance after
reading a paper written by Benjamin Franklin about "flammable air" (Volta, 1777). Volta captured
the gas rising from the marsh, and by 1778 had isolated the pure gas. He also demonstrated means
to ignite the gas with an electric spark.

It is well-known that coal has been an important source of global primary energy production
for the past two centuries, and the world will continue to depend on coal as an energy source for
the foreseeable future. Methane (CH,) released during coal mining creates unsafe working
conditions in many underground mines around the world, with human fatalities an unacceptable
consequence of many gas-related accidents. Early accounts discuss the dangers of firedamp, as it
is known in 19" century English coal mines. But people failed to comprehend the dangerous
nature of methane buildup which becomes explosive in air when the concentration falls between
five and fifteen percent. As a result, the mining industry, and especially coal mining, has endured
a tragic history and maintains a reputation for being a dangerous profession.

High concentrated gas (mixture of methane and other hazardous gases) in deep goaf and
mining adjacent layers continuously pours into working as the air pressure in different parts of
underground mine is imbalanced (Noack, 1998). Strata gas problems have created severe
difficulties for the mining industry all over the world, leading to high expenditures and intensity
research efforts, and determined attempts to enhance the various ventilation and gas drainage
techniques (Leszek and Lunarzewski, 1998; Sander & Connell, 2012). Meanwhile, gas research is
thriving in recent years, and gas drainage technology will continue to be a growing industry over
the coming decades in many countries (Maria & Gonzalez, 2007).

Modern mining techniques, with well-designed ventilation systems and permissible electrical

equipment, greatly reduce the potential for methane explosions. The improvements are evident in



the industry statistics, where fires and explosions attributable to gas in underground coal mines

have not been the leading cause of injury and fatality.

Encounters with powered haulage, mobile equipment, or rock falls are leading hazards in the

mining environment. Coal mine fatality statistics can be seen in Figure 1.1.1 (United States) and

Table 1.1.1 (China), comparing methane with powered haulage and other sources of hazard.
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Figure 1.1.1 United States coal mine fatality statistics by type since 1999 (source: MSHA Fatality

Statistics 2012)

Gas explosions remain a serious concern because they still occur at irregular intervals. When

they occur, they usually cause multiple fatalities and are devastating to the community and the

company responsible for the safety of its workers.

Table 1.1.1 Statistics of China coal mine gas explosion accidents in recent 10 years

Frequency of gas

Occurrence rate of

Death

toll of gas

Death rate per

Year gas explosion million tons
explosion accident explosion accident
accident occurrence (DRPMT)
2001 667 3082 5670 5.070
2002 592 3112 6528 4.942




2003 596 4143 6424 3.711
2004 405 3639 6027 3.081
2005 405 3341 5986 2.811
2006 327 2945 4746 2.041
2007 272 2421 3786 1.501
2008 182 1901 3218 1.182
2009 154 1616 2631 0.892
2010 135 1403 2433 0.783
2011 108 1117 1937 0.623

On the one hand, working areas in underground mines have become further and deeper from
several inlets and exhaust shafts while mining activities are performed (Widodo et al., 2008). A
reasonable ventilation system exerts a long-term effect on mine safety and economic benefits. On
the other hand, the zone of deformation, known as the “gas emission zone” of a longwall mine,
hosts the sources of longwall gas providing gas to the boreholes, leads to in-mine emissions
(Noack, 1998), and interferes with the stability of boreholes. Therefore, determination of the size
of the gas emission zone, the locations of gas sources within, and especially the amount of gas
retained in those zones is one of the most crucial steps for designing a successful gas control
strategy and an efficient ventilation system in longwall coal mining (Karacan et al., 2012).

Safety mining technologies including field investigation, numerical simulation and laboratory
experiments have also been improved over the past decade. However, even if the size (height) of
the gas emission zone can be estimated globally using various methods or assumptions, it is not
uncommon that gas emission predictions may be under- estimated or over-estimated due to the
lack of sufficient spatial information defining the quantity and location of the gas sources in the
overlying strata (Kurnia, et al., 2014).

Gas explosions remain a serious concern because they still occur at irregular intervals. When
they occur, they usually cause multiple fatalities and are devastating to the community and the
company responsible for the safety of its workers.

There have been dramatic examples of coal mine explosions o accidents in recent history.




(1) 19th-century severe mining disasters

1872: Pelsall Hall Colliery disaster in Pelsall, West Midlands. 23 people died.
1899: Sumitomo Besshi bronze mine area, landslide with debris flow disaster, Niihama, Shikoku,
Japan, 512 died.

(2) 20th-century severe mining disasters

March 10, 1906: Courriéres mine disaster in Courriéres, France. 1,099 workers died,
including children, in the worst mine accident in Europe. December 1, 1907: Naomi Mine
Explosion in Fayette City, PA. 34 workers died. December 6, 1907: Monongah Mining
Disaster in Monongah, WV. Official death toll is 362, but due to inadequate record keeping, the
true death toll could be around 500 (McAteer, 2007). Victims were mostly Italian immigrants,
including children. It can be considered the worst coal mining accident in American history.
December 19, 1907: Darr Mine Disaster in Rostraver Township, PA. 239 workers died, including
children. November 13, 1909: Cherry Mine Disaster in Cherry, IL. 259 workers, some as young as
eleven, died. The worst mine fire by deaths in America. October 14, 1913: Senghenydd Colliery
Disaster, the worst Mining accident in the United Kingdom, 439 workers died. October 22, 1913:
Dawson Stag Mountain Mine Disaster, near Dawson, New Mexico, where 263 workers were
killed due to illegal use of dynamite. 1927-1932: Hawks Nest Tunnel Disaster, near Gauley
Bridge, West Virginia, United States. Over several years, 476 workers died from silicosis. April
26, 1942: Benxihu Colliery disaster in Benxi, Liaoning, China. 1,549 workers died, in the worst
coal mine accident ever in the world. August 8, 1956:Bois du Cazier disaster
in Marcinelle, Belgium. A fire in the mines resulted in 262 casualties; of the 274 people working
in Bois du Cazieron that morning, only twelve survived. 138 of the victims were Italian migrant
workers. 1960: Coalbrook, South Africa, 437 died. 9 May 1960: Laobaidong colliery coal dust
explosion Datong, China, 682 died. 9 November 1963: Mitsui Miike Coal Mine disaster Mitsui
Miike, Omuta, Fukuoka, Japan, 458 died (Kawabata, 2011). May 28, 1965: Dhanbad coal mine
disaster took place in Jharkhand, India, killing over 300 miners. October 21, 1966: Aberfan
disaster was a catastrophic collapse of a colliery spoil-tip that occurred in the Welsh village of
Aberfan, Kkilling 116 children and 28 adults. November 20, 1968: Farmington Mine
Disaster in Farmington, WV. 78 workers died. As a result of the disaster, the
U.S. Congress passed the Federal Coal Mine Health and Safety Act of 1969. 1972: Wankie coal
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mine disaster Wankie, Rhodesia/Zimbabwe, 426 fatalities. 21 March 1973: Lofthouse Colliery
disaster, West Yorkshire, England, seven fatalities. 27 December 1975: Chasnala mining
disaster, Dhanbad, Jharkhand, India, 372 miners died and another 130 contract workers are
claimed to have died when water from adjacent mine gusted after the wall in between collapsed.
July 19, 1985: Val di Stava dam collapse took place in the village of Stava, near Tesero, Italy,
when two tailings dams used for sedimenting the mud from the nearby Prestavel mine, failed. It
resulted in one of Italy's worst disasters, Killing 268 people, destroying 63 buildings and
demolishing eight bridges. May 9, 1993: Nambija mine disaster, Nambija, Ecuador.
Approximately 300 people were killed in a land slide

(3) 21st-century severe mining disasters

January 30, 2000: Baia Mare cyanide spill took place in Baia Mare, Romania. The accident,
called the worst environmental disaster in Europe since Chernobyl, was a release of 100,000 tons
of cyanide contaminated water by an Aurul mining company due to reservoir broke into the
rivers Somes, Tisza and Danube. Although no human fatalities were reported, the leak killed up to
80% of aquatic life of some of the affected rivers. April 5, 2010: Upper Big Branch Mine disaster,
West Virginia, United States. An explosion occurred in Massey Energy's Upper Big Branch coal.
Twenty-nine out of thirty-one miners at the site were killed (Urbina, 2010). November 19,
2010: Pike River Mine disaster in New Zealand. At 3:45pm, the coal mine exploded. Twenty-nine
men underground died immediately, or shortly afterwards, from the blast or from the toxic
atmosphere. Two men in the stone drift, some distance from the mine workings, managed to
escape. (Extract from Royal Commission of Enquiry Report on Pike River.) May 13, 2014: Soma
mine disaster took place in Soma, Turkey. The accident, called the worst mining accident ever in
Turkey, and it is the worst mining accident in 21st century so far. 301 people died.

There have been dramatic examples of coal mine explosions o accidents all over the world.

(1) United States

The Monongah Mining Disaster was the worst mining accident of American history; 362
workers were Killed in an underground explosion on December 6, 1907 in Monongah, West
Virginia. From 1880 to 1910, mine accidents claimed thousands of fatalities. Where annual
mining deaths had numbered more than 1,000 a year during the early part of the 20th century, they
decreased to an average of about 500 during the late 1950s, and to 93 during the 1990s (Historical
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Data on Mine Disasters in the United States U.S). In addition to deaths, many thousands more are
injured (an average of 21,351 injuries per year between 1991 and 1999), but overall there has been
a downward trend of deaths and injuries. In 1959, the Knox Mine Disaster occurred in Port
Griffith, Pennsylvania. The swelling Susquehanna river collapsed into a mine under it and resulted
in 12 deaths. In Plymouth, Pennsylvania, the Avondale Mine Disaster of 1869 resulted in the
deaths of 108 miners and two rescue workers after a fire in the only shaft eliminated the oxygen in
the mine. Federal laws for mining safety resulted from this disaster. Pennsylvania suffered another
disaster in 2002 at Quecreek, 9 miners were trapped underground and subsequently rescued after
78 hours. During 2006, 72 miners lost their lives at work, 47 by coal mining. The majority of these
fatalities occurred in Kentucky and West Virginia, including the Sago Mine Disaster (All Mining
Fatalities by State U.S, 2007; Coal Fatalities By State U.S, 2007). On April 5, 2010, in the Upper
Big Branch Mine disaster an underground explosion caused the deaths of 29 miners. The U.S.
Bureau of Mines was created in 1910 to investigate accidents, advice industry, conduct production
and safety research, and teach courses in accident prevention, first aid, and mine rescue.
The Federal Coal Mine Health and Safety Acts of 1969 and 1977 set further safety standards for
the mining.

(2) China

According to one source, in 2003 China accounted for the largest number of coal-mining
fatalities, accounting for about 80% of the world’s total, although it produced only 35% of the
world’s coal (Zhao et al., 2004). Between January 2001 and October 2004, there were 188
accidents that had a death toll of more than 10, about one such accident every 7.4 days (Zhao et al.,
2004).. After the 2005 Sunjiawan mine disaster, which killed at least 210 miners, a meeting of the
State Council was convened to work on measures to improve work safety in coal mines. The
meeting's statement indicated serious problems such as violation of safety standards and
overproduction in some coal mines. Three billion Yuan (360 million US dollars) were dedicated
for technological renovation on work safety, gas management in particular, at state-owned major
coal mines. The government also promised to send safety supervision teams to 45 coal mines with
serious gas problems and invite colliery safety experts to evaluate safety situations in coal mines
and formulate prevention measures (Embassy of the People’s Republic of China in the U.S.A,,
2005). In 2006, according to the State Work Safety Supervision Administration, 4,749 Chinese
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coal miners were killed in thousands of blasts, floods, and other accidents. For example, a gas
explosion at the Nanshan Colliery killed 24 people on November 13, 2006; the mine was
operating without any safety license and the Xinhua News Agency claimed the cause was
incorrect usage of explosives. However, the 2006 rate was 20.1% less than 2005 despite an 8.1%
increase in production (Reuters, 2007). The New York Times reported that China's lack of a free
press, independent trade unions, citizen watchdog groups and other checks of official power has
made cover-ups of mining accidents more possible, even in the Internet age. As a result, Chinese
bureaucrats habitually hide scandals (such as mine disasters, chemical spills, the 2003 SARS
epidemic, and tainted milk powder) for fear of being held accountable by the ruling Communist
Party or exposing their own illicit deals with companies involved. Under China’s authoritarian
system, superiors reward subordinates for strict compliance with goals established by authorities,
like reducing mine disasters. Indeed, should a mining accident occur, the incentive to hide it is
often stronger than the reward for managing it well, as any disaster is almost surely considered a
liability (Lafraniere, 2009). In November 2009, a mining accident in Heilongjiang killed at least
104 people. It is thought to have been caused by a methane explosion followed by a coal dust
explosion. Three top officials involved with the mining company were promptly dismissed. On
August 30, 2012 an explosion killed 45 people at the Xiaojiawan coal mine in Sichuan province
(The Guardian (London), 2012; Xinhuanet news, 2012). A few days later on September 3, 2012
14 miners were killed at Gaokeng Coal Mine in Jiangxi province (The Independent (London),
2012). On March 29, 2013, a landslide trapped 83 people in the Gyama Mine in Tibet (BBC News,
2013). On 4 January 2014 The Chinese Government stated that 1,049 people died in the year 2013,
down 24 percent from 2012 (ABC News, 2013).

(3) Europe

Belgium, on March 4, 1887, 120 miners died in a coal mine in La Boule, Borinage due to
a methane explosion. On the morning of August 8, 1956, a fire in the mine Bois du
Cazier in Marcinelle caused 262 victims, with only 12 survivors. A mining cart on an elevator
cage hit an oil pipe and electricity lines, with the resulting fire trapping the miners. Most of the
victims were immigrants (136 Italians, 8 Poles, 6 Greeks, 5 Germans, 5 Frenchmen, 3 Hungarians,
1 Englishman, 1 Dutchman, 1 Russian and 1 Ukrainian.)

France, the Courriéres mine disaster was the worst ever pit mine disaster in Europe. It caused
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the death of 1,099 miners (including many children) in Northern France on 10 March 1906. It
seems that this disaster was surpassed only by the Benxihu Colliery accident in China on April 26,
1942, which killed 1,549 miners. A dust explosion, the cause of which is not known with certainty,
devastated a coal mine operated by the Compagnie des mines de houille de Courriéres (founded in
1852) between the villages of Méricourt (404 killed), Sallaumines (304 killed), Billy-Montigny
(114 Killed), and Noyelles-sous-Lens (102 Killed) about two kilometers (one mile) to the east of
Lens, in the Pas-de-Calais department (about 220 km, or 140 miles, north of Paris). A large
explosion was heard shortly after 06:30 on the morning of Saturday 10 March 1906. An elevator
cage at Shaft 3 was thrown to the surface, damaging pit-head workings; windows and roofs were
blown out on the surface at Shaft 4; an elevator cage raised at Shaft 2 contained only dead and
unconscious miners.

Netherlands, the twelve mines in the Netherlands, four of which were state owned, were
considered among the safest in the world, with only three larger accidents occurring during
70 years of mining: On 13 July 1928 a methane gas explosion killed 13 miners in the state-owned
mine Hendrik in Brunssum; On 24 March 1947 13 miners from Staatsmijn Hendrik were Killed in
a fire caused by an overheated conveyor belt; On 3 March 1958 7 miners lost their lives when
a cave-in occurred at Staatsmijn Maurits in Geleen.

Poland, on November 25, 2006, the worst mining disaster occurred in modern Polish history,
23 miners lost their lives at Halemba Coal Mine, a colliery in the town of Ruda Slaska in the
southern industrial province of Silesia. A methane explosion at a depth of 1,030 meters caused the
November 21 tragedy. The miners were attempting to retrieve €17 million ($US22 million) worth
of equipment from a tunnel when a blast caused the shaft to collapse. The tunnel was supposed to
have been closed in March due to dangerously high methane concentrations, but was kept active
because of the value of the equipment left behind.

United Kingdom, in England, The Oaks explosion remains the worst mining accident,
claiming 388 lives on 12 December 1866 near Barnsley in Yorkshire. The Hulton
Colliery explosion at West Houghton, Lancashire, in 1910 claimed the lives of 344 miners. An
explosion in 1878, at the Wood Pit, Haydock, Lancashire, killed over 200 workers, although only
189 were included in the 'official list'. Another disaster that killed many miners was the Hartley
Colliery Disaster, which occurred in January 1862 when the beam of the main steam winding
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engine broke suddenly and fell into the single shaft serving the pit. It blocked the shaft, and
entombed hundreds of miners. The final death toll was 204, most of who were suffocated by the
lack of oxygen in the mine atmosphere. In the metalliferous mines of Cornwall, some of the worst
accidents were at East Wheal Rose in 1846, where 39 workers were killed by a sudden flood; at
Levant mine in 1919, where 31 were killed and many injured in a failure of the man engine;
(Corin, 1992) 12 killed at Wheal Agar in 1883 when a cage fell down a shaft; (Vivian, 1970) and

seven killed at Dolcoath mine in 1893 when a large stull collapsed (Vivian, 1970).
1.2 Research objectives and contents

Multiple researches and experiments are needed to develop a better understanding of the
causes of mine gas-related disasters. More gas control strategies and technologies (both numerical
simulation and laboratorial experiments) should be developed, including optimizing the
ventilation system constantly, preventing goaf spontaneous combustion, enhancing gas risk
management, determining the gas emission zone, and implementing a reasonable gas drainage

plan. The research roadmap can be seen in Figure 1.2.1.
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Figure 1.2.1 Research road map

Computational fluid dynamics, as a numerical simulation tool to improve safety in mining,
has progressed rapidly, but the challenges of modeling the mine environment are not insubstantial.
Ren and Balusu discussed this topic in 2005. Common areas of research include the control of gas
and spontaneous heating in the goaf area, goaf inertisation strategies, and dust and method control
at the working face (Ren & Balusu, 2005). The quality of this work has been improved by
adopting a multi-scale approach from other disciplines. This numerical simulation approach
allows one to include the entire mine network within the computational domain, with reduced
complexity at areas removed from the immediate area of interest.

Laboratorial simulation model of mine ventilation system and goaf, as an experimental
method to ensure and improve safety and environment in mining industrial has developed rapidly,
but the challenges of the model design and development are not insubstantial. Wang, Cheng and
Xie researched this topic in 2012. Their research results showed that the gas concentration was

low intake airflow roadway along goaf towards direction. The goaf gas concentration in air outlet
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was far higher than air inlet. There was not combustion phenomenon during the test in the goaf of
the coal mining. Meanwhile, the results also confirmed mining extraction process source of gas
accumulation in face corner, also can be used for providing the basis of enacting fire prevention
measures in the goaf and gas management measures for face corner (Wang et al., 2012). The
quality of the work has been improved by adopting flow similarity theory and approach from other
disciplines.

The multiple approaches to CFD modeling and laboratory modeling provide a practical
means to include the entire mine ventilation system (MVS) and the goaf region in both
computational domain and laboratory. This leads to improved understanding of the goaf
environment and its influence on mine workings, specifically under transient conditions. The
research was broken down into two parts and many key tasks for the development of the

numerical and laboratorial models of the entire system. A brief description of these tasks follows.

1.2.1 Numerical simulation model

Gas flow behavior in working face and goaf is a complicated process since numerous factors
are involved. Combined with the specific condition of working field, experiences of other
numerical models and multiple factors of the mine, the numerical model of gas flow distribution in
goaf was established. The establishment of numerical modeling work consists of several basic
steps. The first step is to go to working field to collect the basic information, such as geometries,
relevant parameters, rate of gas flow, goaf dropping characteristic etc. The second is to establish
the 3D finite element model of the mine face, goaf, and tunnel and drainage borehole. The third is
to set up gas flow models and boundary conditions through User-Defined Functions. The fourth is
to simulate the condition of working face and goaf. The fifth is to calibrate and validate the
simulation model by using working field measured data. The last step is to conduct extensive

parametric researches and technique evolution by optimizing the numerical model.

1.2.2 Laboratorial simulation model

Air is the flow medium, and its flow state is regarded as pressure steady flows during

experiments are performed. The similarity relationship between prototype and model is built
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according to the similarity criteria such as geometric and dynamic similarity. The ventilation
system model is proportional to the tunnel size of designated coal mine. Taking into consideration

the experiment feasibility, the establishment of the ventilation model is simplified.
1.3 Organization of the researches

This research dissertation is composed of seven chapters.

The first chapter describes the subject and its historical and contemporary context. Based on
establishing the necessary for this research, it indicates the research approach used to advance the
understanding of methane related issues, along with some specific objectives

The second chapter introduces a survey of the literature review concerning mine ventilation
system and goaf modeling. The background information and references pertaining to the issue of
gas within the coal body and coal seam is presented, including the influence of coal mining
activities and subsequent release of methane from adjacent layers and goaf into the mine working
face. It then concludes past and present goaf modeling efforts from the researches all over the
world. It summarizes with an introduction to the numerical simulation and laboratorial
experiments technique which are practiced in other areas of research.

Chapter three is composed of four parts, and it describes contents concerning a numerical
prediction model used to establish the mine gas emission of working face 14205. The first part
provides a brief introduction of the working face location, roadway layout, mining technology and
equipment. The second part offers an analysis of gas emission sources and rules. The next part
discusses the establishment of gas emission prediction model of the 14205 working face and goaf.
The last part details the gas emission calculation of the 14205 working face and goaf as well as the
analysis of the prediction results.

Chapter four is divided into three parts, and it describes contents concerning the numerical
modeling used to establish the ventilation system and longwall goaf. The first part provides a brief
overview of the application of numerical simulation technique in mineral industry, and analyzes
the necessity of numerical simulation. The second part offers an introduction to the theoretical
basis of numerical simulation technique and the application of the CFD software. The last part
discusses the establishment of the numerical simulation model of the 14205 working face and goaf

of Shaqu coal mine as well as the analysis of the experimental findings.
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The fifth chapter describes contents concerning the laboratorial modeling used to establish
the ventilation system and longwall goaf, and it composed of four parts. The first part provides a
brief overview of the application of laboratorial simulation technique in mineral industry, analyzes
the necessity of numerical simulation, and describes the research goal and contents. The second
part offers an introduction to the theoretical basis of laboratorial simulation technique and
similarity theory, similarity criterion and similarity theorem. The next part discusses the
establishment of the laboratory simulation model of 14205 working face and goaf of Shaqu coal
mine. The last part offers the verification of the simulation model based on non-coal mine
ventilation system and mine coal ventilation system as well as the analysis of the experimental
findings.

The last chapter describes contents concerning the field gas distribution and migration
measurement, gas drainage design and measured results of gas drainage rate in the working field.
The first part discusses gas concentration distribution rule of Shaqu coal mine, and provides a
measured results of actual gas concentration in 25 different measuring points in the working face.
The second part provides an introduction to the gas migration rule of working face and goaf, and
analysis the measured results of gas concentration of Shaqu coal mine. The next part offers an
analysis of the necessity and feasibility of gas drainage of Shaqu coal mine. The fourth part
provides the gas drainage design project, layout and technical parameters based on the simulation
results of numerical experiments and laboratorial experiments. The last part offers gas drainage
rate of special gas drainage tunnels, the upper corner and the air inlet based on U-type ventilation

system and U+L-type ventilation system as well as the analysis of gas drainage rate and results.
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2 Literature review

2.1 Overview

The part of literature review has concentrated on five parts. The part one is an overview in
the nature and characteristic of coal seam gas. It describes a look at the source of gas, as well as
means to quantify the amount of methane emission. The part two discusses gas emission
prediction. The third part is talk about the influence of mining activities on the coal seam gas. This
identifies the key contributors to the inflow of gas from the mined coal, lost coal, working face,
goaf and adjacent layers of the surrounding seam or strata. The third part of literature review
discusses the influence of mine ventilation challenge. The next portion discusses the numerical
simulation modeling techniques that have been employed to study gas problem, along with a brief
introduction to laboratorial simulation modeling approach that was employed in this study. The

last part focuses on gas drainage and usage.

2.2 The nature of coal seam gas

Methane gas flows into coal mines under normal, steady-state conditions are generally
predictable. Unusual gas emission or gas outburst disasters are not easily predicted. However, the
conditions how they can usually occur are reasonably well-known. Detailed approaches for lowing
risks under these situations have been studied and should be applied whenever and wherever
significant risks are identified. In such circumstances, safety working environment depend on the
rigor of implementation and monitoring of methane control and prevent approaches.

The most importance of not only placing underground monitoring devices for the reason of
safety mining working environment but also obtaining and applying the numerical simulation data,
laboratorial data and field data for safety production cannot be exaggerated.

At present, high-production coal mines encounter increasingly high gas flows when the coal
mining efficiency improves and they work deeper and higher gas concentration coal seams. The
basic knowledge and reorganization of gas occurrence, emission characteristics, and migration

rule from a coal mine as a functionality of the mining production efficiency is significant.
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2.2.1 Occurrence of gas in coal beds and seams

The naturally-occurring gas found in coal beds and seams consists mainly of methane
(typically 80% to 95%) with lower proportions of heavier hydrocarbon gases, nitrogen, and carbon
dioxide (Stéphane et al., 2014). The mixtures of methane, water vapor, air, and associated
oxidation products that are encountered in coal mines are often collectively termed "mine gas"
(Karacan & Okandan, 2000). Coal bed methane is one of the names given to the gas associated
with a seam of coal. It has been referred to by a number of different names, such as coal seam gas,
coal seam methane, etc. For our purposes, these are the same. It is not exclusively methane, but
rather a mixture of methane, carbon dioxide, and possibly smaller fractions of methane, nitrogen,
hydrogen sulfide, and other gases (Rice, 1993). The predominant gas is methane, CH,, whose
hazard within the mining environment is now widely known.

Methane was formed in coal seams as a result of the chemical reactions taking place as the
coal was buried at depth. Plant debris such as that found in modern swamps will slowly change
from wet, organic detritus to coal, if the material becomes buried at a sufficient depth and remains
covered for a length of time through a process known as coalification (Jana et al., 2009). The
greater the temperature, pressure, and duration of coal burial, the higher the coal maturity (i.e.,
rank) and the greater the amount of gas produced. Much more gas was produced during this
coalification process than is now found in the seams (Romeo, 2014). The gas lost during the
coalification process has been emitted at ancient land surfaces, removed in solution by ground
water passing through, or has migrated and been trapped in the pore spaces and structures in
surrounding rocks. This gas may have accumulated in adjacent porous strata such as sandstones or
may have been adsorbed by organic shale. These reservoir rocks can become significant sources
of gas flows into the mine if these gas-bearing layers are sealed by surrounding impermeable
strata and remain undisturbed until mining takes place. Methane occurs in much higher
concentrations in coal compared to any other rock type because of the adsorption process, which
enables methane molecules to be packed into the coal substance to a density almost resembling
that of a liquid. In a vertical sequence of coal seams, methane content often increases
systematically with depth and rank. Gas content-depth gradients vary from coalfield to coalfield

and reflect the geologic history of the basin in which the coal formed. In some coal basins,
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methane contents increase with depth, finally reach a maximum and then decrease below this
level.

H.F. Coward wrote about the dangers of methane accumulation behind stopping in 1929. In
this paper, he presented what came to be known as the Coward Triangle, which is a graphical

representation of the explosive range of methane when mixed with air. A version of it can be seen

in Figure 2.2.1.
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Figure 2.2.1 Coward triangle for methane, carbon monoxide, and hydrogen (Adapted: Malcolm,
2008)

Methane can be found at a high concentration within the coal, sometimes approaching 100%.
Methane, in concentrations between 5% and 15% when mixed with air, is explosive. The most
energetic mixture is one that is stoichiometrically balanced, or 9.8% methane in air. During the
process of dilution, the air and methane mixture must pass through this explosive range to the low
levels prescribed by regulation and engineering prudence as shown in Figure 2.2.2 (Kissell, 2006).

It is important that this dilution happens as quickly as possible or is contained to a region that is

largely inaccessible to minimize the risk.
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Figure 2.2.2 Diagram of methane inflow from a fracture and the progressive dilution due to

airflow in the entry (Adapted: Kissell, 2006)

2.2.2 The source of coal seam methane

Methane within the coal bed is generated during the coalification process (Levine, 1993).
This is the process by which plant material is progressively converted to coal. The progression
from the early stages of coalification, peat and lignite, to later stages of coalification, anthracite, is
due to geophysical and chemical processes in an irreversible process (Levine, 1993; Rice, 1993;

Moore, 2012). A visual representation of the coalification process can be seen in Figure 2.2.3.

Figure 2.2.3 Coalification process
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As organic matter progresses through the coalification process it matures and undergoes both
physical and chemical change. The degree of alteration, or metamorphism, which occurs as coal
matures, is referred to as the “rank” of the coal. The coal rank classifications used to describe coal,
in increasing order of alteration and maturity, with the exception of the highest rank Anthracite,
are described in Figure 2.2.4 (Aziz, 2006). Coal rank generally increases in direct correlation to
temperature, depth of burial, geothermal gradient, and the length of time the organic material
remains in a given regime. Rank is estimated by measuring various rank parameters, which
include: carbon content, volatile matter, vitrinite reflectance, moisture content and specific energy

(Ward, 1984).
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Figure 2.2.4 Changes in coal composition with increasing rank (Aziz, 2006)

Faiz (1993) suggests vitrinite reflectance is the preferred method of determining coal rank as
it is not influenced by the presence of mineral matter or moisture and therefore does not require
corrections to be made for these factors, which must be made for the other rank parameters. Low
rank coals are typically soft and friable with a dull earthy appearance and are characterized by
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high moisture and low carbon content. Higher rank coals are typically harder and stronger, with a
black vitreous luster and are characterized by reduced moisture levels and increased carbon
content. Variation in coal rank is one of the most important factors that govern the gas storage of
coal, whilst another important factor is coal type (Faiz, 1993).

At the very starting stages of coalification, almost 99% of the methane generated is biogenic.
There are literally thousands of taxa of microorganisms living under the ground, within the coal
beds and seams that metabolize methane (Strapoc et al., 2008). These organisms are termed
methanogens and are from the bacterial and archaeal domains. These organisms, working in
concert, break the low rank coal macromolecules down into simpler components through two
main pathways: fermentation and anaerobic oxidation (Green et al., 2008). A generalized process
for the production of biogenic methane can be seen in Figure 2.2.5. Gas concentration in low rank

coals are rarely above 4 to 6 m*/ton (Moore, 2012).
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Figure 2.2.5 Generalized biogenic methane production process (Source: Moore, 2012)

Coal serves as both a source and a reservoir for the methane. The methane produced through
the biogenic and thermogenic processes is, for the most part, locked away onto the surface of the
coal. One of the unique characteristics of coal is its high degree of porosity. Researchers have
reported surface areas as high as 115 square meters in a single gram of coal (Senel et al., 2001).

Due to its porosity, coal has an incredible capacity to store methane adsorbed onto the surface area
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of its pores (Rice, 1993).
2.3 Coal seam gas and prediction

Peak flows of gas occur in the air outlets of working districts during the coalface cutting
cycle and following roof caving as longwall supports are advanced. Statistical studies have shown
that these peaks typically rise up to 50% above the mean (Creedy et al, 1997). Gas prediction
methods commonly use this relationship in estimating the volume of air that will be necessary in
order to meet mandatory gas dilution requirements.

Older empirical methods of predicting gas emissions into coal mines varied from curve
fitting procedures to pocket calculators (Creedy et al 1988; CEC, 1988). The continued
enhancement of computing power on desk and portable machines has promoted the utilization of
sophisticated data processing software. This has resulted in improved reliability of predicting
methane emissions from data that are often difficult to correlate (Lunarzewski, 1998). One such
procedure utilizes artificial neural networks (Karacan, 2007). This technique seeks patterns and
relationships between groups of input data that have appear to have obscure inter-relationships
from conventional mathematical or statistical methodologies.

It is a fundamental safety work to calculating the gas content in coal seam and forecasting the
gas emission from coal and rock in coal mine (Sander & Connell, 2014). In the 1950s, it has been
established some measurement methods and processes of gas content in coal bed, and has been put
forward and applied the mine statistical method to calculate and predict mine gas content and
emission in coal mines (David et al., 1993). In the 1980s, the method of different-source
prediction for gas emission also has been proposed and applied. Since then, the method of analogy
method, the gas geology mathematical model, velocity method and other prediction methods for
gas emission have been put forward and applied (Karacan et al.,, 2011). After decades of
exploration and study by researcher and scholar, it has been formed the maturity and traditional
prediction method and technology for gas emission in coal mines that was suitable the coal seam
occurrence conditions (Zofia et al., 2009). All the methods and technologies was offer a scientific
basis to design and retrofit for the new and old coal mine. With the expansion of coal mining
intensity and production scale, people has deepening understood and grasped the essential feature

of mine gas emission system by the development and its application of computer technology and
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mathematics method and the nonlinear theory (Yasin & Etem, 2014).

A feature of artificial neural network software is that it can ‘learn’ as more data is added, so
increasing its accuracy of prediction. Nevertheless, we are reminded that the reliability of all
empirical models is dependent on the range, quality and detail of the measurements on which the
model is based (Li, et al., 2011). Hence, it is the responsibility of the user to ascertain that any
given model is applicable to the mine under consideration.

Various methods used to measure or estimate gas content can be mainly grouped into two
categories, (i) direct methods, which measure the volume of gas released from a coal sample
sealed in a desorption canister, and (ii) indirect methods, which are based on gas sorption
characteristics under given temperature and pressure conditions, or empirical correlations between
gas content and other coal seam parameters such as coal rank, depth of cover and gas emission

rate (Lama & Bartosiewicz, 1982; SAA, 1999).

2.3.1 Direct method of gas measurement

Measurement of the gas content of a coal samples involves three stages: (i) determining the

gas lost from the coal sample during core sample recovery (Q,), (i) measuring the gas desorbed
from the coal sample while sealed in a desorption canister (Q,), and (iii) measuring the gas
released from a coal sub-sample during crushing (Q,). The gas content measured during each

stage is added to give the total measured gas content (Q,), Equation 3.1.1, which for the purpose

of this analysis represents the total volume of gas released per unit mass of coal when the ambient
gas partial pressure is maintained at one atmosphere.
Qu=Q+Q,+Q, (3.1.1)
Given the potential for variable temperature and atmospheric pressure conditions during gas
content measurement and differences in mineral matter content of the coal samples, the results are
typically normalized with QM being reported in NTP (20° C and 101.325 kPa) and 10% non-coal
matter (NCM) (Close and Erwin, 1989 and SAA, 1999).
Diamond and Schatzel (1998) list a variety of methods developed to measure gas content
subsequent to the introduction of the first method by Bertard et al. in 1970. The techniques include:
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Bertard’s method; US Bureau of Mines direct method; US Bureau of Mines modified direct
method; Smith and Williams method; Decline curve method; Gas Research Institute method;
Australian Standard method.

The fast and slow desorption methods used in Australia to directly measure the gas content of
coal samples, as described in Australian Standard AS3980: 1999 (SAA, 1999), vary only in the
time allowed for gas to desorb from the intact core prior to final crushing. The fast desorption test
is typically completed in less than one day whereas slow desorption testing involved a much

longer desorption period enabling the rate of gas emission from the intact coal core to be

determined. For samples of equivalentQ,_, the Q,:Q,ratio determined from fast desorption

testing will be much less than the ratio determined from slow desorption testing. The lost gas

volume Q, will be the same regardless of the test method.

2.3.1.1 Lost gas component

The lost gas component (Q, ) is the portion of Q, that escapes from the coal sample during

its collection and retrieval, prior to being sealed into a desorption canister. Q, can not be directly

measured and therefore must be estimated from gas emission data collected subsequent to the
sample being sealed into the desorption canister. It is generally accepted that during initial
desorption the volume of gas released is proportional to the square root of desorption time. As
described in Australian Standard AS3980:1999 (SAA, 1999) and presented in Figure 2.3.1,

projecting the line of best fit representing initial gas emission from the time the core was sealed

into the gas desorption canister (t;) to the time midway between the commencement and

completion of coring the sample (t;) gives a measure of the gas volume lost during core sample

recovery.

Since Q, is an estimated quantity, it is generally accepted to be the least accurate
component of Q,, (Mavor et al., 1992; Diamond and Schatzel, 1998 and Williams, 2002).

Factors considered to impact the accuracy of the Q, measurement include sample recovery time,
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integrity of the coal sample, type of drilling fluid, water saturation and the amount of gas stored as

free gas (Diamond and Schatzel, 1998). Close and Erwin (1989) refer to an alternative method for

determining Q,, presented by Smith and Williams based on the assumption that methane

diffusion in coal is through a bi-disperse pore structure which is contrary to the unimodal pore
theory upon which the more commonly used direct method is based. Comparative analysis of gas
content measurement of samples from deep coal seams in the western United States indicated
potential problems associated with using the Smith and Williams method when compared to other

gas content measurement methods (Diamond and Schatzel, 1998).
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Figure 2.3.1 Q, lost gas determination (Source SAA, 1999)

2.3.1.2 Desorbed gas component

The desorbed gas component (Q,) is a measure of the volume of gas released from a coal

sample whilst contained in a desorption canister. The duration of the Q, test may be short in the

case of a fast desorption method, less than one day, or much longer in the case of slow desorption
testing, greater than one month. Typically, gas released from a core sample is measured by water
displacement using a graduated glass or plastic measuring flask. As shown in Figure 2.3.2 the
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measurement apparatus may be setup such that the gas liberated from the core sample within the
desorption canister enters the measuring flask via a tube connected to the bottom or top of the
measuring flask. Gas entering the top of the cylinder is preferred as the desorbed gas does not
bubble through the water column thereby reducing the risk of gas loss through dissolution,
particularly in the case of seam gas containing highly soluble CO; (SAA, 1999). Measures used to
mitigate CO, dissolution in water include the use of acidified water in the measuring flask and a
layer of linseed oil as a barrier between the water column and the gas entering the top of the flask
(Saghafi et al., 1998). An additional measure to minimize gas loss into solution is the periodic
release of gas from the desorption canister which involves opening the valve at the top of the
desorption canister, measuring the water displacement and noting other environmental conditions
such as temperature and atmospheric pressure, then resealing the desorption canister until the next

scheduled gas release (McCulloch et al., 1975; Diamond and Schatzel, 1998 and SAA, 1999).
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Figure 2.3.2 Desorbed gas volume measurement apparatus (Source SAA, 1999)

2.3.1.3 Crushed gas component

The crushed gas component (Q,) is a measure of the gas liberated from a coal sample

following crushing. Following completion of the desorbed gas test the coal core is removed and a
representative sub-sample collected and sealed into a crushing or grinding mill. Following
crushing the volume of gas liberated from the coal sample is measured using a water column
similar to that used in the desorbed gas measurement.

McCulloch et al. (1975) first proposed that coal samples be sealed in a crushing vessel filled
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with N2 and crushed to less than 200 pm. Diamond and Levine (1981) proposed crushing a
sub-sample of up to 1 000 g for one hour to achieve a -200 um fine powder and allowing the
sample to cool to room temperature prior to measuring the liberated gas by way of water
displacement. SAA (1999) recommends testing a minimum of two representative sub-samples of
similar mass (x5%) weighing between 15 and 300 g, each sub-sample crushed separately to

achieve a minimum of 95% of the material -212 pum.

A comparison of Q, testing procedures used by three Australian companies reported by

Danell et al. (2003) identified differences in sample mass, crushing time and cooling time.
Although different, the procedures employed by each laboratory were reported to comply with the
guidelines detailed in Australian Standard 3980:1999. An assessment of gas content testing on
equivalent reference samples by Danell et al. (2003) noted consistent differences in the results
reported by each of the laboratories involved, with variability of up to 17%. This result was
consistent with the expectation of Australian Standard 3980:1999 (SAA, 1999) which suggest

inter-laboratory variability of 15%.

In fast desorption testing, given the short desorption time, Q, represent a large percentage

of Q,, , Whereas in slow desorption testing Q, is quite low, representing the residual gas content
of the sample. Residual gas content is the volume of gas per unit mass of coal that is naturally
retained within the coal and not readily released from an intact sample. The residual gas content
also represents the portion of Q,, that will not be liberated into the mine atmosphere from mined
or intact coal (Diamond and Schatzel, 1998).

Residual gas content is also an important consideration in the evaluation of coalbed methane

gas recovery potential as it represents the portion of QM that will not readily flow to gas drainage

boreholes (Diamond and Schatzel, 1998).

2.3.1.4 Fast desorption method

The fast desorption method is the preferred method for gas content measurement used in the
Australian underground mining industry due to the relatively short time from core recovery to

reporting of gas content and composition. This is particularly important from the point of view of
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outburst risk management and control as it decreases response time and reduces the risk of
production delays being incurred whilst awaiting the results of gas content measurement.

Past studies by (Saghafi et al., 1998; SAA, 1999; Williams, 2002 and Danell et al., 2003) list
potential errors associated with the direct method of gas content testing which include:

« Inaccurate estimation of gas lost during sample recovery, prior to sealing the coal sample
into an air tight canister;

« Inaccurate measurement of liberated gas volume, both in the field and laboratory;

* Leakage of gas from desorption canisters;

« Loss of gas due to dissolution when in contact with water;

* Loss of gas during sample transfer between Q,and Q, testing;

« Inaccurate measurement of temperature and pressure variations during desorption resulting
in inaccurate temperature and pressure correction being applied to liberated gas volume; and
« Partial pressure effects within sealed desorption canister impeding the rate of gas

desorption.

2.3.1.5 Slow Desorption Method

The slow desorption method for gas content testing is not commonly used in the Australian
coal mining industry however is a preferred method in the coalbed methane industry. As the name
suggests the desorption test period can take many months and frequent desorbed gas volume
measurement is required to achieve an accurate gas emission profile from which sorption time can
be determined (Close and Erwin, 1989). Sorption time, considered an important factor in coalbed

methane reservoir production modeling, is defined as the time taken for the coal sample to desorbs
63% of Q,, .

Given the partial pressure effect on gas desorption there is a potentially adverse impact on the
rate of desorption resulting from sealing the desorption canister between desorption measurements.
Although impacted by the frequency and time between desorption measurements the measured gas
emission profile is likely to be somewhat lower than would be the case if the sample were allowed
to freely desorb. The measuring apparatus described in the US Bureau of Mines modified direct
method, referred to by Diamond and Schatzel (1998) and Schatzel and Garcia (1999), has the
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potential to address this issue enabling more accurate recording of the rate of gas emission during

gas desorption testing.

2.3.2 Indirect method of gas measurement

The most accurate measurement of gas content is achieved through direct measurement from
bore core samples (Saghafi et al., 2008). Alternatively gas content may be estimated using an

indirect method based on sorption isotherm data (Kim, 1977) or empirical relationships between

Q,,and other measurable variables such as coal seam depth and coal rank (Diamond et al., 1976).

Sorption isotherms represent the maximum gas storage capacity of a coal sample at varying
pressure and constant temperature. Based on knowledge of the isotherm for a particular coal type
and details of the gas pressure, or an estimate of gas pressure based on knowledge of seam depth,
the maximum gas content can be determined. However many coal seams are under saturated
which, if not accounted for, may result in an over estimate of actual seam gas content (Diamond

and Schatzel, 1998), Figure 2.3.3.
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Figure 2.3.3 USBM method of determined the amount of gas lost during retrieval (Source:

Diamond and Schatzel 1998)

A variety of potential errors are associated with the use of sorption isotherms to determine
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gas content, which include:

* |sotherm data may not be representative of conditions at the sample location due to
changes in coal seam gas composition and variable coal characteristics, such as moisture content,
temperature, coal rank, and ash content;

* Lack of knowledge relating to degree of gas saturation in the coal seam and changes in gas
content occurring naturally and due to the effects of mining and near and far field gas drainage;

* Inaccurate measurement or estimation of seam gas pressure at the sample location.

Gas content may also be estimated using an interpolation technique whereby the gas content
value is calculated for the target location based on measured gas content results at neighboring
locations (Saghafi et al., 2008).

The use of indirect methods to estimate gas content may be appropriate for use as a
preliminary assessment tool for mine planning and gas reservoir assessment, however, given the
potential for error, should not be used in detailed planning and economic decision making

(Diamond and Schatzel, 1998).
2.4 Influence of mining activities on gas emission and migration

The gas recovered from mining working can be grouped under the term Coal Mine Methane
(CMM). Three major drivers for CMM recovery are safety production, environment protection
and the possibility to decrease significant quantities of methane emissions arising when coal
mining activities are performed. Strong potential to utilize CMM for energy production is also
required (Charlee et al., 2014).

Gas emissions in mining working ascend at two major stages. The first one is that gas is
emitted as a direct result of the physical process of coal mining process. Currently the coal is
mined through longwall mining in many underground coal mines, as with other sub-surface
techniques, emits methane previously trapped within the coal beds and seams into the air supply of
the mine as layers of the coal mine working face are removed, thus creating a potential safety
loophole. The second stage is that gas emissions ascend from the collapse of the surrounding rock
strata after a section of the coal seam has been mined and the artificial roof and wall supports are
removed as mining process move to other sections. The debris resulting from the collapse is

known as goaf and also emits gas (Noim et al., 2015).
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Recovery techniques for CMM vary for each of the two stages of emissions. Firstly, gas
released from the working face can be diluted and removed by large ventilation systems designed
to move vast quantities of air through the mine. These ventilation systems dilute gas within the
mine to concentrations below the explosive range of 5-15%, with an aim at gas concentrations
under 1%. The ventilation systems move the diluted gas out of the working areas of the mine into
shafts leading to the surface. The methane removed from working mines through this technique is
known as Ventilation Air Methane (VAM). The VAM is released through the ventilation shafts
and can then be destroyed or captured for utilization rather than allowing it to be released directly
into the atmosphere, as may have occurred in the past. VAM has the lowest concentration levels of
all forms of recoverable gas from coal seams because of its high exposure to air; often displaying
levels of 0.05%-0.8%. Secondly, to pre-empt the release of goaf gas from post mining collapse, it
is possible for vertical goaf wells to be drilled directly into the coal seam’s surrounding strata
before mining activities pass through that section. These pre-drilled wells can then remove the
goaf gas once the collapse takes place, thus avoiding the release of gas directly into the mine. The
goaf gas can then be destroyed or captured for utilization via the wells, rather than allowing it to
be released directly into the atmosphere. As goaf gas is exposed to significantly lower volumes of

air than VAM, it displays much higher gas concentration levels - typically between 35-75%.

2.4.1 Influence to goaf area

The goaf area resulting from coal mining is a critical area of concern for the mine ventilation
system. Strata permeability is a key factor controlling gas emission into the mine working face
(Ren and Edwards, 2000), along with production rates, extents of the panel, and the presence of
rider coal seams in the surrounding strata (Guo et al., 2008). Two key changes within the goaf area
occur as the longwall advances, disturbance to the surrounding strata and the release of
overburden pressure (Kissell, 2006).

The first major change is the significant disturbance to the surrounding strata, as seen in
Figure 2.4.1 and Figure 2.4.2. Researchers describe this disturbance in terms of four distinct
deformation zones in the overburden (Singh and Kendorski, 1981). They are, in order of

increasing height above the mined out coal, as follows: The first zone is the caving zone where

29



rocks from the overlying strata collapse into the void left from the mining activity (Kapp and
Williams, 1972). It ranges from 5 to no more than 10 times the mining height; the next is a
disturbed zone where sagging rocks exhibit bed separation, fracturing, and joint opening. This
extends to a height approximately 15 to 40 times the mining height; above the region with bed
separation, there is a zone with minimal disturbance; at the surface, there is a tensile fracture zone
that can be up to 20 meters thick (Galvin, 1987).

The actual extent of each of these zones is variable and dependent upon the local geology
(Forster and Enever, 1992). The importance of this upheaval is the accompanying increase in
permeability. Researchers commonly cite permeability increases up to three orders of magnitude

(Reid et al., 1996).

Figure 2.4.1 Expected strata disturbance and subsidence development as a result of coal extraction
in a longwall panel (Source: Singh and Kendorski, 1983)

The second major change within the goaf area is the radical change in pore pressure
experienced by the strata. The pressure from the overburden is relieved in the caved zone, and
significantly lessened in the fractured zone (Zhang, 2005). This is then given a path to
communicate with the atmosphere through the mine workings. The gas adsorbed onto the surface
of the coal is now free to flow into the mine workings. The change in permeability within the
mostly intact strata also comes into play as well as the relatively large fractures open pathways to
the mine workings (Esterhuizen and Karacan, 2007). The extent of the area from which the gas
emission develops can be seen in Figure 2.4.2. By these estimates, the majority of the gas comes
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from within 20 meters of the floor and 60 meters of the roof.
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Figure 2.4.2 Extent of gas emission space within the goaf as presented by four different authors:

Lidin, 1961; Thakur, 1981; Winter, 1975; and Gunther and Bélin, 1967 (Source: Kissell, 2006)

2.4.2 Influence to adjacent layers

Gas discharge involves various physical factors including the geological conditions, coal
occurrence, mining technology and time, etc (Szlgzak et al., 2014). The majority sources of coal
strata gas, which can be directly discharged into the underground field, are deprived from coal
seams (trapped in various surfaces of coal), porous sandstone, fracture networks, joints, faults, and
gas pockets (dissociate gas). The amount of gas discharge is greatly influenced by various factors,
including the degree of strata destruction, permeability of the coal seam, the scale and method of
the mining activities, mine ventilation quantity, etc (Sander and Connell, 2014).

Mining activities disturb existing stress equilibration in the rock mass and create variations to
the structural attribute of the affected strata (Wang and Cheng, 2012). The fracture process zones
are opened and developed by existing and mining-induced fractures. A mass of gas discharge can
be expected from the coal mining and strata of loose floor and roof (Masayuki, et al., 2011). The

specific places where coal seam loose occurred are determined by multiple factors including
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physical properties of seam system, the geometry of the longwall panel, the volume of the trapped

gas sources, and the destructive condition of the relaxed zone (Barttomiej et al., 2014). Figure

2.4.3 shows the sources of gas emission from different parts of coal mine.
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As a matter of fact, the highest gas emission deprives from working face and goaf since it

constantly and alternately destruction and re-compaction. Therefore, the most effective and

accurate gas drainage borehole can be expected to pave in this zone (Alireza et al., 2014). Mining

strata pressure and movement theory point out that the working face and goaf consists of three

parts: coal wall support area, rock separation area and the re-compaction area (Steven et al., 2011).
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The coal wall support area rapidly changes when the mining activities are performed. The
re-compaction area has compacted completely; both of them are not in favor of gas drainage
(Heather, 2011). Rock separation area where exists an amount of fracture space is the ideal and
effective gas drainage zone. Similarly, rock stratum from top to bottom is divided into 3 parts:
caving zone, fracture zone and bending subsidence zone (Figure 2.4.4). As a matter of fact, it is
extremely difficult to excavate gas drainage borehole in both caving zone and bending subsidence
zone. Fracture zone where exists a mass of fissuring area obviously is the more reasonable and

effective gas drainage zone (Hao et al., 2012).

2.5 Mine ventilation

Mine ventilation systems are critical components of an overall system to effectively remove
methane from mine workings. A mine ventilation system is designed to achieve three objectives.
The first one is deliver breathable fresh air to the workers, the second one is control mine air
temperature and humidity, and the last one is effectively dilute or removes hazardous gases and
airborne reparable dust. Improvements to gas drainage systems can often provide a more rapid and

cost-effective solution to mine gas problems than simply increasing the mine’s air supply.

2.5.1 History of mine ventilation

Observations of the movements of air in underground passages have a long and fascinating
history. Between 4000 and 1200 BC, European miners dug tunnels into chalk deposits searching
for flint. Archaeological investigations at Grimes Graves in the south of England have shown that
these early flint miners built brushwood fires at the working faces-presumably to weaken the rock.
The Laurium silver mines of Greece, operating in 600 BC, have layouts which reveal that the
Greek miners were conscious of the need for a connected ventilating circuit. At least two airways
served each major section of the mine and there is evidence that divided shafts were used to
provide separate air intake and return connections to the surface. Underground mines of the
Roman Empire often had twin shafts, and Pliny (AD 23-79) describes how slaves used palm
fronds to waft air along tunnels (McPherson, 1993).

Although metal mines were worked in Europe during the first 1500 years anno Domini, there
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remain few documented descriptions of their operations. Georgius Agricola (1950) was well
aware of the dangers of “blackdamp”, air that has suffered from a reduction in oxygen
content-'miners are sometimes killed by the pestilential air that they breathe'-and of the explosive
power of 'firedamp’, a mixture of methane and air-likened to the fiery blast of a dragon's breath’.
De Re Metallica was translated into English in 1912 by Herbert C. Hoover and his wife, Lou.

From the seventeenth century onwards, papers began to be presented to the Royal Society of
the United Kingdom on the explosive and poisonous nature of mine atmospheres. The Industrial
Revolution brought a rapid increase in the demand for coal. Conditions in many coal mines were
quite horrific for the men, women, and children who were employed in them during the eighteenth
and nineteenth centuries. Ventilation was induced either by purely natural effects, stagnating when
air temperatures on the surface and underground were near equal, or by fire. The first ventilating
furnaces of that era were built on surface but it was soon realized that burning coals suspended in
a wire basket within the upcast shaft gave improved ventilation (McPherson, 1993).

The years around the turn of the century saw working conditions in mines coming under
legislative control. Persons responsible for underground mining operations were required to obtain
minimum statutory qualifications. Mine manager's examination papers concentrated heavily on
ventilation matters until well into the twentieth century. The 1920s saw further accelerated
research in several countries. Improved instrumentation allowed organized ventilation surveys to
be carried out to measure airflow and pressure drops for the purposes of ventilation planning,
although there was no practical means of predicting airflow in other than simple circuits at that
time. Atkinson's theory was confirmed in practice. The first successful axial fans were introduced
in about 1930. In 1943, Professor F. B. Hinsley (1967) produced another classical paper advancing
understanding of the behavior of airflow by using thermodynamic analyses. Hinsley also
supervised the work at Nottingham University that led to the practical use of analogue computers
in 1952 to facilitate ventilation planning. This technique was employed widely and successfully
for over a decade. The development of ventilation network analysis programs for digital
computers in the early 1960s rendered the analogue devices obsolete. Initially, the network
programs were written for, and required the power of, mainframe computers. These were
employed throughout the 1970s. However, the 1980s saw a shift to desk-top computers and
corresponding programs were developed. This is now the dominant method used for ventilation
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planning (McPherson, 1993).

2.5.2 Mine ventilation challenges

Ventilation is the primary means of diluting and dispersing hazardous gases in underground
mine roadways. Air velocities and quantities are optimized to ensure dilution of gas, dust, and heat.
The greater the fresh air quantity supplied to the coalface, the greater the inflow of gas that can be
diluted. This dilution process is inherently limited by air availability within the mine and
maximum tolerable air velocities (Guang et al., 2015).

Ventilation pressure is proportional to the square of the airflow volume. A modest rise in air
quantity therefore requires a significant increase in pressure, which leads to greater leakages
across goaf and ventilation doors. Excessive leakage flows across the goaf may also increase
spontaneous combustion risks and can impair gas drainage systems. The volume of air required to
ventilate the underground workings and the permissible level of pollutants is often mandated by
local government agencies (Javier et al., 2015).

A ventilation system that is designed simply to comply with legal minimum airflows or air
velocities may be inadequate for the purpose of maintaining a safe and satisfactory environment in
an active mine. For this reason, ventilation system design specifications must take into account the
expected worst-case pollutant levels.

Methane is considered the principal pollutant and the most hazardous gas for ventilation
system specifications. If the selected ventilation system design is capable of removing or
satisfactorily controlling the primary pollutant, it is assumed that the lesser pollutants will be
adequately controlled or removed at the same time (Ni et al., 2011).

Ventilation requirements are dynamic. Ventilation air demand increases as a mine is
developed and the area being ventilated increases, sometimes requiring installation of additional
ventilation shafts, upgrading fans, or enlarging existing airways.

Usually ventilation methane is handled in one of two ways. First, they may be allowed to
enter the mine air stream where sufficient air is available to dilute the maximum expected gas

flows in the airways to safe concentrations (Figure 2.5.1).
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Figure 2.5.1 Airflows required for diluting longwall methane emissions to 2%, allowing for peaks

Secondly, where permitted by local spontaneous combustion propensity or local strata
behavior, some portion of the gas may be diverted into a bleeder road behind the face, or across
old goaf, to discharge into main returns or at bleeder shafts (Szlazak et al., 2014).

A small change in air volume transported by the mine ventilation system requires a much
larger change in power consumption and hence ventilation cost. The ventilation system power
requirement, which is one of the most important operating costs at a mine, is proportional to the
air volume flow cubed (Figure 2.5.2). Therefore, introducing gas drainage or increasing its
effectiveness often represents lower-cost option than increasing ventilation air volumes, which

might also involve major infrastructure development in the mine (Arnab et al., 2015).
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Figure 2.5.2 Example of ventilation air power requirement versus airflow

Distribution control includes redirecting airflow to one location at the expense of other
airflows. The relationship between aerodynamic resistance, air pressure, and rate of airflow is well
known, and can be used to predict the outcome of airflow redistributions (Hu et al., 2003).

Overall control of the mine ventilation system is directed primarily by the surface fan(s).
Increasing the differential surface fan pressure applied at a mine may have only negligible effect
on airflows in the most remote parts of the mine. For this reason, increasing surface fan pressure
may not solve a problem of shortfall in ventilating airflows in remote working areas. Strata
pressures may cause the roof, ribs, and floor converges, which causes increased airflow; therefore,
roadways must be maintained to facilitate efficient ventilation as designed (Parra et al., 2006).
Continuously controlling and adjusting the main fan is not advisable. A relatively constant airflow
underground minimizes the risk of spontaneous combustion and assists in monitoring airflows and
pollutant levels. Where a mine is served by a redundantly designed surface fan system (one or
more fans running, and one or more fans on standby), using a fan changeover facility is preferable
to ensure that mine airflows are not interrupted when the surface fans are stopped for routine

maintenance or inspection (Stefopoulos and Damigos, 2007).
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2.5.3 Ventilation safety technologies

Grubb (2008) studied the efficacy and cost effectiveness of the technologies and techniques
available to mines to reduce the risk of spontaneous combustion in underground coal mines. These
preventative measures can be classified in seven groups. The first one is understanding the
spontaneous combustion behavior of the coal seam mined; the second one is detection and
monitoring systems; the next one is pressure differential management; the fourth one is sealing
and inertization, the following one is inhibitors and sealants; the sixth one is extinguishment
planning; and the last one is other preventative measures (Grubb, 2008). The measures were
analyzed using a financial model based on a western U.S. coal mine; measures that resulted in a
mine with negative net present value, and measures that had not demonstrated the ability to reduce
risk were eliminated. The final recommendations included the use of real time monitoring of gas
concentrations using a tube bundle system, and the progressive sealing and inertization of
longwall panels (Grubb, 2008).

There are a variety of mechanisms available for diverting methane found in coal seams
before it reaches the ventilation system. This includes horizontal in-seam boreholes, in-mine
vertical boreholes, vertical hydro-fracked wells, and vertical small-radius boreholes drilled from
the surface (Kissel, 2006). These vertical small-radius boreholes are also referred to as gob vent
boreholes (GVBs). Figure 2.5.3 depicts the installation of a goaf vent borehole system, and its

interaction with the longwall mine, goaf, and overlying strata (Hartman et al., 1997).
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Figure 2.5.3 Cross-sectional diagram of Goaf vent borehole (Hartman et al., 1997)

2.6 Mine gas distribution and migration rule

2.6.1 The significance of mine gas distribution and migration rule study

With the decrease of conventional energy resources, most researches are focused on
unconventional ones. Shale gas has been deemed as an important substitute due to its abundant
reserves. Hydraulic fractures are the predominant source of porosity and permeability in shale
(Mohaghegh, 2013), therefore, multi-fractured horizontal well is an effective technology.

Natural porous media usually have extremely pore structure with pore sizes extended over
several orders of magnitude (Cai et al., 2012). Shale gas exists in various forms (free gas,
adsorbed gas, dissolved gas) in the nanoscale pores. In the shale with abundant organics, the
content of kerogen and organic matter arrives at 40% (Passey et al., 2010). The adsorbed gas
coexists with dissolved gas which cannot be neglected in the organics (Chalmers and Bustin, 2007;
Ross and Bustin, 2009; Clarkson and Bustin, 2011). Appreciable quantity of gas diffusing from
kerogen in shale statistically shows that a significant amount of gas exists in kerogen (Javadpour

et al., 2007; Javadpour, 2009). The amount of desorbed gas is close to that of diffused gas from
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kerogen (Swami and Settari, 2012). Thus, the gas obtained from canister test probably contains
free gas, adsorbed gas, and dissolved gas from kerogen that is in large amount due to the high
original formation pressure. However, most present mathematical models of shale gas reservoir
are focused on the adsorbed gas on the wall of matrix pores and free gas in the matrix but without
considering the dissolved gas diffusion which needs to be added to achieve a more accurate model
conforming to actual production.

Porosity and permeability of the consolidated shale matrix are so low that Darcy flow
equation is impossible to precisely describe the gas migration law because the gas migration in it
contains multiple mechanisms (viscous flow, slip flow, transition flow, Knudsen diffusion and
adsorbed gas desorption). The transport of gas follows multi-mechanistic mechanism triggered by
pressure and concentration gradients (Thararoop et al., 2012). Javadpour (2009) and Ozkan et al.
(2009) demonstrated that slippage effect and Knudsen diffusion are significant in the nano-pore of
the shale. Ozkan and Raghavan (2010) presented a dual-porosity and dual permeability model
considering the Knudsen diffusion in the nano-pore by modifying the Darcy flow in the natural
matrix and fracture system. Nobakht et al. (2013) analyzed type curves of horizontal well with
multiple fractures in shale gas reservoir. Zhao and Zhang (2012) and Sang et al. (2014)
respectively proposed a percolation mathematical model considering adsorption and desorption of
shale gas. Ezulike and Dehghanpour (2014) proposed a model for simultaneous matrix depletion
into natural and hydraulic fracture network. Guo et al. (2013) put forward a numerical simulation
method applicable to multi-mechanism flow. However, the present percolation models don't fully
contain the effects of multi-mechanism migration and dissolved gas diffusion in kerogen, leading

to a biased productivity prediction.

2.6.2 Previous studies of mine gas distribution and migration

Outburst of gas is a dynamic phenomenon occurring when gas is suddenly released through
fissures and cavities or from tectonic fault zones when uncovered by boreholes or mining works.
The outburst of coal and/or sandstone and clay stones and gas includes dynamic phenomena
whose source is the elastic energy of coal, rock and gas. Due to the risk of gas outbursts, high

emission of coal bed gases is a major problem in coal mining. Dynamic coal gas phenomena such
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as the outflow of methane in coal seams, coal and gas gushes and Outburst of gas is a dynamic
phenomenon occurring when gas is suddenly released through fissures and cavities or from
tectonic fault zones when uncovered by boreholes or mining works. The outburst of coal and/or
sandstone and clay stones and gas includes dynamic phenomena whose source is the elastic energy
of coal, rock and gas. Due to the risk of gas outbursts, high emission of coal bed gases is a major
problem in coal mining. Dynamic coal gas phenomena such as the outflow of methane in coal

seams, coal and gas gushes and Coal Mine has an average coal gas mixture of approximately

CO, :CH, = 2:1(Zavsek, 2004), where a high proportion of carbon dioxide is adsorbed on the

lignite structure or is captured in the coal matrix, while methane is mostly present free in coal
fractures. The CO,:CH, ratio changes in advance of the working face (Kanduc¢ et al., 2011). When
the advance rate of the longwall face is slow (less than 2m/day), better opportunities exist for the
slow escape of the gases under high pressure in the virgin coal. However, at the faster rates of
advance of the coal face now implemented, less time is available for the equalization of gas
pressure and mining-induced stresses. Yet, some doubt still exists as to whether outbursts are
actually ‘triggered’ by gas pressures or by stresses induced in the rock itself during mining
operations (Smith and Gould, 1980; Zhang et al., 2007). Gas outbursts are associated not only
with methane gas, but also with carbon dioxide, which is the case in the Velenje Basin (Zavsek,
2004). When an outburst occurs, the rock/coal/gas system transforms from a stable to an unstable
state, with the release of a significant volume of gas over the duration of the outburst. Outbursts
involving CO, are more violent, more difficult to control and more dangerous because of the
greater sorption capacity for carbon dioxide (Lama and Saghafi, 2002). Previous studies on
Velenje lignite showed that fine-detrital gelified varieties are especially critical in the case of
outbursts; on the other hand, xylite-rich lignite is more stable and is mostly not liable to the
occurrence of gas outbursts. Critical zones are contacts between fine-detrital lignite and xylite-rich
lignite where coalbed gas can be emitted easily, a process which is caused by the different
amounts of gas in these locations (Zavsek, 2004).

An improved understanding of the geochemical processes that control the occurrence and
composition of coalbed gas provides an important contribution not only to remediation of

potential environmental or mining hazards, but also for exploration and development strategies for
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utilizing coalbed gas as an energy resource (Clayton, 1998). The stable carbon isotopes of coalbed
methane are usually applied for the identification of its genesis (Guoyi et al., 2007). There are
three main sources of hydrocarbon gases and CO, in sedimentary basins: biogenic, microbial and
thermogenic (Rice, 1993). In general, thermogenic gases are typically associated with high rank
coal, whereas microbial gases are typically associated with low rank coal. It was found that
thermal generation of hydrocarbon gases in sedimentary systems such as Western Canadian
sedimentary basin show that low temperature thermal generation of non-methane hydrocarbons
occurs at temperatures lower than 62 °C and possibly as low as 20 °C (Rowe and Muehlenbachs,
1999). To provide a better characterization of the origin and volume of thermogenic gas
generation from coals, hydrous pyrolysis experiments have been conducted at 360 °C for 72 h on
Polish coals ranging in rank from lignite (0.3% Rr) to semi anthracite (2.0% Rr) (Kotarba and
Lewan, 2004). The thermogenic gases generated in the experiments were considered to be similar
to those generated during natural coalification. Kotarba and Lewan, 2004 found that significant
quantities of CO; are generated from coals during thermal maturation as simulated by hydrous
pyrolysis. At a vitrinite reflectance of 1.7% Rr, more than 90% of the maximum potential of a coal
to generate CO, was expended. Assuming that these quantities of generated CO, with a sourcing
coal bed as uplift or erosion provide conditions conducive for microbial methanogenesis, the
resulting quantities of microbial methane generated by complete CO, reduction could exceed the
quantities of thermogenic methane generated from same coal bed by a factor of 2-5. The origin of
natural gases associated with oil and condensate accumulations within the Middle Cambrian
sandstone reservoir of the Polish and Lithuanian Baltic Basin was characterized by means of its
molecular composition, the stable carbon isotope composition of methane, ethane, propane
butanes, pentanes and carbon dioxide, the stable hydrogen isotopes of methane and stable nitrogen
isotopes of gaseous nitrogen (Kotarba and Lewan, 2013). Carbon dioxide of natural gases is
generated during thermogenic processes and gaseous nitrogen generally originates during the
thermal transformation of organic matter and from NH,-rich illites of clayey faces of the Lower

Palaeozoic strata. In spite of losses due to reactions and solution during migration and entrapment,

the O™C values of the pyrolysis CO, are within the same range as the CO; in the natural gases.

Abiogenic sources of gas are typically found in deep subsurface (Sherwood Lollar et al., 2006).
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Primary thermogenic gases have a methane carbon isotope composition higher than —50%.
(Golding et al., 2013). Because production gases from many CBM and some shale gas fields are
relatively dry, the ratio of methane to the sum of ethane and propane (C1/C, + Cg3)) is widely used
to distinguish between microbial and thermogenic gases. Ratios greater than 1000 and less than
100 (wet gases commonly associated with oil tend to showC,/ (C,+Cj3) < 50) are considered to be
characteristic of microbial and thermogenic gas, respectively, when used in combination with the
methane carbon isotope composition (Flores et al., 2008). Two pathways have been identified for
the generation of biogenic gas: carbon dioxide reduction and methyl-type fermentation (Jenden
and Kaplan, 1986). A detailed review of coalbed methane was given in Moore, 2012 and the
references therein. The stable isotopes of CH4, CO, and H,0 have been used in different studies to
distinguish the pathways of microbial methane generation (i.e. acetate fermentation versus CO,
reduction) (Flores et al., 2008).

Carbonate rock, clastic rock, the coal seam and magmatic rock are the main CO; reservoirs;
solubility trapping by the formation of water sinks and free-state saving are the dominant forms of
CO; in the rock layer (Gilfillan et al., 2009). Natural analogue studies of CO, occurring in the
subsurface have the potential to yield insights into the mechanisms of CO, storage over geological
time scales and therefore the sources and distribution of gases in lignite represent the basis for
understanding coalbed gas behavior. Most CO, is adsorbed on the surface of the micro porous coal
matrix. The critical point where CO, enters the supercritical phase is defined at 31.1 °C and 7.38
MPa, which is within the range of known reservoir conditions and can be achieved at a depth of
only 756munder hydrostatic pressure (Li et al., 2013). Sequestration of CO, in deep un-mined coal
beds is one of the more promising of several methods of geological sequestration that are currently
being investigated (Busch et al., 2004). In this respect coal samples from Miocene lignite deposits
in Belchatow, Adamow, Konin and Turow (Poland) were analyzed to determine the relationships
between coal properties and gas capacity (Macuda et al., 2011). Samples of coals from several
coalbeds in Indiana were analyzed for CO, and CH4 sorption capacity using a high-pressure
adsorption isotherm technique (Mastalerz et al., 2004). Numerical modeling of the processes of
CO; storage in coal and enhanced coalbed methane (ECBM) production requires information on
the kinetics of adsorption and desorption processes. In order to address this issue, the sorption
kinetics of CO, and CH4 were studied on a high volatile bituminous Pennsylvanian (Upper
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Carboniferous) coal (VRr = 0.68%) from the Upper Silesian Basin of Poland in the dry and

moisture-equilibrated states (Busch et al., 2004).

2.7 Previous simulation studies

Safety mining technologies including field investigation (Bruneau et al., 2003; Johanna and
Maria, 2009; Claus et al., 2010; Ginting et al., 2013; Plante et al., 2014), numerical simulation
(René et al., 2001; Molson et al., 2005; Xue et al., 2006; Manoj et al., 2012; Arif et al., 2013) and
laboratory experiments (Evangelos et al., 2008; Joagquimet al., 2008; Haoran et al., 2011; Liu et al.,
2011; Packham et al., 2012; Zhang et al., 2015) have also been improved over the past decade.
However, even if the size (height) of the gas emission zone can be estimated globally using
various methods or assumptions, it is not uncommon that gas emission predictions may be under-
or over-estimated due to the lack of sufficient spatial information defining the quantity and
location of the gas sources in the overlying strata (Jundika, et al., 2014). Therefore, multiple
research and experiment of gas control strategies should be developed, including optimizing the
ventilation network, preventing goaf spontaneous combustion, enhancing gas risk management,

determining the gas emission zone, and implementing a reasonable gas drainage plan.

2.7.1 Previous numerical simulation studies

CFD is commonly accepted as referring to the broad topic embracing mathematics and
numerical solution, by computational methods, of the governing equations which describe the
motion of fluid flow, the set of the Navier-Stokes equations, continuity and any additional
conservation equations, such as energy or species concentrations. Today CFD has grown from a
mathematical curiosity to become an essential tool in almost every branch of fluid dynamics, from
aerospace propulsion to weather prediction. The availability of robust commercial CFD codes and
high speed computing has lead to the increasing use of CFD for the solution of fluid engineering
problems across all industrial sectors and the mining industry is no exception.

CFD modeling has been used in the minerals industries in a number of areas. It has been used
in the mining and energy environment since the 1990s, including methane and spontaneous

heating control (Creedy and Clarke, 1992; Tauziede, Mouilleau and Bouet, 1993; Ren and
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Edwards, 2000), dust control (Aziz, Srinivasa and Baafi, 1993; Sullivan and Heerden, 1993),
diesel particulate emissions (Currie, 1994), mine fires and explosions (Woodburn and Britter,
1996), methane control (Jazbec et al., 2000), ventilation velocity in tunnel fires (Hwang and
Edwards, 2005), methane emissions and goaf gas (Karacan et al, 2007), controlling longwall goaf
heating (Ren and Balusu, 2009; Taraba and Michalec, 2011), and gas behaviors in auxiliary
ventilation of mining headings (Torno et al, 2013) and mineral processing (Fletcher et al, 1995).
Although some of these studies are at their early stages, results from these investigations have
shown the potential of CFD as a powerful tool in solving many problems in which gases or fluids
move through or around objects in the minerals industries.

Gas flow rule in coal mine is a complicated process due to numerous factors are involved,
including ventilation system layout, gas content, emission rate and compositions, working face
orientation and dip, gas buoyancy and goaf permeability. Lately, a large number of CFD models
have been established to achieve further understanding of gas flow mechanics, characteristic and
distribution rules in mine working face and goaf. A commercial CFD code called FLUENT
contains broad physical modeling capabilities needed to model flow, turbulence, heat transfer, and
reactions for industrial applications ranging from air flow over an aircraft wing to combustion in a
furnace, from bubble columns to oil platforms, and from clean room design to waste water
treatment plants.

In the past, mine ventilation systems have been successfully modeled using network based
flow simulation programs such as MineVent, VentZroby and VnetPC (Karacan, 2009a). Work
done using network type simulation by researchers in Poland (Dziurzynski & Wasilewski, 2012).
More recently, Computational Fluid Dynamics (CFD) has been used to further study ventilation in
underground longwall mines. CFD has the advantage of allowing the user to model a larger range
of geometries, and to solve for multiple flow regimes, chemical reactions, and species mixing.
Work by Wala et al. (1997) showed that CFD can accurately model the main airways of a
ventilation system by comparing computational results with experimental data. Further studies
showed that CFD simulations could accurately duplicate experimental results of methane
distribution in a longwall panel (Wala et al., 2007).

CFD models have been used to evaluate the mixing of gas with fresh ventilation air at the
tailgate corner. This research was able to model the formation of explosive gas mixtures as
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methane is released from the tailgate shields. Further analysis yielded the conclusion that caving
of the immediate tailgate entry can create ‘acute explosion hazard’ and that methane sensors
located on the shearer body of longwall tailgate drive will not detect these explosive gas mixtures
(Brune & Sapko, 2012).

CFD has also been used to model coal spontaneous combustion and heating in longwall goaf
(Yuan, 2009; Yuan and Smith, 2008), including modeling the effect of longwall face advance on
coal heating (Yuan, 2010). The impact of variable permeability within gobs, in particular the
impact of lower permeability zones in the centers of goaf, has also been modeled using CFD

(Yuan et al., 2006).

2.7.2 Previous laboratorial experimental studies

In recent years, the rules of gas distribution and movement in goaf area are simulated through
both computer software and field trial around the world (Russell et al., 2011). Simulation is the
imitation of the operation of a real-world process or system over time (Banks et al., 2001). It can
be used when the real system cannot be engaged, because it may not be accessible, or it may be
dangerous or unacceptable to engage, such as coal mine ventilation network and goaf area
(Sokolowski & Banks., 2009). The act of simulating a ventilation network and goaf area first
requires that a model be developed; this model represents the key characteristics, behaviors or
functions of the selected physical, abstract system or process. The model represents the system
itself, whereas the simulation represents the operation of the system over time. The principles of
gas distribution and migration in goaf area can be intuitively observed and understood when the
simulation experiments are performed.

There are many studies (Table 2.7.1, Table 2.7.2, Table 2.7.3, Table 2.7.4, Table 2.7.5 and
Table 2.7.6) that have taken experimental measurements of gas flow in coal mines, both to
establish methane emission rates and to better understand how gas flows in underground coal
mines (Ramurthy et al., 2003; Esterhuizen and Karacan 2005; Esterhuizen and Karacan 2007;

Karacan, 2009c; Wachel, 2012).

Table 2.7.1 Permeability values of coal seams and overburden study (Ramurthy et al., 2003)
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Permeability Permeability Permeability
Layer described Resistance (1/m?)
(md) (Darcy) (m?)
Coal seam 4.5 4.50E-03 4.44E-15 2.25E+14
Pictured cliffs 15 1.50E-03 1.48E-15 6.75+14

Table 2.7.2 Permeability values of coal seams and overburden study (Esterhuizen and Karacan

2005)
Permeability Permeability Permeability Resistance
Layer described
(md) (Darcy) (m?) (1/m?)
Working face cleat 4 4.00E-03 3.95E-15 2.53E+14
Coal butt cleat 1 1.00E-03 9.87E-16 1.10E+15
Moderate Shale 1 1.00E-03 9.87E-16 1.10E+15

Table 2.7.3 Permeability values of coal seams and overburden study (Esterhuizen and Karacan

2007)
Permeability Permeability Permeability
Layer described Resistance (1/m?)
(md) (Darcy) (m?)
Max perm 1.00E+06 1.00E+03 9.87E-10 1.01E+09
Max perm 1.00E+05 1.00E+02 9.87E-11 1.01E+10
Max perm 5.00E+05 5.00E+02 4.93E-10 2.03E+09

Table 2.7.4 Permeability values of coal seams and overburden study (Karacan, 2009b)

Permeability Permeability Permeability Resistance
Layer described
(md) (Darcy) (m?) (1/m?)
upper adjacent layer 100 1.00E-01 9.87E-14 1.01E+13
upper adjacent layer 1000 1.00E+00 9.87E-13 1.01E+12

Table 2.7.5 Permeability values of coal seams and overburden study (Wachel, 2012)

Layer described

Permeability

Permeability

Permeability

Resistance (1/m?)
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(md) (Darcy) (m?)

Coal seam roof 4907E+01 4.91E-02 4.84E-14 2.07E+13
Fractured zrea 2.937E-01 2.94E-04 2.90E-16 3.45E+15
Goaf area 2.026E+08 2.03E+05 2.00E-07 5.00E+06

Table 2.7.6 Permeability values used in modeling longwall panels

Goaf permeability Goaf permeability Goaf resistance

(md) (m?) (L/m’)

High Low High Low High Low

(Esterhuizen & Karacan, 2007) | 1.00E+06 | 1.00E+05 | 9.87E-10 | 9.87E-11 | 1.01E+10 | 1.01E+09

(Lolon, 2008) 4.70E+08 | 8.00E+06 | 4.64E-07 | 7.90E-09 | 2.16E+06 | 1.27E+08

Yuan and Simith (2008) 1.25E+05 | 3.00E+03 | 1.24E-10 | 2.96E-12 | 8.09E+09 | 3.38E+11

Wachel (2012) 2.03E+10 | 2.03E+09 | 2.00E-05 | 2.00E-07 | 5.00E+04 | 5.00E+06

Experimental results for methane flow across the face of an active panel have been made in
the Pittsburgh Coalbed (Schatzel et al., 2006). Schatzel et al. (2006) measured the volumetric flow
rate of methane at different points along the length of a longwall panel to predict methane
emission rates in mines with widening panels. The measurements demonstrated an increase in gas
emissions over the width of the panel, but also variation within the location of the mine and

between different cutting directions.
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Figure 2.7.1 Cumulative longwall face methane emissions for three days of monitoring, showing

the face section end points (Schatzel et al., 2006).

The first observation, demonstrated in Figure 2.7.1 illustrates the importance of modeling

Goaf Vent Boreholes (GVBs) and other structural differences within the panel. The locations of

the measurements on different days are shown in Figure 2.7.2.
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Figure 2.7.2 Location of the three monitoring days (Schatzel et al., 2006)

The second observation that the direction of the cutting method affects the quantity of
methane observed at the tailgate can be seen in Figure 2.7.3, could be of great use in validating a
model of an active longwall panel. One critical component of this modeling effort will be to
establish a source term related to the cutting of fresh coal. Care must be taken, however, as the
coal properties in the Pittsburgh Seam are different than the Western coal seams encountered in

this research.
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Figure 2.7.3 Gas emissions as a function of distance from head gate corner (Schatzel et al., 2006).

Diamond et al., in their 1999 paper (Diamond et al., 1999) performed a detailed experiment

by injecting tracer gas into an inactive Gob Vent Borehole (GVB) in an active coal panel and into

the ventilation system directly. It is important to note that this was in an Eastern coal mine and the

mine utilized a bleedered ventilation system. One of the more important observations of the study

is that tracer gas released directly into the ventilation system stayed almost exclusively in the

ventilation system (with a maximum of 0.7% reaching producing GVBs), and that gas released

into the gob via an injecting GVB tended to stay in the goaf as long as the producing GVBs stayed

active. In addition, the speed in which the tracer gas reached the producing GVBs indicates a

relatively high permeability flow path between these two points in the goaf (Figure 2.7.4).
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Figure 2.7.4 Location of injection points for goaf tracer gas test (Diamond et al., 1999).

In addition to these observations, the test generated data that could be used in the future for
further model validation. Attempts could be made to match the modeled arrival and quantity of
tracer gas with the experimental results. This would help further contribute to the understanding of

goaf permeability.
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Figure 2.7.5 location of injection points for goaf tracer gas test (Diamond et al., 1999).

Figure 2.7.5 shows the tracer gas recovery over time on the borehole injection test that would
serve as a good experimental validation data set for future models. Diamond, Ulery and Kravits
(Diamond et al., 1992), published a work “determining the Source of Longwall Goaf Gas: Lower
Kittanning Coalbed, Cambria County, PA”. This work established that 91% of gas removed from
a coalbed’s overlying strata originally came from the coalbed itself. By using material balance
calculations to compare the volume of gas produced from gob vent boreholes and gas removed by
the mine’s ventilation system to the original gas in place in the directly overlying 275 ft. of strata,
it was established that only 40% of the total gas produced actually came from the strata directly
overlying the mine. This indicates the additional gas must have been produced from down dip coal
strata as well as adjacent overlying strata. This reinforces the need to consider the larger reservoir
as a source of methane within a simulation of flow in mine ventilation systems. It also
corroborates the planned modeling at Colorado School of Mines, which treats a higher coal seam
as a significant source of gas, in addition to the desire to model gas flow updip from deeper basin

coals.
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3 Gas emission sources, migration rules and emission prediction

3.1 Overview

This chapter describes contents concerning a numerical gas emission prediction model used
to establish the Shaqu coal mine gas emission of working face 14205. The first part provides a
brief introduction of basic law of coal seam gas migration, gas concentration distribution and
migration law in working face and goaf. The second part provides a brief introduction of the
working face location, roadway layout, mining technology and equipment. The third part offers an
analysis of gas emission sources and rules. The next part discusses the establishment of gas
emission prediction model of the 14205 working face and goaf of Shaqu coal mine. The last part
details the gas emission calculation of the 14205 working face and goaf of Shaqu coal mine as

well as the analysis of the prediction results.
3.1.1 The necessity of the research of gas emission prediction

It is a fundamental safety work to calculating the gas content in coal seam and forecasting the
gas emission from coal and rock in coal mine (Sander & Connell, 2014). In the 1950s, it has been
established some measurement methods and processes of gas content in coal bed, and has been put
forward and applied the mine statistical method to calculate and predict mine gas content and
emission in coal mines (David et al., 1993). In the 1980s, the method of different-source
prediction for gas emission also has been proposed and applied. Since then, the method of analogy
method, the gas geology mathematical model, velocity method and other prediction methods for
gas emission have been put forward and applied (Karacan et al.,, 2011). After decades of
exploration and study by researcher and scholar, it has been formed the maturity and traditional
prediction method and technology for gas emission in coal mines that was suitable the coal seam
occurrence conditions (Zofia et al., 2009). All the methods and technologies was offer a scientific
basis to design and retrofit for the new and old coal mine. With the expansion of coal mining
intensity and production scale, people has deepening understood and grasped the essential feature
of mine gas emission system by the development and its application of computer technology and
mathematics method and the nonlinear theory (Yasin & Etem, 2014). So, many new prediction
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methods has been to research and application for coal seam gas emission, For example, based on
multivariate linear regression to prediction gas emission (Sanna et al., 2014), based on the grey
system theory (Jing et al., 2011), neural network (Zhang & lan., 2010), support vector machine
(SVM) (Chen et al., 2002), evidence theory (Shi et al., 2006), chaos theory (Ding et al., 2011),
fractal theory (He et al., 2006), rough set theory (Darshit et al., 2007), and so on methods to
prediction gas emission in coal mines. The research and application of these new methods have
been to promoting the improvement of the level of research on mine gas emission rule, and

improved and raised the level of the coal mine safety production.

3.1.2 The introduction of coal seam gas content measurement and method

Gas concentration is an important factor in relation to mine safety and mine planning, and has
become increasingly important in coal bed methane resource assessment and recovery operations
(William & Steven, 1998). Gas concentration data may be used in the calculation of gas resources
and as input data for reservoir modeling and gas production simulators and to evaluate coal seam
gas control options in underground coal mining (Tang et al., 2012). Various methods used to
measure or estimate gas content can be grouped into two categories, (i) direct methods, which
measure the volume of gas released from a coal sample sealed in a desorption canister, and (ii)
indirect methods, which are based on gas sorption characteristics under given temperature and
pressure conditions, or empirical correlations between gas content and other coal seam parameters

such as coal rank, depth of cover and gas emission rate (Lama & Bartosiewicz, 1982; SAA, 1999).

3.1.2.1 Direct method

Measurement of the gas concentration of a coal samples involves three stages: (i)

determining the gas lost from the coal sample during core sample recovery (Q,), (i) measuring
the gas desorbed from the coal sample while sealed in a desorption canister (Q,), and (iii)
measuring the gas released from a coal sub-sample during crushing (Q;). The gas content

measured during each stage is added to give the total measured gas content (Q, ), Equation 3-1-1,

which for the purpose of this analysis represents the total volume of gas released per unit mass of
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coal when the ambient gas partial pressure is maintained at one atmosphere.
Qu =Q,+Q,+Q, (3-1-1)

Given the potential for variable temperature and atmospheric pressure conditions during gas
content measurement and differences in mineral matter content of the coal samples, the results are
typically normalized with QM being reported in NTP (20° C and 101.325 kPa) and 10% non-coal
matter (NCM) (Close and Erwin, 1989 and SAA, 1999).

Diamond and Schatzel (1998) list a variety of methods developed to measure gas content
subsequent to the introduction of the first method by Bertard et al. in 1970. The techniques
include:

* Bertard’s method,;

« US Bureau of Mines direct method;

« US Bureau of Mines modified direct method,;

* Smith and Williams method,;

« Decline curve method;

* Gas Research Institute method; and

« Australian Standard method.

The fast and slow desorption methods used in Australia to directly measure the gas content of
coal samples, as described in Australian Standard AS3980: 1999 (SAA, 1999), vary only in the
time allowed for gas to desorb from the intact core prior to final crushing. The fast desorption test
is typically completed in less than one day whereas slow desorption testing involved a much

longer desorption period enabling the rate of gas emission from the intact coal core to be

determined. For samples of equivalentQ,_, the Q,:Q,ratio determined from fast desorption

testing will be much less than the ratio determined from slow desorption testing. The lost gas

volume Q, will be the same regardless of the test method.

3.1.2.2 Indirect method

The most accurate measurement of gas content is achieved through direct measurement from

bore core samples (Saghafi et al., 2008). Alternatively gas content may be estimated using an
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indirect method based on sorption isotherm data (Kim, 1977) or empirical relationships between

Q,,and other measurable variables such as coal seam depth and coal rank (Diamond et al., 1976).

Sorption isotherms represent the maximum gas storage capacity of a coal sample at varying
pressure and constant temperature. Based on knowledge of the isotherm for a particular coal type
and details of the gas pressure, or an estimate of gas pressure based on knowledge of seam depth,
the maximum gas content can be determined. However many coal seams are under saturated
which, if not accounted for, may result in an over estimate of actual seam gas content (Diamond
and Schatzel, 1998). A variety of potential errors are associated with the use of sorption isotherms
to determine gas content, which include:

* Isotherm data may not be representative of conditions at the sample location due to
changes in coal seam gas composition and variable coal characteristics, such as moisture content,
temperature, coal rank, and ash content;

* Lack of knowledge relating to degree of gas saturation in the coal seam and changes in gas
content occurring naturally and due to the effects of mining and near and far field gas drainage;

* Inaccurate measurement or estimation of seam gas pressure at the sample location.

Gas content may also be estimated using an interpolation technique whereby the gas content
value is calculated for the target location based on measured gas content results at neighboring
locations (Saghafi et al., 2008).

The use of indirect methods to estimate gas content may be appropriate for use as a
preliminary assessment tool for mine planning and gas reservoir assessment, however, given the
potential for error, should not be used in detailed planning and economic decision making

(Diamond and Schatzel, 1998).
3.2 Laws of gas migration in the coal seam

3.2.1 Basic law of gas migration in the coal seam

3.2.1.1 Gas migration and movement in the coal seam

It is commonly known that the existence of gas is accompanied by the formation of the coal

seam. From a macro point of view, it is mainly adsorbed and free in the coal seam, of which free
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gas is in the gas pores and cracks of the coal seam gas molecules, and absorbed gas is the solid
state attached to the surface of coal and coal internal structure. Usually in coal seams, there is the
dynamic equilibrium where free gas and adsorbed gas molecules continuously keep exchanging,
which results in the complication of the gas migration state in the coal seam. It is currently
believed the diameter of the gas molecule is approximately 0.414nm and it is able to migrate
between coal pores and fractures. According to the current study it is concluded that when the
crack width is greater than 10”'m, the gas migration in the coal seam is in the form of laminar
motion which also changes non-stop.

This is because the transport channel itself is bent and the cross section is always changing.
What is more, the pore size of the coal, and shape and expend degree of the fractures are all
depends on the impact of crustal stress, which leads to the fact that the gas migration status is
always in slow laminar motion and turbulent flow.

In general, when the crack width is less than 10’m, gas molecules is not in free motion, thus
coal gas migration is in diffusive motion and does not normally depend on the pressure difference
but on the concentration difference. Therefore, it is generally believed that gas migration in coal is

in the form of surface diffusion and solid diffusion.

3.2.1.2 Basic law of gas flow in the coal seam

Gas flow in the coal seam is a complex activity that is closely related to the structure of the
medium and gas formation. As coal is a fractured porous medium, gas flow in coal seams can be
seen as the gas flow in porous medium. Generally in the fracture system, gas flow of coal seams is
mostly laminar flow movement, and in the pore structure, it is in diffusive motion. Thereby, based
on the fracture system in coal seams and pore distribution in coal, it is considered that the gas flow
in the coal seams is mainly diffusion movement and laminar flow penetration movement.

(1) Diffusion movement.

Diffusion is the concentration equilibrium process of free movement of molecules moving
from high concentration system to low concentration system. Diffusion is also the association of
the speed of the diffusive flow and its concentration gradient. Coal is a porous medium, and

according to the studies of domestic and foreign researchers, when the pore diameter of the gas
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flow is small (generally considered <1um), the gas molecules can not move freely, and the mass
flow of the gas is proportional to gas density gradient, which is in line with the diffusion law,

namely Fick law:

1=_p* (3-2-1)
on

Where: J ——speed of diffusion, m*® /(m?-d);
X ——gas content in coal, m® /m?;
D —diffusion coefficient of gas in coal, m%/d.
According to the gas emission granularity laboratory findings of Coal Research Institute
Fushun Branch (China), when the coal size is less than a certain value that is mainly composed of

the pore structure the gas flow follows the diffusion law, as is shown in Figure 3.2.1.
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Figure 3.2.1 Diffusion curve of gas in coal
The gas diffusion rate of small pores is generally smaller than gas permeation rate of the
large holes and cracks; however, the major part of controlling gas diffusion in coal blocks lies in
the gas diffusion movement in small pores. The larger the proportion of the small pores in coal
body is, the more gas diffusion movement is in accordance with the diffusion law. Hypothetically
the coals seams is composed by the extreme coal of Fick law, according to law of conservation of

mass and Fick law, the differential equation of the coal diffusion movement is:

(3-2-2)

X [9*°X 29X
—=D + -
ot arz ror
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where: I——radius of any point within the coal particle, m;
t ——time, s.

Refer to the meaning of other symbols above.

In fact, in the coal seam pore - fracture structural system, the volume of pore unit is quite
small, and the fracture system of coal seam is well developed, especially for the highly intense and
dangerous seam. Therefore, gas flow in the coal seam is mainly laminar movement.

(2) Laminar movement.

There are two possible forms of gas migration in pores and fractures with holes bigger than
1um: laminar and turbulent flow. Laminar flow is generally divided into linear and nonlinear
permeation.

(2.1) Darcy law

When the gas flow in coal seams is linear permeation that is when the gas flow rate is

proportional to coal seam gas pressure gradient; it is in line with the linear law and Darcy law:

K a
=— —g—p (3-2-3)
M on
where: K ——permeation rate of the coal seam, m3(1D=9.869x10-13m?);
V ——qgas flow rate, m/s;
J ——qgas absolute viscosity, Pa-s;
ap .
— ——qas pressure gradient, Pa/m.
an
Formula of gas flow volume can be calculated based on (3-1-3):
oP
q=-A— (3-2-4)
an
where: g ——gas flow volume, m? /(m?-d);

A ——coal seam permeability coefficient, m? /(MPa*-d);
P ——gas pressure squared, P = p®, MPa’.

Many researchers test the gas permeation using samples of artificially suppressed pulverized
coal and the laboratory findings suggest that the gas flow in coal samples with pores of large
diameter is in complete compliance with Darcy law, which is shown in Figure 3.2.2 (latm=101325

Pa).
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Figure 3.2.2 Relation between gas flow volume and difference of squares of both ends of the coal

sample

Seen from Figure 3.2.2, due to the large gap between the artificial samples of coal particles,
the gas flow in the coal samples follows the rules of linear permeation, but its permeability
coefficient reduces with the increase of the ring pressure. Previously it was believed that Darcy
law is merely applicable of laminar flow, and classified those that deviate from Darcy law as
turbulence. After 1940s, many experiments confirmed that not all of the laminar movements of
underground fluids follow Darcy law that is when the critical Reynolds number of the fluid is far
less than 2000; Darcy law will not apply on the fluid movement. As such, gas flow in coal can be
divided into three categories:

Low Reynolds zone, Re<1 ~ 10, viscous forces dominate, linear laminar flow region, in line
with Darcy law.

Medium Reynolds zone, the upper limit of Re is 100, nonlinear laminar flow zone, subject to
non-linear permeability law.

High Reynolds zone, Re> 100, a turbulent flow, inertial forces dominate, flow resistance is

proportional to the square of flow rate.
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Figure 3.2.3 Variation of flow law in porous medium

Figure 3.2.3 is the variation of the state and law of the fluid flow in porous medium. It shows
the range of application of Darcy law is smaller than that of laminar flow. From the laminar flow
motion that follows Darcy law to laminar flow motion not following Darcy and to turbulence, its
transformation is gradual and there is no clear dividing line. This is because the transport channel
the gas flows in is bent and the cross section is always changing.

Each fluid particle moves along the curve with a changeable speed and acceleration; when
the pore is small and the particle is slow, the viscous force dominants that is the frictional
resistance generated by viscosity dominants. Compared with viscous forces, inertial forces can be
ignored, which means Darcy law is being followed. When the pore size and flow speed increase,
the inertia force increases as the square of the speed of the flow rate, and when it reaches the order
of magnitude, Darcy law is not applicable, which happens prior to the transfer from laminar flow
to turbulent. In fact, this is mainly because the size, shape, curvature, pore structure and extension
level of the coal is very uneven, combined with impact of the crustal stress, as a result all the
factors are unstable and vary within a larger range. Even so, in most cases, the whole gas flow in
coal seams still follows Darcy law.
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(2.2) Non-linear permeability law

The above findings suggest that when the Reynolds is greater than a certain value, gas flow
in the coal body will deviate from Darcy law in the form of non-linear permeability flow; on the
condition of non-linear laminar flow and turbulent flow, there is index relation between the flow

rate and pressure difference:

dp\"
=_A == 3-2-5
Un (m) (3-2-5)

where: U ——flow speed;

A ——gas permeability coefficient of coal;

K .
m——permeability index, when m=1, A =—, the above formula is Darcy law,

U
dp

experiments testify that m=1: 2: —a——gas pressure gradient.

In fact, it can be considered that binomial theorem seepage is much more reasonable:
d
-d—T = AV +BV? (3-2-6)

The first term on the right-hand side of the above formula reflecting the characteristics of
Darcy law is the pressure loss caused by direct friction between the fluid and the porous medium.

When velocity V is small, the corresponding Reynolds is small, and the first term dominants,

A= % The second term reflects the pressure loss caused by the shrinkage, expansion and turn

of the fluids when they bypass the irregular solid system of porous medium, referring to as the
pressure loss of "microscopic local resistance”. When the flow velocity and Reynolds is large, the
second term dominants, and fluid flow in porous medium is non-linear influent flow.

In the theory of laminar flow based on Darcy law, it was hypothesized that due to the
presence of the shear stress, the speed of the fluid on the solid wall is zero. On the contrary, in the
gas stream the gas molecules do not have close contact with the solid wall, and the gas on the solid
wall may have a certain non-zero speed. Thus, when the size of the gas molecules is getting close
to the channel, all the molecules on the interface are in motion, and generate an additional flux.
This phenomenon is called molecular slipstream phenomena or Klinkenberg effect. Because of the

existence of the effect, airflow in porous medium under low pressure will in many cases deviate
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from Darcy's law.
3.2.2 Gas flow in coal seams

As is mentioned above, in the coal seam gas will flow from the high pressure area to low
pressure area. When there is unequal distribution of gas pressure in the coal seam, a certain flow
range of gas - usually called the flow field - is formed, that is, within the range of the flow field,
gas is in flow state and has flow direction, flow rate and gas pressure gradient or concentration
gradient.

To facilitate the research on gas flow in coal, the gas flow field in the coal seam is required to
be classified. Currently two kinds of classifications are normally adopted: classification based on
space and classification based on time (stability).

In the flow field, gas flow can be basically divided into three types by the geometry of space:
one-way flow, radial flow and ball flow.

(1) One-way flow - in the X, y, z three-dimensional space, there is only one direction of the
flow rate, the flow rate of the other two directions is zero. In coal mines, if the exploitation is
along the roadway, the thickness of the coal seam is smaller than the height of the roadway, the
roadway all cut open, the gas flow on both sides of the roadway are parallel to each other along
the driving direction, and the flow net in the same direction is one-way flow, as is shown in Figure

3.2.4.

3

2

Figure 3.2.4 Diagram of one-way flow
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1- flow line; 2- isobaric line; 3- drills

(2) Radial flow - in the X, y, z three-dimensional space, velocity component exists in two
directions. The velocity component of the third direction is zero. For example, when the
cross-hole, shafts and drill holes penetrate vertically through the coal seams, the gas flow on the
coal wall basically belongs to the radial flow field. Usually, the gas pressure line is in parallel line,
such as coal was approximately concentric circular wall, as in Figure 3.2.5. As radial flow is
generally flat flow, x, y rectangular coordinates is adopted in research work, and polar coordinates

can also be used, depending on the requirement of the practical work.

o

Figure 3.2.5 Diagram of radial flow
1- flow line; 2- isobaric line; 3- drills
(3) Ball flow - in the x, y, z three-dimensional space, there are velocity component in three
directions. For example, at the coal wall of the advancing working face in thick coal seams, gas
flows from the entrance of drills and cross-hole into coal seams and from fallen coals is all ball
flow as in Figure 3.2.6. It is generally believed the characteristic of the ball flow is that it forms
isobars of concentric spherical approximation whereas the flow lines are generally net radiation.
As ball flow belongs to the three-dimensional flow, X, y, z rectangular coordinates and the
spherical polar coordinates can both be employed in practical researches.

65



Figure 3.2.6 Diagram of ball flow

1- advancing working face in the coal seam; 2- flow lines
The three flow fields above are the basic forms, but in practical mining. Gas flow field in
drills and roadway coal wall is complex and even integrated three flow fields due to the anisotropy
of the coal seam, variation in litho logy of coal seam roof and floor and other natural conditions.
Thereby, in order to establish a relatively accurate flow model, detailed analysis should be carried

out individually in practical experiments.
3.3 Introduction to the measurement of mechanized working face

3.3.1 Working face location and roadway layout

The 14205 mechanized working face of Shaqu Mine is an inclined longwall face. It’s the fifth
working face in the second south mining area. In its north is the completed 14204 working face, in
its south is protection coal pillar of Jiagiangta village, in its east is the centralized material
roadway of South 2, while the west is protection coal pillar of Guantou village. Its face floor
elevation is between 380 ~ 440m.

There are altogether 3 gate roads in the 14205 mechanized working face with the length of
895m, of which the orbital gateway (14204 tail roadway) and the belt gateway are inlet airway and
tail roadway is the return airway. The belt gateway and tail roadway are connected to cooperate
with das drainage borehole to drainage gas and regulate the ventilation air flow, the layout of the

roadway can be seen in Figure 3.3.1. The open-off cut of the working face is 200m, minable
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length is 855m, and minable area is 0.17km?.
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Figure 3.3.1 Layout of lanes of the14205 working face

3.3.2 Coal mining technology

The 14205 working face adopts the mechanized mining methods, and its main production
process is as follows:
Advanced Maintenance — back shed — shearer cutting coal and loading — coal

transportation — push the slide frame shift — pushes slides — float coal cleaning.

3.3.3 Main equipment of the working face

Table 3.3.1 List of basic equipment in the 14205 mechanized mining face

Serial
Name Specifications and models Unite Amount

number

1 Coal cutter MG250/580w Piece 1

2 Hydraulic support Z74000-1.6/2.6 Piece 133

3 Drag conveyer SGZ-764/500 Piece 1

4 Reversed loader SZB-730/750 Piece 1

5 Belt conveyor S§SJ-1000/2x160 Piece 1

3.3.4 Five systems of the working face

Transportation system: working face scraper conveyor loader — reversed loader — transport
trough belt conveyor — panel centralized roadway — transportation roadway — main shaft —
ground;

Supporting system: the working face adopts hydraulic support of support protection, and the
support strength is 74.40t/m>;

Ventilation System: the working face adopts the "two air inlets and one air outlet" ventilation
system, with the track and tape trough being the inlet airway and lane end being the return airway;

Water supply and drainage systems:

Water supply: purification station — auxiliary shaft — transportation roadway lane — panel
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centralized roadway — two gateways (the material gateway and the orbit gateway) and the
working face;

Water drainage: two gateways (the material gateway and the orbit gateway) and the working
face — panel centralized roadway — transportation roadway lane ditch — well bottom sump —
auxiliary shaft — ground;

Security system: anti gas and harmful gases, fire, water and dust.

3.4 Analysis of gas emission sources

The source is where gas emits within the mining area. The mixture layer of coal and rock
containing gas is affected by mining operations, and coal seam gas deposit and the surrounding
rock conditions are destroyed, resulting in the fact that the gas flows into the working face and
forms a part of the gas emission in the working face. The sources of the gas emission in the
working face of Shaqu Mine is shown in Figure 3.4.1. It includes the gas emission of the coal wall,
mined coal and the goaf. Goaf gas emission contains gas emission of side coal wall and

surrounding rocks, loss coal, upper adjacent layers and lower adjacent layers.

Sources of Gas Emission

Fallen Coal Gas — Goaf Gas —  Coal Wall Gas
Surrounding Un-mining Lost Adjacent
Rocks Coal Coal Layers

Figure 3.4.1 Source form of gas in the working face of Shaqu coal mine

3.4.1 Coal wall gas emission

When the mining working face constantly moves forward and fresh coal wall continually
exposes, under the pressure of the rock, the equilibrium of the coal body ahead of the working
face is destroyed and distressed zone with high gas permeability is formed. There is always a

certain amount of gas pressure gradient, and a great amount of gas in the coal seam flows along
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the fracture into the working face, and the intensity of the gas emission gradually decreases with
the increase of the exposure time of the coal wall.
The amount of gas emission from the coal wall depends on the raw coal gas pressure,

permeability, advance speed of the working face and other factors.

3.4.2 Fallen coal gas emission

With the advance of the working face, the coal on the wall keeps falling and shipped out,
meanwhile the gas it contains is released into the mining area. Fallen coal is in the shape of block,
which largely increases the expose coverage of the surface of the coal body, thereby increases the
strength and speed of the gas desorption and leads to an increased amount of gas emission.

The gas emission rate of the fallen coal depends on the block size: the smaller the size is, the
faster the gas emits; likewise, the larger the size is, the slower gas emits.

The gas emission quantity of the fallen coal mainly depends on the volume of the fallen coal,
the original gas pressure, permeability and other factors. As the coal wall, the intensity of the gas

emission of fallen coal is also decreased with the increase of the amount of time.

3.4.3 Goaf gas emission

Coal mining goaf is porous media and filled with loss coal and fallen rocks, and the
compaction condition in different area of goaf are different, air pressure changes enormously,
resulting in the various gas flow rates among different spots in goaf. Gas at the emission sources
release the pressure due to the rock deformation and collapse, flows into goaf, get mixed, and
under the effect of differential concentration and negative pressure ventilation, rushes to the
working face. Studies show that the main source of goaf gas is the pressure release of the adjacent
seams. The exploitation of the 4th seam in Shaqu coal mine will cause overburden movement and
fracture, and seam #3 locates in the collapse area and releases gas directly to the mined-out area,
while the seam #2 gas moves into goaf through the fractures in the overlying rock seam.

With the effect of crustal stress, lower coal strata swells and deforms, greatly increasing the
permeability and a great amount of high-concentrated gas in the seam #5 steadily releases to goaf.

The maximum distance of the adjacent seams diffuse gas to goaf depends on the nature of the
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strata and development of fractures. The scope of gas supply to goaf relies on the nature of the

adjacent seams, management of the top layer as well as the shape of the mining area, etc.

3.5 Rules of gas emission at emission source

3.5.1 Rules of gas emission on coal wall

The quantity of gas emission in the mechanized working face mainly depends on the gas
emission intensity at emission source, with coal wall gas emission intensity usually being the
amount of emitting gas in unit time per square meter, and majorly depending on the gas pressure
and fracture structure in the seam, gas adsorption properties and spatial conditions. Under a certain
circumstance, the gas emission intensity of coal wall can be indicated by the function of exposure
duration. According to coal gas flow theory and analysis of actual measurement, the variation of
coal wall gas emission intensity in unit area varies with time, which is gas emission characteristics,

complies with the following rules:

V, =V, - (1+t)” (3-5-1)

where: V, ——point-in-time of coal wall exposure, gas emission intensity on unit area of coal
wall, m*(m*min);

V,——initial time of coal wall exposure, gas emission intensity on unit area of coal

wall, m®/(m? min);
B ——attenuation coefficient of coal wall gas emission, min™:

t ——coal wall exposure duration, min.

In order to determine the relation between the coal wall gas emission intensity and the
cumulative gas emission quantity and coal wall exposure time period, the research conducts field
observations in the working face of Shaqu coal mine. The process is to set a number of measuring
points in the tunnel at a certain distance (as is shown in Figure. 3.5.1). Non-production time, air
flow and gas concentration of each measuring point is regularly measured, then the amount of gas
emission per unit time at each measuring point and based on the coal wall exposure area the coal
wall gas emission intensity are calculated, finally the average exposure time of each corresponding

segment is determined in accordance with the roadway driving speed.
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Figure 3.5.1 Tunnel measurement method

Test data can be seen in Table 3.5.1, and the regularity of coal wall gas emission can be
obtained by the original measured data. Put all the measured data on complex logarithm
coordinate system of V —t relation, and the relation of V —t can be regards as a relation of

power function, and the empirical equation of V —t relation can be shown:

V, =0.261(1 +1) % (3-5-2)

Table 3.5.1 Relation between coal wall gas emission intensity and exposed time

Exposed time of | Gas emission intensity of | Exposed time of Gas emission intensity of
coal wall (t/min) | coal wall (m*(m?min)) | coal wall (t/min) | coal wall (m*/(m? min))

1 0.225 20 0.140

3 0.212 25 0.137

5 0.177 30 0.130

7 0.168 40 0.125

9 0.163 50 0.123

11 0.155 70 0.111

13 0.153 90 0.105

15 0.149 120 0.090

The variation rule of coal wall gas emission intensity and time period can be seen in Figure

3.5.2 shows
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Figure 3.5.2 Variation rule of coal wall gas emission intensity and time period

3.5.2 Rules of gas emission of fallen coal

A part of gas in the working face comes from the fallen coal. The gas emission rate of
different particle size of coal are different, the coal particle size smaller, the emission rate faster,
and the coal particle size bigger, the emission rate slower. Usually, the particle size of mechanized
coal mining is smaller and more even than that of blasting mining, and it can improve the intensity
of parsing of coal gas. Similarly, the intensity of parsing of coal gas is decreased with the
increasing of time.

The gas come from mined coal continually flow over into the working face and upper corner
during the transport of mined coal on the drag conveyer. According to the gas flow theory and the

analysis of the measure data, the rules of the gas emission of fallen coal can be obtained:
V,=V,-e™ (3-5-3)

Where: V,——gas emission intensity of fallen coal staying in the working face for the
duration of time t, m®/(t-min);
V, ——original gas emission intensity of fallen coal, m3/(t~min);
n ——attenuation coefficient of mined coal, min™;
t ——duration of time of fallen coal staying in the working face, min.
Residual coal left in the mechanical working face will still continuously release its remaining
gas into the working face, and its gas emission rule is in line with Formula (3-5-3).
Coal mining colony on the basic parameters of the amount of gas emission measurement

73



applications roadway assay was determined. Namely coal roadway driving in normal, every
certain distance select two more regular sections AA and BB shown in Figure 3.5.3.

The basic parameters of mined coal gas emission can be determined by the measurement of
roadway. In the advancing coal roadway, AA and BB - two relatively structured cross sections

with a certain distance - are selected as is shown in Figure 3.5.3.

Figure 3.5.3 Layout of gas emission measuring points in roadway

Non-production time, air volume and gas concentration at the two cross sections are

measured, and coal wall gas emission of different places (sections) to the working face is obtained,

and o and V, are able to calculated through the formulas below.

2aly
v.v,U -
QA_A — 0'1 1_e v
J 20{
- (3-5-4)
v.v,.U =
QB_B — 0'1 1_e v
200
QA_A——air volume of cross section A, m3/min:
QB_B —— air volume of cross section B, m¥/min:

o ——attenuation coefficient of coal wall gas, min/1

V,——the initial coal wall exposure, the absolute gas emission rate on each unit area of
3 2 W
roadway, m” / (m®-min);

V,—— average advancing speed in the roadway, m/min;

U ——the perimeter of fully-mechanized excavating roadway, or the perimeter of

fully-mechanized excavating coal wall, m;

L, ——the distance from section A to the heading end, m;
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L, ——the distance from section B to the heading end, m.

When the above method is adopted, special attentions should be paid that cross sections
A-Aand B-B should apply the exact same measurement at the same time, in case that the

fluctuation of the air volume affects the outcomes. Also, a number of cross sections in the
roadway should be selected for the accuracy of the measurement (requirement: L, = 2L,). On the
condition that the production in the working face and transportation system are both functioning
regularly, gas concentration and air volume are measured at the two cross sections, then the

absolute gas emission volume at the two sections are calculated. With the obtained « and V,

above, the gas emission volume of fallen coal at the corresponding section is acquired as follows:
Q, = P%SVs (4 e'%l (3-5-5)
B
Q,——absolute amount of gas emission of fallen coal in the working face, m®/min;
0 ——density of coal blocks, t/m?;
g,— the initial relative gas emission of mined coal, m3/(t-min);
2

S ——cross section area of the mining roadway, m<;

V,——the average excavating speed in the roadway, m/min;
/3 ——the attenuation coefficient of mined and loss coal gas emission, min™;

V,——speed of the transport carrier, m/min;

| ——length of transportation routes of fallen coal in the working face, m,
Finally, B and (], are obtained through the formula below:

Bl
l-e " +&SV3 1-e" (3-5-6)

-2al

— VOVlU
2a

Q

Based on the measured data in Table 3.5.2 - Table 3.5.5, B and (, are acquired

3=0.084min™", ¢ =0.189 m*/(m*min). The V —t relation of the fallen coal can be presented as

the formula below:
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V,0.189¢ 0%

Table 3.5.2 Distribution of gas concentration in non-working time

20m from heading end

40m from heading end

Air Gas Air Gas
Section | Perimeter Section | Perimeter
quantity | concentration , guantity | concentration ,
, (m%) (m) , (m%) (m)
(m*/min) (%) (m*/min) (%)
532 0.25 10.6 13.9 534 0.26 10.5 13.8
531 0.24 10.6 13.9 531 0.27 10.5 13.8
532 0.24 10.6 13.9 533 0.28 10.5 13.8
Table 3.5.3 Distribution of gas concentration in non-working time
30m from heading end 60m from heading end
Air Gas Air Gas
Section | Perimeter Section | Perimeter
quantity | concentration , guantity | concentration ,
; my | ; my | m
(m*/min) (%) (m*/min) (%)
533 0.21 10.4 13.6 535 0.28 10.5 13.8
528 0.20 10.4 13.6 529 0.30 10.5 13.8
534 0.21 10.4 13.6 534 0.31 10.5 13.8
Table 3.5.4 Distribution of gas concentration in working time
20m from heading end 40m from heading end
Air Gas Air Gas
Section | Perimeter Section | Perimeter
quantity | concentration , guantity | concentration ,
; my | () . my | m
(m*/min) (%) (m*/min) (%)
533 0.34 10.6 13.9 535 0.33 10.5 13.8
531 0.44 10.6 13.9 540 0.39 10.5 13.8
532 0.56 10.6 13.9 538 0.51 10.5 13.8
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Table 3.5.5 Distribution of gas concentration in working time

30m from heading end

60m from heading end

Air Gas Air Gas
Section | Perimeter Section | Perimeter

quantity | concentration , guantity | concentration ,

, (m) (m) , (m) (m)
(m*/min) (%) (m*/min) (%)

460 0.43 10.4 13.6 465 0.48 10.5 13.8

461 0.42 10.4 13.6 462 0.49 10.5 13.8

463 0.39 10.4 13.6 466 0.42 10.5 13.8

The variation rule of gas emission intensity of fallen coal and duration of time is presented in

Figure 3.5.4
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Figure 3.5.4 Variation curve of gas emission intensity of fallen coal and duration of time

3.5.3 Rules of gas emission of upper and lower adjacent layers

Gas emission volume of the adjacent layers mainly depends on the original gas content and

gas emission rate of the adjacent layers, distance between the exploitation layer and adjacent
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layers, mining speed of the working face, etc. The proportion of gas emission volume of the
adjacent layers is quite significant, especially for the combined mining method of multiple seam
or layer mining of high seam - when the first coal seam or layer mining, its gas emission volume is
usually much higher than that of in-the-seam mining.

(1) With coal mining distance of the working face gradually increases, the release of the
upper adjacent layer is gradually getting obvious. As a result, gas pressure decreases and gas
emission volume of the working face increases. Therefore, gas emission rules of adjacent layers
are considered consistent with the roof release activities.

(2) The length of the mining working face has a significant impact on the release range and
gas emission of the adjacent layers. Through a great number of research on data of other mining
area, the gas parameter of adjacent layer (length 140m and width 90m) is easy to change,
especially in the upper adjacent layer of 59m (Yangquan Coal Mine coal seam #12) , the initial
gas pressure decrease to 0.19 MPa and 0.22 MPa from 0.38MPa.

(3) The height of the exploitation layer is closely related to the release range and gas
emission of the adjacent layers. In the same geological conditions, the increase of mining height
will cause the increase of the range and level of the release of the adjacent rocks, and the rock
strata that is unable for the release is forced to release the pressure, thereby the permeability of the
rock strata is extended and the gas emission volume of the adjacent layers is increased.

(4) The absolute amount of gas emission will be reduced by speeding up the advance speed in
the working face. As the working face is rapidly mining, the roof of the exploitation layer sinks,
but the damage it has is relatively insignificant. Therefore, the gas emitted from the upper adjacent
layer into the working face and goaf reduces due to the resistance. The slower the mining
retrieving is, the huger the damage of the rock strata is, and the more the absolute amount of gas
emission is.

Under a certain geological and mining circumstance, the extent of the gas emission of the
adjacent layers decreases as the interlayer spacing decreases. At a certain critical distance, gas
emission is ignored.

According to the difference between the original gas content in the coal seam and residual
gas content, gas emission of adjacent layers with difference interlayer spacing is obtained.
Through the regression analysis, based on logarithmic curve, gas emission rate (Kui) decreases as
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the interlayer spacing H increases.
3.6 Establishment of prediction model of working face gas emission

According to the analytical research on current and traditional prediction methodology of gas
emission volume, difference of the emission rules of gas sources is summarized, characteristics of
mechanized mining is analyzed, gas source of the working face is carefully classified, and a
prediction model with high accuracy and adaptability and dynamic features is established for the
gas emission measurement of the working face, so that gas emission volume of the working face is

able to be accurately predicted.
3.6.1 Gas emission volume of coal wall

Assume that one schedule of coal mining cycle is 1 (cut deep of fully mechanized machine,

m), the average advancing speed of the working face is n (m/min), time of coal mining cycle

schedule is t :]/u (min), gas emission intensity of unit area of coal wall after t minutes (m*/

(m?min)), thus, the total gas emission amount of each unit area of coal wall is

Ul
g = [ Vadt (3-6-1)
put equation (3-4-1) into equation (3-5-1), then simplify the integrals:
1+t)”" 1
o =V, ( ) - (3-6-2)
1-4 1-4

Where: g, ——gas emission intensity of unit area of coal wall after t, minutes, m*/min;
Assume that the effective exposure area of the working face isS =m(L -2L,,), and then
put t, =1/u into equation (3-5-2), one schedule of coal mining cycle is Gl' =omlCL, and then

the absolute gas emission rate of coal wall Q, is

o = Vo(L=2L) (L))" 1 (3-6-3)
SCLI - 1-p

where: Q, ——the relative gas emission rate of working faces, m*/t;

M ——thickness of the coal seam, m;
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L ——Ilength of the working face, m;

L,, —width of gas emission are, m;

/3 ——attenuation coefficient of coal wall gas emission, min™.

The absolute gas emission rate of coal wall is
0 Cmu(L-2L, )V, ((@+17u)
' | 1-8 1-8

The calculation of the gas emission of the layer mining of high coal seam or the caving
mining can be calculated by equation (3-5-4).

(3-6-4)

3.6.2 Gas emission volume of fallen coal

Assume that gas emission intensity of unit weight after t minute isV,, the total absolute gas

emission rate of unit weigh is:

i’
0, = [Vt (3-6-5)
put equation (3-5-3) into equation (3-5-5), then simplify the integrals:
Vl
=-L1(1-e™M™ (3-6-6)
q, =-(1-e™)
where: ¢, ——accumulative gas emission volume of fallen coal, m*t;

V, ——original gas emission intensity of fallen coal, m?/ (t-min);

t, ——duration of time of fallen coal in excavation roadway, min.

The gas emission volume of fallen coal is:
L-2L,

Q=

put equation (3-5-6) into equation (3-5-7), and then simplify the integrals:

g, -dA (3-6-7)

L-2L, Vl

Q=f " (1-e)dA (3-5-8)
where: Q,——accumulative gas emission volume of fallen coal, m?;

t, —— duration of time of fallen coal in the working faces, min;

tz :(L_ I-H-x )/Vz
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v,——the average pulling speed of coal cutter, m/min;

dA —— the weight of loss and fallen coal in the infinitesimal length dx of the

direction of traction machine, t;

dA=C -6 -mldx
C ——retrieving rate of the working face;
0 ——density of fallen coal, t/m”.

Thus Formula (3-6-8) can be presented as follows:

L-2Ly V, n(L-L, -

Q= “L(1-e o ) Coml -dx (3-6-9)
0 n
simplify the integrals of equation (3-6-9), then the relative gas emission rate of mined and
fallen coal is:
, _ComV, V, [ _ (L~
Q, =% ((L—ZLH)——Z(e e gl LH’/VZ)) (3-6-10)
n n

where: Q,——the relative gas emission rate of mined and fallen coal, mP/t;

the absolute gas emission rate of mined and fallen coal:

_CéuVv. Vo [ cnlyfvy  a-n(L-Ly )/
Q== 1((L-2LH)-ﬁ(e Ll _g )) (3-6-11)

3.6.3 Gas emission volume of residual coal in goaf

Hypothetically residual coal is evenly distributed among goaf and the coal wall in the
working face, and then on the opposite direction of mining, the absolute gas emission volume of

residual coal is:

b+,

= 3-6-12
Q =/, VadA (3-6-12)
where: Q,——accumulative gas emission volume of residual coal in goaf, m®/min;

V,——gas emission intensity of residual coal in goaf after it stays in the working

face for the time of t, m%/(t-min);

|, ——distance between coal wall of the working face to rear hydraulic support, m;
|,——width of unstable goaf gas area opposite the mining direction, m;
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Assume that the weight of mined and fallen coal of the infinitesimal length dx of

opposition of mining direction is dA, and then:
dA=(1-C)-6m(L-2L,)dx (3-6-13)
put equation (3-6-1) and equation (3-6-13) into equation (3-6-12), then simplify the integrals:
Q= [ "Ve™ - (L-C)om(L-2L, )dx (3-6-14)

where: t——effective duration of stay of residual coal in goaf, min; t = Xu
U ——the average mining speed of the working face, in;

Simplify the integrals, and then the absolute gas emission volume of residual coal:

(3-6-15)

Q,

&V, (1-C)(L-2L,)mu (1_e_h:'zn)
n

where: Q,—— absolute gas emission volume of residual coal, m/t;

3.6.4 Gas emission volume of the adjacent layers

With the float tendency of coal mining, gas emission of the adjacent layers is consistent of
the exploitation layer. Gas emission volume is proportional to the thickness of the adjacent layers.

As a consequence, the gas emission volume of the adjacent layers is shown as follows:
Q=Q- Yy m-7/m (3-6-16)
where: Q,—— gas emission volume of the adjacent layers, m>/min:

Q,——gas emission volume of the coal wall of the exploitation layer, m*/min;

E m, ——total thickness of the upper and lower adjacent layers, m;
1,——0as emission coefficient of the adjacent layers;
M _thickness of the exploitation layer, m.

In gently inclined coal seams, the emission range of gas in the adjacent layers is about 1/2 of
the length of the working face (in the upper half of the exploitation layer), and 1/3 of the length of
the working face (in the lower half of the exploitation layer). Within the range the gas emission
volume of the adjacent layers is inversely proportional to the interlayer space. As a result, gas

emission coefficient of the adjacent layers can be calculated as follows:
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h

upper adjacent layer: 7, =1-———

0.50B
h
lower adjacent layer: =1-——
T 70338
where: 75,and 7, ——gas emission coefficient of the upper and lower adjacent layers
respectively;
h——interlayer space of the exploitation layer and adjacent layers (weighted
average) m;
B——Iength of the working face, m.

When there is shale in the upper and lower adjacent layers, a certain amount of gas will be
emitted, the thickness calculation of sandy shale and carbonaceous shale will take one fourth and

one third.
3.6.5 Gas emission volume of the working face

As is mentioned above, the gas emission of the working face consists of four parts - gas
emission of the coal wall, gas emission of the fallen coal, gas emission of goaf and gas emission of

the adjacent layers. Therefore, the gas emission volume of the working face is:
Q = Ql + Qz + Qg +Q4 (3'6'17)

where: Q —— gas emission volume of the working face, m*/t.

3.7 Prediction of gas emission volume of the working face of Shaqu coal mine

3.7.1 Mining conditions of the working face

According to the mining deploy of Shaqu Mine, the mining method is confirmed as the
comprehensive mechanization of inclined longwall retrieving with full caving. Therefore, the
prediction of the coal mine is mainly based on the working face of a full mining height.
Measurement of gas emission volume of the working face is also made. The 14205 working face
is taken as an example for the prediction of gas emission volume. Table 3.7.1 and Table 3.7.2

reveal the mining factors of the 14205 working face.
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Table 3.7.1 Outcomes of cycle number per day and advance rate per year of the 14205 working

face

The length of working face (m) 200
Mining height (m) 2.45
circulation time (min) 160

cycle number per working time 3
Yield of the each work (t) 1148

cycle number per day (t) 6
Yield of the each day (t) 2296

Yield of the each year (Mt) 160
advance rate per year (m) 1296

Table 3.7.2 Mining technical data of Shaqu coal mine

The length of working face (m)

200

Mining height (m) 2.45

Excavate height (m) 2.45
Mining rate (%) 95
Mining speed (m/d) 3.6
Dig depth of coal cutter (m) 0.6

The speed of coal cut (m/min) 5

Density of coal (t/m3) 1.37

3.7.2 Prediction of gas emission volume of the working face

The prediction model of gas emission volume is established for the 14205 working face of

Shaqu coal mine. The prediction outcomes are shown in Table 3.7.3.

Table 3.7.3 Prediction of gas emission volume of the working face of Shaqu coal mine

The length Mining

Gas emission rate (m3/min)

of the

height (m) Coal wall

Adjacent

Mined coal

Loss coal Total
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working layer
face (m)
200 2.45 35.72 56.08 9.16 1.85 102.81
Proportion (%) 34.74 54.55 8.91 1.80 100

3.8 Measurement and calculation of gas emission of the working face

3.8.1 Measurement of gas emission volume of the working face

In working time and non-working time under the circumstance of regular production, air

speed, and air volume and gas concentration of the tail roadway of gas are repeatedly measured.

The measured data of ventilation air methane emission volume and gas drainage volume in

working time of the 14205 working face is presented separately in Table 3.8.1 and Table 3.8.2

Table 3.8.1 Measurement of ventilation air methane emission volume of the 14205 working face

in working time

Gas emission Gas emission Gas emission Gas emission rate Gas emission

rate of the belt rate of rate of of induced pipe in rate of the
o gateway of air crossheading crossheading upper corner induced pipe in

outlet (m¥min) | No.11 (m*min) | No.12 (m*min) (m*/min) goaf (m*/min)
8.24 11.82 18.59 11.75 11.55 1.28
8.25 13.82 19.82 14.33 12.14 112
8.26 14.12 20.89 13.57 11.99 1.23
8.27 13.88 20.89 13.57 11.99 1.23
8.28 16.07 20.75 10.64 12.42 1.23
8.29 13.36 20.15 11.05 11.71 1.19
8.30 16.67 21.82 12.58 11.32 121
8.31 15.32 19.85 11.79 12.71 1.34
9.10 13.23 19.73 14.25 12.68 121
9.20 15.22 22.49 10.43 12.37 1.24
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9.30 12.62 20.77 11.22 10.24 1.25

9.40 11.71 17.73 11.93 12.23 1.24
9.50 14.38 19.95 12.69 12.38 1.26
9.60 11.39 21.49 13.26 12.52 1.35

Table 3.8.2 Measurement of gas drainage volume of the 14205 working face in working time

Gas of tail Gas drainage volume Gas drainage Kilometers gas

Date roadway of high level tunnel volume of in seam drainage tunnel
(m*/min) (m*/min) (m*/min) (m*/min)

8.24 21.04 12.67 4.52 0.78

8.25 23.67 15.23 5.13 0.71

8.26 18.42 15.02 3.53 0.89

8.27 18.41 14.57 3.67 0.73

8.28 18.73 13.97 4.72 0.75

8.29 18.89 15.84 4.35 0.64

8.30 16.81 15.86 3.81 0.44

8.31 19.46 15.76 3.92 0.38

9.10 15.46 14.67 4.22 0.77

9.20 17.91 13.97 4.01 0.71

9.30 19.15 14.57 3.68 0.57

9.40 18.17 14.57 3.92 0.68

9.50 17.54 10.96 4.36 0.57

9.60 19.89 14.24 4.64 0.76

By the calculation of the above data, during in working time, the average ventilation gas
drainage amount of the 14205 working face of Shaqu coal mine is 59.90 m%min, the gas drainage
volume is 38.09 m*min, and the total amount is 97.99 m*/min.

The measured data of ventilation air methane emission volume and gas drainage volume in

non-working time of the 14205 working face of Shaqu coal mine is presented separately in Table
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3.8.3 and Table 3.8.4.

Table 3.8.3 Measurement of ventilation air methane emission volume of the 14205 working face

in non-working time

Gas emission Gas emission Gas emission Gas emission rate Gas emission

rate of the belt rate of rate of of induced pipe in rate of the
oA gateway of air crossheading crossheading upper corner induced pipe in

outlet (m¥min) | No.11 (m*min) | No.12 (m*min) (m*/min) goaf (m*/min)
8.24 8.74 16.48 8.70 581 0.89
8.25 7.98 17.23 7.49 6.12 0.92
8.26 9.85 17.30 8.91 7.18 0.94
8.27 11.85 17.28 10.32 7.32 0.88
8.28 12.15 16.68 11.85 7.51 0.92
8.29 11.91 18.36 11.20 7.48 0.93
8.30 12.83 14.92 11.96 7.03 0.91
8.31 13.35 16.35 12.53 6.35 0.87
9.10 11.26 17.42 11.06 6.94 0.96
9.20 14.10 18.02 13.52 6.79 0.80
9.30 11.39 16.38 11.02 7.04 0.98
9.40 14.70 15.96 13.58 7.17 0.96
9.50 13.25 19.02 12.84 7.04 1.02
9.60 10.95 13.26 9.46 7.22 0.79

Table 3.8.4 Measurement of gas drainage volume of the 14205 working face in non-working time

Gas of tail Gas drainage volume Gas drainage Kilometers gas
Date roadway of high level tunnel volume of in seam drainage tunnel
(m*/min) (m*/min) (m*/min) (m*/min)
8.24 17.68 15.33 5.08 0.70
8.25 17.68 14.14 3.55 0.64
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8.26 18.16 14.27 3.53 0.83
8.27 19.16 13.54 341 0.64
8.28 19.16 13.54 3.52 0.69
8.29 22.94 15.41 4.22 0.58
8.30 17.69 15.43 4.01 0.38
8.31 16.08 14.14 3.98 0.32
9.10 18.73 14.14 3.92 0.64
9.20 14.73 10.53 4.56 0.64
9.30 17.18 12.24 4.64 0.51
9.40 18.42 14.80 4.79 0.52
9.50 17.44 14.59 4.35 0.51
9.60 16.81 13.81 411 0.64

By the calculation of the above data, during non-working time, the average the average
ventilation gas drainage amount of the 14205 working face of Shaqu Mine is 47.37 m*min, the

gas drainage volume is 36.69 m*min, and the total amount is 84.06 m%min.

3.8.2 Calculation of gas emission volume in coal wall and goaf

As gas emission is complicated and goaf is inaccessible, gas emission volume cannot be
directly measured, thus an indirect method is adopted for the measurement.

In working time under the circumstance of regular production, the measurement points are
evenly arranged between the coal wall of air outlet and support of working face. The measurement
method consists of five steps. Firstly, the gas concentration of each point are measured; secondly
the lowest point is found; thirdly, the distance between lowest measured point of gas concentration
to the coal wall and goaf is measured; fourthly, the data is processed and plotted graph; finally gas
emission volume in goaf is calculated by graphing method.

Three sets of measuring points are arranged (20m, 30m and 40m from coal wall to goaf)
along the return airway of the working face, of which the arrangement of 1 set of measuring points

are shown in Figure 3.8.1. Gas concentration is measured repeatedly as Table 3.8.5, Table 3.8.6
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and Table 3.8.7 presents, and Figure 3.8.2 is drawn through data process, based on which the
proportion of gas emission from coal wall and goaf in the total amount of gas of the working face

is obtained.

Coal

. Goat wall
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Figure 3.8.1 Layout diagram of measuring points in coal wall and goaf of the working face

Table 3.8.5 Test data of measuring points in coal wall and goaf of the working face (14/08/2012)

Measured Point A | PointB | PointC | PointD | PointE | PointF
Data No.
pOInt CHs% CHs% CHs% CHs% CHs% CHs%

20m from the belt | 1 0.72 0.58 0.48 0.60 0.84 0.94

roadway of air 2 0.69 0.60 0.50 0.61 0.80 0.92

outlet 3 0.66 0.62 0.52 0.60 0.76 0.88

14/ | 30m fromthe belt | 1 0.70 0.64 0.62 0.66 0.70 0.79

08/ roadway of air 2 0.67 0.65 0.60 0.67 0.70 0.79

2012 outlet 3 0.66 0.65 0.61 0.70 0.70 0.79

40m from the belt | 1 0.62 0.54 0.52 0.55 0.60 0.62

roadway of air 2 0.60 0.53 0.49 0.56 0.61 0.64

outlet 3 0.58 0.49 0.52 0.56 0.60 0.63

Table 3.8.6 Test data of measuring points in coal wall and goaf of the working face (15/08/2012)

Measured Point A | PointB | PointC | PointD | PointE | PointF
Data No.
pOInt CHs% CHs% CHs% CHs% CHs% CHs%
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20m from the belt | 1 0.68 0.64 0.62 0.62 0.66 0.96

roadway of air 2 0.66 0.62 0.60 0.65 0.69 0.98

outlet 3 0.67 0.60 0.64 0.63 0.67 0.99

15/ | 30m fromthe belt | 1 0.77 0.73 0.73 0.76 0.80 0.86

08/ roadway of air 2 0.78 0.73 0.70 0.68 0.76 0.87

2012 outlet 3 0.78 0.74 0.73 0.61 0.70 0.90

40m from the belt | 1 0.72 0.66 0.60 0.66 0.66 0.83

roadway of air 2 0.70 0.68 0.68 0.64 0.72 0.82

outlet 3 0.68 0.65 0.65 0.62 0.78 0.81

Table 3.8.7 Test data of measuring points in coal wall and goaf of the working face (16/08/2012)

Measured Point A | PointB | PointC | PointD | PointE | PointF
Data No.
pOInt CHs% CHs% CHs% CHs% CHs% CHs%

20m from the belt | 1 0.64 0.62 0.60 0.66 0.68 0.77

roadway of air 2 0.61 0.61 0.59 0.66 0.67 0.77

outlet 3 0.58 0.59 0.57 0.65 0.66 0.77

16/ | 30m fromthe belt | 1 0.59 0.59 0.53 0.50 0.65 0.70

08/ roadway of air 2 0.60 0.58 0.55 0.54 0.62 0.70

2012 outlet 3 0.60 0.57 0.57 0.58 0.62 0.69

40m from the belt | 1 0.55 0.52 0.55 0.53 0.50 0.56

roadway of air 2 0.53 0.52 0.51 0.50 0.53 0.58

outlet 3 0.54 0.52 0.47 0.46 0.56 0.60
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Figure 3.8.2 Distribution diagram of gas concentration at cross section of the working face

It can be clearly seen from the figure that the proportion of gas emission from the goaf to the

working face is:

L 2390

| = = =59.3%
L +L, 4300
The proportion of gas emitted from coal wall:
| = L = 1750 =40.7%
L +L, 4300

Based on the ratio above, the gas emission volume of the 14205 working face can be
estimated. The average gas emission volume of the 14205 working face during production is

84.06m%min, while gas emitted from goaf and from the coal wall are

84.06x59.3% =49.85m°/min and 84.06x40.7% =34.21m°/min respectively.

3.8.3 Gas emission calculation from mined and fallen coal in the working face

The gas emission amount of mined and fallen coal is affected by many factors such as the
duration in the working face and limitation of working field, and it is difficult to measure the gas
emission amount from the mined and fallen coal. Therefore, it could be calculated by the

following equation:
Qfallen = Qmined +Qun—mined

Q... ——the gas emission amount of working face fallen coal, m*/min;
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Qineg ——total gas emission amount of the working face during the working time, m*/min;

Q,_mineg ——t0tal gas emission amount of the working face during the non-working time,
m*/min.

Specifically, Q,.,not only come from the fallen coal, but also from the gas emission
difference between new exposure coal wall and the old exposure coal wall, the gas emission
difference between working time and non-working time. Actually, the calculated value will more

than the actual value, and the actual value is affected by my factors such as time measurement

duration in non-working time, the operation condition of coal cutter in working time, measured

point and the fault of survey crew. Therefore, the calculated value of Q,,., greatly fluctuate by

many factors, and it only can be used as reference value. The calculated gas emission amount of

mined and fallen coal is 14.48 m3/min; it can be seen in Table 3.8.8

Table 3.8.8 Calculation of gas emission volume of fallen coal

The gas The gas The gas The gas The gas
emission rate in | drainage rate in | emission rate in | drainage rate in emission

o working time working time non-working non-working calculation

(m*/min) (m*/min) time (m*min) | time (m*min) | value (m*min)
8.24 54.99 39.01 40.62 38.79 14.59
8.25 61.23 39.74 44.74 36.01 20.22
8.26 61.80 37.86 44.18 36.79 18.69
8.27 58.26 37.38 47.65 36.75 11.24
8.28 61.11 38.17 49.11 36.91 13.26
8.29 57.46 39.72 49.88 36.15 11.15
8.30 63.61 36.92 47.65 37.51 15.37
8.31 61.01 39.52 49.45 34.52 16.56
9.10 61.10 35.12 47.64 37.43 11.15
9.20 61.75 36.60 53.23 30.46 14.66
9.30 56.01 37.97 46.81 34.57 12.69
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9.40 53.84 37.34 42.37 38.53 10.28
9.50 60.66 33.43 53.17 30.89 10.03
9.60 60.01 39.53 41.68 35.37 22.49

3.8.4 Calculation of gas emission volume of upper and lower adjacent layers

Coal seams that are affected by the mining activity of the adjacent layers will emit gas into

the working face and goaf of the exploiting layer. Based on the location with the exploiting layer,

adjacent layers can be divided into upper adjacent layer and lower adjacent layer. The gas

emission volume of the adjacent layers depends on the gas content, thickness and number of the

adjacent layers, height of the exploiting layer and gas emission rate of the adjacent layers.
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Figure 3.8.3 Curve of gas emission of different space among adjacent layers
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93

layer of steeply inclined coal seam




120

100

C

80

The working face roof

60

40

C

-60
-40

The working face floor

S

Gas drainage rate of adjacent layers

20

19 -

3

40 60 80 100%

Figure 3.8.4 Relation curve of gas emission rate and interlayer space of adjacent layers

1- Dr Venter curve; 2- Christopher Ken curve; 3- Sue ritz curve; 4- Kim lee curve (horizontal

layers); 5- Kim lee curve Cinclination 70°; 6- Bigiuke curve (M=1m)

n m,
q, = 2 M'ki Ko (3-8-1)

The formula of gas emission volume of adjacent layers is:

where: (,—— gas emission volume of adjacent layers, m3/t;

m, ——thickness of the adjacent layer i, m;
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M ——mining height, m;

N ——number of adjacent layers;
X;——original gas content of adjacent layer i, m/t;
k.——gas emission rate of adjacent layers i, %.

Values can be selected through the following method based on the mining thickness.

If the mining height is in the low and middle seam condition (lower than 4.5m), the gas
drainage rate of the adjacent layer can be selected based on Figure 3.8.3. This practical and
effective figure is obtained by the field measured results of three Chinese large mining areas
(Yangguan mining area, Beipiao mining area and Huainan mining area). Similarly, the gas
drainage rate of the adjacent layer can also be selected based on other method, such as Figure
3.8.4. If the mining seam height is higher than 4.5m, the upper adjacent layer will be significantly
affected by adapted roof coal mining method. Thus, the gas emission amount will be sharply
increased because the decompression of the adjacent layer is exacerbated. Taking many research

results into account, and computational formula of the high-seam gas drainage rate can be

obtained by determining the relation between gas drainage rate K, and mining height M , length

of working face L and interlayer spacing H :
k. =100-0.47 i - 84.04ﬂ (3-8-2)
M L

When adjacent layers are rich of gas, the gas emission q of the adjacent layers can be

obtained through the formula below:

, :k4(2|‘vmiyixiki +2Qi) (3-8-3)

Where: Q,—— gas emission of adjacent layers that are rich of gas, m3/t;
k, ——influence coefficient of gas drainage in adjacent layers, with drainage
k, =1.2, without drainage k, =1;

L —— length of the working face, m;

VvV ——average mining speed per day in the working face, m/d;

m, ——thickness of adjacent layer i, m;
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y;, ——density of adjacent layer 1, t/m?;

X,——gas content of the adjacent layer, m3/t;
Q, ——average gas emission of adjacent layers 1, m*/d;
k.——gas emission rate of adjacent layers i, %;

A ——daily output in the working face, t

Combined with the actual production conditions of Shaqu Mine, the gas emission of the

adjacent layers in the working face of Shaqu Mine is 56.54 m*/min based on Formula 3-8-3.

3.9 Comparison of prediction and measured data in working face

Prediction values are verified and compared with actual measurement values of gas emission

in the working face, and the prediction error is as below:

o=

where: ¢ ——predicted relative error;

=9 100%

ds

0, —prediction value of gas emission;

g, —actual measurement values of gas emission.

_102.81-97.99
97.99

x100% = 4.92%

(3-9-1)

It can be observed from the results that the error of the gas emission prediction in the

working face is less then 10%. It shows that the prediction measurement of gas emission in the

working face is quite close to the actual measurement and owns high accuracy

Table 3.9.1 Prediction of gas emission and output of the 14205 working face of Shaqu coal mine

Mining | Schedule | Production Gas emission rate (m*/min)

height | of mining | of mining Coal Adjacent | Mined and | Remaining
(m) (m) (m) wall layer fallen coal coal Tot!
2.45 1296 0.837 35.72 56.08 9.16 1.85 102.81
2.45 1512 0.976 41.65 65.39 10.78 2.06 119.88
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2.45 1728 1.117 48.63 77.78 12.41 2.27 141.09
2.45 1944 1.256 53.56 89.09 13.93 2.57 159.15
2.45 2160 1.396 61.53 100.46 15.96 2.78 180.33
2.45 2376 1.535 68.11 110.77 16.78 3.04 197.40
2.45 2592 1.675 74.44 114.66 18.31 3.20 210.40
2.45 2808 1.814 77.37 116.97 19.83 3.50 218.67
2.45 3024 1.954 79.85 119.86 20.36 3.81 223.88

Taking into account the uneven factor of gas emission in the working face always reaches
20%, it is considered that the prediction accuracy can totally meet the design and production
requirements, and also indicates that the method is fully credible and feasible for the prediction of
gas emission in the working face of Shaqu Mine. Prediction result of gas emission is made under

the different circumstances of exploitation as is shown in Figure 3.9.1 and Table 3.9.1.
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Figure 3.9.1 Prediction curve of gas emission and output of the 14205 working face of Shaqu coal

mine
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3.10 Chapter conclusion

This chapter identifies the emission sources in the working face of Shaqu Mine, studies the
gas emission rules of each emission source, and obtains the prediction model of gas emission in
the working face of Shaqu Mine. It also compares the predictive values and measured values of
the amount of gas emission, and then comes to the conclusion that this gas prediction method is
feasible. Finally, in order to improve the gas management and guidance in the working face, the
gas emission rate under different situations (different mining schedule, output, etc.) are predicted

by using the gas prediction method mentioned above.
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4 Numerical simulation research on ventilation system and gas

disaster prevention and control

4.1 Overview

This chapter describes contents concerning the numerical modeling used to establish the
ventilation system and longwall goaf. The first part provides a brief overview of the application of
numerical simulation technique in mineral industry, and analyzes the necessity of numerical
simulation. The second part offers an introduction to the theoretical basis of numerical simulation
technique and the application of the CFD software. The last part discusses the establishment of the
numerical simulation model of the 14205 working face and goaf of Shaqu coal mine as well as the

analysis of the experimental findings.
4.1.1 The necessity of the application of numerical simulation technique in mineral industry

Coal mine gas issues have created severe difficulties in the mining industry and environment
protection around the world, and led to high expenditures, intense research efforts and determined
attempts to enhance the various ventilation and gas drainage techniques (Leszek and Lunarzewski,
1998). The release of a large number of harmful gases by mine working face and goaf, the
worst-hit area of mine strata problems, is the cause of mine safety problems, serious accidents,
many casualties and greenhouse effect (Joseph et al., 2011). As a result, safety mining
technologies including field investigation, numerical simulation and laboratory test have been
improved over the past decades as experts around the world are paying more attention to the rules
of gas emission and outburst in mine working faces and goaf (Russell et al, 2011). However, it is
still extremely difficult to precisely observe gas movement in ventilation system, upper corner,
working face and goaf, and effectively predict process behavior under different situations and
constraints in fieldwork (Widodo et al., 2008; Gauti et al., 2012). In order to refine the knowledge
and reference of coal mine gas distribution rule, ensure the safety production, and create a chance
of high production, a numerical model with a CFD code has been established in the simulation

laboratory. This model is based on the practical condition of high gas occurrence characteristics of
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working face N0.14205 of Shaqu coal mine in Shanxi province, China. By simulating and
comparing two different types of ventilation systems (U-type and U+L-type), the gas movement
rule in the strata and goaf is determined. Therefore, the results of the experiments offer
meaningful and valuable references for the placement selection of gas drainage borehole, as well

as providing a feasible solution for the comprehensive treatment of mine safety.

4.1.2 The application of numerical simulation technique in mineral industry

CFD modeling has been used in the mining and energy environment since the 1990s,
including gas and spontaneous heating control (Creedy and Clarke, 1992), mine fires and
explosions (Woodburn and Britter, 1996), methane control (Jazbec et al., 2000), ventilation
velocity in tunnel fires (Hwang and Edwards, 2005), gas emissions and goaf gas (Karacan et al,
2007), controlling longwall goaf heating (Ren and Balusu, 2009; Taraba and Michalec, 2011), and
gas behaviors in auxiliary ventilation of mining headings (Torno et al, 2013). Gas flow rule in coal
mine is a complicated process due to numerous factors are involved, including ventilation system
layout, gas concentration, emission rate and compositions, working face orientation and dip, gas
buoyancy and goaf permeability. Lately, a large number of CFD models have been established to
achieve further understanding of gas flow mechanics, characteristic and distribution rules in mine
working face and goaf. A commercial CFD code called FLUENT contains broad physical
modeling capabilities needed to model flow, turbulence, heat transfer, and reactions for industrial
applications ranging from air flow over an aircraft wing to combustion in a furnace, from bubble

columns to oil platforms, and from clean room design to waste water treatment plants.
4.2 Theoretical basis of computational fluid dynamics (CFD)

The development of computational fluid dynamics (CFD) software took off with the increase
in computational power in the latter part of the 20th century (Ohba, 2010). The description of fluid
flows with differential equations had been described by the early 19th century, but the nonlinear
behavior of these equations meant that solutions for any type of general, compressible flow field
was impossible until using finite volume numerical techniques became practical (Talay et al.,

2004). This fluid flow description is based on equations describing the conservation of mass,

100



momentum, species, and energy for fluid flow (Andrei et al., 2013). This theory is well established
and FLUENT is one of many software packages that provide tools for solving real problems with
discretization of the standard conservation equations (Cao, 2008). The following sections give a
brief description of how this process is done. The book Chemically Reacting Flow (Kee et al.,
2003) and the Theory Guide published by ANSYS (ANSYS, 2010) were relied on heavily for the

following chapter.
4.2.1 Substantial derivative

Before beginning the physical description of fluid flow, it is useful to briefly review the

substantial derivative. The substantial derivative of a vector is defined as:

= =" 4+v-(vV -
Dt ot ( ) @2

For the velocity vector with three components in Cartesian coordinates,
V =ue, +ve, +we, (4-2-2)
This becomes a series of three equations:

Du du ou ou ou
— ==—+uU—+V—+w— (4-2-3)
Dt ot ox  ay 0z

Dv ov ov ov ov
—=—+U—+V—+W— (4-2-4)
Dt ot ox  ay 0z

Dw ow ow ow ow
—=—tuU—+V—F+Ww— (4-2-5)
Dt ot 0X ay 0z

4.2.2 Conservation of mass

All fluid flows must obey the law of conservation of mass. If a control volume of fluid is
considered, mass must neither be created nor destroyed within this volume, meaning the change in
mass of the control volume must be equal to the mass entering or leaving the control volume (Kee

et al., 2003).

dm

9p
=] = [Z£+V-pvdv =0 4-2-6
( dt )system j;:v ( aT '0 ) ( )
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This can be written in differential form, Equation (4-2-7), if the control volume is considered

differential; i.e. small enough that the integrand is constant over the volume.
d
a—'f[) +V-pV =0 (4-2-7)

0 . o .
The 8_1? term corresponds to the change in mass (density) in the control volume over time.

The V:-pV term is related to the mass carried in and out of the control volume by the velocity

field. Using the chain rule, Equation (4-2-7) can be written as Equation (4-2-8).

‘Z_f +pVV 4V Vp=0 (4-2-8)

For clarity, Equation (4-2-8), when written in terms of Cartesian coordinates with the

velocity vector defined asV =ue, + ue, +ue,, is shown in long form in Equation (4-2-9).

a_p+ua_p+va_pwa_p+ a_u+pﬂ+ a_W:O (4-2-9)

at ox oy az oax oy | oz

For incompressible flows this can be simplified. However, in this case, with the flow through
porous media creating fairly large pressure gradients, the full variable density form of the

conservation of mass must be considered.
4.2.3 Navier stokes

The equations of conservation of momentum for fluid flow are better known as
Navier-Stokes. The conservation of momentum, states that the change in momentum over time
must be equal to the sum of forces on the fluid. The vector P represents the momentum of a

system,

dP

—= E F (4-2-10)
dt

In fluid mechanics, the Reynolds transport theorem must be used to convert the momentum

conservation of a system, that is, a fixed amount of mass, to momentum conservation with regards

to a control volume fixed in space. Using the substantial derivative to simplify, Equation (4-2-10)

can be written as Equation (4-2-11) (Kee et al., 2003).

DV
IOE = E I:body +E I:surfaces (4-2-11)

Here it is useful to separate the body forces and forces acting on the surfaces of the control
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volume. In all the models run in this project, gravity has been neglected. The sum of forces on the

right hand side of Equation (4-2-11) then becomes:

z F=-Vp+V-T’ (4-2-12)
where T is the stress tensor.
[2/,13—?(+kV-V] y(z—;+%) /,1((;_[:+2_\;V)
y(z_\:(v+z_l:) ”(%V*Z_\z/) [2u3—\;v+kV-V]

The final results are the three Navier-Stokes equations (for a three dimensional flow field).

Jau ou ou ouy
po=|—+u—+u—+u—|=
(at oX ay GZ)
(4-2-14)
%-yi zua_u+kvV]+i[ﬂ(a_u+ﬂﬂ+i[ﬂ(a_u+a_w)]
oX oX oX ay dy oX 0z dz oX
_(av ov oV av)_
p=|—+u—+u—+u—|=
ot X ay 0z
(4-2-15)
%-yi lu(ﬂ-ya_u) +i|:2'uﬂ+kv-v +i ,U(ﬂ'l'a—wﬂ
dy oX oxX oy ay ay 0z Jz oy
_(au ou  au au)_
p=| —+u—+u—+u—|=
ot X ay 0z
(4-2-16)
@+i ﬂ(a_W+8_U):|+i['u(a_W+a_V) +i 2#8—W+kv.v]
dz X oX 0z ay dy 0z 0z 0z

4.2.4 Species conservation

Similar to the mass conservation law, molecules of individual species must not be created or
destroyed within a control volume. Unlike the conservation of mass, species conservation has an
exception; if a chemical reaction is occurring within the control volume, the concentration of

different species may change within the volume. If the mole fraction of a species 1 is described

by Y;, then the conservation of species is described by Equation (4-2-17):

DY,

=-V-J,+R +5,
Dt

(4-2-17)
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m2-s

where J, the mass diffusion flux is vector (in units of( )), R, is the mass rate of

creation or destruction, and S, is the surface adsorption mass rate for the control volume for a

given species. Because the sum of all mass fractions must be 1, for N species a total of N—I

equations must be solved. When the substantial derivative of Y;is expanded, Equation (4-2-17)

can be written as Equation (4-2-18).

0
a(,oYi)+V-(,oVYi):—VJi +R +S, (4-2-18)

In the work described in this thesis, chemical reactions are largely ignored. This means that
the effects of spontaneous heating of coal within the gob and surrounding pillars are ignored. The

description of the mass flux depends on whether flows are laminar or turbulent. For laminar flows,

=-pD, VY, - Dy, VT_T (4-2-19)

i
where D; - is the mass diffusion coefficient, and D ; is the thermal diffusion coefficient

(ANSYS 2010). For turbulent flows, the mass diffusion flux is defined as

Ji = _(pDi,m +£JVYi -Dr; VT_T (4-2-20)

t

where £/ is the turbulent viscosity and Sc, is the Schmidt number (A NSYS 2010). It is also

critical to account for the transport of enthalpy in the mixing flows (ANSYS 2010). This energy

transport is shown in Equation (4-2-21), where h. is the enthalpy of speciesi .

N
\Y (2 hJ, ) (4-2-21)

In Cartesian coordinates, and assuming there are no reactions, the species transport equation
can be written as:

a (k) .\ 3 (pku) L9 (pkv) .\ 3 (Jokw)

ot X ay 0z
(4-2-22)
aY. aY. aY. 1(/0T oT oT
D |—+—+—|+D, = —+—+—
“lox  dy oz "Tlox ady oz
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4.2.5 Energy equation

In order to solve for species flow, as well as account for temperature changes caused by
expansion and compression of fluids in the domain, the conservation of energy equation must be
solved. The first law of thermodynamics states that energy of a system must be conserved. For a
fluid flow, this is usually stated as: the change in energy of a system is equal to the heat added to

the system plus the work done on or by the system. In equation form, this is written as
dpE, _dQ N dw
dt dt dt

where E, is the total energy of the system (usually in joules), Qis the heat added to the

(4-2-23)

system, and W is the work done on the system (Kee et al., 2003). The total energy of the system is

described in Equation (4-2-24),
N V 2
Et = 2 hiYi —_ E + u (4_2_24)
= p 2

where p is the pressure. The relationship between a system and a control volume allows

4-2-23 to be written with the substantial derivative for fluid flows.
DET = d_Q + dﬂ
Dt dt dt
FLUENT solves this equation for fluid flow in the form shown in Equation (4-2-26).

(4-2-25)

ad

N
a(,oEt)+V-(V (PE, +p)) :V(kemVT ~ 2 hJ, +(T -V)) +S, (4-2-26)

Here, the S, term is a volumetric heat source, K VT corresponds to conduction in the fluid,
N
2 h.J. corresponds to enthalpy transfer by diffusion, and T -V corresponds to viscous
1=
dissipation by the flow field.
4.2.6 Turbulence modeling

Turbulent flow is defined by the highly irregular flow patterns that develop in high energy
flows. Turbulent flows are chaotic, typically involve much faster mixing than laminar diffusion

would allow, and characterized by rapid dissipation of the kinetic energy of the fluid as the kinetic
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energy of the turbulence is converted into internal energy of the fluid (Tobias et al., 2012). In
order to fully capture this chaotic behavior numerically would be prohibitively expensive, so a
number of methods have been developed to solve for turbulent flows where eddies created by
turbulence are treated on an average velocity basis (Jafari et al., 2015).

FLUENT offers a variety of turbulent model options, but the two-equation k —& models
were used in this research. According to the FLUENT Users Guide (ANSY'S, 2010), two-equation
models are the most widely used turbulence models in industrial CFD, ANSYS (2010). The
k — & turbulence models are offered in three variations: standard, RNG, and Realizable. The
RNG (from renormalization group theory) K — & method provides some significant improvements
over the standard Kk —& model, and is more accurate over a wider range of fluid flows than the
standard version. The primary differences between the standard and RNG Kk —& models are
described by ANSYS (2010):

The RNG model has an additional term in its & equation that improves the accuracy for
rapidly strained flows. The effect of swirl on turbulence is included in the RNG model, enhancing
accuracy for swirling flows. The RNG theory provides an analytical formula for turbulent Prandtl
numbers, while the standard K —& model uses user-specified, constant values. While the
standard k —& model is a high-Reynolds-number model, the RNG theory provides an
analytically derived differential formula for effective viscosity that accounts for
low-Reynolds-number effects.

This is significant in the modeling of longwall panels because of the existence of both
turbulent flows and laminar flows within the same computational domain (Yuan & Smith, 2008).
In comparison runs, the standard Kk —& model gives significantly different results than the RNG
solution. Because of the above reasons and the dependence of results on the turbulence model
chosen, it is imperative that the RNG turbulence model be used. At this point, realizable k — &

models have not shown a significant improvement over RNG models (ANSYS, 2010).

4.2.6.1 Description of k —& RNG models

All two-equation k —& models introduce the two transport equations for the variablesk ,

the turbulent kinetic energy, and &, the turbulent dissipation. These two values are then used to
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calculate a turbulent viscosity, £ , that is added to the fluid’s laminar viscosity in the Momentum

and Energy equations. This adds two additional non-linear variables that must be solved at each

iteration. The transport equations for the RNG method are given by:

3 (k) .\ 3 (pku) .\ 3 (jokv) .\ 3 (okw)

ot ox ay z
Kk K\ o ok @220
0 0 0 Jd
—| 9 —|+—|0 —|+—|9 — |+G +G, + pe-Y,, +S
8X( k Mest GX) Gy( k Mess ay) 62( k Mess 82) K p T 0 M K
and
a(ps)+a(peu)+6(p£v)+a(pgw):i( » a_g)
ot ox ay 9z X ox
(4-2-28)

2

0 e d de £ £
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Using the definitions given by (ANSYS 2010), G, represents the relationship between the
turbulence kinetic energy to the mean velocity gradients, and is calculated as G, = /,ltS2 -Sis the

modulus of the shear rate-of-strain tensor, and is defined as S =,/25;S; GS is the generation

of turbulence kinetic energy due to buoyancy, but is zero when gravity is neglected.

Y,, represents the contribution of the fluctuating dilation in compressible turbulence to the overall
dissipation rate, and is neglected here. Y, is defined as:
Y, =2p0eM/? (4-2-29)

where the turbulent Mach number M, is:
M, == (4-2-30)

where a =./yRT is the speed of sound. In the speed of sound equation, y is the adiabatic
index and is defined as the ratio of specific heats of a gas at constant pressure and constant

volume, y =C_/C, . The values o and ¢, are the inverse Prandtl numbers fork and ¢ .

S,and S, are user defined source terms (not used in the efforts in this research project).

C,=142,C, =168, and C, =100 are constants. The turbulent viscosity ratio, Vv, is

107



defined as:

\A/: Iueff
7

(4-2-31)
For clarity, fe = f+ L4, where £/ is the turbulent viscosity. The turbulent viscosity ratio

V is described by the differential equation:

A

2 A
d (%k] :1.72+dv (4-2-32)
H v -1+C,

This allows for low Reynolds number effects to be taken into account, but using the

differential definition of turbulent viscosity ratio requires that the ‘Differential Viscosity Model’

option is enabled in FLUENT. The term for R_is the primary difference between the RNG and

standard K — & equations. It is given by:

n = Chon’ (L=n/n)
’ 1+pn’°

where 77 =Sk/e, S =,/2S.S,

=it

2
&£
— 4-2-33
" ( )

n, =4.38and 5 =0.012.

Treatment of friction losses at the walls is accomplished with the default standard wall
functions. This is partly to reduce computational and meshing requirements over the very large
domain, but also because near wall behaviors are not particularly significant to the results the

group is interested in.
4.2.6.2 Turbulence boundary conditions

When using turbulence models, turbulent characteristics of the flow at the boundaries must
be defined. The k —& models in ANSYS FLUENT allow for turbulent boundary conditions to
be defined using one of three methods, each requiring two values to be set. They are:

* k and epsilon (set the Kk —& values directly)

* Turbulent Intensity and Hydraulic Diameter

 Turbulent Intensity and Length Scale

Turbulent Intensity and Hydraulic Diameter are primarily used for fully developed internal
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flows, which did not apply here for the methane inlets. It is impossible to know k and & atthe
boundaries before solving the flow field. As a result, the boundary conditions were set with
Turbulent Intensity, I, and Turbulence Length Scale, I. ANSYS provides the following guidelines

for estimating each:

| = u“— ~0.16(Re, ) (4-2-34)

and
1 =0.07L (4-2-35)

where L is the relevant geometric flow length (taken as the hydraulic diameter of the entries),

ReDH is the Reynolds number of the flow for a given b, , the hydraulic diameter, u’is the root

mean square of the average turbulent velocity fluctuations, and Uavg is the mean flow velocity

(ANSYS, 2010).

In general, the solutions developed are relatively independent of the turbulent boundary
conditions. This was shown to be true in the simulations done in this research. No difference was
seen between simulations using k and & boundary conditions and Intensity and Length boundary

conditions.
4.2.7 Equation of state

For a compressible flow, an equation coupling pressure and density must be used. Because
the pressures in all of the simulations done to date do not differ significantly from atmospheric

conditions, it was decided that the ideal gas law would be sufficient.
_NRT

4-2-36
v ( )

where V is the volume and R is the ideal gas constant (8.314.JK ~‘mol ™).

4.2.8 List of equations in FLUENT

For simulations performed in this research, the total list of nonlinear conservation equations
solved by FLUENT is shown below.

* continuity (of mass), Equation 4-2-9
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* X-momentum, Equation 4-2-14
* y-momentum, Equation 4-2-15
* z-momentum, Equation 4-2-16
* energy, Equation 4-2-26

* k, Equation 4-2-27

* epsilon, Equation 4-2-28

* N —1species conservation equations, Equation 4-2-22

4.2.9 Solver settings

FLUENT provides a number of solver options for simulation fluid flow (Taraba & Michalec,
2011). There are two numerical methods, the pressure based solver and the density based solver
(Chu et al., 2011). The pressure based approach was initially developed to solve low speed,
incompressible flows, and the density based solver high-speed compressible flows (Hao et al.,
2011). Currently, both methods are applicable to a wide variety of flows ANSYS (2010), but the
pressure based solver was used in this project. In the pressure based solver, the pressure
throughout the model is solved using the conservation of mass and momentum equations, and then
densities are extracted from the pressure field using the equation of state.

ANSYS FLUENT solves the governing equations using a control volume technique. This
begins with spatially dividing the computational domain into discrete control volumes. This
requires creating a mesh, created in this case in ANSYS Meshing. The governing equations are
then integrated on each individual control volume, resulting in a series of algebraic equations for
the flow unknowns (i.e. velocity, pressure, and species mole fraction). This system of algebraic
equations is then linearized, and the resulting linear system of equations is solved to provide
updated values for each unknown. This is repeated at each iteration until the updated values are
relatively unchanged from the previous iteration. If key physical monitors are not changing
iteration to iteration, then a solution to the non-linear flow equations is considered to have been

found.
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4.2.10 Meshing

The use of numerical control volume solution techniques require that the flow domain be
divided into discrete volumes. This was accomplished in ANSYS meshing. ANSYS recommends
using two main mesh statistics as quality control: the mesh skewness, which should be minimized,
and the aspect ratio, which should be maintained below 40. Higher aspect ratios are acceptable in
cases of flow aligned mesh cells. Skewness is calculated for each cell as the ratio of the volume of
a perfectly regular cell shape (either tetrahedral or hex based shapes are used) minus the volume of
the actual mesh cell divided by the regular cell volume. Figure 4.2.1 shows the relative quality of
mesh cell skewness values for solving flows in ANSYS FLUENT. Skewness was kept below 0.95

for all cells in all of the meshes used in the modeling efforts described in this document.

0.80-0.95  0.95-C

acceptable

Figure 4.2.1 Skewness guidelines (ANSYS, 2010)
4.2.11 Flow in porous media

Fluid flow in porous media was initially described by Darcy’s law in the mid 19th century
(Preziosi & Farina, 2002). While Darcy’s law is a purely empirical definition, modern reservoir
engineering uses Darcy’s description of flow for describing most reservoir fluid flow behavior
(Chevalier et al., 2013). This section discusses how FLUENT implements flow in porous media

and how this application compares to Darcy’s law.
4.2.11.1 Porous media in FLUENT

The Navier-Stokes momentum equation, taken from (Kee et al. 2003), in general vector form

p%: f-Vp+V-T (4-2-37)
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where p is the fluid density, V is the velocity vector, f is the set of body forces acting on

the fluid, p is the pressure, and T is the stress tensor.
This is derived from Newton’s second law, which states that an acceleration must be the
result of external forces: ma = EF. In Equation (4-2-37), the left hand side captures the

change in velocity (acceleration) acting on a mass (in this case the density), while the right hand

side includes the summation of forces acting on the volumetric body. These include generic body

forces f (in units force per unit volume), forces due to the pressure gradientVp, and shear
forces from the divergence of the stress tensor VT . The left hand side of Equation (4-2-37), to
better match the momentum equation referenced by FLUENT, can be rewritten as:

p(%+v -VV): f-Vp+VT (4-2-38)

In order to account for the loss of energy of fluid flow as it moves through a porous media,
FLUENT adds a source term to the right hand side of the momentum equation. For a simple
homogeneous porous media, this source term reduces to equation 4-2-22 from the FLUENT

manual (ANSYS, 2010), where 1 =1-3 for the three direction vectors.

_ :_("‘Vi +C2%p|v|vi )a (4-2-39)

. L
o

where S, is the momentum source term in the ith direction, « is permeability in

FLUENT’s terminology, V is the velocity vector, and V, is the magnitude of velocity in the

ith direction. This includes two losses, one for laminar losses and one for additional turbulent

losses. The H term corresponds to the laminar losses, and when included as the only source
o

term in the momentum equation, will reduce to Darcy’s law. The C, coefficient relates to the

additional losses suffered by turbulent flow. C, is estimated by the Ergun Equation (4-2-40):

(4-2-40)

Where Dpis the mean particle diameter and ¢ is the void fraction, defined as the volume
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of voids divided by the volume of the packed bed region. Inserting the permeability source term,

Equation (4-2-39), into the momentum Equation (4-2-38) results in:

p(%w-vv): f-Vp+V-T+S (4-2-41)

p(aa—\t/+V-VV):f—Vp+V-T—(§V +C2%p[\/|-V (4-2-42)

This is duplicated in the FLUENT manual (with a porosity correction) in Equation 4-2-31

(ANSYS, 2010).
4.2.11.2 Porous media flow in FLUENT and Darcy’s Law

Darcy’s Law is a common equation used to describe fluid flow in porous media (Kim et al.,
2001). It is a useful exercise to demonstrate how Darcy’s Law can be derived from the momentum
Equation (4-2-42), what assumptions are made in the presentation of Darcy’s Law, and the form
of the permeability used in FLUENT and how it is typically reported in the literature. The first

form of Darcy’s Law is from Reservoir Engineering by (Van Kirk 2010):

_ 0.00127kA(R, - R,) N
q= (4-2-43)
ML

where (| is the flow rate in reservoir barrels, K is the permeability in millidarcies, A is
the cross sectional area in square feet, f/ is the viscosity in centipoises, L is the length of the

flow path in feet,and P are pressures in psig.

This form of Darcy’s Law refers to flow through a channel of a given cross section. The
pressure conditions at either end of the channel are the independent variables, and the flow rate is
solved for in volumetric form.

Returning to Equation (4-2-43) and comparing to the momentum Equation (4-2-42) gives:

q :M (4_2_44)
ML
p(i—\tl+V-VV):f—Vp+V~T— EV +CZ%p[\/|-V (4-2-45)
o

113



In order to reduce Equation (4-2-45) to the standard form of Darcy’s Law, the following

assumptions must be made. Darcy’s Law allows for no reduction in fluid momentum due to

inertial losses, so C,is treated as 0. In addition, there are no body forces in the simplified version

of Darcy’s Law, so the f term is also eliminated.
p(aa—\t/ +V -VV ) =-Vp+V-T- (EV ) (4-2-46)
o

Darcy’s Law also treats the viscosity 4/ as a constant. There are no velocities in the y or
Z directions (assuming qis defined in the X direction), so the momentum equation can be
rewritten as Equation B.13 on page 767 of Chemically Reacting Flow (Kee et al., 2003). In this
case V is now treated as u, or a scalar velocity in the x direction.
p(a_u+ua_u+a_u+a_u):_a_p+wzu_(£u) (4-2-47)
ot oxX dy o0z 0X a
We have already stated that v and W are zero, so Equation (4-2-47) simplifies to:

ou du)_ dp 2 (M
—+tu— |=-—+/NUu-|=u 4-2-48
p( ot ax) X Hw (a ) ( :

The final assumption is that u does not vary with time, and does not vary in the x, y, or z
directions. That is to say u is constant throughout the channel flow described by Darcy’s Law.

This assumption causes all of the derivatives of u to vanish resulting in:

0
0= _P_ Eu (4-2-49)
X \a
which can be rewritten as:
d
(K, 250
X a
N _.ap P,-PR . :
Discretizing the pressure derivative 8_ 0as results in the following:
X
P,-P
Hy=_%-h (4-2-51)
a L
The assumptions made earlier require that the cross sectional area remain constant, so the

q

velocity U can be rewritten as —, where ( is a volumetric flow rate and A is the cross

sectional area.
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HA_F-R (4-2-52)
a A L
Solving for Q results in:
A(P,-P
q= aA(R,-R) (4-2-53)
ML
which matches Equation (3.44), with the exception that k has been renamed « .
KA(P, - P,
q= M (4-2-54)
ML

It is important to note that FLUENT requires the permeability of a porous media to be

. 1 1 . .
entered as resistance, — (orE ), with units of m=.
o

4.3 Development of the numerical model

4.3.1 CFD calculation method and stage

Gas flow behavior in working face and goaf is a complicated process since numerous factors
are involved. Combined with the specific condition of working field, experiences of other
numerical models and multiple factors of the mine, the numerical model of gas flow distribution in
goaf was established. The establishment of numerical modeling work consists of several basic
steps. The first step is to go to working field to collect the basic information, such as geometries,
relevant parameters, rate of gas flow, goaf dropping characteristic etc. The second is to establish
the 3D finite element model of the mine face, goaf, and tunnel and drainage borehole. The third is
to set up gas flow models and boundary conditions through User-Defined Functions. The fourth is
to simulate the condition of working face and goaf. The fifth is to calibrate and validate the
simulation model by using working field measured data. The last step is to conduct extensive

parametric researches and technique evolution by optimizing the numerical model.
4.3.2 General situation of Shaqu coal mine

Coal seam #4 in Shaqu coal mine with large gas content (approximately reaches up to 30m*/t)
has created severe difficulties in mine safety and production. The working face length and the

strike length of coal seam #4 are 200m and 950m respectively. Extracting method is longwall
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retreating extraction with U-shaped ventilation system. It is obtained that gas drainage quantity of
14205 working face of coal seam #4 can approximately reach up to 100 m*min (Table 4.3.1). A
number of gas drainage methods have been performed by Shaqu coal mine for the purpose of mine
safety. However, the results of goaf gas drainage have been far from satisfactory. A great deal of

gas fails to extract, but has directly flow into the goaf instead, which constantly leads to the

overrunning of gas concentration in upper corner.

Table 4.3.1 Basic gas parameters in Shaqu coal mine

Gas Permeability Attenuation
Gas content Emissions

Layer pressure coefficient coefficient
(m3h) (m3/100m)

(MPa) (m?/MPa’ « d) (100d™)
Coal Seam 2# | 0.99~1.03 | 7.92~8.10 4085~4346 0.02~0.028
Coal Seam 3# | 1.11~1.18 | 9.70~10.06 4433~5068 0.02~0.025
1.577~3.999
Coal Seam 4# | 1.52~1.57 | 7.30~17.82 | 21648~24490 0.01~0.016
Coal Seam 5# | 2.20~2.40 | 10.84~20.15 | 24350~27180 0.01~0.019

4.3.3 Establishment of numerical simulation model

The rule of gas emission basically depends on variation of crustal stress distribution caused
by mining activities as it exerts an enormous influence on the variation of permeability of mined
layers and adjacent layers. Permeability of coal strata is the key factor of gas emission control and
prevention. The reduction in permeability mainly depends on the fissured development of the
fractures in the front layer of the working face and the crustal stress release in the rear area of the
working face. Obviously, the coal porosity and mining intensity have a strong influence on coal
seam and goaf permeability. The distribution of goaf permeability can be obtained by analyzing
crustal stress distribution of goaf and results of extensive previous studies. The variation of

different areas may vary from 10 to 10° m?.

4.3.3.1 The basic hypotheses of the goaf

In this CFD simulation experiment, gas movement inside coal body, diffusive motion inside
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pore and gas adsorption process follow Darcy's and Hooke's law as well as the Langmuir’s
equation, while gas desorption process inside coal body is ignored. Mine working face and goaf
are regarded as porous medium, gas is regarded as an ideal gas, and porous flow process is
regarded as an isothermal process. Therefore, the standard equation of fluid flow combines with
momentum source in order to perform the numerical simulation. In laminar flow of porous
medium, the pressure is directly proportional to the speed, and the convection acceleration and
diffusion are ignored. Numerical simulation based on the fundamental equation of gas flow of
mine working face and goaf establishes the numerical model by determining the boundary
conditions. Thus, gas flow and distribution rules are obtained. In this research, a standard k-e
equation (K is Turbulent Energy and & is dissipation rating) is used to calculate the turbulent
transport through the flow region since it can be used to simulate a large-scale turbulent flow.
Besides, the gas flow near the boundaries is simulated by the application of standard wall
functions. These simulation models are developed to model the conditions of gas turbulent flow

near the mine working face and the situation of gas laminar flow inside the goaf area.

4.3.3.2 The establishment of the geometric model

In accordance with the necessity of the actual situation and numerical simulation of the
14205 working face of Shaqu coal mine, the geometrical model of the goaf and working face is
simplified as follows:

(1) Goaf is seen as cuboids. The model takes into consideration the influence of nothing but
the working face, the air inlet of transport gateway, the air inlet of the orbital gateway and the
special air outlet on the gas movement in goaf.

(2) Based on the factual characteristics of the working face, the goaf model takes into account
the adjacent layers. The goaf is divided into caving zone 1, caving zone 2, caving zone 3, fissure
zone 1, fissure zone 2, coal seam #2, coal seam #3, coal seam #5, and the working face floor in
order to differentiate the porosity.

(3) Length and width are respectively selected as 400m and 210m along the strike in the goaf
(the air inlet of transport gateway and the air inlet of the orbital gateway are included, the special

air outlet is excluded), and vertical height is selected as 60m. What’s more, 3 sets of spots are
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arranged along the strike: 20m, 100m and 280m respectively; 7 sets of spots are arranged along

the vertical direction: 20m, 3m, 14m, 3m, 10m, 7m and 3m.

(4) The length of the air inlet of transport gateway, the air inlet of the orbital gateway and the
Fissure zone 1

gpecial air outlet are all selected as 12m; width and height are both 3m. Length of the working

Coal seam #
face is QS@M’N?AQ 7‘ﬂ;|m7 \A%rlfh as 10m and hnighf as 3m.

Fissure zone 2

Coal seam #3

Caving
zone 1

Working face
Fissure zone of working face floor

Caving Caving
zone 2 zone 3

Coal seam #5

Figure 4.3.1 Numerical simulation model of stereogram in goal

The plan view and sectional view of geometrical model can be seen in Figure 4.3.1 and

Figure 4.3.2.

connection airway Special air outlet

_-

AIr outlet  —— ——

caving
ﬂ zonel

ﬂ caving
zone2

AIr inlet

Figure 4.3.2 Numerical simulation model of plan in goal
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4.3.3.3 Definition of Boundary Conditions

CFD models can be developed from the real mine layouts and its related parameters are
shown in the Table 4.3.1. Air inlet boundary setting: VELOCITY—INLET; Air outlet boundary
setting: OUTFLOW; boundary conditions obtained from field. The air velocity of the working
face entrance is 1.5 m/s, while the pressure in the exit is 90kPa. Numerical simulation model and
its parameters can be seen in Table 4.3.2 and Table 4.3.3

Table 4.3.2 Model of specification in numerical modeling

Model Define
Solver Segregated
Viscous model K -epsilon
Specious model Methane-air
Energy On

Table 4.3.3 Numerical simulation parameters of the coal seam

Parameter Name Values Parameter Name Values
Porosity 0.02
Velocity of inlet of
1 Fracture Viscous Drag
workface/(m-s™) 10 000
Zone 1 Coefficient
Outlet Pressure/kPa 90 Source 1.1x107
Porosity 0.333 Porosity 0.002
Caving Viscous Drag Fracture Viscous Drag
1000 100 000
Zone 1 Coefficient Zone 2 Coefficient
Source 3.56x10® Source 1.96x10”
Porosity 0.231 Porosity 0.002
Caving Viscous Drag Viscous Drag
2 500 Floor 100 000
Zone 2 Coefficient Coefficient
Source 6.5x10° Source 2.18x10”’
Caving Porosity 0.167 Coal Porosity 0.333
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Zone 3 Viscous Drag Seam 3# Viscous Drag
4 000 1000
Coefficient Coefficient
Source 1.5x10”" Source 3.2x10°®
Porosity 0.02 Porosity 0.002
Coal
Viscous Drag Coal Viscous Drag
Seam 10 000 100 000
Coefficient t Seam 5# Coefficient
24
Source 1.83x107 Source 2.5x10°7

According to calculation method of the mathematical model, the boundary conditions and
distribution of porosity of goaf are two essential requirements. The immateriality of goaf can be

shown in the immateriality of mined coal and rocks and the variation of flow field height, and it

can be controlled by the hulking coefficient (Kp) of mined coal and rocks. According to the

regularity of general mine ground pressure, then

p p

K, =K, (K -K; Je (4-3-1)

where: KE)O) is the initial hulking coefficient of the caving zone, K;is the hulking

coefficient of compaction, « is decay rate. The variation of K p can be seen in Figure 4.3.3, the

distribution of the hulking coefficient of goaf chooses the maximum value, and porosity of goaf is

n:1—J/Kp.

W/
T 7 -
Y v,
1.5 1.4 1.2
) W)
w, W
W)
N =

Figure 4.3.3 Distribution of compaction break and expansion ratio
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(1) The determination of porosity

With the development in the mining working face, the working face roof is caved continually;
the hulking coefficient is gradually decreased along with the compaction of the rocks and mined
coal in the deep goaf. The measured data show that the initial hulking coefficient can be reached at
1.5, and then it decreased gradually. The three part of the hulking coefficient in the numerical
simulation model are 1.5, 1.3 and 1.2, respectively. Therefore, the porosity can be calculated

based on each hulking coefficient of caving zone:

Porosity of caving zone 1: % =0.333

13-1

Porosity of caving zone 2: I3 =0.231
Porosity of caving zone 3: 12—_1 =0.167

Based on the porosity of caving zones, the porosity of fissure zone 1, fissure zone 2, coal
seam #3, coal seam #5, coal seam #2 and the working face floor choose 0.02, 0.002, 0.02, 0.002,
0.002 and 0.002, respectively.

(2) The determination of viscosity coefficient

According to the data of different porosities of different zones and the permeability

coefficient of coal seam (1.577 ~ 3.999m? / MPa?-d), the coefficient of viscosity of caving

zone 1, caving zone 2 and caving zone 3 are 10% 10* and 10°; the coefficient of viscosity of fissure
zone 1 and the fissure zone 2 are 1.3%"° and 1.3%"™3; the coefficient of viscosity of fissure of coal
seam #3, coal seam #5, coal seam #2 and working face floor are 1.3°%°, 1.3%3 1.3%"%? and 1.3*",
respectively.

(3) The determination of the source (gas emission amount of goaf)

The total gas emission amount of working face 14205 is measured by field measurement.
Based on knowledge of the formation of gas emission of the working face, it can be known that
the gas source of working face mainly come from goaf, coal wall and mined coal. Therefore, the
gas emission of goaf is 68.6 m*/min, and gas emission of coal wall and mined coal is 29.4 m*min.
The amounts of goaf gas emission are made up of the upper adjacent layers 40% (27.44 m3/min),
caving zone 50% (34.3 m3/min), and the lower adjacent layers 10% (6.86 m*min). Generally

speaking, the fissure zone, coal seam #2 and coal seam #3 are part of the upper adjacent layers;
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coal seam #5 and the working face #5 are part of the lower adjacent layers, and the other part of
gas emission calculation are:

The gas concentration is 0.7 kg/m®,

(3.1) Source of each part of caving zone

According to the length of different caving zones and the hulking coefficient, the average

hulking coefficient can be calculate by using the method of weighted average:
1.5x20+1.3x100+1.2x 280

=1.24
20+100+280
_ 34.3 7 3
Total source of caving zone: =6.8e" kg/m’-s
60x210x10x 400
) 1.5 20 -7 -8 3

Source of caving zone 1: ——x——x6.8e”" =4.12e°kg/m’-s

1.24 400
Source of caving zone 2: £><@x 6.8e” =1.78¢°kg/m°-s

1.24 400
Source of caving zone 3: £><@x 6.8 =4.61ekg/m’-s

1.24 400

(3.2) Source of each part of the adjacent layer

The proportion of gas emission amount of caving zone 1 and caving zone 2 is 3:1, and the
proportion of gas emission amount of fissure zone 1 and fissure zone 1 is 3:1. Besides, baesed on
the original gas emission amount of coal seam #2 and coal seam #3, the gas emission amount of
fissure zone 1, fissure zone 2, coal seam #2 and coal seam #3 can be dertermined (12.25 m%min,

4.08 m¥min, 1.44 m¥min and 9.67 m*min), and their source are:

The source of fissure zone 1: 125 =1.37e" kg/m*-s
60x 210x14x 400
The source of fissure zone 2: 4.08 =4.05¢™" kg/m3 ‘S
60x210x 20x 400
The source of coal seam #3: 9.67 =6.39¢" kg/m*-s
60x210x 3% 400
1.44 7 3
The source of coal seam #2: =9.52e"kg/m®-s
60x210x3x 400
(3.3) Each source of adjacent layers
4.35 7 3
The source of coal seam #5: =2.87e" kg/m*-s
60x210x3x400
The source of working face floor: 251 =7.11e" kg/m*-s
60x210x 7 x 400
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4.3.4 Introduction of U+L-type ventilation system

Due to the different air pressure between the front goaf and the back goaf, high concentrated
gas constantly flows into working face from deep goaf. Moreover, a great deal of high
concentrated gas continually flows over into upper corner because of the air leakage of goaf and
different pressures between air inlet and outlet. Therefore, a valid ventilation system plays an
important role in dealing with difficulties of goaf gas.

The simulation model is based on U+L-type ventilation system (Figure 4.3.5) rather than
U-type ventilation system (Figure 4.3.4). U+L-type ventilation system consists of track roadway
(air inlet), working face, beltway (air inlet), and air return roadway. The inlet airway, directly
opposite to upper corner, balances the pressure of the upper corner, restrains the gas discharge of
the upper corner, and compels the high concentrated gas to flow over into outlet airway. U+L-type
ventilation system is based on the gas control theory, and it accelerates the gas emission, diffusion
and flow, lowering the gas concentration of local areas, which effectively solve the difficulties of
gas over-limit concentration in the working face. In addition, the total air volume of the working

face has significantly increased as fresh air is constantly offered from two inlet airways.
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Figure 4.3.4 U-type ventilation network consisting of one air inlet and one outlet
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Figure 4.3.5 U+L-type ventilation system including two air inlets and one outlet
4.4 Simulation results

In this experiment, the CFD simulations based on U-type and U+L-type ventilation systems
are performed respectively. Particularly, U+L-type ventilation system consists of two track

roadways (air inlet), working face, one beltway (air inlet) and tail roadway.
4.4.1 Simulation results of U-type ventilation system

According to the parameters and boundary conditions mentioned above, the simulation
experiment based on U-type ventilation system is performed. The air velocity of inlet is 1.5 m/s,
and the pressure of outlet is 90kPa. To facilitate the research, figures of different cross-sections of
goaf gas concentration distribution are selected with Z=0m (Working face floor) in Figure 4.4.2,
Z=7m (Working face roof) in Figure 4.4.3, Z=15m (Caving zone) in Figure 4.4.4, Z=30m

(Fracture zone) in Figure 4.4.5 and Z=50m (Bending Subsidence zone) in Figure 4.4.6.
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Figure 4.4.1 Goaf gas concentration distribution in three-dimensional map
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Figure 4.4.2 Cross-section of the gas concentration distribution in the goaf (Working face floor,

Z=0m)
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Figure 4.4.3 Cross-section of the gas concentration distribution in the goaf (Working face roof,

Z=7m)

125



9.99¢-01
9490
9901
5.49.-01
7.99¢-01
74901

6.99¢-01 3
6.496-01 Y
599601

5. 49¢-01

4.99¢-01

449,01

4,006-01

3.506-01

3.00¢-01

2.506-01

2.006-01

1.506-01

9.99¢-023

499602 z
$.26012 I x
Yy
Figure 4.4.4 Cross-section of the gas concentration distribution in the goaf (Caving zone, Z=15m)
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Figure 4.4.5 Cross-section of the gas concentration distribution in the goaf (Fracture zone,

Z=30m)
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Figure 4.4.6 Cross-section of the gas content distribution of goaf (Bending Subsidence zone,
Z=50m)

It can be seen from these figures that the gas is mainly gathered in the upper corner of the
working face. Firstly, along the mining direction of the working face, gas concentration gradually
increases from the working face to the deeper goaf and then it tends to be steady after a certain
distance. Secondly, along the vertical direction of the working face, gas content gradually
increases from the floor to the roof and fracture zones as the air volume gradually decreases from
the top to the bottom. Lastly, along the width direction of the working face, gas content gradually
increases from the air inlet side to the outlet. The air leakages of the goaf and different pressures
between air inlet and outlet result in the overflow of plenty of gas concentrated in the upper
corner.

Similar simulation experiments have been performed with the same parameters and boundary
conditions, but the air velocity of inlet increases to 2.0 m/s. The results show that the goaf gas
distribution rule is almost the same as before. Besides, with the increase of air velocity, high gas
content slightly moves to the deeper goaf. It indicates that gas content of the upper corner can be
effectively reduced by a slightly increase in the air volume for a certain extent. However, the
problem of gas in the working face cannot be completely solved by unlimitedly increasing the air

volume. Instead, it must be combined with multiple technological methods including the
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optimization of the ventilation system and forming special gas extraction systems.
4.4.2 Simulation results of U+L-type ventilation system

The parameters and boundary conditions of the simulation experiment based on U+L-type
ventilation system are the same as those of U-type ventilation system. The air velocity of inlet is
1.5 m/s, and the pressure at the outlet is 90kPa. Besides, figures of different cross-sections of the
goaf gas content distribution are selected from the simulation experiments with Z=0m (Working
face floor) in Figure 4.4.8 goaf methane concentration distribution in three-dimensional map,
Z=7m (Working face roof) in Figure 4.4.9, Z=15m (Caving zone) in Figure 4.4.10, Z=30m

(Fracture zone) in Figure 4.4.11 and Z=50m (Bending Subsidence zone) in Figure 4.4.12.
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Figure 4.4.7 Goaf gas concentration distribution in three-dimensional map
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Figure 4.4.8 Cross-section of the gas content distribution in the goaf (Working face floor, Z=0m)
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Figure 4.4.9 Cross-section of the gas content distribution in the goaf (Working face roof, Z=7m)
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Figure 4.4.10 Cross-section of the gas content distribution in the goaf (Caving zone, Z=15m)
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Figure 4.4.11 Cross-section of the gas content distribution in the goaf (Fracture zone, Z=30m)
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Figure 4.4.12 Cross-section of the gas content distribution in the goaf (Bending Subsidence zone,
Z=50m)

It can be seen from these figures that the high concentrated gas moderately moves to the
deeper goaf from the upper corner. Along the mining direction, gas content gradually increases
from the working face to the deeper goaf, and then tends to be steady after a certain distance.
Specifically, the goaf gas content in the range between Om and 45m basically remains unchanged
(lower than 6%) because of the air leakage effect and different pressure between the air inlet and
outlet. As is shown in Figure 4.4.13, the goaf gas content dramatically rises from 45m and reaches

the peak to approximately 92% at 245m.
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Figure 4.4.15 From Z=20, 35 and 50m section, goaf gas concentration distribution in face width
direction

To facilitate the research results, the representative section figures are chosen and discussed,
they are Z=10 (the working face floor), Z=13 (the working face roof), Z=20 (the caving zone),
Z=30 (fissure zone 1) and Z=50 (fissure zone 2). The variation of goaf concentration is explained
by discussing three plans in three dimensions: from goaf to the working face (X direction), from
the caving zone to the working face floor (Y direction) and from the air inlet to the air outlet (Z
direction)

(1) From goaf to the working face (X direction)

The gas concentration gradually increases from the floor to the caving zones and fracture
zones, and it tends to stable after a certain distance. This gas zone is unstable because its
concentration is affected by many factors such as the distance to the working face, the air quantity
of the air inlet and air outlet. With the mining activities are performed, the transition of the air
flow zone is moved forward to the working face continually. Because the air volume and velocity
gradually decreases from the top to the bottom, the gas usually accumulates in the upper goaf.
Specifically, the variation of goaf gas concentration is not dramatic in the first 40m zone (from the
working face to the deep goaf), and it almost below 5%, and the gas concentration of air outlet is

only around 0.5%; the zone from 40m to 250m, the gas concentration dramatically increased, and
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especially in the side of air outlet; the zone of 250m to deep goaf, the gas concentration is quite
stable, and reach at the maximum percent.

(2) From the caving zone to the working face floor (Z direction)

The gas concentration of the working face roof is higher than that of the working face floor,
and it gradually increased from the floor to the roof. Specifically, goaf gas content within the
vertical range of 10m remains at a lower level while it rapidly increases in caving and fracture
zone 1 (from 10m to 40m). The area of 30m to 40m (fracture zone 2) is the area with high and
stable gas concentration, and it slightly increased from the bottom to the top. The gas
concentration of the zone above 40m tends to stable. The reason of this phenomenon is because
the air flow in the top of the working face goaf is very slow, and the gas suspension characteristics
made the gas gathered in the top of goaf.

(3) From the air inlet side to the outlet side (Y direction)

The gas content gradually increases from the air inlet side to the outlet side, following the
direction inlet-outlet and along all the width. Particularly, it peaks at 42m (4%) from the outlet
side rather than the upper corner.

Similar simulation experiments have been performed with the same parameters and boundary
conditions, and the air velocity of the inlet changes to 2.0 m/s. The results show that the goaf gas
distribution rule is almost the same as before. Besides, with the increase of air velocity, high
concentrated gas slightly moves to the deeper goaf. Therefore, it indicates that gas concentration

of upper corner can be effectively decreased by slightly increasing the air volume to certain extent.

4.4.3 Results comparison between U-type and U+L-type ventilation systems

The comparison between U-type ventilation systems and U+L-type ventilation system shows
that goaf gas distribution rules are similarly applied under both systems. However, in the case of
the U-type ventilation system, a large amount of high concentrated gas constantly flows into the
upper corner due to the air leakage of goaf, different pressures between the air inlet and outlet. By
contrast, U+L-type ventilation system is made up of two air inlets and one outlet, which
accelerates the gas emission, diffusion and flow, balances the air pressure of the upper corner,

restrains the gas discharge of the upper corner, and compels the high concentrated gas to flow into
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the air outlet. Therefore, the gas content in local area is diluted and lowered.

Obviously, the over-limit of gas content in the working face is effectively resolved by
changing the ventilation system from U-type to U+L-type. Specifically, the gas content of the
upper corner decrease from 10% to around 4%. It can be concluded that the most effective gas
extraction spot constantly varies with the area where mining activities are performed. It is mainly
located in the area of 40m-250m from the working face (along the horizontal mining direction,
coal and rock separation area), 30m-40m from the floor (along the vertically direction, distressed

and fracture zone), and approximately 60m-170m from the side of air outlet.
4.5 Chapter conclusion

(1) A brief introduction of numerical simulation theory and the software CFD are performed.

(2) Based on the real condition of working face #14205 of Shaqu coal mine, a numerical
simulation model of the goaf is established, and the numerical simulation parameter and boundary
conditions are determined.

(3) The numerical simulation experiments are conducted based on both of U-type ventilation
system and U+L-type ventilation system, and then the gas distribution and movement rule in goaf
(X, Y and Z direction) are obtained.

(4) The comparison between U-type ventilation system and U+L-type ventilation system
shows that goaf gas distribution rules are similarly applied under both systems. Obviously, the
over-limit of gas content in the working face is effectively resolved by changing the ventilation
system from U-type to U+L-type. Specifically, the gas content of the upper corner decrease from
10% to around 4%.

(5) The numerical simulation results show that the most effective gas extraction spot
constantly varies with the area where mining activities are performed. It is mainly located in the
area of 40m-250m from the working face (along the horizontal mining direction, coal and rock
separation area), 30m-40m from the floor (along the vertically direction, distressed and fracture

zone), and approximately 40m from the side of air outlet.
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5 Laboratorial simulation experiments of ventilation system and gas

disaster prevention and control

5.1 Overview

This chapter describes contents concerning the laboratorial modeling used to establish the
ventilation system and longwall goaf. The first part provides a brief overview of the application of
laboratory simulation technique in mineral industry, analyzes the necessity of numerical
simulation, and describes the research goal and contents. The second part offers an introduction to
the theoretical basis of laboratorial simulation technique and similarity theory, similarity criterion
and similarity theorem. The next part discusses the establishment of the laboratory simulation
model of 14205 working face and goaf of Shaqu coal mine. The last part offers the verification of
the simulation model based on non-coal mine ventilation system and mine coal ventilation system

as well as the analysis of the experimental findings.
5.1.1 The necessity of the application of laboratorial simulation experiments

Working areas in underground mines have become far and deeper from several inlets and
exhaust shafts while mining activities are performed (Widodo et al., 2008). Ventilation in any
mine features permanently varying air flows under the influence of governor devices or
engineering procedures (Yu et al., 2011), and it provides a flow of air to the underground
workings of a mine of sufficient volume to dilute and remove noxious gases (typically NOy, SO,
methane, CO, and CO) (De la Vergne & Jack, 2003). A reasonable ventilation system exerts a
long-term effect on mine safety and economic benefits. The analysis and measurements of
ventilation system present a crucial element of investigation of the course of ventilation processes
in mines (Gao, 2011). As a matter of fact, it is quite difficult to fully observe mine ventilation
systems and predict air process behavior under different conditions and constraints in fieldwork.
Many scholars use the method of numerical simulation method to simulate mine ventilation
system, but it has limitations (Gauti et al., 2012). Therefore, the phase of the ventilation system

planning itself may be assisted by the experimental verification of models at laboratory site (Shen
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& Wang, 2011).

Moreover, high concentration gas in deep goaf and mining adjacent layers continuously
pours into working as the air pressure in different parts of underground mine is imbalanced
(Noack, 1998). For example, an outburst ejected over 2000 tones of oil-bearing sandstone with
900,000m? of gas at the 554m depth in the air shaft of Haishiwan Colliery in 1995 in China; a gas
and dolomite outburst took place in Rudna copper mine in 2009, which was the most serious
natural hazards in Polish copper mines (Mirostaw & Mariusz, 2013). Strata gas problems have
created severe difficulties for the mining industry all over the world, leading to high expenditures
and intensity research efforts, and determined attempts to enhance the various ventilation and gas
drainage techniques (Leszek and Lunarzewski, 1998; Sander & Connell, 2012). Meanwhile, gas
research is thriving in recent years, and gas drainage technology will continue to be a growing
industry over the coming decades in many countries (Maria & Gonzalez, 2007).

Safety mining technologies including field investigation, numerical simulation and laboratory
experiments have also been improved over the past decade (Packham et al., 2012). However, even
if the size (height) of the gas emission zone can be estimated globally using various methods or
assumptions, it is not uncommon that gas emission predictions may be under- or over-estimated
due to the lack of sufficient spatial information defining the quantity and location of the gas
sources in the overlying strata (Kurnia, et al., 2014). Therefore, multiple gas control strategies
should be developed, including optimizing the ventilation system, preventing goaf spontaneous
combustion, enhancing gas risk management, determining the gas emission zone, and

implementing a reasonable gas drainage plan.

5.1.2 The research goal and contents of laboratorial simulation experiments

5.1.2.1 Research goals

(1) Teaching purpose

Firstly, the layout and the arrangement of mining roadway, air inlet and outlet, working face,
upper corner, ventilation system and goaf can be recognized by establishing this simulation
ventilation system model. Secondly, the relationship among the type of ventilation system, the
adjustment of air damper and the layout of section roadway can be discovered by controlling the
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spherical valves. Thirdly, the measurement method of mine ventilation resistance and usage of its
relevant devices can be mastered by conducting the simulation experiments of mine ventilation
resistance measurement. Fourthly, the air distribution and migration rule and the way of airflow
regulation can be mastered by adjusting the air volume and measuring the air velocity of the
simulation model. Lastly, the gas distribution and migration rule and the usage of relevant gas
detecting devices can be understood during the simulation experiments are performed.

(2) Research purpose

The establishment of similarity simulation experimental model helps refine the theories about
ventilation systems in the working face and goaf including U-type, U+L-type, U+I-type, Y-type
and H-type, and has practical significance in the reasonable determination of relevant parameters
of production safety. Research on airflow and gas migration of the roadway, working face and
goaf is necessary for the integrated survey on parameters of ventilation systems and comparative
study of the relevant parameters under different ventilation system conditions. The parameters and
findings will play a crucial role in the optimization of the existing mine ventilation system,

selection of the new ventilation system and the prevention and control of harmful gases

5.1.2.2 Research contents

The content of laboratory simulation experiment is multiple.

(1) The ventilation parameter can be determined by different part of the simulation system,
such as, main air inlet and air outlet, mining roadway, working face and goaf.

(2) The change of air ventilation air resistance causing by the change of air flow can be
observed. The impact of air pressure and volume through opening and closing the air door will be
discussed.

(3) The rule of air flow can be concluded based on the U-type, U+L-type, Y-type, H-type,
U+I-type ventilation system.

(4) The gas distribution rule and migration lay can be discovered by conducting simulation
experiments based on multiple ventilation systems.

(5) The comparison among different ventilation systems can be discussed through the

research of gas distribution and migration of working face and goaf, and then, the obtained rules
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and relevant parameters can be used in the selection of new ventilation system and the
optimization of the old ventilation system under the different geological conditions.

(6) The verification of truth that U+L-type ventilation system is more effective than U-type
ventilation system in coal mines with high concentrated gas.

(7) The air leakage of goaf have an great influence on the gas distribution and migration rules
of working face can be observed discovered and discussed during the experiments are performed
based on multiple ventilation systems.

(8) The air volume and pressure have an effect on the gas emission rules can be observed
discovered and discussed based on multiple ventilation systems.

(9) The experimental contents mentioned above can be re-performed under the inverted
ventilation conditions.

More possible experiments can be conducted in this simulation model.

5.2 Theoretical foundation of simulation model design

Fluid flow phenomenon is very complex and sometimes difficult to prove and describe by
mathematical analysis, but only by means of experiments. The theoretical basis of simulation tests

is the similarity theory, similarity criterion and similarity law.
5.2.1 Flow condition similarity

If on the corresponding points of the two fluids, the ratio of all the physical quantities that
present the flow conditions remains the same, the flow conditions of the two fluids are similar.
The necessary and sufficient conditions of flow similarity are geometrical similarity, kinematic
similarity and dynamic similarity.

(1) Geometric similarity

Flow similarity of the two fluids requires these two fluids satisfy both geometric similarity
and dynamic similarity. Geometric similarity can be defined as two geometrical objects with the

same shape; the linear ratio is:

L, /L, =4

the corresponding angle relationship between the prototype and the model is:
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a, =a,
and the area ratio, volume ratio and perimeter ratio are:
S,/Sn =07 VN, =65 U, /U, =4
where, m is the model, and p is the prototype.
(2) Kinematic similarity
Kinematics similarity requires that the length and time scales are similar between model and

prototype. Obviously, kinematics similarity includes geometrical similarity. The time ratio is:
tp/t n =0,
By geometric similarity and kinematic similarity criteria, the similarity relation between the

velocity of the corresponding points of the substance and the model (Vp and V respectively)

Vo Vo =(Ly /) /(L) = 01/8, =0,

The relationship of acceleration ratio between the model and the prototype is:

V. /t
J, :ap/am :Vp?tp :él/étz

(3) Dynamic similarity
Dynamic similarity exists between geometrically and kinematically similar systems and it
requires that the ratios of all forces acting on corresponding fluid particles and boundary surfaces

in the model and prototype are constant. Its force ratio is:
Fp/Fm =0,
For different flow movements, fluid particles could be influenced by different effects, e.g.

gravity force (Fg), viscous force (T,), pressure force (P) and inertia force (F, ), but the

proportional relationship of the corresponding points in both real fluid and model fluid remain

unchanged under the same pressure, and it can be showed as:

Fog/Fg =Tou /T =Py [P0 = Fi [P = 4 (5-2-1)
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5.2.2 Criterion of flow similarity

Some of the basic similarity criterions can be used to explain the principle of the simulation

experiments, including Strouhal similarity criterion (S, :]7/vt ), which means the ratio between
time-varying inertia force and space-varying inertia force; Froude similarity criterion

(F, :Vz/gl ), which means the ratio between inertia force and gravity force; Euler similarity
criterion (E, = p/,ov2 ), which means the ratio between pressure force and inertia force;
Reynolds similarity criterion (Re = V1/V = pvl/,u), which means the ratio between inertia force

and viscous force; Mach similarity criterion (M, =V/C), which means the ratio between elastic

force and inertia force.

(1) Newton similarity criterion

According to dynamic similarity formula (5-2-1), we can see that the ratio of inertia force at
the corresponding points of the substance and the model is:

2

5. :i: M, -a, :pp'vp'l‘p/tp
! I:mi I\/Im'am pm VmLm/tri

2 2 2

R T A T A

2 2 72

IOm'Vm'Lm'tp IOm'Vm.Lm'Ip/Vp

(5-2-2)

:&:5 .§|2.52

\

where, (SP density similarity constant, (5p = pp/pm ;

M b M, ——mass of the corresponding points of the substance and the model.
— — 2 2
The above formulacan beas o, = Fpi/Fmi = (M A A )/(Mm L, oV, )

Transpose, then

mi_m. — N (5-2-3)

In the above formula N, is Newton similarity number, in which if the two flow systems

dynamically similar, their Newton similar numbers are certainly the same, and vice versa.
The inertial force is the reactive force to maintain the original motion state of flow. Changes

141



in the motion state of fluid is the result of interactions of inertial force and various other forces,
therefore, the ratio between the various forces is the ratio of inertial force and other various forces.

(2) Reynolds similarity criteria
. : du N
In the flow if the viscous forces T :,u~Sd— and the inertial forces both act on the
X

corresponding particles, according to the dynamic similarity,

2
Tov — Hy LV, /L, — My Ly oV,
T M- Lfn V., /L, M, LV,

mv

=8,6,-0,  (5:2-4)

where, &, ——Vviscosity similarity constant, J,, = /4, / M
it is known from formula (5-2-2):

Fpi/Fmi :5p -5|2 -5\,2
compare (5-2-2) with (5-2-4), then

Fo T o‘p-é,?-a‘f 0

= _P.
I:mi .Tpv 5tv ) 5I ) 5v 6tv

58

v

then

= _P.§I -0, (5-2-5)

le va tv
substitute formula (5-2-1) in the above formula, then

o

2.5+, =1

dy,
then

(H 0~ Lo Vi) (0 0L, Y, ) =1
L -V . .
or 2 P = by Vo _ LV =R, (5-2-6)

1/Py Hnlow HIP
where: R——Reynolds similarity criterion
The equation shows that if the Reynolds similarity criteria of the two flows Reynolds the
same, their viscous forces are dynamically similar. Wherein linear dimension L refers to any
typical linear dimension, such as pipe diameter and radius; velocity in pipeline can adopt the

average flow rate.
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(3) Froude similarity criterion
If in the flow phenomenon gravity and inertial force play a leading role, the same deducing

method of Reynolds criterion is employed and Froude similarity criterion is obtained as follows:

V2p — V2m — V2

=Y -f (5-2-7)
gL, Gncl, 0L
where, g ——qgravitational acceleration;
V ——flow kinematic velocity;
L ——Ilineal length;
F ——Froude similarity criterion.

The above equation shows that if the Froude similarity criteria of the two flows are the same,
their gravity is dynamically similar.

(4) Euler similarity criterion

If in the flow phenomenon gravity and inertial force play a leading role, the same deducing

method of Reynolds criterion is employed and Euler similarity criterion is obtained as follows:

P P P
P == >=E, (5-2-8)
Py Ny Pu Vo PV
where, P ——pressure on flow;
Eﬂ——EuIer similarity criterion.

The above equation shows that if the Euler similarity criteria of the two flows are the same,
their pressures are dynamically similar. When the fluids flow in pipelines, sometimes energy
difference of the two points of the fluid AP is adopted to substitute the pressure in (5-2-8).

AP
pvz H

5.2.3 Fluid motion differential equation

Fluid motion differential equation are frequently used to describe the relation between fluid
motion and stress; model flow and prototype flow, both incompressible, achieve flow similarity on

the condition that they satisfy the motion differential equation, which are shown as follows:

143



izé—vzzég: % =§—Vz (5-2-9)
o 4,6, ¢

Formula (5-2-9) indicates Time-varying inertia force, Space-varying inertia force, Mass force,
Pressure and Friction force respectively. It also shows the force polygon of model flow is similar
to prototype flow.

Divide Formula (5-2-9) by space-varying inertia force, then,

9 =1_6l59_ 6})

= = 5-2-10
5,0, 67 5,0 (5210

1
5

Formula (5-2-10) indicates a certain constraint exists among different ratios when dynamic
similarity of model and prototype flow is achieved, and similar standards can be obtained by
further analysis. That is: dynamic similarity can be described by similarity criterion. In fact, model

and prototype flow cannot become equal flow and fully dynamic similarity; therefore, the main

dynamic similarity is a key point of the simulation experiments, which means if the Reynolds of

two different flow types are similar, (Re, = Re ), they have dynamic similarity.

5.2.4 Similarity theory

The basis of similarity theory is three similarity theorems. Similarity theorems are used for
the guidance of the design and its associated experimental data processing and promotion of the
model.

(1) The first similarity theorem

The first similarity theorem can be expressed as: if the process is similar, the similarity
criterion is unchanged, and the similarity index is 1.

Based on this theorem, the relations of similarity constants of the corresponding physical
quantity within the system are determined, and thus similarity criterion is obtained.

If there are n physical quantities in a phenomenon, its mathematical expression is:
p(a,a, ,a,)=0 (5-2-11)

then in n variables, there are k independent variables and m dependent variables, m=n-Kk,

and totally it includes 1 equations:
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@ (al, a2 ...... , an) =0 (5-2-12)

g (an,ay ,a,)=0 (5-2-13)
2

Q Q
2%1 (C1a1”c2a; ...... ’Cnar:):2% (01’C2’ ...... ’Cn ; (ai”,a;’, ...... a;’):O (5_2_14)
IE IE

gpil(cl’c2’ ...... 7Cn) :¢i2(cl’c2’ ...... 7Cn) —eeaen wij(CUCZ’ ...... ’Cn) (5_2_15)

fj (Cl’ CZ T ! Cn) = "oan " (5-2-16)

C.=F(a,a, ,a,) =idem (5-2-17)
the two processes are similar and their similarity criteria are unchanged

C;ZCZ,C;:C; ...... c.=Cc", -

n o (5-2-18)

In summary, the first similarity theorem is about similarity criteria, and it shows the physical
quantities that should be measured in the experiment.

(2) The second similarity theorem

The second similarity theorem is also known as the C theorem, which states that the basic
physics equations that restrain the two similarity phenomena can be converted into similarity
judgment equation through dimensional analysis in order to express the new equation, that is

converted into the C equation and C equations of two similar systems must be the same.

The equation that expresses a certain physical phenomenon is
f (X, %, X3, %, ) =0 (5-2-19)
where: X, X,, X3, -+, X,——individual physical quantity in the equation can all convert into

the non-dimensional equations below;
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[1] :¢(C C,,C,C (n_m)) (5-2-20)
If in an equation there are several physical quantities, which contain m dimensions, the

independent similarity criteria C value is n—m. The physical equations of the two similar

phenomena can be expressed by the relation of the (n - m)non-dimensional physical quantities.
Functional relation is among C ,C ,,C ;,---C (n-m)’

F(C 1€, C 0Ty ) =0 (5-2-21)

the above equation is the mathematical expression of the second theorem.

where,
C M = C 1H
=C
2M 2H
5-2-22
M ( )
C (n-m)m =C (n-m)H

Equation 5-2-14 illustrates that if the result of a phenomenon turns into the corresponding
non-dimensional C  relational expression, this expression can be applied to other similar
phenomena.

The second similarity theorem solves the application of finishing methods and experimental
data, and serves guideline of the experiment arrangements.

(3) The second similarity theorem

The second similarity theorem can be expressed as: if the geometry similarity systems have
the same text in relational equations, similar single-value conditions and the same similarity
criteria consisting of single value, these two phenomena are similar.

The first and second similarity theorems indicate the nature of similar phenomena, but not
provide the requirement of the determination of the similarity of the phenomena, and what the
proportional relationship is among parameters in simulation experiment.

The third similarity theorem solves these problems that as long as the nature and quantity of
the single value is similar, phenomena of the same kind with the same values of stereotype criteria
are similar. The third similarity theorem presents the necessary and sufficient conditions of similar
phenomena. As a consequence, the above three theorems are the theoretical basis of the similarity

simulation experiment.
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5.3 Similarity theory and simulation model of ventilation system

5.3.1 The similarity theory in the application of the model design

Air is the flow medium, and its flow state is regarded as pressure steady flows during
experiments are performed. The similarity relationship between prototype and model is built
according to the similarity criteria such as geometric and dynamic similarity. The ventilation
network model is proportional to the tunnel size of designated coal mine. Taking into

consideration the experiment feasibility, the establishment of the ventilation model is simplified.

5.3.1.1 The similarity of roadway

The prototype of the model is the working face of inclined longwall coal-mining and caving
management in the roof. As the research purpose of this experimental model is to study the gas
migration law in goaf, the entire roadway in the ventilation system model mainly refers to the
practical situation in Shaqu Mine, and in the model the roadway sections and connection roadway
of the working face is designed in strict accordance with the practical roadway of the 14205
working to achieve geometrically similarity. However, in the roadway and main inlet and return
airways that have less impact on goaf, the research purpose is on the simplicity of the model
production. Standard pipes are used and roadway area approximation is achieved for the research
on ventilation resistance measurement and airflow regulation. In order to cushion the airflow so
that air velocity distribution becomes stable after a certain distance, the length of roadway
segment model is greater than 2m as the stable segment of the geometrical similarity.

Taking the experimental condition, the facility of measurement and other factors into account,

the linear scale is determined,dI =50, and the main geometric size of the prototype and the

model can be seen in Table 5.3.1.

Table 5.3.1 Geometric similarity of roadway between the prototype and the model

Actual size Road area Size of Size of model
Item comment
(m) (m2) prototype (m) (mm)
Sublevel 3.8X2.8 10.64 3.8X2.8 76 X56 Field
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roadway measurement
Mining Approximately
4.0X2.8 11.2 4.8X%X23 96 X 46
roadway equal
Air inlet and Approximately
5.0X3.6 18.0 4.8X3.8 96 X 76
outlet equal
Connection Field
3.3X23 7.59 3.3X23 66 X 46
roadway measurement
Alternative Practical
— — 3.3X23 66 X 46
roadway reference

Dynamic similarity requires that stress on corresponding particles of the original object and
the model remain the same proportional relation, while flow similarity demands that the force on
fluid particles comply with the above guidelines, including inertial force, viscous force, gravity,
pressure, elastic force and surface tension, etc.

In fact, due to the restrictions on model structure and experiment conditions, air velocity in
the model is difficult to achieve Reynolds similarity criteria. Reynolds similarity criterion requires
when the model size is small, the flow velocity is large; while Froude similarity requires when the
model size is small, the flow velocity is small, therefore, it is barely impossible to ensure the
equality of the two similarities. However, for all the researches on flow phenomena, only one
force acts like the main force and rest forces are the minor forces. Besides for every single flow
object, its main force is different. Thereby when studying a flow phenomenon, the priority is to
identify its main driving force and make it satisfy the corresponding similarity, while the other
minor similarity criteria are ignored.

In the similar airflow in coal mine, the main consideration is the viscous force, pressure and
inertial forces, and the rest forces can be ignored such as gravity, elastic force and surface tension,
hence only Reynolds and Euler criteria are required in coal mine ventilation. It is known in fluid
mechanics, when Re is smaller than the first critical value, the flow is in the state of laminar flow,
and in the laminar flow range, the flow state and flow velocity distribution of the fluid are similar

to each other and unrelated to Re. When Re is larger than the first critical value, the flow is in the
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transition zone, and with the increase of Re, the fluid turbulent fluctuation varies greatly at first
and then gradually decreases. When Re is larger than the second critical value, the flow state and
flow velocity distribution of the fluid no longer change is unrelated to Reynolds. They are similar
to each other and enter the resistance square area. If Re in the model is in the resistance square
area, their Reynolds are considered equal regardless of what their absolute values are. This
phenomenon is called automatic mode that is as long as the object and its model geometrically
similar, it is guaranteed dynamic similarity is achieved, and the achievement of geometric

similarity and dynamic similarity ensures the satisfaction of kinematic similitude.

5.3.1.2 The similarity of stope

The flow field of the stope in both of the prototype and the model is multiple flow fields of
the working face, goaf and adjacent layers, and it is difficult to determine their geometrical
boundary and characteristic of flow distribution. Specifically, the air flow in working face is
regard as one-dimensional pipe flow, and it is usually in turbulence state. However, the air flow of
goaf is regards as three-dimensional porous media flow, and it can be in turbulence state, laminar
flow state and transitional flow state.

(1) Geometric similarity of stope

The design of working face length, mining height and other parameters are based on working
face 14205 of Shaqu coal mine. Each part of the coal mine prototype is scaled down except the
angle, which ensure the prototype and the model meet the requirement of geometric similarity.

Taking the experimental condition, the facility of measurement and other factors into account, the

linear scale is determined, §| =50, and the main geometric sizes of the prototype and the model

of stope are shown in Table 5.3.2.

Table 5.3.2 Geometric similarity of stope between the prototype and the model

Item Actual size (m) Model size (m) Comment
Length of strike 150 4.3 Effect of goaf air flow
Height of mining 25 0.05 Height of mining face
Width of mining face 4.5 0.09 Width of mining face
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Length of mining face 200 4.0

The air flow law in
Height of roof caving 10 0.2
the caving zone

(2) The similarity criterion of retrieving working face

The airflow of the model and the prototype is in turbulent state. As the size of the working
face is small, airflow can be considered as one-dimensional flow along the roadway, therefore, the
similarity of its movement can be guaranteed. The pressure drop along the working face is mainly
due to the loss of frictional resistance, neglecting other minor external forces. When the two
geometrically similar flows achieve mechanical similarity under the influence of frictional
resistance, their Froude number and ratio of the hydraulic gradient are equivalent and their
resistance coefficient are approximately the same. The relative roughness of the model and the
prototype should be the same, but in reality the condition is extremely harsh and the model
process is quite costly and even unable to achieve. As a consequence, mechanical similarity in the
working face can only be achieved by improving the geometric accuracy in the working face.

The simulation experiment of ventilation fan model is based on the pressure flow

phenomenon. In order to ensure dynamic similarity, it must follow the Euler similarity criterion.

Euler similarity criterion can be satisfied when 5p =1 and ¢, =1, five different points are
select in the mining working face model to adjust the air resistance, and AP, of the simulation

model and AP, of the working face measurement points are same

(3) The similarity criterion of goaf

Many research results show that the air flow state of flowing into and out of goaf will be
changed from laminar flow state to laminar flow state. Thus, the air flow state in the simulation
goaf model can be regard as laminar flow state.

According to fluid motion condition theory, the geometric similarity can lead to kinematic
similarity if the air flow can keep in a laminar flow state in flow region.

(4) The similarity criterion of goaf gas migration

The differential equation of goaf gas migration:
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ox | "ox | ox

_i( D £)+i(vic) =1 (i,j=12)
where: D; ——diffusion coefficient, m?/s;

V, ——average velocity components, m/s;

C——gas concentration, g/m?;
| ——gas emission rate of unit area of goaf roof and floor, g/m*-s.

Regardless of the fact that some gas flows into goaf by the side, Peclet number (Pe) and

Gas flow number (F(q) are derived by integral analogy. The criteria of gas migration in the

simulation experiment are Reynolds criterion, Froude criterion, Peclet criterion and Gas flow
criterion, among which Froude criterion is excluded because in Froude criterion gravity is the
main force, but gravity is supposed to be ignored in forced flow. It is difficult to equal the
Reynolds number (Re) in the model and the prototype due to the restriction of the experimental
conditions; under the condition of single valued similarity, Re needs to be self-modeling in order
to ensure the flow states of fluid in the model and the prototype are similar. Peclet criterion is the
ratio of convective gas migration and dynamic dispersion, and it can be achieved when the
seepage fields are similar. Gas flow number is the ratio of gas emission volume and the
corresponding gas migration volume, and it can be achieved when airflow and gas emission is

stable.

5.3.2 The design of experimental facility of the simulation model

5.3.2.1 The proportion determination of the simulation model

This goaf simulation experiment of gas migration mainly focus on the working face 14205 of
Shaqu coal mine, the design of simulation model is based on the basic condition of Shaqu coal
mine and its parameters. The proportion between the model and the prototype is 1:50, and the
specific size can be seen in Table 5.3.1 and Table 5.3.2, and the measured air velocity of the air
inlet is 1.5m/s.

The critical velocity of the model in the turbulent state is as follows:

(1) The second critical value of Reynolds number in the general experience model is: 1.0x10*
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~1.5x10°, here when Re=1.0x10%,

_ReUv
43

where: V——the average velocity in the roadway, m/s;

\

v——dynamic viscosity coefficient of the fluid, related to fluid temperature and
pressure, for the ventilation in mine, it usually takes 14.4x10°m?/s;
U——perimeter of the roadway, m;

S——area of roadway, m?.

_10000x 2x(0.076 +0.056) x14.4x107°
4x%0.076x0.056

V =2.23m/s

(2) For simplicity, Reynolds Number (Re) is usually considered as a criterion of flow
statement in the tunnel in the practical engineering calculation, namely:
when Re < 2300, it means the flow is in laminar state, and when R = 2300, it means the

flow is in turbulent state.

_2300x2x(0.076 +0.056) x14.4 %107
4x0.076x0.056

\Y

=0.51m/s

For the purpose of making air flow in turbulent flow state in the roadway of the simulation
model, the spherical valves are selected.

According to the results of (1) and (2), it can be concluded that the minimum flow velocity
for meeting turbulent state in the simulation model of ventilation network must be higher than
0.51m/s. As a matter of fact, the minimum velocity measured in the model reached 3m/s, which

means its Reynolds Number (Re) is in the resistance square area. Therefore, its linear
scale 6 =50, density scale d, =1 and the speed scale J§, =1can be decided. Dynamic
ssimilarity can be ensured if the flow condition between two fluids satisfies geometric similarity.
Similarly, kinematic similarity can be ensured if the flow condition between two fluids satisfies
geometric similarity and Dynamic similarity. Thus, the measured parameter can be used as a
effective and valid reference for the selection of mine ventilation types and for the optimization of

the existing ventilation system.
5.3.2.2 Design of experimental device
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Air is the flow medium, and its flow state is regarded as pressure steady flows during
experiments are performed. The similarity relationship between the prototype and the model is
built according to the similarity criteria including geometric similarity, kinematic similarity and
dynamic similarity. The ventilation system model is proportional to the roadway size of Shaqu
coal mine. Taking into consideration the experiment feasibility, the plan and the establishment of
the ventilation system and goaf model is simplified, and it can be seen in Figure 5.3.1. Figure

5.3.2 shows the effect drawing of the simulation ventilation and goaf model.

Connect to explosion door, inverted ventilation device, etc.
. Air outlet
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] Sublevel roadway

Air inlet
Mining roadway

L

Figure 5.3.1 Plan of simulation model of ventilation system and goaf
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Figure 5.3.2 Effect drawing of simulation ventilation system and goaf

The details of the model establishment are as follows:

The model consists of five parts including model body (roadway, working face and goaf
area), fan and its affiliated device, gas drainage system, testing system and collection system. The
ratio of the model is 1:50. Specifically in the model, the size of the goaf is 4.32m x 4.16m x 0.2m;
the length of the working face is 4.0m; the section is: 0.09m x 0.05m; the angle of face inclination
is 8° and the tunnel section is: 0.08m x 0.06m. The measured air velocity in the tunnel of the
ventilation model is 3m/s, which means the air flow state is in turbulent flow state. Figure 5.3.3

shows the main body of the model.
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Figure 5.3.3 Established simulation model of ventilation system

Spherical valves are selected as the air damper, and the adjustment of air volume and the
conversion among different types of ventilation systems can be controlled and switched by

opening and closing different spherical valves.

Figure 5.3.4 Spherical valves
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Figure 5.3.4 shows the conversion between U-type ventilation system and U+L-type
ventilation system can be controlled and switched by opening and closing different spherical
valves.

(1) Main part of the simulation model

The model roadway is welded by square and round stainless steel tube, goaf floor and domain
boundaries are welded by stainless steel plates, and the model base is made by angle steel. Seams
are all welded in order to ensure the robustness and sealability of the box. The roof is covered with
8mm thick polymethyl methacrylate and sealed with glass glue, on which grid square is painted
for observation and analysis of flow. In order to fully reflect the lithologic character, the filling
materials in goaf are made directly from the wasted coal fragments ranging from 1 ~ 60mm. The
pile of rock in goaf is guided by Theory on the critical layer of strata control, and rock in the
caving zone is piled by crushed wasted coal. Crushed wasted coals of different compaction
characteristics are respectively stacked in the central compaction area and O-ring area of the
model, so as to satisfy the permeability characteristics of the caving zone

(2) Selection of ventilation fan

Ventilation fan employs centrifugal fan and extracted ventilation. A number of roadways in
the model are installed with ball valves adjusting the air volume and altering ventilation pattern in
the working face. Although the model can achieve the conversion of various ventilation systems,
for fan type selection, instead of calculating the ventilation resistance for every ventilation system,
only the ventilation system with the maximal ventilation resistance is counted. Compared with real
coal mines, in the model the single ventilation system is relatively simple and all branches in the
ventilation systems are in parallel connection with the mining face, thereby, the research estimates
the ventilation resistance in the most difficult situations in the system. Supposedly the air velocity
of the main return airway is 15m/s, and the air velocity of the other roadways is 10m/s, local
resistance and frictional resistance in the entire model are calculated, and ventilation resistance
and motor power of the entire model are estimated as 3300Pa and 9kW respectively, thus
centrifugal fan is selected as the ventilation fan.

(3) Ventilation fan and its accessory device

The simulation ventilation fan and its accessory device include explosion door, inverted
ventilation device, diffuser, and shock absorber device between ventilation fans and tube, etc
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(Figure 5.3.5). Contra flow in the simulation ventilation system can be achieved by opening the

special valve on the inverted ventilation roadway.

!

Figure 5.3.5 Ventilator and its subsidiary unit in-kind photos

(4) System of gas emission source

As is shown in Figure 5.3.6, the gas supply system consists of gas bottles of high content and
high pressure, pressure reducing valves, current stabilizer, flow meter, air supply hose and gas
release pipeline in goaf. After gas flows from high-pressure gas tank through the pressure valve
releasing pressure and enters the current stabilizer, in which the flow is distributed by the flow

meter, and then goes through air supply hose and gas release pipeline into goaf.
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Figure 5.3.6 Gas container and rubber gas supply tube

Stainless steel tube (®=5mm) are selected as the injection and supply of gas emission

pipelines, and they are paved at the bottom of simulation goaf (Figure 5.3.7).

b

30 60 f 60 J 60 f 60 | 60 J 60 [30
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Figure 5.3.7 Layout of gas emission pipeline and emission parameter of emission hole
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In order to comply the gas flow into the working face and goaf with the practical situation,
holes are punched at a certain distance on both sides of the steel pipe, and the size and distribution
of the holes are determined after the smoke test in order to makes characteristics of goaf gas
emission in line with the actual situation. The layout of gas emission pipeline in goaf is in Figure

5.3.8.

Figure 5.3.8 Gas injection system and layout of gas emission pipeline in goaf

(5) Testing system

The testing system includes JDM9-compensated micro manometer, U-type water barometer,
single pipe inclined manometer, and dry-wet ventilated thermometer, QDF-2 hot-bulb
anemometer and WY -Single pipe groove mercury barometer. Besides, a pitot-tube is adopted for
the purpose of improving the measurement accuracy.

The major testing parameters include gas emission rate, air velocity and static pressure. The
gas emission rate can be measured and controlled by flow meter (Figure 5.3.9). The air velocity
can be tested by pitot tube and differential pressure gauge. The static pressure can be measured by

standard pitot tube and U-type differential pressure gauge.
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Figure 5.3.9 Static pressure and air velocity tester of roadway

(6) Data collecting system
The top of the simulation goaf area is covered by organic glass with 66 holes (64 normal
holes and 2 special holes located in the upper corner and lower corner respectively, and it can be

seen in Figure 5.3.10), each of which is plugged by a rubber stopper with a collector inserted in it.

— — i ] i1 HE +
Alir inlet 2 ° ¢ ° ° ° ° ° °
Working : : : ‘Goaf
face
Alir inlet 1 ) ) ) ) ) ) ) )
- ot I HE o

Figure 5.3.10 The monitoring points in goaf area

U+L-type ventilation system with two air inlets and one outlet

Besides, the goaf is also inserted with collectors. The data of gas sample can be detected by
gas chromatograph and gas detector (Figure 5.3.11) after the ventilation fan is stably operated and

the airflow is stable in the ventilation system and goaf.
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Figure 5.3.11 Gas chromatograph and computer group

5.4 Ventilation systems selection and test

Gas from shafts of active mines generates a large number of gas emissions from underground
mines; gas concentration in ventilation air is different for each mine not only because of the
difference of gas emission volume, but also the different type of ventilation system. This
simulation model can significantly help us understand some basic ventilation systems and their
characters, and the transformation among different types of ventilation system is controlled by

opening or closing the spherical valves.
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5.4.1 U-type ventilation system
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Figure 5.4.1 U-type ventilation system

The spherical valves of No.2, 4, 6 and 16 are opened while others are closed, and it can be

seen from Figure 5.4.1, and Figure 5.4.2 shows gas movement in U-type ventilation system.
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Figure 5.4.2 Gas movement in U-type ventilation system
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The most common and effective method to limit airflow to the goaf in a longwall panel is the
U-shaped ventilation system. In this system, the air is brought up the air inlet, across the working
face, and down the air outlet. This system is widely used in low gas concentration mine in mining
industry around the world because it is economical and easy to design and build. However, when
working areas in underground mines have become farther and deeper where more high
concentration gas are released, U-shaped ventilation system will not be able to offer enough fresh

air for miners, and to dilute the high concentration gas in the working face.

5.4.2 Y-type ventilation system
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Figure 5.4.3 Y-type ventilation system

The spherical valves of No.2, 4, 10, 11, 13, 15 and 18 are opened while others are closed, and
it can be seen from Figure 5.4.3, while Figure 5.4.4 shows gas movement in Y-type ventilation

system.
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Figure 5.4.4 gas movement in Y-type ventilation system

Y-type ventilation system utilizes multiple air inlets and one tail tunnel. The air is brought up
all the air inlets, across the workface and goaf, and removed via the tail tunnel. One advantage of
this system is that the working face gas problem can be effectively addressed, and working section
recovery can be moderately improved. Another advantage of this system is that the gas-drainage
systems are accessible during the life of the panel. The major disadvantages with this system are
that conditions exist that contribute to the development of spontaneous combustion in the
ventilated portion of the goaf, and there is an absolute reliance on seals between the goaf and the

air outlet to prevent air leakage.
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5.4.3 U+I-type ventilation system
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Figure 5.4.5 U+I-type ventilation system

The spherical valves of No.2, 4, 6, 16 and 17 (high level gas drainage tunnel) are opened
while others are closed, and it can be seen from Figure 5.4.5, while Figure 5.4.6 shows gas

movement in U+I-type ventilation system.
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Figure 5.4.6 gas movement in U+I-type ventilation system

U+I-type ventilation system consists of U-type system and a high level gas drainage tunnel.
In this system, the air is brought up to the air inlet, across the workface, and down the air outlet.
Besides, a high level gas drainage tunnel (above the coal seam) is excavated in the mix zone
between the working face and goaf, and then high concentration gas can be extracted from goaf.
Therefore, the gas problem of the working face and upper corner can be effectively resolved, and
coal spontaneous combustion in goaf can be moderately prevented. However, the major

disadvantage with this system is that the cost of the tunnel excavation is too high.
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5.4.4 H-type ventilation system
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Figure 5.4.7 H-type ventilation system

The spherical valves of No.7, 10, 13, and 16 are opened while others are closed, and it can be

seen from Figure 5.4.7, while Figure 5.4.8 shows gas movement in H-type ventilation system.

Figure 5.4.8 Gas movement in H-type ventilation system
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H-type ventilation system consisted of two air inlets and one air outlet. In this system, the
fresh air is brought up to the air inlet, across the workface, and down the air outlet. Where the
available airflow is insufficient to dilute the gas emitted from the working face, additional air from
valve No.3 can be introduced independently by adopting mine layouts in various configurations
such as the “H” system, shown in Figure 5.4.7. This ventilation systems, however, require higher
investment such as driving of an additional roadway, roadside dam (pack wall), and strong support

of the roadways remaining open behind the longwall in the goaf.

5.4.5 U+L-type ventilation system
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Figure 5.4.9 U+L-type ventilation system

The spherical valves of No.4, 13, 14, 15 and 18 are opened while others are closed, and it can

be seen from Figure 5.4.9, while Figure 5.4.10 shows gas movement in U+L-type ventilation

system.
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Figure 5.4.10 Gas movement in U+L-type ventilation system

U+L-type ventilation network, consisted of two air inlets and one outlet roadway, accelerates
the gas emission, diffusion and flow, balances the air pressure of upper corner, restrains the gas
emission of upper corner, and compels the high concentration gas and air leakage of goaf to flow
over into air outlet, thus, lowers the gas concentration of local areas, aimed to effectively resolve
the difficulties of gas over-limit of the working face. In addition, the total air volume in the

working face has significantly increased as fresh air is constantly offered from two inlet airways.

5.4.6 Selection of ventilation system

Regardless of whichever system or layout is being used, a sufficient volume of fresh air must
arrive at the coal-cutting machine to dilute the coal front gas (arising from the remaining seam gas
content after any pre-drainage) to satisfy the local statutory limit. The selected layout should be
capable of providing a good standard of ventilation at the most effective methane drainage drilling
locations. If this standard is not achieved, it will result in lower drainage efficiency, greater
ventilation air demand, and reduced coal production.

Gas control and access for drilling and regulating cross-measure drainage boreholes is

simpler on advancing compared with retreating longwall. However, most of the world’s longwall
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coal production comes from retreating coalfaces as these are more productive, and ventilation
configurations have been developed as attempts to incorporate the advantages of both by
ventilating behind the coalface such as “H”, “U+L" and back-return systems.

The ventilation system should incorporate some means of creating a pressure gradient at
longwall face-ends to ensure that flammable gas mixtures do not encroach on the working face.
This can involve use of regulators (partial obstructions) in roadways and special face-end
ventilation arrangements to divert airflow along the waste edge behind the coalface.

Methane layering hazards are a manifestation of inadequate ventilation in the mine. Their
presence indicates the need for gas monitoring, an insufficient air velocity to disperse gas layers,

and the possible need to improve gas drainage to remove the gas at its source.
5.5 Validation test of the model based on non-coal mine ventilation system

5.5.1 Overview of Vilafruns mine

The potassium deposit in the Catalan basin is currently being exploited by Iberpotash. SA.
Iberpotash. SA is the largest mining company in Catalonia (Spain) and the only producer and
supplier of potash fertilizers for agriculture and industry uses. The company is located in the
comarca of Bages, a county in the center of Catalonia, Figure 5.5.1, in the municipalities of
Balsareny, Sallent (Vilafruns) and Suria (Cabanasses). Iberpotash produces over one million tons
of red potash for fertilizers and it represents one of Europe's most important potash resources,

conveniently located near the major potash consumption areas of the European Union.
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Figure 5.5.1 Location of Vilafruns potash mine

5.5.2 Results of airflow distribution measurements

In this simulation experiment, ventilation data from Vilafruns potash mine are used as main

parameter reference (Figure 5.5.2).
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Figure 5.5.2 Ventilation layout of Vilafruns potash mine
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First, 14 measuring points in the major air inlet and air outlet are chosen, making it a

complete ventilation system, as is shown in Figure 5.5.3.
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Figure 5.5.3 Simplified ventilation system in Vilafruns potash mine
Due to the significant impacts of season and weather factors on ventilation, data collection in
Vilafruns potash mine is made twice both in summer and winter respectively. In the process of air
volume measurement, average value is adopted from multiple measurements. The specific results

are shown in Table 5.5.1 and Table 5.5.2.

Table 6.5.1 Results of distribution measurements of air quantity in Vilafruns potash mine, July

2011, summer

Air velocity ~ Section  Flow rate Dry T. Hum. T.
Points Equival.T.(°C)
(m/s) (m?) (m®s) (°C) °C)
1 3.84 39.84 153.00 25 20 19.8
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2 4.45 34.34 153.05 29 22 21.7

3 0.71 31.34 22.24 30 23 22.8
4 3.94 33.04 130.05 31 22 22.2
5 3.85 27.56 105.98 31 23 23.1
6 0.41 32.80 13.57 31 23 231
7 0.67 27.36 18.26 30 22 22.3
8 0.45 23.86 10.76 32 23 23.2
9 0.41 30.54 12.67 34 24 24.3
10 1.09 31.29 34.20 32 23 23.3
11 3.41 27.36 93.34 39 28 28.6
12 4.60 26.98 124.16 38 27 27.4
13 5.35 24.64 132.06 36 27 27.2
14 4.25 35.06 149.31 35 26 26.1
15 0.19 20.98 3.98 36 27 27.4

Table 5.5.2 Results of distribution of air quantity in Vilafruns potash mine, January 2012, winter

Air velocity Section Flow rate Dry T. Hum. T.
Points Equival.T.(°C)
(m/s) (m?) (m®/s) (°C) °C)
1 441 39.84 175.98 5 10 9.5
2 5.15 34.34 177.04 16 10 10.6
3 0.89 31.34 27.75 22 12 13.0
4 4.60 33.04 151.65 - - 0.0
5 4.79 27.56 132.21 25 13 14.2
6 0.51 32.80 16.98 26 14 15.2
7 0.69 27.36 18.86 25 13 14.2
8 0.62 23.86 14.78 35 17 18.8
9 0.49 30.54 15.23 31 16 17.5
10 1.93 31.29 60.47 29 15 16.4
11 3.76 27.36 102.76 39 24 25.5
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5.5.3 Results of the simulation experiment

In this case, the air is used as flow medium, and the airflow is regarded as the steady flow.
According to the similarity theory, geometric similarity, kinematic similarity and dynamic
similarity should be achieved when similarity relations are established between the prototype and
the model. In the simulation experiment, the air velocity measurement is used as parameter and
reference; different valves in the simulation model are opened and closed, thus it makes the
ventilation system as much similar as that in Vilafruns potash mine. The chart of the simulated
ventilation system of the adjusted valve is shown below. Similarly, the air velocity measurements
in the laboratory are conducted twice, both in summer and winter respectively, and average value

is adopted from multi-measurements. The specific results are shown in Table 5.5.3 and Table

5.5.4.
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Figure 5.5.4 Model ventilation system and its valve control
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Table 5.5.3 Results of air velocity and volume in simulation experiment, summer, June 2011

Section T Velocity Flow
Points
(m? (°C) (mis) (mfs)

1 0.0073 25 2.62 0.0168

2 0.0073 25 2.60 0.0167

3 0.0073 25 0.43 0.0028

4 0.0073 25 221 0.0141

5 0.0073 25 1.80 0.0115

6 0.0043 25 0.47 0.0030

7 0.0043 25 0.44 0.0028

8 0.0043 25 0.44 0.0028

9 0.0043 25 042 0.0027

10 0.0043 25 0.71 0.0045

11 0.0073 25 1.40 0.0090

12 0.0073 25 1.48 0.0095

13 0.0073 25 1.86 0.0119

14 0.0073 25 230 0.0147

15 0.0073 25 0.42 0.0027

Table 5.5.4 Results of air velocity and volume in simulation experiment, winter, January 2012

Section T Velocity( Flow
Points
(md (°C) mfs) (m’fs)

1 0.0073 15 295 0.0189

2 0.0073 15 297 0.0190

3 0.0073 15 0.52 0.0033

4 0.0073 15 249 0.0160

5 0.0073 15 226 0.0145
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6 0.0043 15 0.56 0.0036

7 0.0043 15 0.46 0.0030

8 0.0043 15 0.45 0.0029

9 0.0043 15 042 0.0027

10 0.0043 15 1.00 0.0064

11 0.0073 15 1.39 0.0089

12 0.0073 15 191 0.0123

13 0.0073 15 242 0.0155

14 0.0073 15 273 0.0175

15 0.0073 15 042 0.0027

5.5.4 Comparison of the air volume

Figure 5.5.5 and Figure 5.5.6 show the results of air volume measurements in Vilafruns
potash mine and the simulation experiment model at different ventilation points in both summer

and winter.

177



1 A
| —
—a 4 /
N\ /
L\ [/
N [y
[\ [/
1 [/
I 4
| I
| /]
l /]
|/ il
(| | [] [
| | /4 |
s ., ]
]
4

Figure 5.5.5 Distribution diagram of air volume in Vilafruns potash mine

It can be deduced from the Figure 5.5.5 that the air volume in the main roadway of air inlet
and air outlet is larger than that in the other sections of the tunnel, being the maximum air flow
volume 175m*/s, and the minimum flow volume less than 10m%s. Besides, the air volume in

winter is higher than that in summer at the same ventilation point.
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Figure 5.5.6 Distribution diagram of air volume in simulation experiment

Figure 5.5.6 is the result of air volume measurements of the simulation experiment model. It
indicates the air volume in main roadway of air inlet and air outlet is higher than that in other
sections, and the air volume in winter is higher than that in summer at the same ventilation points.

It can be seen by comparing Figure 5.5.5 and Figure 5.5.6 that the distribution of air volume
in the experiment is essentially the same as the one of the mine. The air volume in the main
roadway of air inlet and air outlet is higher than that in other sections, and the air volume in winter
is higher than that in summer at the same ventilation points in both Vilafruns potash mine and the

experiment model as natural air pressure in winter exerts a positive influence on ventilation

system.
5.5.5 Air velocity pattern in Vilafruns potash mine

Figure 5.5.7 and Figure 5.5.8 are the results of the air velocity measurements in Vilafruns

potash mine and the simulation experiment model at different ventilation points in both summer
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and winter.

Figure 5.5.7 Air velocity pattern in Vilafruns potash mine

It can be seen from Figure 5.5.7 that in spite of the similarity in air volume between the main
road of air inlet and air outlet, the air velocity in air outlet is higher than that in air inlet. This is

because the drift sections of air inlet are larger than that of air outlet. Besides, the air velocity in

winter is higher than that in summer due to the effect of natural ventilation.
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Figure 5.5.8 Air velocity pattern of the simulation experiment

It can be observed from Figure 5.5.8 that the air velocity in winter is higher than that in
summer, the minimum air velocity is 0.51m/s, it indicates the airflow in the experiment is in
turbulent state, and kinematic and dynamic similarity are achieved. However, under the
circumstance where air volume is identical, the air velocity in the air inlet is higher than that in the
air outlet. There are two reasons for this: First, most drift sectional areas are the same in each
tunnel of the model (0.0073m? o 0.0043m?); second, the fact that many of the drift sections in the
simulation model are right-angled and that results into excessive frictional restriction in the
tunnels.

If a statistical analysis is performed, the following conclusion can be obtained that the U of
Mann-Whitney test has a p-value of 0.1645 and 0.0851for the test between real velocity and
velocity of model in summer. Since the p-value is not lower than the chosen confidence level of
0.05, it can be considered that there is insufficient evidence to reject the null hypothesis. Therefore,
the comparisons indicate with a confidence level of 0.05 that a difference between air velocities in
summer and winter versus the velocities of the model does not exist.
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The comparison of Figure 5.5.7 and Figure 5.5.8 indicates that the air velocity in the
simulation model is able to basically reflect the air velocity pattern in Vilafruns potash mine, and
it also simulates the same situation that the air volume and velocity in winter are higher than that
in summer respectively. This means the establishment of the simulation ventilation model is valid
and success, it can be used in simulating non-coal mine ventilation system, and the experimental

results are accurate and correct.
5.6 Validation test of simulation model based on coal mine ventilation system

5.6.1 Overview of Shaqu coal mine

Liliu mining area, located in Shanxi province, China, contains 15 coal seams with the
average thickness of 2.45m (Table.5.6.1). Coal seam #4 in Shaqu coal mine with large gas content
(approximately reaches up to 30m>/t) has created severe difficulties in mine safety and production.
The working face length and the strike length of coal seam #4 are 200m and 950m respectively.

Extracting method is longwall retreating extraction with U-type ventilation system.

Table 5.6.1 Characteristic of the coal seam

Seam No. #4
Average coal seam 1.82.-3.08
thickness (m) 2..45
48.55-63.35
Seam spacing (m)
55.95
Seam structure Complicated
Roof Sand, sandy mud and rock
Floor Sand, sandy mud and rock
Workability All minable
Stability Stable

It is obtained that gas drainage quantity of 14205 working face of coal seam #4 can

approximately reach up to 100 m*min (Table 5.6.2). A number of gas drainage methods have
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been performed by Shaqu coal mine for the purpose of mine safety. However, the results of goaf

gas drainage have been far from satisfactory.

Table 5.6.2 Basic gas parameters in Shaqu coal mine

Gas Permeability Attenuation
Gas content Emissions

Layer pressure coefficient coefficient
(m3h) (m3/100m)

(MPa) (m?/MPa’ « d) (100d™)
Coal Seam 2# | 0.99~1.03 | 7.92~8.10 4085~4346 0.02~0.028
Coal Seam 3# | 1.11~1.18 | 9.70~10.06 4433~5068 0.02~0.025
1.577~3.999
Coal Seam 4# | 1.52~1.57 | 7.30~17.82 | 21648~24490 0.01~0.016
Coal Seam 5# | 2.20~2.40 | 10.84~20.15 | 24350~27180 0.01~0.019

A great deal of gas fails to extract, but has directly flow into the goaf instead, which
constantly leads to the overrunning of gas concentration in upper corner (Table 5.6.3). This exerts
a negative influence in mine safety and working schedule. Gas emission of Shaqu coal mine
involves various physical and human factors including the geological conditions, the degree of
strata destruction, permeability of the coal seam, the scale coal occurrence, mine ventilation

quantity and method of the mining activities, etc.

Table 5.6.3 Measured results of gas concentration in coal seam #4

Gas composition (%) Gas content
Sampling places Depth (m) ,
CH,4 CO, N> C,-Csg (m°/t)
Air outlet tunneling point (10m) 400 50.30 1.59 7.96 0.15 6.08
Between air outlet and air
450 53.02 3.34 3.43 0.21 7.50
connection tunnel (60m)
Shaft station 2 and intersection
515 56.66 0.87 2.40 0.07 8.20
east (18m)
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5.6.2 Gas emission sources

Gas discharge involves various physical factors including the geological conditions, coal
occurrence, mining technology and time, etc. The majority sources of coal strata gas, which can be
directly discharged into the underground field, are deprived from coal seams (trapped in various
surfaces of coal), porous sandstone, fracture networks, joints, faults, and gas pockets (dissociate
gas). The amount of gas discharge is greatly influenced by various factors, including the degree of
strata destruction, permeability of the coal seam, the scale and method of the mining activities,
mine ventilation quantity, etc.

Mining activities disturb existing stress equilibration in the rock mass and create variations to
the structural attribute of the affected strata. The fracture process zones are opened and developed
by existing and mining-induced fractures. A mass of gas discharge can be expected from the coal
mining and strata of loose floor and roof. The specific places where coal seam loose occurred are
determined by multiple factors including physical properties of seam system, the geometry of the
longwall panel, the volume of the trapped gas sources, and the destructive condition of the relaxed

zone. Figure 5.6.1 shows the sources of gas emission from different parts of coal mine.

Sources of Gas Emission

Fallen Coal Gas Goaf Gas Coal Wall Gas
Surrounding Un-mining Lost Adjacent
Rocks Coal Coal Layers

Figure 5.6.1 Sources of gas emission

As a matter of fact, the highest gas emission deprives from working face and goaf since it
constantly and alternately destruction and re-compaction. Therefore, the most effective and
accurate gas drainage borehole can be expected to pave in this zone. Based on problems
mentioned above, multiple research methods will be adopted to determine the most effective gas
drainage zone (gas emission zone). The numerical simulation experiments and laboratory method
was combined with core data, including thickness, depth and inclination of major coal and
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non-coal formations, and obtained from field measure.
Mining strata pressure and movement theory point out that the working face and goaf
consists of three parts: coal wall support area, rock separation area and the re-compaction area

(Figure 5.6.2).

Re-compaction

area ]

’of

._;I \

Coal and rock LY Y
separation area -

P 7 ',4':\{"\‘ X

e AL

VAT 12AS

Coal wall /8 4 W\

support area 7 = YRS \‘\\
AWATAA

Bending zone

Fracture zone 2,

Fracture zone 1

Caving zone

Figure 5.6.2 Cross-section of goaf area

The coal wall support area rapidly changes when the mining activities are performed. The
re-compaction area has compacted completely; both of them are not in favor of gas drainage. Rock
separation area where exists an amount of fracture space is the ideal and effective gas drainage
zone. Similarly, rock stratum from top to bottom is divided into 3 parts: caving zone, fracture zone
and bending subsidence zone (Figure 5.6.2). As a matter of fact, it is extremely difficult to
excavate gas drainage borehole in both caving zone and bending subsidence zone. Fracture zone
where exists a mass of fissuring area obviously is the more reasonable and effective gas drainage

Zone.
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5.6.3 Simulation experimental results of U-type ventilation system

The most common and effective method to control air flow to the goaf area in a longwall
panel is the U-type ventilation system (Figure 5.6.3). In this system, the air is brought up to the air
inlet, across the working face, and down the air outlet. This system is widely used in mines with
low-concentrated gas in mining industry around the world because it is economical and easy to
design and build. However, when working areas in underground mines become farther and deeper
where more high-concentrated gas is released, U-type ventilation system will not be able to offer

enough fresh air for miners and to dilute the high-concentrated gas in the working face.

Figure 5.6.3 U-type ventilation system (one air inlet and one air outlet)

The variation and flow process of trace gas in U-type ventilation system is recorded in the

simulation model, as is shown in the Figure 5.6.4 - Figure 5.6.8. The air velocity of air inlet is 1.5

m/s, and the pressure of air outlet is 90kPa.
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Figure 5.6.8 Goaf gas flow process of U-type ventilation system

It can be seen from these figures that high-concentrated gas is mainly gathered in the upper
corner of the working face. It sharply increases from the working face to the deeper goaf area and
then tends to be steady. The gas concentration gradually augments from the working face floor to
the roof. Moreover, the gas concentration of the air outlet side is higher than that of the air inlet
side due to factors such as air leakage and air pressure difference.

The average gas concentration in 64 different points of goaf area is obtained from multiple

measurements during the experiments. The results are shown in Table 5.6.4.

Table 5.6.4 Results of gas concentration (%) in the simulation goaf (U-type ventilation system)

Distance from the working face/cm

From air outlet/cm 27 81 135 189 243 297 351 405
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26 6.39 9.88  38.44

78 10.77 1576 41.76
130 1437 14.89 37.65
182 1282 12.39 33.82
234 1045 11.69 30.47
286 7.78 11.38 27.72
338 4.15 10.83 25.98
390 3.09 9.98 22.87

43.44 6345 67.75 68.88 70.02

56.58 64.15 65.21 66.62 69.63

5459 62.01 6354 65.65 64.92

5292 60.13 6289 63.95 63.53

50.12 58.86 61.87 6296 61.98

4251 5598 61.09 6153 61.12

3533 5124 55.68 58.83 60.23

3494 48.72 52,65 56.32 59.73

Table 5.6.4 shows that the gas concentration of the air inlet (3.09%) is lower than that of the
air outlet (6.39%), with the difference of 3.3%. This demonstrates that high-concentrated gas
mainly gathers in the working face, and the U-shaped ventilation system is not able to offer
enough fresh air to dilute it. Figure 5.6.9 indicates the variation and the rule of gas flow and gas
concentration in the U-type ventilation system model. Specifically, the average gas concentration
is around 8.73% (27cm from the working face and the upper corner), and it rapidly increases to

32.34% when the measuring point is 135cm from the working face, then hovers at 58.07% from

243cm to 405¢cm.

——Distance from air outlet (26cm)

Distance from air outlet (130cm)
——Distance from air outlet (234cm)
——Distance from air outlet (338cm)

—m-Distance from air outlet (78cm)

Distance from air outlet (182cm)
—e—Distance from air outlet (286cm)
——Distance from air outlet (390cm)

80

70

Gas concentration (%)

135 189

243 297 351 405

Distance from the working face to deep goaf (cm)

Figure 5.6.9 Measured results of goaf gas distribution rule with U-type ventilation system
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Another simulation experiment is conducted by increasing the velocity of the air inlet to 2.0
m/s. The measured result manifests that the high-concentrated gas slightly moves from the
working face to the deeper goaf. However, the problem of over-limit gas at working face and the
upper corner cannot be totally resolved by greatly increasing the air volume and accelerating the
air velocity. Instead, it should be incorporated with manifold technological means of gas control
and prevention. Therefore, U+L-type ventilation system with two air inlets and one outlet could be

an effective solution.

5.6.4 Simulation experimental results of U+L-type ventilation system

U+L-type ventilation system, consisting of two air inlets and one air outlet (Figure 5.6.10),
accelerates the gas emission, diffusion and flow, balances the air pressure of upper corner,
restrains the gas emission of upper corner, and compels the high-concentrated gas to flow over
into the air outlet. Finally, it lowers the gas concentration of local areas, and effectively resolves
the difficulties of gas over-limit of the working face. In addition, the total air volume in the

working face has significantly increased as the fresh air is constantly offered from two air inlets.

m%%%é
S OSSO
s egyegyegy.
e e

(S o O]

FOCO-O-®,

T o )2

(S

Figure 5.6.10 U+L-type ventilation system (two air inlets and one air outlet)

The flow process of gas in U+L-type ventilation system is recorded in the simulation model,
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as is shown in Figure 5.6.11 - Figure 5.6.15. The air velocity of inlet is 1.5 m/s, and the pressure

of outlet is 90kPa.

Figure 5.6.12 Goaf gas flow process of U+L-type ventilation system
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Figure 5.6.15 Goaf gas flow process of U+L-type ventilation system
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From these figures we can see that the high-concentrated gas moderately moves to the deeper
goaf rather than gathering in the working face and upper corner. Average value is obtained from

multiple measurements and the results are shown in Table 5.6.5.

Table 5.6.5 Average gas concentration (%) in simulation goaf (U+L-type ventilation system)

Distance from the working face/cm

From air outlet/cm 27 81 135 189 243 297 351 405
26 4.24 6.16 33.39 4216 64.12 66.53 68.26 69.52
78 9.16 12.67 3693 57.84 63.87 64.76 67.14 68.61
130 11.25 1181 3211 5238 61.89 63.22 64.15 65.08
182 10.19 1076 27.39 5191 59.15 6235 63.71 63.17
234 8.34 10.31 33.67 55.99 5762 6268 6296 62.15
286 5.97 10.12 29.88 4138 54.78 60.61 61.33 61.07
338 3.13 10.94 2746 36.22 50.87 5491 57.76 59.39
390 2.99 952 2439 3587 4938 5319 57.16 58.84

Table 5.6.5 shows that the gas concentration of the air inlet (2.99%) is lower than that of the
air outlet (4.24%). This is because the air leakage and the pressure difference, and the difference
between the two of them is only 1.23%, which is less than that of U-type ventilation system
(3.3%). This indicates that high-concentrated gas not only gathers in the upper corner, but moves
to the deeper goaf area as well, and it is able to be diluted by offering more fresh air from the two
air inlets of U+L-type ventilation system. Besides, the gas concentration also gradually augments
from the working face floor to the roof. Figure 5.6.16 demonstrates the variation and the rule of
gas flow and gas concentration in the U+L-type ventilation system model. To be specific, the
average gas concentration is around 6.91% (27cm from the working face and the upper corner),
and it also rapidly rises to 30.65% when the measuring point is 135cm from the working face, then

hovers at approximately 57.71% from 243cm 405cm.
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Figure 5.6.16 Measured results of goaf gas distribution rule with U+L-type ventilation system

Another simulation experiment has been conducted by increasing the velocity of the air inlet
to 2.0 m/s. The measured result manifests that the average gas concentrations of the three main
measured lines of goaf are approximately 6.74% (27cm from the working face), 30.29% (135cm
from the working face) and 57.65% (243cm from the working face) respectively. Therefore, the
gas concentration of the working face and goaf area declines by increasing the velocity of the air

inlet and changing from the U-type ventilation system to U+L-type ventilation system.

5.6.5 Comparison between U-type and U+L-type ventilation system

The comparisons of the simulation results demonstrate the goaf gas distribution and
movement rules are similar in both U-type ventilation system and U+L-type ventilation system.
However, in the case of the U-type ventilation system, a large amount of high-concentrated gas
constantly flows into the upper corner due to the air leakage, air pressure difference and other
factors. By contrast, U+L-type ventilation system is made up of two air inlets and one outlet; it
accelerates the gas emission, diffusion and flow, balances the air pressure of the upper corner,
restrains the gas discharge of the working face and compels the high-concentrated gas to flow into
the air outlet. Therefore, the gas concentration in the working face, upper corner and other local

areas are diluted and lowered.
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Figure 5.6.17 Comparison of goaf gas concentration between U-type ventilation system and

U+L-type ventilation system (27cm from the working face)

It can be clearly seen from Figure 5.6.17 that the gas concentration of U-shaped ventilation
system (8.73% on average) is higher than that of U+L-type ventilation system (6.74%) when the
measure line is 27cm from the working face. Besides, the gas concentration has dropped by 1.99%
after increasing the velocity of the air inlet and changing the ventilation network. To be specific,
in the case of U-type ventilation system, the lowest measured gas concentration point lies in the
air inlet, then it gradually increases and peaks at the point that is 130cm from the air outlet
(14.37%). Finally it decreases to 6.39% at the measured point of air outlet. In the case of
U+L-type ventilation system, the lowest measured gas concentration point also lies in the air inlet,
and then it reaches the highest point that is 130cm from the air outlet (11.25%). Finally it

decreases to 4.24% at the measured point of air outlet.
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Figure 5.6.18 Comparison of goaf gas concentration between U-type ventilation system and

U+L-type ventilation system (81cm from the working face)

Figure 5.6.18 shows that the gas concentration of U-type ventilation system (12.1% on
average) is higher than that of U+L-type ventilation system (10.29%) when the measure line is
81cm from the working face. This indicates the gas concentration has dropped by 1.81% after
increasing the velocity of the air inlet and changing the ventilation network. Specifically, in the
case of U-type ventilation system, the lowest measured gas concentration point lies in the air inlet,
then it rises and reaches the highest point that is 78cm from the air outlet (15.76%). Finally it
decreases to 9.88% at the measured point of air outlet. In the case of U+L-type ventilation system,
the lowest measured gas concentration point locates in the air outlet (6.16%), and then it peaks at
the point that is 78cm from the air outlet (12.67%). Finally it drops to 9.52% at the measured point

of air inlet.
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Figure 5.6.19 Comparison of goaf gas concentration between U-type ventilation system and

U+L-type ventilation system (135cm from the working face)

It can be seen from Figure 5.6.19 that the gas concentration of U-type ventilation system
(32.34% on average) is higher than that of U+L-type ventilation system (30.65%) when the
measure points are 135cm from the working face. This indicates that the gas concentration has
dropped by 1.69% after increasing the velocity of the air inlet and changing the ventilation
network. Specifically, in the case of U-type ventilation system, the lowest measured gas
concentration point lies in the air inlet, and then it gradually increases and peaks at the point that is
78cm from the air outlet (41.76%). Finally it decreases to 22.87% at the measured point of air inlet.
In the case of U+L-type ventilation system, the lowest measured gas concentration point lies in the
air inlet, and then it reaches the highest point that is 78cm from the air outlet (36.93%). Finally it
decreases to 24.39% at the measured point of air outlet. It also can be clearly seen from Figure
5.6.19 that the gas concentration of U+L-type ventilation system is higher than that of U-type
ventilation system within 190cm from the air outlet. This is because one of the gas outlet gates lies
in that area and the fresh air coming from the special air inlet also pushes the high-concentrated

gas into that area.
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Figure 5.6.20 The most effective gas extraction spots

Obviously, the over-limit of gas in the working face and goaf area of the simulation model is
effectively controlled by increasing the velocity of the air inlet and changing the ventilation
system from U-type to U+L-type. The gas concentration of the upper corner has declined from
6.39% to 4.24%. Combined with Figure 5.6.11 - Figure 5.6.15 and Table 5.6.5, it can be
concluded that the most effective gas extraction spot constantly varies with the area where mining
activities are performed. As is shown in Figure 5.6.20, it mainly locates in coal and rock
separation area of 27cm - 243cm (between working face and deep goaf), 28cm - 42cm (between

the working face floor to the roof) and 78cm - 182cm (between air inlet and air outlet).

5.7 Results comparison between numerical simulation and laboratory simulation

In order to verify the validity of establishment of the simulation models (both numerical one
and laboratory one) and the reliability of the simulation experiments, the results between
numerical experiments and laboratory experiments are compared, discussed and concluded.

Numerical simulation experimental comparison results between U-type ventilation system
and U+L-type ventilation systems indicate that goaf gas distribution rules are similarly applied
under both systems. Moreover, the over-limit of gas content in the working face, upper corner and
goaf is effectively resolved by changing the ventilation system from U-type to U+L-type.
Particularly, the gas content of the upper corner decrease from 10% to around 4%. On the other
hand, the same similar results can be found in the laboratory simulation experiments. The gas
concentration of the upper corner has declined from 6.39% to 4.24% after the ventilation system
has been changed from U-type to U+L-type.

Under the circumstances of numerical simulation experiments, the results demonstrate that
the most effective gas extraction spot constantly varies with the area where mining activities are
performed. It is mainly located in the area of 40m - 250m (between working face and deep goaf),
30m - 40m from the working face floor (along the vertically direction, distressed and fracture
zone), and approximately 60m - 170m (between air inlet and air outlet). On the other hand,
laboratory simulation experiments indicate the similar conclusion that the most effective gas

extraction spot constantly varies with the area where mining activities are performed, and it
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mainly locates in coal and rock separation area of 27cm - 243cm (between working face and deep
goaf), 28cm - 42cm (between the working face floor to the roof) and 78cm - 182cm (between air
inlet and air outlet).

It can be conclude that the similar gas distribution rule and migration law of numerical

simulation experiments are found in laboratory simulation experiments.
5.8 Chapter conclusion

(1) A brief introduction of similarity theories is presented.

(2) Based on the real condition of working face #14205 of coal seam #4 of Shaqu coal mine,
a laboratory simulation model of ventilation system and goaf is established, the simulation
experimental devices are selected, and the relevant parameter and boundary conditions are
determined.

(3) The laboratory simulation experiments are conducted based on both of U-type ventilation
system and U+L-type ventilation system, and then the gas distribution rule and migration law of
working face and goaf are obtained.

(4) The comparison between U-type ventilation system and U+L-type ventilation system
shows that goaf gas distribution rules are similarly applied under both systems. Obviously, the
over-limit of gas content in the working face is effectively resolved by changing the ventilation
system from U-type ventilation system to U+L-type ventilation system. Specifically, the gas
concentration of the upper corner has declined from 6.39% to 4.24%.

(5) The laboratory simulation experimental results show that the most effective gas extraction
spot constantly varies with the area where mining activities are performed. It is mainly located in
the area of 40m - 250m (between working face and deep goaf), 30m - 40m from the working face
floor (along the vertically direction, distressed and fracture zone), and approximately 60m - 170m
(between air inlet and air outlet).

(6) The similar gas distribution law and migration rule of numerical simulation experiments

are found in laboratory simulation experiments.
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6 Gas distribution, migration, drainage design and field measured

6.1 Overview

This chapter describes contents concerning the field gas distribution and migration
measurement, gas drainage design and measured results of gas drainage rate in the working field.
The first part discusses gas concentration distribution rule of Shaqu coal mine, and provides a
measured results of actual gas concentration in 25 different measuring points in the working face.
The second part provides an introduction to the gas migration rule of working face and goaf, and
analysis field measured results of gas concentration of Shaqu coal mine. The next part offers an
analysis of the necessity and feasibility of gas drainage of Shaqu coal mine. The fourth part
provides the gas drainage design project, layout and technical parameters based on the simulation
results of numerical experiments and laboratorial experiments. The last part offers gas drainage
rate of special gas drainage tunnels, the upper corner and the air inlet based on U-shape ventilation

system and U+L-shape ventilation system as well as the analysis of gas drainage rate and results.
6.1.1 Gas drainage challenges

The fundamental purpose of gas drainage is to capture high-purity gas at its source before it
can enter mine airways. For regulatory purposes, the quantity of gas released into the air flow
must not exceed the capacity of the ventilation air used to dilute gaseous pollutants to mandated
safety levels; however, there is a strong case for maximizing gas capture to achieve enhanced
safety, environmental mitigation, and energy recovery (United Nations, 2010).

Many gas capture methods are applied around the world. Taking unsuitable methods or poor
implementation of those methods will result in low gas drainage capture efficiencies and excessive
ingress of air-producing flows of low-concentration gas. When these gases are in or near the

explosive range during release, transport and use, they will create hazards (United Nations, 2010).
6.1.2 Worldwide gas drainage practices
Differing geological and mining conditions in the coal basins around the world have resulted
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in the development of different gas drainage techniques. Gas drainage methods are conventionally
classified as involving either pre-drainage or post-drainage techniques (SukSang et al., 2013).
Pre-drainage involves capturing gas from the coal seam o adjacent layers to be worked before
mining activities, while post-drainage involves removing all types of hazardous gases released
from coal seam or surrounding seams as a result of the strata movement, relaxation, and increased
permeability induced by mining activities (United Nations, 2010).

(1) Pre-drainage Basics

Pre-drainage is an important means of removing gas flow directly from the coal working face
and seam, and it can be significant when the coal seam being retrieved is the dominant gas
emission source. Besides, pre-drainage is necessary for controlling, preventing and reducing gas
outburst hazards in many gassy coal mine all over the world. Due to the gas drainage is performed
before mining activities, the gas collection networks are not likely to be affected and disturbed by
ground strata movement, and then if feasible, relatively high purities of gas can easily be retrieved
(Liu et al., 2011). Gas drainage from blocks of coal ahead of mining usually creates continuous
gas flows of high concentration, offered that the permeability and gas concentrations of the coal
bed and coal seam are sufficient to allow important gas flow. Essential gas flows into virgin
headings are indicative of medium-to high-fracture permeability and present potential for both
effective pre-drainage and gas utilization (United Nations, 2010).

Coal permeability directly affects the time required to sufficiently drain the coal seam. The
lower the coal’s permeability, the more time is needed to drain gas to reduce coal seam gas
content to a required average value. Alternately, the lower permeability coals require a greater
number of boreholes needed to achieve the desired methane levels in advance of mining. The
available time for degassing and the cost of the drilling operation determines the ultimate
feasibility of pre-mine degasification under site-specific conditions (United Nations, 2010).

(2) Post-drainage Basics

Many coal basins around the world, with the low permeability of the coal bed and seams
(<0.1 mD) and geologic characteristics of the seams (e.qg., soft coals, faulting) are not conducive to
pre-drainage techniques. As shallow reserves are mined out and mining moves to deeper seams in
many mining countries, this become even more common (Zhou et al., 2014). Any effective gas
drainage in these coal basins relies on the fracturing and permeability enhancement caused by the
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caving of the strata as the coal is progressively mined. Post-drainage methods involve intercepting
gas released by activities of mining disturbance before it can access to a mine airway and
obtaining enter the zone of disturbance above, and also sometimes below, the worked coal bed and
seam (United Nations, 2010).

Where there are one or more coal seams above or below the worked seam, gas emissions
from these sources can significantly exceed emissions limit from the worked seam depending
primarily on net coal thickness and gas content of these seams (Sang et al., 2010). Therefore,
much higher quantity gas flows can often be drained using post-drainage techniques compared to
pre-drainage methods. Ensuring sufficiently high gas concentrations for efficient drainage and safe
utilization requires careful design and management of the drainage networks. The greater the
incidence of coal in the gassy working coal seam roof and floor, the more significant
post-drainage becomes (United Nations, 2010; Karacan, 2014). There are three wide-used
post-drainage methods.

The first one is Guided Horizontal Boreholes. Drilled from a air way or specially prepared
drilling galleries. Boreholes can be drilled into surrounding strata that will relax as the working
face retreats. The relaxing adjacent layers produce gas into areas acting as pathways and collection
points for gas as it migrates upward (United Nations, 2010; Karacan, 2014).

The second one is Cross-measure Boreholes. Drilled in various configurations and designed
to drain roof and floor rock strata as it relaxes in response to de-stressing caused by coal mining.
One set is drilled before the retreating longwall face into the overlying roof rock behind the
coalface. This type tends to perform better than those drilled before performing mining activities,
as they invariably suffer damage as the face passes strata after the working face has already
formed (United Nations, 2010). In general, cross-measure boreholes drilled behind the longwall
working face achieve higher capture efficiencies and maintain higher gas concentration than those
drilled in front of the coal face. However it is imperative to maintain the entry behind the face by
building pack walls, and in some cases to also form a seal against the goaf. Seals on the goaf side
of the open air way behind the face serve to enhance roadway support and isolate the goaf from air
ingress to minimize the spontaneous combustion risk (Karacan, 2014).

The last one is Surface Goaf Boreholes. It drilled from the surface into the upper limits of the
goaf, and it usually in advance of mining activities. These boreholes are drilled so that the lower
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portion of the hole drains gas that migrates upward from underlying relaxed and broken strata. The
boreholes are usually operated under a partial vacuum. Care must be taken that the suction is not
excessive as to draw in large amounts of mine air and dilute the gas purity below 30%. When the
purity drops below 25% to 30%, these goaf holes must be shut in (United Nations, 2010; Karacan,

2014).

6.1.3 Design considerations for gas drainage systems

The capacity of a gas drainage network should be designed to accommodate the maximum
expected captured gas mixture (methane and air) flows from all sources in the mine, including
working faces, exhausted faces from which material and equipment are removed, dumped zones
and goaf area.

The expected quantity of produced gas can be estimated using a gas prediction method. The
highest flow that has to be transported through the piping system is given by the highest expected
captured gas flow with the lowest gas concentrations likely to arise during normal operations. The
resulting flow rate should be within the network’s planned capacity when all the pumps are
operating (Krishna et al., 2014).

Gas quality is a design feature of the gas drainage network, not an inherent or natural
characteristic. Gas concentration of less than 30% methane in air should be considered
unacceptable for both safety requirements and efficiency reasons. The maintenance of gas
concentration in underground gas drainage systems rely on the quality of borehole sealing,
including proper installation of standpipes, the systematic regulation of individual boreholes, and
the suction pressure applied at the surface extraction plant. Increasing suction in an effort to
increase gas flow will introduce more air and hence reduce the gas concentration (United Nations,
2010; Karacan, 2014). Conversely, reducing suction will reduce the total mixture flow but
improve gas concentration. Most importantly, suction and flow at the surface plant should only be
adjusted with a full knowledge of the underground status and while maintaining communication
with the longwall ventilation supervisors.

When planning, implementing, and managing a gas drainage system, many factors should be

taken into account (United Nations, 2010; Karacan, 2014):
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= Safety of enter for drilling, controlling and regulation.

* Ground stability and essential support systems to stabilize boreholes.

* Gas drainage borehole configurations, with consideration given to differences between the
expected performance of roof and floor post-drainage boreholes.

* Drainage capacity, pipe diameters, extraction pump, and infrastructure requirements.

* Location, installation, and commissioning of the drainage pipe network.

* Water traps and dewatering facilities.

* Operational control and maintenance of the drainage system and infrastructure.

* Monitoring of boreholes, pipe networks, and the surface extraction plant.

* Protection of gas drainage pipes from crushing behind longwall retreat faces.

6.1.4 Underground gas pipeline infrastructure

GRP pipelines are relatively brittle and should not be used in coal-production districts;
however, their ease of handling and installation, compared with steel pipe, makes them the
preferred material for the main trunk lines (United Nations, 2010).

Where space is restricted and the line might be vulnerable to physical damage (e.g., from
roadway deformation or free-steered vehicles), steel pipe should be used and connected using
proprietary flexible joints to allow movement (Honegger and Wijewickreme, 2013).

PE pipe is used in some mining countries, but high temperature fusion of these pipe joints or
segments underground should be avoided. Safety regulators in some mining countries allow this
practice in well ventilated areas under supervision of qualified mine safety personnel, whereas in
other countries, it is deemed unacceptable. In addition, a conductive medium is essential to reduce
risk of static discharge (Ye et al., 2012).

Regardless of material choice and positioning, underground pipe systems are vulnerable to
damage even in the most regulated mines. The principal potential source of damage is mining
materials and equipment, including mineral conveyors, rope haulage systems, locomotives and
their loads, and blasting activities (Karacan, 2014).

There is also the potential for damage from strata movement and roof collapse. The gas

drainage system should therefore be designed and operated with the premise that there is a finite
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risk of integrity failure.

6.1.5 Monitoring of gas drainage systems

Manual or intelligent remote monitoring systems should be used to determine the
effectiveness of the gas drainage system. Controlling and monitoring quality depends on the
sensors’ reliability, positioning, maintenance, calibration, and use (Thomas et al., 2012).

Measurements are needed at individual boreholes, in gas drainage pipe-work, and at the
surface gas extraction plant that houses the pumps that draw the drained gas out of the mine.
Parameters to be monitored include mixture flow, gas concentration, gauge pressure, and
temperature (Karacan, 2014). Barometric pressure should also be recorded to facilitate
standardization of flow data. In some cases, gas being drained or emitted into the mine workings
may contain other components such as moisture, sulphur compounds, or heavier gaseous
hydrocarbons (e.g., ethane or propane) that may cause inaccurate measurement of gas. Care
should be taken to design a monitoring and measurement program capable of correcting for any
additional constituents so that accurate measurements are ensured. Monitoring should be used to
assess the actual performance of the installed system against the original design concept (United

Nations, 2010).
6.2 Gas distribution rule of working face and field measurement results

6.2.1 Layout of measuring points in the working face

In order to fully understand the gas emission law in the working face and goaf, present the
scientific and representation of the test findings and truly reflect the practical situation of gas in
the working face, observation stations are set every 45 meters along the working face, with 5
measuring points evenly arrange between the coal wall to goaf (along the working face) in each
station. A total of 25 measuring points are set, and 2 measuring points are respectively set 15
meters from the air inlet to air outlet. The arrangement of the measuring points is shown in Figure
6.2.1. When measuring the concentration distribution of gas in the working face, time is selected
when the coal cutter cuts the coal the first time (coal cutter at air inlet) and when maintenance shift

is on duty, as at that point the working face is relatively stable and not affected by coal cutting.
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Figure 6.2.1 Layout of measuring points in the 14205 working face of Shaqu coal mine

6.2.2 Gas concentration distribution along the working face

According to gas measurements data Table 6.2.1 and Table 6.2.2 of production shift and

maintenance shift of the 14205 working face, gas concentration distribution pattern along the

working face is drawn as in Figure 6.2.2 and Figure 6.2.3.

Table 6.2.1 Measurements of gas concentration distribution of the 14205 working face on

production shift
Point 1 Point 2 Point 3 Point 4 Point 5
Test position
Gas Gas Gas Gas Gas
(hydraulic
concentration | concentration | concentration | concentration | concentration
support)
(%) (%) (%) (%) (%)
Support 10 0.81 0.76 0.75 0.8 0.88
Support 40 0.63 0.58 0.55 0.57 0.67
Support 70 0.40 0.36 0.32 0.34 0.39
Support 100 0.25 0.22 0.19 0.19 0.20
Support 130 0.15 0.13 0.11 0.10 0.11
Air inlet 0.06
Air outlet 0.78
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Table 6.2.2 Measurements of gas concentration distribution of the 14205 working face on

maintenance shift

Point 1 Point 2 Point 3 Point 4 Point 5
Test position
Gas Gas Gas Gas Gas
(hydraulic
concentration | concentration | concentration | concentration | concentration
support)
(%) (%) (%) (%) (%)
Support 10 0.76 0.69 0.68 0.73 0.79
Support 40 0.56 0.53 0.50 0.54 0.60
Support 70 0.45 0.39 0.37 0.40 0.42
Support 100 0.33 0.30 0.28 0.28 0.29
Support 130 0.24 0.23 0.21 0.20 0.21
Air inlet 0.04
Air outlet 0.72
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Figure 6.2.2 Gas concentration distribution along 14205 working face on production shift
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Figure 6.2.3 Gas concentration distribution along 14205 working face on maintenance shift

Studies suggest that gas concentration in the mining face increases from inlet airway to return
airway. The range of variation of gas concentration decreases from inlet airway to the central
section of the mining face, while gas concentration increases rapidly from the central section of
the mining face to the upper corner of the return airway, and gas concentration reaches the highest
at 30m from the return airway. The reason is that when airflow goes through the stope from the
inlet side, a part of it leaks into goaf from the central section of the mining face, and then comes
back to the working face with high-concentrated gas in goaf, which increases the gas
concentration in the working face. It is indicated in practical researches that the reason of gas at
upper corner exceeding limit easily is when airflow goes back from goaf, a great deal of gas is

brought to the return corner and thus the gas concentration at the upper corner increases.

6.2.3 Distribution of gas concentration in vertical direction of coal wall

Distribution diagrams of gas concentration in vertical direction of coal wall are made based
on the gas measurements in the 14205 working face on production shift and maintenance shift, as

shown in Figure 6.2.4 and Figure 6.2.5.
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Figure 6.2.4 Distribution of gas concentration in 14205 working face in vertical direction of coal

wall on production shift
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Figure 6.2.5 Distribution of gas concentration in 14205 working face in vertical direction of coal

wall on maintenance shift

Research shows that gas concentration appears to be high, relatively high, low, relatively
high, and high respectively from coal wall to goaf (stand tail), that is, between the coal wall and
goaf there is a spot where gas concentration is the lowest, and it locates differently in the mining
face in different situations. In U-type ventilation the high-low-high situation is more obvious
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whereas it is less obvious in U+L-type ventilation.

It is believed that in the high-low-high situation, the spot where the gas concentration is the
lowest is the demarcation point of gas emission of coal wall and goaf. According to the
experimental and observational data, in U+L-type ventilation, gas emission volume from goaf to
the working face is smaller that that in U-type ventilation. The reason is gas emission from goaf is
split by “L” lane. It can also be seen that gas at the upper corner has higher concentration and it is
the main channel through which gas flows into the mining face from goaf. Therefore, the
emphasis on gas governance in the working face is the prevention of gas overrun at the upper

corner.

6.2.4 Vertical distribution of gas concentration in the 14205 working face

Based on the gas spatial measurements of the 14205 working face on production shift and

maintenance shift Table 6.2.3 and Table 6.2.4, spatial distribution of gas concentration is made in

Figure 6.2.6 and Figure 6.2.7.

Table 6.2.3 Data sheet of spatial distribution of gas concentration in the 14205 working face on

production shift

Point 1 Point 2 Point 3 Point 4 Point 5
Test position
Gas Gas Gas Gas Gas
(hydraulic
concentration | concentration | concentration | concentration | concentration
support)
(%) (%) (%) (%) (%)
Top 0.75 0.74 0.72 0.75 0.83
Support
Middle 0.73 0.71 0.70 0.74 0.80
5
Bottom 0.74 0.72 0.7 0.73 0.79
Top 0.40 0.38 0.35 0.38 0.41
Support
Middle 0.39 0.38 0.36 0.38 0.40
65
Bottom 0.41 0.39 0.37 0.38 0.42
Support Top 0.16 0.13 0.11 0.12 0.12
125 Middle 0.15 0.14 0.12 0.11 0.13
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Table 6.2.4 Data sheet of spatial distribution of gas concentration in the 14205 working face on

maintenance shift

Test position Point 1 Point 2 Point 3 Point 4 Point 5
(hydraulic Gas Gas Gas Gas Gas
support) concentration | concentration | concentration | concentration | concentration
(%) (%) (%) (%) (%)
Support Top 0.73 0.67 0.69 0.73 0.79
5 Middle 0.74 0.68 0.69 0.73 0.76
Bottom 0.72 0.64 0.66 0.71 0.75
Support Top 0.51 0.47 0.44 0.47 0.49
65 Middle 0.52 0.45 0.44 0.47 0.49
Bottom 0.53 0.45 0.43 0.46 0.48
Support Top 0.27 0.24 0.23 0.22 0.24
125 Middle 0.28 0.25 0.22 0.22 0.23
Bottom 0.25 0.23 0.21 0.22 0.22
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Figure 6.2.6 Spatial distribution diagram of gas concentration in the 14205 working face on
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Figure 6.2.7 Spatial distribution diagram of gas concentration in the 14205 working face on

maintenance shift

Studies indicate that the variation of gas concentration distribution gets smaller from upper
airway to the central section whereas the variation is large at tail gateway. It is mainly because
when airflow goes through the stope from the inlet side, a part of it leaks into goaf from the central
section of the mining face, and then comes back to the working face with high-concentrated gas in
goaf, which increases the gas concentration in the working face and results in the huge variation of
the gas concentration in spatial distribution. It is indicated in both theory and practice that when
airflow goes back from goaf, a great deal of gas is brought to the return corner, which results in

the increase of the gas concentration at the upper corner and difference of gas spatial distribution.

6.2.5 Imbalance of gas emission in the mining face

The gas concentration distribution in the mining face mentioned above is measured in
relatively stable conditions. When the shearer cuts coal, gas distribution in the mining face is
generally in compliance with the above rules, but gas emission is more uneven. Through the

measurements on measuring points with the shearer at different locations, it is found that as
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position of the shearer keeps changing due to the coal cutting; the gas distribution in the mining
face is greatly affected. During the coal cutting from inlet airway to the working face, gas mainly
emits from coal wall and fallen coals, and a part of it leaks into goaf with the wind flow. In this
situation the gas emission volume in the mining face is small. On the contrary when the coal
cutting is from the central section to return airway, gas flown into goaf gradually comes back to
the working face with gas and leads to the increase of the gas emission volume. It is testified in
both theoretical analysis and practical works that under negative pressure, most gas gathers within
30m of the return airway, where plenty of high-concentrated gas stays behind the stand. The coal
cutting, propeller and mobile support of the shelter in this section reduces the cross-section of the
working face and increases the resistance. Part of the airflow leaks into goaf again through the
inter-frame channel. Due to the leakage area is small, the airflow goes back to the working face in
a short period of time with the high-concentrated gas behind the stand, and the sharp increase in
gas causes the gas rapid emission in the working face. Observations show that the gas overrun in

the working face is generally caused during this period of time.
6.3 Gas migration law of working face and goaf and filed measurement

6.3.1 Layout of measuring points in the working face

The working face is divided into several sections along the strike (from the stand to the coal
wall), with one section taken as an example in Figure 6.3.1. Gas emission volume and gas
concentration at the cross-section are measured respectively in each section, and gas emission
volume of each emission source and gas concentration distribution of the working face are
obtained through accumulative composite analysis. This is called gas segmentation measurement.

Within each section, several measuring points are set evenly from coal wall to goaf (based on

the actual situation).

As in Figure 6.3.2, gas concentration of each measuring pointC ,C;,C,C,C and inlet air

volume Cinand outlet air volume C o in the section are measured.

t

Gas balance equation and air volume balance equation applied to all sections:
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Qin * ngaf - Qout =0
qgoaf = ngaf Cgoaf
qface = Qoutcout - QinCin - qgoaf

(6-3-1)

where: Qin——airflow volume into in the section, m/min;

Q,.—airflow volume out of the section, m®/min;
Qgoat ——2irflow from goaf to the section, m*/min;
Olgoar ——9as volume from goaf to the section, m®/min;

0 foce ——92s emission volume from coal wall, roof, floor and fallen coal in the

section, m*/min;

—qas concentration of leaking airflow in goaf, %;

C

goaf ~—

Cin—gas concentration of air inflow of the section, %;

,——gas concentration of air outflow of the section, %.

C

ou

Thus from the above equations, volume of air leakage in goaf, gas emission volume in goaf,

coal wall, roof and floor, and fallen coal are obtained.

[ail roadway

Belt gateway (air inlet)

Orbit gateway (air inlet)

Figure 6.3.1 Section division plan of the working face
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Figure 6.3.2 Layout of measuring points

6.3.2 Procedure of segmentation measurement on gas emission

According to segmentation measurement principals, the measurement of gas distribution in
the working face can take the following steps:

(1) The working face is divided into 8~12 sections (8 sections in this research) based on the
length of incline section. The most commonly used equipment is used for the measurements of gas
concentration and air velocity.

(2) Air inlet volume and outlet volume are measured in each section.

(3) Gas concentration of measuring points from coal wall to goaf is measured at both air inlet
and return cross-sections of each section.

(4) Volume of air leakage in goaf, and gas emission volume in goaf, coal wall and fallen coal

are obtained based on gas balance equation and air volume balance equation.

6.3.3 Findings and analysis of segmentation measurement

According to the above procedure, repeat measurements are made on gas concentration and
air velocity of the 14205 working face on non-production shift, and findings are shown in Table

6.3.1. The calculation of gas emission volume is in Table 6.3.2.
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Table 6.3.1 Findings of segmentation measurement in the 14205 working face

Test position Unite Gas concentration (%) Section | Quantity
(hydraulic support) | number | Point1 | Point2 | Point3 | Point4 | Point5 | (m?) | (m*min)
Support 0 0.90 0.89 0.89 0.96 0.98 1180
8 8.45
Support 10 0.87 0.87 0.86 0.90 0.92 1050
7 8.82
Support 30 0.88 8.85 0.85 0.86 0.88 910
6 8.20
Support 60 0.89 0.76 0.75 0.77 0.77 770
5 7.50
Support 70 0.67 0.65 0.64 0.67 0.65 680
4 6.70
Support 90 0.51 0.51 0.50 0.52 0.53 620
3 6.70
Support 110 0.35 0.33 0.37 0.37 0.37 730
2 8.78
Support 120 0.25 0.25 0.24 0.25 0.28 900
1 8.34
Support 130 0.22 0.22 0.22 0.21 0.20 1720

The data of above measurements indicate that:

(1) In terms of gas concentration in goaf, in the working face gas concentration increases
from inlet airway to return airway. In units near the inlet airway, gas concentration of measuring
points 4 and 5 is the same as that of measuring point 3 on the cross-section, which indicates there
is airflow leakage in goaf and no gas in goaf flows into the working face. In units near the return
airway, gas concentration of measuring point 5 is apparently higher than that of measuring point 3,
and it shows there is air leakage from goaf and gas in goaf flows into the working face.

(2) In terms of measurements on air volume, in units near the inlet airway air volume
gradually decreases in the working face and airflow leaks into goaf. In units near the return airway,
air volume in the working face increases and air leaks out of goaf.

(3) In terms of measurements on gas concentration of coal wall, gas concentration is lower at
upside and downside of the working face, but is higher on coal wall of unit 5 and 6 inclined to
return airway. It suggests that in units inclined to the return airway, more gas is reserved in coal
and less is released, and during the exploitation gas emission volume is large and there is likely to

be coal and gas outburst.
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Table 6.3.2 Data sheet of gas emission of the 14205 working face

Unit
Qin Cin Qout Cout ngaf q face Cgoaf qgoaf
number
1 1720 0.2 900 0.28 -820 1.048 0.24 -1.968
2 900 0.28 730 0.37 -170 0.734 0.33 -0.561
3 730 0.37 620 0.53 -110 1.08 0.45 -0.495
4 620 0.53 680 0.65 60 0.78 0.59 0.354
5 680 0.65 770 0.77 90 0.87 0.71 0.639
6 770 0.77 910 0.88 140 0.924 0.83 1.162
7 910 0.88 1050 0.92 140 0.392 0.90 1.260
8 1050 0.92 1180 0.98 130 0.669 0.95 1.235
Amount - - - - - 6.497 - 4.650
Proportion
- - - - - 58.3 - 41.7
(%)
14
12 |
~ 10 F —— Gas inflow
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=
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Figure 6.3.3 Dynamic analysis on gas of the 14205 working face

Dynamic analysis on gas of the 14205 working face is obtained through segmentation
measurement. Findings are as follows:

(1) Gas emission volume in goaf accounts for 58.3% of the total amount, while the
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percentage of gas emission in coal wall is 41.7%. This is in general accordance with the
proportion of gas emission of goaf and coal wall from actual measurements above.

(2) From the inlet airway to the return airway of the entire working face, gas volume into
each segment maintains increase along the way and gas concentration gradually increases due to
the gas migration affected by airflow leakage in goaf. However, as leakage at inlet airway is
serious and gas flows into goaf, gas volume keeps reducing from the first section to the second
section.

(3) In the front half of the working face, that it the side closer to the inlet airway, there is no
significant variation in the increase of gas. Besides, the total amount of gas emission from coal
wall and fallen coal is slightly bigger than the gas volume brought from goaf. As a result, the
volumes of inflow and outflow are in balance.

(4) In the central section of the working face, leakage gradually weakens and gas volume in
each section increases sharply, therefore the gas volume remained in the working face increases.

(5) In the rear half of the working face, the net inflow of gas volume increases significantly,
indicating that part of air Leakage in goaf backflows into the working face with high-concentrated
gas in goaf. It results in the substantial increase of the gas concentration in the working face.

(6) At return airway of the working face, net inflow of gas volume reaches the top and then
keeps decreasing, which means that under the effect of inlet ventilation pressure and converging
hole of gas tail way, airflow in the working face leaks into goaf again and takes part of gas away
into the tail gateway, which as a result partially alleviates the problem of gas overrun at the upper

corner of the working face.
6.4 The necessity and feasibility of gas drainage

6.4.1 Analysis of the necessity of gas drainage

According to Article 145 of <Coal Mine Safety Regulations enacted> in 2009 by China Coal
Mine Safety Supervision Bureau, long-term or temporary gas drainage system must be established
in mines with one of the following situations.

(1) Gas emission volume in a mining working face is greater than 5m*/min or gas emission

volume in an excavating working face is greater than 3m*min; ventilation solution of the gas
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problem is unreasonable.

(2) Absolute gas emission volume fulfills the following requirements:

(2.1) is greater than or equal to 40 m*/ min;

(2.2) is greater than 30 m* / min for mines with annual output of 1.0Mt to 1.5Mt;

(2.3) is greater than 25 m* / min for mines with annual output of 0.6Mt to 1.0Mt;

(2.4) is greater than 20 m* / min for mines with annual output of 0.4Mt to 0.6Mt;

(2.5) is greater than 15 m* / min for mines with annual output of 0.4Mt or less;

(3) Working seam bears danger of coal and gas outburst.

From the perspective of production status, the result of coal mine gas rank appraisal in 2011

is: coal seam gas relative emission volume is 52.12 m%/t and the absolute emission volume is

225.15 m*/min. From the perspective of gas emission situation, the #4 coal seam of Shaqu coal

mine as the first working seam relies only on ventilation to dilute gas in the working face which is

difficult and unreasonable. Instead, according to draining while mining rule, gas drainage should

be immediately implemented. Therefore based on the current gas emission situation, it is quite

necessary to establish the gas drainage system.

6.4.2 Analysis of feasibility of gas drainage

The classification of complexity of coal gas drainage can be seen in Table 6.4.1

Table 6.4.1 Classification of complexity of coal gas drainage

Complexity and Index

Attenuation coefficient of flow rate

of gas drainage borehole, o (d™)

Permeability coefficient of

coal seam, A (m*/MPa?-d)

Easy to drainage <0.003 >10
Can drainage 0.003~0.05 10~0.1
Difficult to drainage >0.05 <0.1

In the coal seam #4 of Shaqu caol mine, attenuation coefficient of gas flow rate of 1000

meters gas drainage borehole is 0.042d™, and seam permeability coefficient is 0.511m%MPa?-d. It

can be concluded from the comprehensive analysis of the above data that coal seam of Shaqu coal
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mine is suitable for gas drainage and the establishment of long-term gas drainage systems.
6.5 Gas drainage scheme of Shaqu coal mine

6.5.1 Selection principle of gas drainage scheme

The selection of gas drainage method is mainly based on comprehensive consideration of gas
sources in mine (working face and goaf), coal seam occurrence, mining layout, mining program
and mining geology conditions. Currently the main methods of gas drainage are: gas drainage in
mining layer, in adjacent layer and in goaf. Gas drainage method should be chosen specifically by
the following principles:

(1) The selected gas drainage method should comply with coal seam occurrence, mining
roadway layout, geological conditions and mining conditions;

(2) The selection should be based on methane emission sources and emission formation, and
integrated gas drainage method is usually adopted to improve gas drainage;

(3) The selection should help reduce the underground construction work and achieve the
combination of mining roadway and drainage roadway;

(4) The selected gas drainage method should help facilitate and maintain the drainage
roadway, improve the effectiveness and reduce the drainage costs;

(5) The selected gas drainage method should help facilitate drainage construction, drainage

pipes layout and increase the drainage time.

6.5.2 Gas drainage parameters and drainage layout

According to the principles of drainage selection and taking into account the coal seam
occurrences and gas sources of Shaqu coal mine, and the required drainage volume in the working

face, a reasonable drainage method for Shaqu coal mine is proposed as is shown in Table 6.5.1.

Table 6.5.1 Drainage scheme selection

Type Drainage method Reason Comment

Coal In front of the working High concentrated gas in coal Gas drainage
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seam face, pre-drainage or seam with low air permeability borehole in the air
mining while drainage coefficient, outlet
In excavating working
High gas emission volume in Next to the gate
face, excavating while
excavation working face roadway
drainage
A large amount of high
Gas drainage pipe in the Gas drainage pipe in
concentrated gas constantly flows
upper corner the upper corner
Goaf into the upper corner
area Special gas drainage High concentrated gas come from Gas drainage

borehole in the fracture

zone above the goaf

the old closed goaf, adjacent

layers, mined coal and lost coal

borehole in the

closed goaf

(1) The gas drainage layout of the working face of excavating tunnel

It is impossible to solve the gas over-limit problem only by optimizing the ventilation system

because a large amount of high concentrated gas constantly emit from the working face of

excavating tunnel of coal seam #4 of Shagu coal mine. Increasing high concentrated gas

continually emit from the working face when the excavating tunnel is further and deeper. The gas

drainage method of excavating while drainage should be adopted as soon as possible and its

design can be seen in Figure 6.5.1.
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Figure 6.5.1 Excavating while drainage in the working face of excavating tunnel
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Gas drainage size of length, width and height in the excavating tunnel are 3.5m, 4m and 2.5m
respectively. Tunnel support should be installed after the drainage tunnel is drilled, with a space of

25m. The drainage method and technical parameters can be seen in Figure 6.5.1 and Table 6.5.2.

Table 6.5.2 Gas drainage borehole parameters of excavating while drainage

Type of drainage Included angle between Elevation of Depth Diameter
borehole borehole and tunnel (°) borehole (°) (m) (mm)
Excavating while B1 B2 B3 B4 Inclination in
100 94
drainage 5° 10° 15° 20 the coal seam

For the purpose of gas drainage productivity, the gas drainage site is selected in an
undisturbed area (where the gas drainage tunnels and pipes is easy to seal) rather than the
geological structural belt. The best option is the excavated tunnels or well-prepared to be
excavated tunnels. The connection method between the gas drainage boreholes and pipes can be
seen in Figure 6.5.2.

Scaling material Drainage

bhorcholes

_——
s : ||~.-.\\.'|\i]::\“‘“—‘\“||;::'__' tubc
< 1 =

3

\ - M'& S
\ Gas drainage pipes \\%22

Figure 6.5.2 Connection method between the gas drainage boreholes and pipes

The gas drainage boreholes are sealed by polyurethane (PU), the depth of borehole sealing is
5m-9m, and the length of sealed borehole section is 1m. Anti-flaming and antistatic PE (®=
50mm) are selected as the sealed tube. Armored hoses connect to the branch pipes, and the branch
pipes connect to the main pipes, finally the main pipes connect to the ground. The internal
structure of polyurethane sealing borehole and gas drainage borehole can be seen in Figure 6.5.3.
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Figure 6.5.3 Method of polyurethane sealing borehole and the internal structure of sealed borehole
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(2) The gas drainage layout of the coal mining working face

The gas drainage boreholes are drilled through the air outlet of the coal mining working face,

and the pressure of the coal seam and rock stratum is released. Table 6.5.3 shows the layout and

the technical parameters of the gas drainage boreholes.

Table 6.5.3 The technical parameters of the gas drainage boreholes

The included angle The included angle Depth of | Diameter of | Pitch of
Type of

between boreholes between boreholes and | boreholes | boreholes | boreholes
borehole

and roadway (°) horizontal plane (°) (m) (mm) (m)
Slanting The same as coal seal
60 120 94 5

borehole pitch

The layout of gas drainage boreholes can be seen in Figure 6.5.4, and the borehole sealing

techniques is the same as techniques of the excavating working face.
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Figure 6.5.4 Layout of gas drainage borehole in the coal mining working face
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(3) The gas drainage layout in the upper corner

A negative pressure zone is formed when the gas drainage tubes are installed and the gas is
extracted from the upper corner. Then the problem of air flow blocking, gas over-limit and air leak
in some parts of the upper corner and goaf can be effectively solved. Figure 6.5.5 indicates the gas

drainage layout in the upper corner.

Gas dramage pipes Wind-prool window Armored

/_ / / hose
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14203 air outlet
4
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14205 working lace %
q
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14205 air outlet .
- Croal
/ "

¥

),

I

Wind-prool window

Figure 6.5.5 Gas drainage layout in the working face and upper corner

In general, the nature of adjacent coal seams and rock stratums are different, and the
conditions of caving zones are different. Therefore, the selection of the negative pressure zone has
a great influence on the gas drainage effect and rate. For the purpose of exactly determining the
suitable gas drainage position on the upper corner, 4 more branch gas drainage rubber hoses with

the length of 4 inch are selected, and installed, and it can be seen in Figure 6.5.6.
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Figure 6.5.6 Multiple gas drainage rubber hoses in the working face and goaf

(4) The gas drainage layout in the adjacent coal seam, rock stratums and goaf

The special gas drainage boreholes and tunnels are arranged in the adjacent coal seam, rock
stratums and goaf. The technique of special gas drainage boreholes and tunnels mainly targets
hazardous gassy coal mine. Horizontal directional gas drainage boreholes are drilled along the
mining coal seam.

The coal mine goaf area can be horizontally or vertically divided into three zones. To be
specific, the coal mine goaf area horizontally consists of three parts: coal wall support area, rock
separation area and the re-compaction area. The coal wall support area rapidly changes when the
mining activities are performed. The re-compaction area has the compact completely; both of
them are not easy for gas drainage. By contrast, the rock separation area has an amount of fracture
space, and it is ideal and effective gas drainage area. On the other hand, rock strata from top to

226



bottom are vertically made up of three parts: caving zone, fracture zone and bending subsidence
zone. It is well known that excavating gas drainage hole in both caving zone and bending
subsidence zone is an extremely difficult project. However, fracture zone has a mass of fissuring
area, which is the most reasonable and effective gas drainage zone.

According to the theories mentioned above, the gas drainage layout in the laboratorial

simulation model can be seen in Figure 6.5.7 and Figure 6.5.8.
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Figure 6.5.7 gas drainage arrangement in the laboratorial simulation model

To be specific, a tail roadway (15m from the mining seam) is drilled, and three high-position
gas drainage tunnels are selected and evenly situated 20m from the working face floor, and 40m

from the side of air outlet.
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Figure 6.5.8 The gas drainage arrangement in goaf

Besides, another three special gas drainage tunnels in fissure zone are selected and vertically
placed in the zone of 24m - 32m from the working face floor, horizontally in the same level with

45m among each other.
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Figure 6.5.9 Kilometer gas drainage borehole and their mirror hole

The arrangement of the gas drainage hole (®=200mm) is settled based on field measurements

and previous laboratory simulated results, as is shown in Figure 6.5.9.
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Figure 6.5.10 Section of the gas drainage boreholes layout and arrangement

The gas drainage arrangement in the adjacent coal seam, rock stratums and goaf of Shaqu

coal mine can be seen in Figure 6.5.10 and Figure 6.5.11.

Gas dranaee boreholes Gas drainave borcholes Gas drainage boreholes

Drainage

Air outlet Mining working face

s

Figure 6.5.11 Section of the gas drainage boreholes layout and arrangement

6.6 Field measured results of gas concentration and drainage rate

In order to verify actual gas drainage effects, a series of measure points are selected in the air
outlet, upper corner and tail tunnel respectively. The results reveal that the average gas
concentrations in each point of U+L-type ventilation system are lower than that of U-type
ventilation system while the gas drainage rate of U+L-type ventilation system is higher than that

of U-type ventilation system
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6.6.1 U-type ventilation system drainage rate

It can be obviously seen from Figure 6.6.1 that the average gas concentration of tail airway,
the upper corner and the return airway are 1.88%, 0.85% and 0.61% respectively in the U-type

ventilation system of Shaqu coal mine.
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Figure 6.6.1 Measured result of gas content in different tunnels in U-type ventilation system
As is shown in Table 6.6.1 the average gas concentration of the upper corner is around 0.85%
and the average gas drainage rate of high drainage tunnels is around 39.6 m*min™ in the U-type

ventilation system of Shaqu coal mine.

Table 6.6.1 Data of gas concentration in the coal seam #4 of the U-type ventilation system

Observation Gas concentration of ~ Range of gas drainage  Gas drainage concentration of

date the upper corner (%) concentration the high drilling (m*min™)
03-10-2012 0.79 43-44 38.9
21-11-2012 0.89 44-45 39.5
27-12-2012 0.87 42-43 40.4
18-04-2013 0.77 44-45 40.1
19-05-2013 0.87 42-44 39.9
22-06-2013 0.91 41-44 38.8
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6.6.2 U+L-type ventilation system drainage rate

It can be clearly seen from Figure 6.6.2 that the average gas concentration of the tail airway,
upper corner and return airway decrease to 1.69%, 0.75% and 0.55% from 1.88%, 0.85% and

0.61% respectively in U+L-type ventilation system of Shaqu coal mine.
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Figure 6.6.2 Measured results of gas content in different gas drainage borehole

Figure 6.6.2 also demonstrates that more gas flows into special gas drainage tunnels and as a

consequence the gas concentration of upper corner in the working field moderately decreases from

a hazardous situation.

Table 6.6.2 Data of gas concentration in coal seam #4 of U+L-type ventilation system

Observation  Gas concentration of ~ Range of gas drainage Gas drainage concentration of

date the upper corner (%) concentration the high drilling (m*min™)
05-10-2013 0.68 58-89 50.1
22-11-2013 0.79 55-84 49.2
28-12-2013 0.78 59-86 47.4
19-04-2014 0.75 56-81 48.0
18-05-2014 0.73 60-82 47.7
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23-06-2014 0.78 65-87 50.9

Table 6.6.2 shows the average gas concentration of the upper corner decreases to 0.75% from
0.85% while the average gas drainage rate of high drainage tunnel increases to approximately 48.9

m>-min™ from 39.6 m® min™ in U+L-type ventilation system of Shaqu coal mine.
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7 Conclusion and future work

7.1 Conclusion

Mine gas disaster have created severe difficulties for the mining industry all over the world,
leading to expensive expenditures and intensity research efforts, and determined attempts to
enhance the various ventilation and gas drainage techniques. Meanwhile, gas drainage and usage
research is thriving in the last decade, and it will continue to be a growing dominant industry over
the coming decades in many mining countries and areas.

The objective of this dissertation was to analysis, discuss and discover a multiple and
effective strategy for the purpose of preventing, controlling and reducing gas-related disasters.
First of all, the basic theories of gas emission, distribution and migration are discussed. Then a
numerical prediction model based on a specific coal mine is established to predict its gas emission
volume. The next two parts offer the establishment of the numerical simulation model (CFD) and
laboratorial experimental model for the purpose of discussing the gas distribution and migration
rule and determining the most effective gas drainage zones in the working face and goaf. The last
part of this dissertation provides a field study (25 gas measuring points are selected and measured
in both of production shift and maintenance shift.) in order to obtain the gas distribution and
migration rule in the working face and goaf. Some conclusions can be made through the studies
mentioned above.

(1) A numerical gas emission prediction model used to establish the Shaqu coal mine gas
emission of working face 14205. Main gas emission sources (gas of coal seam and wall, gas of
fallen or mined coal and goaf gas) are determined and predicted. The result shows that the
prediction measurement of gas emission in the working face is quite close to the actual
measurement and owns high accuracy (less than 10%). Taking into account the uneven factor of
gas emission in the working face always reaches 20%, it is considered that the prediction accuracy
can totally meet the design and production requirements, and also indicates that the method is
fully credible and feasible for the prediction of gas emission in the working face of Shaqu coal
mine.

(2) A numerical simulation model for the purpose of discussing the gas distribution and
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migration rule and determining the most effective gas drainage zones in the working face and goaf.
The numerical simulation experiments are performed based on U-type ventilation system and
U+L-type ventilation system respectively. The comparison between U-type ventilation system and
U+L-type ventilation system shows that goaf gas distribution rules are similarly applied under
both systems. However, in the case of the U-type ventilation system, a large amount of high
concentrated gas constantly flows into the upper corner due to the air leakage of goaf, different
pressures between the air inlet and outlet. By contrast, U+L-type ventilation system is made up of
two air inlets and one outlet, which accelerates the gas emission, diffusion and flow, balances the
air pressure of the upper corner, restrains the gas discharge of the upper corner, and compels the
high concentrated gas to flow into the air outlet. Therefore, the gas content in local area is diluted
and lowered.

Obviously, the over-limit problem of gas concentration in the working face can be effectively
resolved by changing the ventilation system from U-type to U+L-type. Specifically, the gas
concentration of the upper corner decrease from 10% to around 4%. It can be concluded that the
most effective gas extraction spot constantly varies with the area where mining activities are
performed. It is mainly located in the area of 40m-250m from the working face (along the
horizontal mining direction, coal and rock separation area), 30m-40m from the floor (along the
vertically direction, distressed and fracture zone), and approximately 60m-170m from the side of
air outlet.

(3) A U+L-type similarity ventilation system model is built in a special simulation laboratory.
Based on similarity criteria, the model has a scale ratio of I: 50 of full-mechanized mining
ventilation system. The distributing characteristics of trace gas and its distribution and migration
rule are gained from the laboratorial simulation experiments (under both U-type ventilation system
and U+L-type ventilation system). The laboratorial simulation experimental results are similar to
the numerical simulation results. It indicate that the over-limit of gas in the working face and goaf
area of the simulation model is effectively controlled by increasing the velocity of the air inlet and
changing the ventilation system from U-type to U+L-type. It also demonstrates that that the most
effective gas extraction spot constantly varies with the area where mining activities are performed.
It mainly locates in coal and rock separation area of 27cm-243cm (between working face and deep
goaf), 28cm-42cm (between the working face floor to the roof) and 78cm-182cm (between air
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inlet and air outlet).

(4) In order to verify the validity of establishment of the simulation models (both numerical
one and laboratory one) and the reliability of the simulation experiments, the results between
numerical experiments and laboratory experiments are compared, discussed and concluded.

Numerical simulation experimental comparison results between U-type ventilation system
and U+L-type ventilation systems indicate that goaf gas distribution rules are similarly applied
under both systems. Moreover, the over-limit of gas content in the working face, upper corner and
goaf is effectively resolved by changing the ventilation system from U-type to U+L-type.
Particularly, the gas concentration of the upper corner decrease from 10% to around 4%. On the
other hand, the same similar results can be found in the laboratory simulation experiments. The
gas concentration of the upper corner has declined from 6.39% to 4.24%.

Under the circumstances of numerical simulation experiments, the results demonstrate that
the most effective gas extraction spot constantly varies with the area where mining activities are
performed. It is mainly located in the area of 40m-250m (between working face and deep goaf),
30m-40m from the working face floor (along the vertically direction, distressed and fracture zone),
and approximately 60m-170m (between air inlet and air outlet). On the other hand, laboratorial
simulation experiments indicate the similar conclusion that the most effective gas extraction spot
constantly varies with the area where mining activities are performed, and it mainly locates in coal
and rock separation area of 27cm-243cm (between working face and deep goaf), 28cm-42cm
(between the working face floor to the roof) and 78cm-182cm (between air inlet and air outlet).
This indicates that the similar gas distribution rule and migration law of numerical simulation
experiments are found in laboratory simulation experiments.

(5) A field study is conducted in order to obtain the gas distribution and migration rule in the
working face and goaf. 25 gas measuring point are selected and measured in both of production
shift and maintenance shift. The field measured results are similar with the results of numerical
simulation and laboratorial simulation experiments. Moreover, one entire gas drainage system is
established based on all obtained results (numerical simulation, laboratorial experiments and field
measurement), and the gas drainage rate is measured as well. The field measured results show the
average gas drainage rate increase to approximately 48.9 m* min™ (U+L-type ventilation system)
from 39.6 m®-min™ (U-type ventilation system) while the gas concentration of the special drainage
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tunnel, upper corner and air outlet decrease to 1.69%, 0.75% and 0.55% (U+L-type ventilation
system) from 1.88%, 0.85% and 0.61% (U-type ventilation system) respectively. These results
indicate the layout of the gas drainage boreholes is rational and effective; the gas drainage
quantity is reliable. Therefore, it is feasible and reliable to arrange the layout of gas drainage
tunnels based on the experimental results of numerical simulations and laboratorial tests.

The experiments provide benefits for Shaqu coal mine because the simulation models can be
first adjusted before adjusting the real ventilation system. Then the decision of whether or not to
apply it to the real ventilation system in Shaqu coal mine can be made based on the experimental
results of the models. It can also provide experimental evidences on the selection of the ventilation
system in on-site production and the optimization of the existing ventilation systems in other

mines.

7.2 Recommendation for future work

Combining the findings of the literature survey with the research conducted during the course

of preparing this dissertation, leads to the following recommendations for future work.

(1) Numerical gas emission prediction method will be increased the accuracy. The error
between the prediction data and actual measured data should be lowered below 5%.

(2) Numerical simulation model will be conducted with more actual and complicated
boundary conditions. Scale modeling of the goaf environment could lead to fresh insight into the
problem that would lead to better modeling in CFD. The inhospitable nature of the goaf prevents
direct study, so scale modeling would be the next logical course to take.

(3) The laboratorial simulation model will be refined regularly according to the real mines.
For example, the many tunnel sectional areas are the same in the laboratorial simulation model, it
should be designed based on all the tunnels as much as possible; many sections of the ventilation
model are right-angled and that results in excessive frictional restriction in the tunnels. Therefore,
different cross-section of mine tunnels will be simulated and optimized, and arc-shaped section
instead of the right-angled one will be used. The experiments of control and prevention of goaf
gas and spontaneous combustion will be performed in the near future.

(4) Field studies will be performed continually; more gas measuring points will be selected;

the gas concentration of the special drainage tunnel, upper corner and air outlet will be lowered
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while gas drainage rate will be increased.
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